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ABSTRACT

Protein-based materials are currently the subject of intense research interest
since they have an extended range of potential applications, such as im-
proved bio-membrane biocompatibility for implanted medical devices and
the creation of platform materials for novel biosensors. Monomers from
Ultrabithorax (Ubx) transcription factor are known to spontaneously self-
assemble at an air-water interface to form a monolayer, which has then been
used as a basis for forming biopolymeric fibers. Here we used the Lang-
muir trough technique, Brewster angle microscopy (BAM), ellipsometry and
neutron reflectometry (NR) to investigate the influences of different exper-
imental conditions on EGFP-Ubx monolayer formation and the impact on
biopolymeric fiber structure. We varied protein concentration, buffer prop-
erties and waiting times prior to forming biopolymeric fibers. Interestingly,
we found 3 phases of material formation which brought us to a new protocol
for forming fibers that reduced protein concentration by 5-fold and wait-
ing times by 100-fold. Moreover, an in-house developed MATLAB code was
used to analyze SEM images and obtain quantitative structural information
about the biopolymeric fibers that were correlated directly to the surface
film characteristics measured in the LB trough. These new insights into fiber
formation and structure enhance the usefulness of the Ubx-based biopolymer
for biomedical applications.



1. INTRODUCTION

Protein-based materials are currently the subject of intense research interest
since they have an extended range of potential applications, such as improved
bio-membrane biocompatibility for implanted medical devices and the cre-
ation of platform materials for novel biosensors and tissue engineering. In
order to achieve these objectives, it is important to develop materials with
a broad range of structural, mechanical, and functional properties optimized
for each application. Self-assembly biopolymers are often used to generate the
desired biomaterials with specific structure and application [61, 92, 134|. For
example, spider silk has a tensile strength comparable to the structural steel
one, elastin-based materials are extremely extensible and with collage it is
possible to produce 3D gels |74, 127, 68]. A peculiar property of protein-based
material, is the potential to incorporate other proteins with their several
properties, into the material with a simple molecular engineering (61, 64, 44].
A subset of proteins naturally self-assembles into useful materials. Com-
mon examples include the already cited silks and collagen but the list of
molecular proteins is in constant expansion creating novel proteins with the
property to form nano-scale scaffolds. In the present dissertation we will
briefly discuss the properties of silk and collagen materials. However, among
all of them Ultrabithorax-based material will be used in the present work,
due to its properties. Ubx protein is a Hox transcription factor of Drosophila
melanogaster fruit fly that functions by binding DNA (deoxyribonucleic acid)
to activate or repress transcription processes |76, 78|. In addition to its in
vwo function, monomers from Ubx are known to spontaneously self-assemble
at an air-water interface to form a monolayer, which has then been used as
a basis for forming biopolymeric fibers and films. During this spontaneous
self-assembly, nanoscopic aggregates of Ubx are formed that gradually assem-
ble into protofibrils [80]. Lateral association among protofibrils generates a
surface film that can be pulled into microscale fibers or lifted off as films
[59]. The potential applications of this biopolymer have been enhanced by
using an FE. coli expression system to obtain purified fusion proteins that
also self-assemble into biopolymeric membranes. Such fusion proteins utilize
the Ubx portion for material formation while the biomolecule remains in an
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active conformation in the membranes. Functionalised Ubx-based materials
have potential impact in numerous biomedical applications including wound
healing, biocompatibility coatings and environmental sensing [105, 125].

In the present work, we use a Ubx fusion with EGFP (Enhanced Green
Fluorescent Protein) to investigate the mechanisms of Ubx film formation,
particularly during early stages of Ubx monomer aggregation at the air-
water interface. Fusion of EGFP does not affect the ability of Ubx to self-
assemble. However, we discovered this fusion plays an important role in the
film-formation dynamics. In fact, Ubx monomers precipitate in water and,
presumably due to the positive charges (predicted net charge of +11), they
explode without any counter ions. The negative charges present in EGFP
prevent the explosion of Ubx monomers.

However, at the state of art, the main problem is given by the lack of un-
derstanding of the physical and chemical mechanisms underlying material
formation. This means that if we do not understand how the film forms, it
is not possible to fully control the process. In order to fill this gap, my work
was focused on understanding the mentioned process with laboratory-based
techniques.

Following previous works on other types of protein films [29], critical param-
eters for this aggregation include the concentration of the Ubx protein and
the solution in which the protein is suspended. The composition of the solu-
tion impacts the formation of the surface film of Ubx monomers and hence
the properties of resulting monolayer biopolymeric membrane. Indeed, the
monomer must have a determined configuration in order to aggregate [15].
Moreover, the monomers must be at the air-water interface in order to ag-
gregate with other monomers. Hence, conditions that promote aggregation
at the surface of the water are required. Our hypothesis is that the waiting
time for aggregation is an essential parameter to control to achieve an or-
dered structure of the biopolymeric membrane. That is, the monomers need
time to change conformation, rise to the surface, then begin to aggregate
and order themselves. We used the technique to investigate Ubx monomer
aggregation and formation of the biopolymeric membrane by comparing the
surface pressure—area (m-A) isotherms obtained under different conditions
[71, 72, 12]. The shape of the surface pressure—area (m-A) isotherm depends
on the nature of amphiphiles, the compression speed, the spreading con-
ditions and the temperature. Our experiments indicated that the waiting
time between the introduction of Ubx monomers and the Langmuir barrier
compression was an additional critical parameter in formation of biopoly-
meric membranes. Moreover, we developed a new image analysis technique
based on autocorrelation of SEM (scanning electron microscopy) images of
the biopolymeric membranes. This autocorrelation technique is applicable
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to any digital image, and in our experiments was used to quantify the linear
structure of the Ubx biopolymeric membranes.

Finally, we decided to go a bit further in the film formation analysis. After
some parameter optimization done with ellipsometry, I moved to neutron re-
flectometry. In this case, we decided to study the film formation dependence
on waiting time parameter at two contrasts ACMW (air contrast matched
water) and DoO. With this method, it was able to estimate the film thick-
ness and to corroborate the observations made previously with Langmuir
technique.



2. ULTRABITHORAX PROTEIN

Protein-based biomaterials are next generation technology due to their ex-
tended range of potential applications, such as drug delivery, tissue engi-
neering, photonics, implanted medical devices and the creation of platform
materials for novel biosensors|55, 63]. This work will be focused on the study
of film formation of Ubx (Ultrabithorax) protein-based material. Ubx is a
Hox transcription factor in the fruit fly Drosophila melanogaster, that spon-
taneously self-assembles at an air-water interface to form a monolayer, which
has then been used as a basis for biomaterial uses.

2.1 Homeodomain Transcription Factors

TR (transcription factor) are proteins that control the rate of transcription
of genetic information from DNA to m-RNA (messenger ribonucleic acid) by
binding to a specific DNA sequence[113, 99|. In other words, their role is to
guarantee that genes are expressed in the right cell, at the right time and
in the right amount. Some TFs are characterized by the presence of Hox
(homeodomain), 60 amino helix-turn-helix DNA-binding domain[99, 58, 81].
A homeobox is a DNA sequence that encodes the homeodomain and Hox
genes are homeobox-containing genes. Homeodomain Transcription Factors,
known also as Hox proteins, operate during the embryo growth of bilater-
ally symmetric animals, to generate tissues, organs and appendages speci-
fying the fate of structures in every tissue layer[58]. A given Hox protein
can be involved in the specification of multiple body structures, that is it
can control the expression of a variety of target genes, which may num-
ber into the hundreds [62]. For example, Drosophila melanogaster Hox pro-
tein Ubx specifies the posterior-most legs, the halteres (which are organs
that take the place of the second pair of wings and regulate the balance
during flight) and the posterior aorta, portions of the midgut, ectoderm,
musculature and central and peripheral nervous systems|102, 11, 58, 62|, as
shown in Figure 2.1.Misexpressions and mutations of Hox proteins during
embryo development are linked to birth defects, such as the growth of legs
instead of antennae out of the head of Drosophila melanogaster if gain-of-
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function mutations occur in Antennapedia gene. Mutations and deregulations
in adulthood are associated with increased cancer risk, lower survivability,
and tumorigenesis|75, 16].

Hox proteins are intrinsically disordered which means that segments or

Ubx o abd-A g Abd-B

Bithorax Complex

embryo

Fig. 2.1: Area of expression in embryo and adult life stages are shown. Reproduced
from reference [62].

the whole protein fails to self-fold into a fixed 3D structure[104]. The disor-
der causes unique problems in protein characterization and study. In X-ray
diffraction residues are missing from electron density maps; in NMR spec-
troscopy, sharp peaks, absence of NOEs (nuclear Overhauser effects) char-
acteristic of secondary structure or negative values for 'H-'°N heteronuclear
NOEs are an indication of disorder|6, 40, 32, 86, 104]. Ubx is also the only
Hox protein in which predicted intrinsically disordered regions have been ex-
perimentally validated|58, 77]

In addition to its in vivo function as a transcription factor, Ubx also self as-
sembles into biomaterials through intermolecular dityrosine bonds|[57]. Bon-
dos’s lab in Texas (Texas A&M University) has characterized the materials
and explored potential uses in a variety of areas [15, 17, 16, 57, 56]. My work
focuses on an in-depth study of Ubx film-formation.
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2.2 Protein-Based Materials

In the last four decades, following the pioneering work of Stanley Cohen and
Herbert Boyer[26] the design and production of protein-based materials has
been highly studied thanks to their versatility in medicine and biomedical
devices in combination with good biocompatibility and biodegradability.[130,
7, 117]. In fact, protein-based materials have different applications ranging
from drug delivery, tissue engineering, biosensors and cell culture studies|55,
28]. Several proteins have the ability to self-assemble at air-water interface,
forming a film that can be re-arranged into other shapes, such as fibers and
3D gels [4, 92, 19, 80, 96].

In the following 3 sections brief outlines of the properties of Ubx and 2 other
commonly-used protein materials (silk and collagen) will be given.

2.2.1 Silk material

Silk proteins are produced by animals of the phylum of arthropods among
which silkworms and spiders are the most prominent silk producers. Two
of the most studied silk proteins are the fibroins produced by the domesti-
cated silkworm Bombyx mori, used during the metamorphosis from larvae
to moth, and the MaSp (major ampullate spidroin) produced by spiders
and used for different purposes such as web building, prey swathing and
reproduction|3, 92]|. Even though spiders and silkworms are distantly re-
lated, there are some features in common in spinning silk. Both of them
produce and store in glands, highly repetitive, soluble and large silk pro-
teins (> 300 kDa). When these proteins are pultrused through a narrow-
ing conduct, which changes conformation in response to pH variations, they
assemble forming silk fibers under ambient conditions|3, 92]. The pH de-
crease along the conduct is a well known factor that regulates fiber forma-
tion, bringing the protein conformation to change from disordered and partly
helical into densely stacked [-sheet crystals[35, 36, 2]. An important role in
silk assemble is played also by ion concentration gradients, dehydration of
the protein dope and hydrodynamic forces along the conduct[118, 67, 114].
Silk fibroin extracted from Bombyx mori assemble at the air-liquid interface
[123, 122|. However, it is difficult to extract sufficient quantities from spi-
ders to meet the demands. Hence recombinant technology has been used
to produce spidroins in heterologous hosts (host organisms, such as bacte-
ria, yeasts, plants, and animals, which do not naturally have the express-
ing gene or one fragment) ensuring constant quality and biological safety
as well as self-assembly property[19]. However, recombinant silks are diffi-
cult to produce because of genetic instability of long and highly repetitive
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DNA sequences, translation inhibition by complex mRNA secondary struc-
tures, a high demand for glycine and alanine transfer RNAs, and overall
metabolic burden caused by spidroin overexpression. Moreover, protein func-
tionalization with other functional proteins or tags can affect self-assembly
property[19, 111|. To solve this problem and produce native-sized silk pro-
teins with high yields,the silk production process is engineered. For example,
high molecular weight silk proteins are produced by splitting intein-mediated
ligation via hosts like E. coli[19] or plants[129].

2.2.2 Collagen material

Collagen is one of the most abundant proteins in the extracellular matrices
of many mammals connective tissues, comprising about 25-35% of the dry
weight of the body[34, 8]. Collagen is typically found in tendons, skin, lig-
aments, cartilages, bones, corneas, gut and blood vessels[73]. There are 29
recognized and categorized types of collagen with unique characteristics and
functions. Collagen proteins have complex hierarchical structures contain-
ing different levels of structure. Firstly three amino-acid chains are wound
together in a triple helical configuration forming a microfibril. Microfibrils
are then organised into larger elongated fibrils. Finally, collagen fibers are
formed by fibril self-assembly (see Figure 2.2).

«—— Mlicrofibril

«—Fibril

t
Collagen fiber

Fig. 2.2: Hierarchical structures in fibrillar collagen showing a characteristic peri-
odic structure forming various hierarchical orders of association: fibers, fibrils and
microfibrils with three helical chains. Collagen fiber diameter is from 1 to 20 pm.

Although collagen proteins are abundant in animals, once purified they
lose some properties (e.g. mechanical strength) because of the loss of hierar-
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chical structure. Physio-chemical properties (intrinsic physical and chemical
characteristics of a substance) from a-chain are kept unaltered. Examples of
these physiochemical properties are the ability to enhance the carrier systems
of other materials, when they are processed as composite fibers, sponge or
film [8]. For this reason, over the past decade, researcher have been working
towards the possibility of mimicking the structure of collagen fibrils in native
tissues, especially with the spinning technique.

2.2.3 Ultrabithorax material

As already mentioned, Ultrabithorax proteins are Hox transcription factors.
It has been proved that Ubx monomers spontaneously self-assemble under
mild, aqueous conditions, forming biocompatible ordered materials at an air-
water interface [17] (see Figure 2.3).

i

—
——

EGFP-Ubx EGFP-Ubx
aggregation > fibrils

(a) (d)

S mimy

i

EGFP-Ubx s EGFP-Ubx
proto-fibrils film

(b) N

proto-fibril EGFP-Ubx
association fibers
(<) o] 0

Fig. 2.3: TEM images showing the hierarchical film formation of EGFP-Ubx at
the air water interface. (a)- Ubx aggregation at 15 minutes after dilution; (b)-
protofibrils formation after 1h in dilution; (c)- parallel alignment of protofibrils
after 1-2h; (d)- fibril formation of 50 nm diameter after 2h; (e)- lateral association
of fibrils into film; (f)- Ubx film drawn into fiber. Reproduced from reference [80].

When Ubx protein droplets are diluted in a tray containing GO buffer
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(50 mM sodium phosphate buffer, pH 8.0, 5% glucose w/v, 500 mM sodium
chloride), Ubx monomers migrate to the air-water interface, interact with
each other and self-assembly. After 15 minutes of incubation, monomers start
to form disordered aggregates with sub-25 nm size (2.3(a)). These clusters
in their turn, interact reshaping them into linear protofibrils of ~ 50nm
size (2.3(b)). After 1-2 hours, protofibrils further laterally interact (2.3(c))
aggregating into fibrils with length variable from hundreds of nanometres to
tens of micrometers (2.3(d)). Fibrils then form lateral association resulting
in macroscopic films that are the building blocks for further applications (
e.g. films, 2.3(e), and fibers, 2.3(f)).

2.3 Ultrabithorax fusions

On of the most important advantage of protein-based materials is the pos-
sibility to incorporate novel functions to them by producing a fusion pro-
tein capable of both self-assembly and the desired new activity that can
be engineered for many applications. Although there are different tech-
niques to incorporate one protein with another such as physical adsorption|9],
cross-linking[87, 69|, direct mixing with polymer solutions|70] and co-axial
electrospinning[88, 112], the gene fusion approach is used to produce Ubx fu-
sions. With this technique the DNA encoding one specific protein is placed
in tandem with the DNA encoding Ubx, see Figure 2.4 where the functional
protein sequences EGFP(green), m-Cheery(purple) and myoglobin (red) are
linked to the Ubx sequence (brown) via a flexible linker (yellow). When

EGFP Gly-His Ubx

mCherry Gly-His Ubx

myoglobin Gly-His Ubx

Fig. 2.4: Schematic gene sequence of Ubx fusion proteins used to create func-
tionalised materials. The functional protein sequence (green, purple and red) are
shown linked to flexible linker, in yellow, followed by the self-assembling protein
Ubx in brown.

the resulting gene si placed in a living cell for protein production, the cell
will produce a single polypeptide composed of the amino acid sequence of
both proteins. The single polypeptide is called protein chimera or protein
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fusion. During the film formation process, the functional protein is automati-
cally embedded throughout the material maintaining its original activity [61].
There are several advantages using this technique. First of all, the two pro-
teins don’t have to be produced separately, reducing costs and time. Second,
the resulting material is fully functionalised and uniform, that is each Ubx
protein is attached to one functional protein and vice versa. Third, there is
just one attachment between the two proteins (the flexible linker in Figure
2.4) leading to a uniform orientation of the resulting protein. Finally, the
film formation brings a stabilization of functional proteins preserving their
activities even in harsh conditions (e.g. heat, acid and other denaturating
conditions)[57].

Bondos’ group extended the gene fusion technique to incorporate function-
alised proteins with different sizes into Ubx. They produced Ubx protein
chimeras with several proteins such as Enhanced Green Fluorescent Protein
(EGFP), mCherry and Sperm Whale Myoglobin. Each chimera can self-
assemble at mild conditions keeping the functional activity of the parental
components, even though the functionalised proteins have different sizes
(from 18 kDa to 61 kDa), different charges at pH 8.0 (from -9 to + 2) and
distinct secondary structure contents|61]. The proteins fused with Ubx have
different properties: EGFP and mCherry are fluorescent (EGFP is green and
mCherry is pink), and myoglobin absorbs visible light.
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3.1 Langmuir trough Technique

Langmuir trough technique is a a well-established and sophisticated method
to control interfacial molecular orientation creating a films at air-water inter-
face called Langmuir film [121]. Langmuir film study seems to date back to
the 18th century BC in Babylon, but it’s with the American statesman Ben-
jamin Franklin that the history of Langmuir films began. In 1774 he made
some simple quantitative calculations to find out that a few-nanometres-
thick layer of oil had calming influence on the water in the Clapham ponds
[42]. In the 19th century Angela Pockels set the fundamentals for the air-
water-interface monolayers quantitative characterisation. She studied the
contamination of water surface as a function of the area using a rudimentary
surface balance[97]. At the same time, Lord Rayleigh hypothesized the max-
imum extension of an oil film represents a monolayer. It was about 25 years
later that Irving Langmuir performed a systematic study of monolayers at
air-water interface|71]. These studies led to him being awarded the Nobel
Prize in 1932. Although Langmuir reported film transfer onto solid substrate,
the first detailed study of sequential monolayer transfer was carried out by
Blodgett[12, 13].

In order to prepare a Langmuir film, a given molecule, for this work EGFP-
Ubx will be used, is dissolved in a water-insoluble solvent and then carefully
spread onto the surface of a water solution. As the time passes and the solvent
evaporates, a monolayer forms at the surface. When the available area, where
the molecules are spread, is too large compared to the monolayer dimensions,
the distance between adjacent molecules is so huge that their interaction is
too weak. In this case we can treat the system as a two-dimensional gas. On
the other hand, if the surface area is reduced, the molecules start to interact
with each other and form a stronger film and the system can be treated as
a liquid. Since Pockels studies in 1935, scientists studied and developed a
mechanised computer-controlled instrumentation for the film manipulation
at air-water interface. The instrumentation is called Langmuir trough, a
schematic description is shown in Figure 3.1. In this scheme, A is a bath
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where the subphase is poured, B are the moving barriers and C is a balance
that measures the surface pressure. Both bath and barriers are usually made
of Teflon, first used by Fox and Zisman [41]|. This material, in fact, enables
scientists to clean properly the instrumentation using aggressive chemicals
to ensure a complete removal of organic contaminants. The surface-pressure
measuring balance used is the Wilhelmy plate[132].

Hydrophobic tail I
Hydrophilic head B C B

Fig. 3.1: Langmuir trough scheme. A, bath where the subphase is poured; B
moving barriers to control the surface area dimension; C surface-pressure balance
with Wilhelmy plate measuring the surface pressure.

The most commonly used subphase is deionised water to which it is possible
to add non organic salts in different concentrations such as Sodium Chloride
(NaCl) and Potassium Chloride (KCl). Once the subphase is poured in the
trough, it is important to check the its purity before adding the sample. Any
contamination in the aqueous solution may result in an error measure or in a
damage in film formation. Once everything is clean, it is possible to spread
at the surface the amphiphile molecule. A molecule is an amphiphile, when
it is insoluble in water, with one end that is hydrophilic and the other one
hydrophobic. An example of amphiphile is given by phospholipids present in
cell membranes, Figure 3.2.
The hydrophobic tail preferentially resides in the air and the hydrophilic
head is preferentially immersed in the subphase. Since the amphiphiles have
one hydrophobic tail and one hydrophilic head, they like to locate at the
interfaces (e.g. air-water or oil-water). For this reason they are also called
surfactants (surface active).
Once one o more droplet of a dilute solution of an amphiphile molecule is
spread at the subphase surface, the barriers move and compress the molecules
while the pressure and the area are recorded. The surface-pressure is de-
scribed as:

T=00—0 (3.1)

Where 7 is the surface pressure, in mN/m, oy is the surface tension of pure
subphase and o is the surface tension of the all system (subphase plus mono-
layer). The surface tension is a water property that measures the difference
in energy of molecules between the bulk and the surface. All the molecules
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K Hydrophilic head

Fig. 3.2: Phospholipid of the plasma membrane with a hydrophilic head and two
hydrophobic tails.

in the liquid exert an attractive van der Waals force between each other in
all directions. However, surface molecules experience an imbalance of forces
due to the reduced number of neighbours and hence reduced attractive inter-
actions than a molecule in the bulk, as seen in Figure 3.3. Under equilibrium
conditions, the surface tension of water is 72 mN/m.

i AR
INTERFACE

AIR

WATER  ©

e

Fig. 3.3: Scheme of Wilhelmy plate partially immersed in a water subphase where
t is the plate thickness, 6 is the contact angle, w is the plate width, h is the immersed
depth and I is the plate length. In the inset there’s the scheme of the forces acting
on subphase molecules at the air-water interface.

With the Wilhelmy plate- method, we can calculate the force due to surface
tension on a partially immersed plate in the subphase, Figure 3.3. There are
three forces acting on the plate: in the downward there are the gravity and
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surface tension force , while in the upward direction there is the force caused
by the displaced water. The net downward force for a I x w x t Wilhelmy
plate, with a material density p,, immersed to a depth h in a liquid whose
density is p; is:

F = glwtp, + 2v(tw)cosd — pgtwh (3.2)

where v is the liquid surface tension, € is the contact angle and g is the
gravitational constant. To determine the surface pressure it is just necessary
to measure the force changes for a stationary plate between a clean surface
and the same surface with an amphiphile monolayer. When the plate is fully
wetted, cosf = 1 and the surface pressure is:

AF
- Ay=——— :
a 7 2(t +w) (3:3)
AF

The force is determined by measuring the changing of plate mass, which
is directly coupled to a sensitive electro-balance. The measure of surface
pressure as a function of area at a constant temperature is also known as
surface-pressure isotherm, or 7-A and is an important indicator of the mono-
layer properties such as stability, reorientation of molecules, phase transitions
and conformational transformations, Figure 3.4. Discontinuities in the m-A
isotherms identify these changes indicating transition to different phases.
The phase behaviour is a consequence of several factors such as physical and
chemical properties of the amphiphile and the temperature or composition
of the subphase. For this reason, in many cases phase transitions are not
observed.

When the surface pressure is low, the area between molecules is large and
ideally there are no interaction. In this case, the molecules have a negli-
gible size compared to the interface area, and thus will obey the equation
1A = kT ,where T is the absolute temperature and & is the Boltzmann con-
stant. This is a two dimensional ideal gas equation, for this reason, this phase
is called "gas phase". As the barriers move, the molecules are compressed in
a smaller area and the intermolecular distance is decreased and consequently
the surface pressure increases. A phase transition is observed in the isotherm:
from gas phase molecules rearrange into a liquid phase, where the monolayer
is coherent even though the molecules have a large degree of freedom. When
the film is further compressed, a second phase transition occurs, from the
liquid to the solid state. In this condensed phase the molecules are packed
and well oriented. If the monolayer compressed more and more, it collapses
due to mechanical instability and a sharp pressure decrease is recorded|84].
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Solid phase

Liquid phase

Surface Pressure

Gas phase

0 Area

Fig. 3.4: Scheme of surface pressure (7) vs. area (A) and orientation of surfactants
in different phases.

3.2 Brewster Angle Microscopy

With the use of Langmuir trough technique, it is possible to monitor the film
formation and the molecular orientation, as already seen. However, it is pos-
sible to obtain other information during the film formation if in combination
with a Langmuir trough, a BAM (brewster angle microscopy) is used. It was
developed at the beginning of 90s [51, 53, 54| to study Langmuir films and
to overcome the drawbacks of other techniques (e.g. fluorescent microscopy)
whose goal was the observation of coexisting domains of different phases
in monolayers. This method takes advantage of Brewster angle condition.
Light beam is an electromagnetic wave where electric and magnetic fields are

Incident Plane of incidence Reflected
beam™| |~ beam
7\ 7\ Incidence
] | angle
/N —
Plane-view End-view s direction
(a) p direction
Specimen
(b)

Fig. 3.5: a - Schematic plane-view and end-view representation of wave nature
of light . b - Light beam incident upon and reflected from a surface showing the
plane of incidence and the s-direction and p-direction.
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transverse to the direction of wave propagation and also perpendicular to
each other. By convention, the polarization of electromagnetic waves refers
to the direction of the electric field. If the electric field oscillates perpendicu-
larly to the plane of incidence (the plane in which the light travels before and
after reflection) than the light polarization is called s-polarization. At the
contrary, if the electric field oscillates along the plane of incidence, the polar-
ization is called p-polarization, see Figure 3.5b. The reflectivity of a incident
light beam at a plane between two media, with refractive index njandna,
depends on its polarization and incidence angle 8, Figure 3.6a.

IR 0
inn=1
n.=2
1,0
Laser Camera
Polarizer
0,5 Rs
Rp
. [C]
0 30 60° 90
(b)

Fig. 3.6: a - Optical setup of BAM. b - Reflection coefficients vs. incidence angle
for s- and p- polarized light at air-glass interface. n, = 1 and ny = 2.

For a Fresnel interface (an interface where the refractive index changes steeply
from ny, to ny) and for a p-polarization light (electric field is parallel to the
incidence plane), the reflectivity, R,, is null at Brewster angle, 6,. Figure
3.6b shows the plot of Ry and R, versus ¢ at air-glass interface, or rather
when n; = 1 and ny = 2. As 6 varies from 0° to 90° (from normal incidence
to grazing), R, increases monotonically reaching the maximum value 1 at
¢ = 90. On the other hand, R, decreases initially, reaches the minimum
value R, = 0 at 0 = 0, and then increases up to R, = 1 at 6 = 90. Thus,
R, > R, for all angles 0 and there’s no reflection for parallel polarized waves
at the Brewster’s angle. The reflectivity Fresnel coefficient for non-magnetic

media is: 9 0
Ty cos 0; — ny cos
Rp —_ 2 (A 1 t (35)
ng cos 6; + nq cos O,
where 6; is the incidence angle and 6, is the transmitted one. The Brewster

angle can be calculated from Equation(3.5) letting R, = at 0; = 6;:

ny cos 0; = ng cos Oy, (3.6)



3. METHODS 17

with the use of Snell’s law
Ng sin @, = n,sin b, (3.7)

it is possible to eliminating 6; from Equation(3.6), and the Brewster angle is:

0, = arctan f2 (3.8)
ny

In the case of air-water interface (n, = 1 and n,, = 1.333), the Brewster
angle is ¢, = 53.13 at a wavelength A\ = 532nm. Even though in reality
the refractive index doesn’t change steeply between two media, the reflected
light has a minimum at 6. Spreading a thin molecular film at the air-water
interface leads to a change in the refractive index and thus, to a measurable
change in reflectivity|101, 124| (Figure 3.7).

No reflection Reflection

Air
Film
Substrate

Fig. 3.7: Brewster Angle Microscopy physical functioning.

With this technique, both the shape of the condensed phase domains and
their inner texture can be visualized. In fact, anisotropy plays an important
role in the BAM images as inner textures and can be used to obtain structural
analysis [25, 103]. The Reflectivity, in this case, is described by the following

equation:
rd\> 1 5 o n3 2

where A is the wavelength and d is thin film thickness.
Brewster angle microscope is used to visualize Langmuir
monolayers or adsorbate films at the air-water interface
(see Figure 3.8)for example as a function of packing
density, to study the properties of Langmuir layers, or
to indicate a suitable deposition pressure for Langmuir-
Blodgett deposition. Usually, with BAM it is possible
to observe the phase transitions of a Langmuir mono-

Fig. 3'8,: Example layer by the appearance of domains due to reflection
of BAM image
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from polar headgroups|103]. If anisotropy is absent in

the Langmuir film, the domains are related to a con-
densed phase [103|. Special attention is paid to inner textures visible in the
domains. Inner textures are related with the anisotropy and their appearance
is indicative of a high molecular ordering in the Langmuir monolayer [103].
This microscope has revolutionized the visualization of monolayers at inter-
faces by allowing label-free real-time images of fully hydrated films. Interac-
tions that only resulted in minor changes of area-surface pressure isotherms
still resulted in significant changes of the lateral film organization.

3.3 Ellipsometry

Even though at the beginning of nineteenth century, Augustin Jean Fresnel
(1788 - 1827) and Dominique Frangois Arago (1786-1853) have mathemati-
cally studied and characterized the light polarization, the concept of partially
polarized light arose only around the year 1852 when Sir George Gabriel
Stokes demonstrated that it was possible to completely characterize any ar-
bitrary polarization state from four experimental measurements [116, 126].
Thanks to Stokes’ work, in 1946, Subrahmanyan Chandrasekhar formulated
the equations for radioactive transfer of partially polarized light|27, 126]. In
addition to Stokes theory, new developments made possible the polarization
states measure as a function of wavelengths that brought to ellipsometry.
Ellipsometry is a very sensitive technique which examines the optical prop-
erties of surfaces and thin films. It is based on the use of polarized light.
Along with frequency and wavelength, light polarization is one of fundamen-
tal parameter used to describe transverse waves and specifies the geometrical
orientation of the oscillations(perpendicular to the direction of motion of the
wave)[5], Figure 3.5a.

Measurements are based on the change in polarization of light reflected
at a surface, where the relative amplitude and phase of the p- and s-polarized
components change by different amounts|65, 21].

Light with p- and p- polarization remains linearly polarized upon reflection.
Incident and reflected bean can hence be described by their corresponding
Jones vectors: _
. | Ef|et . |E7 e
Einc = E'ref - (310)
| B2e |7’

To describe the changes in the state of polarization, it is possible to use two
quantities:

A= (0, —0,) — (6, — 6% (3.11)
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Detector

Thin film

Fig. 3.9: Schema of ellipsometric measure.

B/ 15,
tan W = 2P (3.12)
| EL]/|EL]
The reflectivity properties of a sample within a given experiment are given
by the corresponding reflection coefficients r, and r:
1By s s |E5| isr—si
Ty = o€ P s = e s 0s (3.13)
"o | B

If we assume that there is no coupling between the orthogonal p- and s-
polarizations (e.g. isotropic samples), the changes in the attenuation ¢ and
phase A can be described with the following equation|79]:

tan el = :—p =p (3.14)

3.3.1 Ellipsometry applied to ultra-thin films

In the presence of an organic non-absorbing monolayer (refractive index n ~
1.3 — 1.6) with a thickness below 2.5nm the sensitivity of v is negligible
compared to the Delta one, so it is possible to consider just the phase shift.
For a single homogenous film with refractive index n; = /€, in between two
infinite media with ng = /€y and ny = /€, (see Figure 3.9), the reflectivity
coefficients can be written as:

Im{:*}

A = arctan Re{:—’s’}

(3.15)
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The reflectivity coefficients r, and ry can be written using the Fresnel equa-
tions which describe the reflection at the surfaces ng — ny and ny — ns [21]:

g, _ To1ptTi2pe”
L4701 57120~

ior _ Tols T 156 20
L4 roerise 28
(3.16)
where 8 = 2w24/n? — ndsin® 6, X is the wavelength of incident light, h is the
layer thickness and 6 is the incident angle. In the thin film limit (h << \),
it is possible to expand the complex reflectivity coefficients as a power series
in terms of h/A[85, 21]:

rs = |rsle

rp = |rple

A 4,/€geam cos O sin® 0 (e —e)le—a) h (3.17)
(60 — 62)[(60 + €9 cos? 6) — 60] €1 A
A is linearly proportionally to the ellipsometric thickness, 7:
0
A= &77 (3.18)

A

g(0) is a function depending on bulk properties (n = 1/€) and incident angle:

4rngn3 cos 6 sin? 0

0) = 3.19
9 = =) + ot 0) — (319
In our case ny = Nyater = 1.33, ng = ngir = 1, = 50 and g(0) = 75.70.
ny

Generally, the material density in adsorbed organic layers decreases with
increasing distance from the interface, so the refractive index of the layer
varies over its height and 7 is calculated as an integral across the interface|37,
85, 21, 33|

- (3(2) = ) (3 (2) = ) 5.21)

ni(2)
Using the Gibbs convention, it is possible to introduce the parameter T,
surface absorption per unit of surface area, as[33|:

= /Acl(z)dz (3.22)

where Ac;(z) = ¢1(z) — ¢g is the excess concentration of the solute in the
adsorbed layer, ¢1(z) is the absolute concentration in the layer, and ¢, is the
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solute concentration in the bulk solution. De Feijter’s equation can be used
to derive a relation between the surface excess I' and A[21, 33]:

n3(ny — no) . A
(n? —ng)(nf —n3) 92g(0)
dn

where 7% is the refractive index increment. In this work the thin film studied
with ellipsometry is protein-based so the refractive index increment can be
estimated from the protein compositional prediction|82, 134, 66]. The refrac-
tion per gram R, of the protein is calculated as the weight average of the
contributions from the individual amino acids R;:

> RiM;
Zi Mi

where M; is the residue molecular mass. In the same way, it is possible to
calculate the protein partial specific volume, v, as:

_ > UilM;

using the Lorentz-Lorenz formula [134, 66|, R = ©v(n® — 1/(n* + 2)), the
refractive index of the protein nq, is:

I'=

A (3.23)

R, = (3.24)

Rp + v,

3.26
o~ R, (3.26)

ny =
Assuming volume additivity, the refractive index of protein in solution can
be calculated from the Wiener equation[131, 134, 66]:

dn 3 n?—n3
— = =0 n2—
de 277 "n? 4 2n2

(3.27)

where ny is the refractive index of the solvent, see Figure 3.15. Corrections
for the wavelength were implemented|134, 66]:

d d 2 2
(—") _ (—") (0.94+ 20000nm= ) (3.28)
dc ), dc ) sugnm A

3.4 Scanning Electron Microscopy

The common optical microscope is really useful to image biological samples.
However, its resolution is physically limited by Abbe limit[1]:
A A

ne 2nsin(0) T 2NA (3:29)

dmi
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where A is the wavelength used, n is the refractive index of the medium, 6 is
the incident angle and NA is the numerical aperture. So, the smallest resolv-
able distance between two points is half the wavelength of the imaging light
divided by NA. Since visible light (400nm < A < 700nm) is used as source in
the optical microscope, only samples whose characteristic dimension is bigger
than 0,2 pm can be imaged with this technique. To overcome Abbe limit an
electron source can be used, in fact electrons have shorter wavelength than
photons (e.g. A = 2.74 pm at E = 200 keV)
Electron microscopy history is correlated to the development of electron op-
tics. In 1926, Busch laid the basis of geometrical electron optics with the
study of charged particles trajectories in axially symmetric electric and mag-
netic fields, showing that such fields could act as particle lenses|14, 93]. De
Broglie, simultaneously, introduced the concept of wave-particle duality, that
is every particle exhibits a wave-like behaviour . Hence, a wavelength was as-
sociated with charged particles|48, 14]. With these two discoveries, the idea
of an electron microscope began to take shape. Several years later, in 1930s,
Ruska made the first attempt with an electron microscope prototype, facing
many technical limits to overcome[107, 106]. Ruska and Knoll tried to imple-
ment Busch’s lens formula experimentally constructing the first transmission
electron microscope (TEM) in 1931, with a magnification of 16 [47]. The
first scanning electron microscope was built in 1935 by Knoll and his group.
However, the resolution was low (~ 100um) due to the missing demagnifi-
cation that would have produced a finer probe. Since then, many scientists
worked to improve SEM (scanning electron microscopy) to the instrument
we know and use nowadays.
In Figure 3.10 there’s a schematic diagram of a SEM. In electron microscopy,
a high-energy electron beam is focused on a specimen, and scanned along a
pattern of parallel lines. A thermionic gun emits electrons, called PEs (pri-
mary electrons), when a very high electric field applied. PEs are formed into
a finely focused beam passing trough magnetic lenses and sent to the sam-
ple.The beam probe interacts with specimen surface and as a result signals
are generated, collected and analysed to form an image. Interactions pro-
duce mainly SEs (secondary electrons), with lower energies compared to the
primary ones, BEs (backscattered high-energy electrons) and characteristic
X-rays|14, 115].
To produce an electron beam, a high voltage is applied to a filament, which
can be either a thermionic emitter or a field emission source. The source
brightness, 3(A/m?sr), is given by the current density per unit of solid an-
gle: ' 4
Jo p
7= a7 T WPdy(aP (3:30)
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Fig. 3.10: Schematic diagram of a scanning electron microscope.

where 73 is the current density, i, is the emission current, « is the conver-
gence semi-angle an dy is the crossover beam diameter. In conclusion, the
brightness increases linearly with the accelerating voltage V;|115].

There are two types of electron gun in general use, thermionic emitters and
Field emission sources.

Thermionic emitters are usually V-shape tungsten filaments or pyramidal lan-
thanum hexaboride, LaBg, single crystal. They are heated, by passing a cur-
rent through them, to over 25000°C to produce thermal emission of electrons
from the tip. In fact, their work function ® (the minimum thermodynamic
energy needed to remove an electron from a solid, ), is low: ®yypgsten = 4.5€.V.
and ®r,p, ~ 2.5e.V.. Since Pr,p; < Prungsten, the LaBg filaments provide
larger maximum beam current which means a brighter beam. Field emission
sources, know also as field emission guns or cold cathode emitters, do not
require a heating but an high negative potential is applied until quantum me-
chanic tunnelling effect occur and electrons escape the surface work function
barrier. They are brighter and more stable than thermionic emitters, with
very small deviation in electronic energy [115, 50]. Moreover, they exhibit a
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much narrower energy spread, and thus a larger fraction of emitter electrons
are used. Since the electron extraction process is unconditioned by the fi-
nal beam voltage, field emission sources are perfect for low-voltage imaging
SEM. Compared to thermionic sources, field emission ones offer higher res-
olution (~ 1nm), excellent performances over a wide range of accelerating
voltages (0.5 - 30 kV) and higher resolution at low voltages. However, a
better vacuum is required in this case to preserve the tip (107'° instead of
1079 for thermionic sources). Once the electronic beam is emitted, it passes
through an anode to be accelerated and then two or three magnetic lenses
demagnify the beam into a fine probe which is finally scanned across the
specimen, for example we pass from a dy ~ 50um after the thermionic elec-
tron gun emission to a final spot size dy ~ 10nm. Even thou electrons can be
focused by both electrostatic and electromagnetic fields, the aberration given
by the latter are smaller which brings to their extensive application in SEM.
Electromagnetic lenses consist of many thousands of cooper wire windings
enclosed in a soft iron shell as seen in Figure 3.11a.

Electron beam —
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Windings — LQ ﬂj S
JN

L Pglepieces

s
&
/
s

| g () (il

(b)

()

Fig. 3.11: a - Schematic diagram of an electromagnetic lens. The coil windings
are ingside the iron shroud and the field is produced across the lens gap between
polepieces. b(i) - Diagram showing how electrons are focussed pass trough an
electromagnetic lens. b(ii) - Conventional optical ray diagram for comparison.

When current passes trough the coil, an electric (E) and magnetic (B) field
are generated and according to the Lorentz equation the force exerted on

electrons is: . . .
F=¢F+7®B) (3.31)

where ¢ is the electron velocity in the beam. As electrons pass through the
lens, they feel fringing magnetic field lines that extend across the lens gap
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Fig. 3.12: Interaction volume of an electron beam with a thick sample.

between the polepieces and off-axis electrons begin to spiral toward the optic
axis[45]. This is schematically shown in Figure 3.11b. When the current in-
tensity is increased, the magnetic field force increases and the crossover point
of the beam moves upwards. At the contrary, when the current decreases,
the crossover point moves downwards.

As already mentioned, when the electron beam is scanned across the sample
surface, electrons interact and penetrate into the specimen in a tear-drop
shape3.12. The penetration dimensions depend on several factors including
incidence angle, atomic masses of the elements in the specimen and primary
electrons energy. The penetration depth increases the higher the beam en-
ergy, incident angle and the lighter the atomic mass (e.g. for a GaAs specimen
with E = 20 keV at normal incidence, electrons penetrate ~ lum into the
sample) [50].

SEM imaging technique is based on SEs detection, which are usually electrons
from or near the sample surface whose energy is typically below 50 eV|[50].
Since SEs escape from a very shallow specimen area whose dimension is com-
parable to the beam size, they provide the highest spatial resolution images.
Topographic information are obtained but, thanks to some BEs collected
from the secondary electron detector, some compositional contrast is also
present. BEs are those electrons that approach the atom nuclei sufficiently
close to be scattered through a large angle and re-emerge from the surface.
Their energy is higher compared to SEs one, but they are not as numer-
ous. Moreover, since they come from a sample area bigger than beam size,
their spatial resolution is lower. However, their have a key role in composi-
tional information (elements of higher atomic mass give brighter signals) and
in crystallographic information (because electron channelling occurs).Other
secondary effects due to incident PEs energy loss can be produced such as
X-rays, Auger electrons and visible light.
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3.5 Neutron Reflectivity

Although all the techniques previously described are useful to analyse sam-
ples at air-water interface, the spatial resolution is not suitable to study
deeply the mechanisms of film formation or to measure sample thickness or
the chemical composition. Thanks to wavelengths comparable to interatomic
distances (typical A = 2—30A), NR (neutron reflectometry) is a powerful tool
for the surface behaviour investigation providing a spatial resolution below
~ 1.0nm with penetration depth over ~ 100nm. First observed in 1946 by
Fermi and Zinn[39] after the experimental discover made by James Chadwick
in 1932[23], NR (neutron reflectometry) has specific properties that make this
technique useful and interesting. In the present work the nomenclature of
Russell|108, 109]| will be used, for further details it is possible to consult its
works.

Neutrons are subatomic particles with neutral charge, their electric dipole
moment is either zero or too small to be measured and their mass is compa-
rable to the proton mass. The absence of charge allows the neutrons to avoid
any interaction with the electron cloud of an atom and interact, instead,
with the atom core, in other words there’s no coulombic interaction with
matter. Since nuclei are several orders of magnitude smaller than atoms and
nuclear forces are very short range (on the order of a few femtometers), neu-
trons penetration depth is high and they can travel large distances through
most materials without being scattered or absorbed. This allows the study
of volume effects and bulky components. Moreover, since neutron scattering
is possible only with nuclei, NR is sensitive to the isotopic composition of
matter.

Neutrons-nuclei scattering contains only s-wave components, which implies
that the scattering is isotropic and can be described by the scattering length
parameter, b (typically b ~ 107*2¢m.). Tt is a quantity that depends on the
details of the interaction between the neutron and nucleus components. Both
the sign and value of b change irregularly with Z (atomic number) and A
(atomic weight), in contrast to x-ray scattering for which the atomic scatter-
ing length is a monotonically increasing function of Z[98]. This phenomenon
is shown in Figure 3.13. A striking example is the case of hydrogen and deu-
terium which are two different isotopes of the same element whose scattering
length values and even sign are completely different (b = -3.74 fm and 6.67
fm respectively). Moreover, b is different for the different spin states of the
neutron-nucleus system,/ + %, this difference is most significant for hydro-
gen nuclei, leading to incoherent (background) scattering from hydrogenated
samples. With the scattering length it is possible to quantify the scattering
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Fig. 3.13: Scattering length for different elements. The solid squares indicate
values for isotopes.Reproduced from reference [98].

cross-section, o:
o = 4nb? (3.32)

To measure the scattering power of a material, the SLD (scattering length
density) parameter is used. SLD values depend on how tightly packed the

nuclei are and how much scattering power each target nucleus has. SLD is
defined as:

SLD = bip; (3.33)
J

where b; is the coherent scattering length of a nucleus and p; is the atom
density of the respective nucleus. SLD can be either positive or negative
depending the sign of b;.

3.5.1 Reflectivity from a single layer

In the present work, we’ll discuss specular reflection, where the incident angle
of the neutron beam is equal to the reflected angle, (Figure 3.14 6, = 6, = 6).
Defining the L direction as the direction normal to the surface, for specular
reflection the scattering vector has only a 1 component. This is the only
scattering that occurs for samples or systems without any structure in the
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Fig. 3.14: (a) - Reflection of an incident beam from an ideally flat interface. ki
and kr are the incident and scattered wave vectors, with angles 6; = 6, = 0 in the
incidence plane; q is the wave vector transfer; and SLD is the scattering length
density of the semi-infinite substrate. (b) - Calculated neutron reflectivity profile
for a beam incident on a silicon substrate where the surface is perfectly smooth.
Reproduced from reference [108].k. ¢ is equal to the magnitude of the incident (and
reflected) wavevector in air.

plane of surface (lateral structure).
Neutron reflectivity is usually described with neutron momentum transfer

vector, ¢, since the scattering is elastic |@incident| = |@reficcted|:
™ .
qio = 4X sin 0 (3.34)
2
qro = 2ksing, k = 7” (3.35)

where 0 is the angle of incidence of the neutron beam with the surface and
A is the associated neutron wavelength, calculated from de Broglie equation:

h

mpv

A:

(3.36)

where h is the Planck constant (h = 6.626-10734.J- Hz"'), m,, is the neutron
mass and v is the neutron velocity. When the neutron beam coming from air
impinges on a semi-infinite medium that consists of a single type of atom with
a scattering length b, the neutron wave interacts with a constant potential
V:

2mh?

my

1% Nb (3.37)
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where Nb is the scattering length density. The neutron kinetic energy is:

h2k2
- 2m,,

E (3.38)

If the kinetic energy associated to the perpendicular component of k is smaller
than the potential V(i.e. E; < V), the neutron energy is not enough to
overcome the potential barrier and the neutron beam is totally reflected from
the surface. It is possible to calculate the critical angle, 6., at which the total
reflection occurs:

nki® 27k’
S LN (3.39)
2my, My,
2hn*n? 2rh?
o sin“ 6, = o Nb (3.40)
A2Nb
sinf. = (3.41)
T

When the SLD has negative values, no total reflection can occur. If £, > V|
neutron transmission occurs. The transmitted beam energy corresponds to
the energy of the incident beam minus the potential:

ki Bk 2ah
om,  2m, My,

Nb (3.42)

which gives
ki =k 2 —A4AnNb =k > — k.* (3.43)

where k. is the critical value of &k ;.

If we consider the system from a classical optics point of view, incident ra-
diation on a surface can be refracted and reflected due to the difference of
refractive indices at the interface. In general, the refractive index of a speci-
men is slightly less than 1 and is given by|30]:

(3.44)

For most materials, Nb << 1, so for A\ < 60 Ait is possible to approximate n
as:
A2 Nb
2
It is the change in the refractive index from one medium to another that cause
neutron reflection. This will occur at the interface between two dissimilar
materials.

n~1-—

(3.45)
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3.5.2 Reflectivity from multiple layers

In a system containing multiple layers the reflection coefficient at an interface
between the ith and (i + 1)th layer is:

kii—Fiin

3.46
kii4+ ki ( )

Tii+1 =

In the case of air-substrate interface the reflection coefficient, g, is simply:

kio—Fia

— 3.47
kio+kia ( )

To,1

The reflectivity, R (which corresponds to the ratio of reflected to incident
neutrons in layer 0.), is given by

R =roam0,1% (3.48)

where the asterisk denotes the complex conjugate. From (3.47),(3.43) and
(3.48), the reflectivity for the air-substrate case is:

11— (kql/m,o)Q]”Q} (3.49)

R(kL,O) = {1 + [1 N (kc,l/kL,O)Q]l/z

remembering (3.35) the reflectivity can be written also as:

Ta— 12— ¢?)”
R(q) = {q e _qg]m} (3.50)

When ¢ >> q. it is possible to approximate the above expression as

1672
R(q) = " N? (3.51)

Therefore, for an infinitely sharp interface, the reflectivity will vary with ¢=*
at high values of q. In Figure 3.14a the calculated neutron reflectivity profile
for a silicon substrate with a perfectly flat surface is shown. Total external
reflection occurs below &k, o = k. 1[108|. The scattering length density can fall
off even more rapidly than ¢—* in presence of diffuse interfaces or roughness
at the air interface. These deviations are directly related to the width of the
interface[108].

Consider a film of thickness d on a semi-infinite substrate, both having uni-
form scattering length density. In this case there are 2 step changes in the
neutron refractive index, or the SLD, one at each interface. Each interface
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Fig. 3.15: (a) - Reflection of an incident beam from two ideally flat interfaces, one
is a thin layer of thickness d on a semi-infinite substrate (with scattering length
density Nby and Nb; for the film and substrate respectively). (b) - Calculated
neutron reflectivity profile for a 500 Athick layer of perdeuterated poly(styrene), d-
PS, on a silicon substrate. The oscillations are due to the thickness of the specimen.
Reproduced from reference [108].

then has its own ('Fresnel’) reflection coefficient, given by equation (3.46),
at the air/film and film/substrate interfaces, separated by a distance d, as
shown in Figure 3.15. The total reflection coefficient (reflectance) from the
sample is given by summing the amplitudes of all the waves that emerge
from the 0-1 interface following repeated reflection and refraction at the two
interfaces. This summation results in a total reflection coefficient, r, given
by:

ro1 + r12exp(2iky 1d)

r= 3.52
1 + 7‘071T17261‘p(21k3L71d) ( )
From (3.48), the reflectivity is
R [701|* + |r12|* + 2Re{ro 171 2exp(2ik ) 1d)} (3.53)
]_ —I— |T071T172|2 + 2R€{T071T172€l’p<27j€L71d)} '
in the case where the reflectances are real, (3.53) reduces to
B g1+ 7“32 + 219,171 9 c08(2k ) 1d) (3.54)

L+ 7§,77 5 + 70171,2 c08(2k 1 1d)

This reflectivity shows an oscillation behaviour due to the cosine, which is
directly related to the thickness d of the layer by:

T 27

d - =L
“ Ak, Aqg

(3.55)
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where Aq is the ’distance’ in q space between adjacent minima in a plot of
R(q). In Figure 3.14b a calculated reflectivity profile for a film, 500 Ain
thickness, on a substrate where the interfaces between the film and the air
and film and substrate are infinitely sharp is shown. The oscillations are
due to the thickness of the specimen and their amplitude depends on the
constrants contrasts at both interfaces[108]. It is possible to generalize the
formalism above for the reflectivity calculation of any arbitrary number of
layers. Considering the case shown in Figure 3.16: a n-layer specimen is on
the top of the (n+1)th layer corresponding to the substrate. The 0 layer
represents the vacuum/air surrounding the sample. The reflectance is calcu-

w N ko
=y
iy

n+1

Substrate

Fig. 3.16: Diagram of a n-layers specimen with variable thicknesses (d,,) on a
substrate. The index n + 1 corresponds to the substrate, n to the layer immediately
adjacent to the substrate, down to index 0 which corresponds to the vacuum/air.

lated starting from the substrate and the closest layer to the substrate, i.e.
from the (n+1)th and nth layers respectively:

kin+kint

The reflectance by the (n-1)th and nth layer can then be written as:

Tnnt+l =

v exp(2id,k,
Pooig = Tt p(2idykn) (3.57)
1 + 7ﬁn—l,nrn,n—&—le"I"p(QZdnkn)

where the prime indicates the reflectance given by equation(3.56), r,,_;, in-
cludes reflections at the (n-1)-n and n-(n+1) interfaces.Using equation(3.57)
the reflectance at the (n-2)/(n-1) interface is calculated as:

T;L—Q,n—l + Tn—l,nexp(Qidn—lkn—l)

1 + rn72,n71rn71,n€xp(2idnfl knfl)

(3.58)

Tn—2n—-1 =
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This recursion is then continued until the air/specimen interface is reached.
Many methods have been established to solve the problem for a multilayer-
stratified medium on top of an infinitely thick substrate, based on Parratt’s
recursive algorithm|94]| and Abéle’s optical matrix method[49]. In the optical
matrix method described by Born and Wolf[18], a characteristic matrix M
for reflection and transmission is defined for each interface:

COS(kidl') — Sln(kldz)/l{l

Mi - kz Sln(kldl) COS(]{?idi)

(3.59)
Multiplying these matrices for each layer in a system leads to the the total
reflectivity curve for a series of layers with known properties. Using this
method, different combinations of layers can lead to the same reflectivity
profile, which is an effect of the well known phase problem caused by the fact
that only intensities can be experimentally accessed, but not the phase.
The reflectivity can be calculated exactly for perfect layered structures, with
sharp interfaces between layers. However, for most systems of interest the
interfaces are not perfectly sharp|30], as a result of either material diffusion
between interfaces (see Figure 3.17 a) or roughness with peaks and troughs
over a large range of length scales (see Figure 3.17 b) [30]. As a conse-
quence, both the rough and diffuse cases cause a faster decline of reflectivity
with momentum transfer than the ¢~* dependency described in Equation
3.51. There are several approaches to mathematically model roughness. The
method used in the Motofit software (used in the present work to analyse the
data) is to treat roughness as an error function er f( ) [90], where o is the
roughness measure, which corresponds to a multiplication of the reflectivity
with a Debye Waller factor [30]:

167T2 2
~ 2 —q202
q
Nbg g
Nb, Nb,
Smooth surface Rough surface Diffuse surface

Fig. 3.17: Three surface profiles: on the left sharp interface, at the centre a rough
surface, on the right a diffuse surface. The rough and diffuse surfaces can result in
identical specular reflectivities.
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3.5.3 FIGARO

In NR experiments, the specular reflected intensity is measured as a function
of momentum transfer q:

—(a) (3.61)

Remembering that the perpendicular component of the momentum transfer
vector is given by

4
q. =2k, sinf = gsine (3.62)

It is possible to vary ¢, by varying either the wavelength A\ or the incident
angle 0 leading to two different methods of measurements: monochromatic
reflectometry or TOF (time of flight) reflectometry. In the first case the
wavelength is fixed and the incidence angle is varied during the experiments.
One advantage of this technique is the possibility to chose the wavelength
that maximizes the flux from the neutron source and therefore the resolution
is the most efficient. Although this is a simple and very useful configuration
for solid samples, where the incidence angle is varied by varying the sample
position, for liquid samples € can not be easily varied. In this cases, and many
others, it is usually used the TOF reflectometry: the incident angle is kept
constant during the measurements while the incident neutron beam contains
all the possible wavelengths[108, 30]. In the present work, experiments have
been conducted with neutron reflectometer called FIGARO (Fluid Interfaces
Grazing Angles ReflectOmeter) at ILL (Institut Laue-Langevin), Grenoble
France, with TOF configuration where neutrons strike the interface from
above the sample, see Figure 3.18.

Once neutrons are produced by nuclear reaction (a continuous neutron beam

Slit Slit Evacuated tube

Chopper Mirror Collimator Sample Detector

Fig. 3.18: Sketch of the reflectometer FIGARO.

is produced by nuclear fission), they travel with different velocities depending
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on the associated energy and thus wavelength:

1 2w R’
E = imnvz and  E = 7:;)\2 (3.63)
then ok
T
= 3.64
U= (3.64)

Since the distance between the source and the detector is known and all
the neutrons start at the same time (choppers are used to cut a continuous
beam into multiple pulses, thus a common starting time is determined), it is
possible to measure the time at which each neutron arrives at the detector and
calculate the associated wavelength. Therefore, neutrons are sorted according
to wavelengths and, following that, momentum transfers upon interaction
with the sample. In this way, it is possible to measure the reflectivity profile
R(q) from neutrons reflected at the same incidence angle. In order to increase
the q range, multiple angles are generally chosen for an experiment.

In principle, the wavelength resolution is fixed at:

AN A
At

However, the pulses duration is one of the limitations for resolution, as well
as divergence beam and scattering background. In general, the background
is subtracted from each measurement using the area detector. The range
of q covered for a fixed angle 6 is inversely proportional to the A range, for
the cold neutrons used at the ILL A ~ 1 — 30 A. For soft matter, the TOF
technique is much more applicable than the monochromatic one, and data
can be recorded much faster (hence more efficiently). The intensity at a
given wavelength is less, but the efficiency is gained by measuring a broad
wavelength range simultaneously, which can be helpful for samples that may
change with time.

As already mentioned, neutrons are delivered to FIGARO by a nuclear re-
actor producing an intense continuous neutron flux (1.5 x 10! neutrons per
second per em?, with a thermal power of 58.3 MW). Since the energy of
neutrons is too high to be used in large scale, it is important to direct the
neutron beam to a moderator tank (e.g. Do at 25K) where neutrons have
multiple scatterings losing energy during each elastic collision. In this way,
neutrons reach the thermal equilibrium and their energy is of the order of
kgT, where T is the temperature of the water moderator, and kg is the
Boltzmann coefficient.

FIGARO is equipped with a 2D 500X150 mm? 3 He tubular aluminium mono-
block detector. The resolution used for the experiments was 7% AM/A. Each

(3.65)
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sample was measured at two different incident angles of 0.62° and 3.8°, with a
wavelength range of € [2A, 30 A| and thus the g-range € [0.009A~",0.2A1].



4. PROTEIN PRODUCTION
RESULTS

4.1 Production in Swansea laboratories

After a two-week period of training in Texas A&M University at Bondos’
laboratories and following published protocols[80, 52, 96] it was possible to
start Ubx protein production in Swansea laboratories for the first time. Pro-
ducing a protein in new laboratories is not easy as the conditions change. To
do so, it was necessary to adapt the protocols to our necessity.

The overall process, to obtain pure proteins, requires 5 days and is divided
in two steps: bacteria growth and protein purification.

4.1.1 Bacteria growth and protein production

The first step is to incorporate the genetic material that codifies EGFP-
Ubx protein, called plasmid, into the bacteria DNA. The plasmid is incorpo-
rated into the bacterial cell, which is called competent cell, through the cell
membrane by the process known as transformation. In molecular biology,
the genetic alteration is called transformation. For this work, EGFP-Ubx
protein was cloned into a pET19b vector (plasmid) and transformed into
Rosetta(DE3)pLysS FE. coli competent bacterial cells using the heat shock
technique. The bacterial cell membrane is made passively permeable to DNA
by exposing it to cold conditions (temperature ~ 0°C) before being exposed
to a heat pulse (42°C for 45 seconds), see Figure 4.1. The cells are then
placed in LB agar plate with the antibiotics which select for the growth
of those cells which have acquired the plasmid. For this work, two antibi-
otics are used all over the protein-production process: AMP (ampicillin) and
CLAMF (chloramphenicol). CLAMF is used in bacteria growth to maintain
pLysS plasmid into E. coli cells. This plasmid is essential to prevent early
unwanted expression of Ubx, which is toxic to the chosen bacteria and it
must be expressed only when an appropriate number of cell is grown. When
the E. coli cells are transformed with the Ubx expression plasmid, the AMP
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Fig. 4.1: Transformation technique scheme: using the heat shock technique, the
cell membrane is made permeable to plasmid DNA which can enter into E. coli

cell.

resistance gene is also conferred to those cells. This means that the success-
fully transformed E. coli are now AMP resistant. So this antibiotic is used
to selectively eliminate bacteria that have not been transformed.

Once plated, the cells are put in incubator overnight and let grow forming

Fig. 4.2: (a) - E. coli colonies on LB agar plate. (b) - 400 mL of autoclaved LB
with 0.4 mL of 50pug/mL AMP and 0.4 mL of 30pug/mL CLAMF (c) - Harvested
bacteria cells using 30 minutes of centrifugation at 3400 rpm at 4°C.

colonies. At this point, it was possible to proceed with inoculation step. Af-
ter the sterilization of 400 mL of LB (Langmuir-Blodgett), (10 g trypton, 5
g yeast extract, 5 g NaCl, 1 NaOH pellet in 1L distilled water) media with
autoclave, 0.4 mL of 50ug/mL AMP and 0.4 mL of 30ug/mL CLAMF were
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added following sterile procedure and 8 small pots have been filled with ~
2 cm media. Using one sterile pipette tip for each pot, some colonies were
picked from the plate and put in each pot. Bondos’ group prefers to pick one
single colony for each pot, see Figure 4.2a. However, for the present work
more than one colony was picked from the plate because it was assumed that
all the colonies were the same. The pots were then left overnight in incubator
at 37°C. The day after, 8 2L-flasks containing 1L of autoclaved LB media
were inoculated with 7 mL of overnight E. coli cell culture from the pots
(each flask was inoculated with cell culture coming from one pot) after the
addition of 1 mL of AMP and CLAMP. It was important not to add more
than 10% of the final volume (10 mL to 1 L) otherwise the cells would have
reached mid-log too quickly and would not be vigorous enough to produce
much proteins. The flasks used in Swansea are baffled, which are designed
for culturing organisms that require a large surface area to volume ratio and
guarantee a good ventilation. In Texas, flat-bottom flasks are used because
the cell growth must be slow and controlled. For this reason, the flasks were
placed in the incubator at 37 °C with a shaker speed equal to 180 rpm, in-
stead of 200 rpm. E. coli cell culture was grown to an OD (optical density)
between 0.6 and 0.8 at 600 nm. Measurements of OD were taken frequently
over time, see Table4.1

Tab. 4.1: Optical Density check during E. coli cell culture. OD provides infor-
mation on the growth of bacteria overtime.

Time || 15.00 | 18.30 | 18.45
OD 0.00 | 0.59 | 0.79

When the mid-log was reached (period of growth of a bacterial cell pop-
ulation during which numbers increase exponentially) the flasks were put on
ice for 30 minutes to cool, in this way proteolysis was minimized. Then, 1 mL
of 1M isopropyl b-D-1-thiagalactopyranoside (IPTG) was added to each flask
and the culture was placed again in the incubator at 26°C overnight. IPTG
and cool temperature induce EGFP-Ubx production: transcription of the
Ubx gene is controlled by the T7 promoter, a potent bacteriophage promoter
and the protein cannot be transcribed unless the T7 polymerase protein is
present. Expression of the T7 gene is controlled by the lac operon to add
a manual on / off switch. Under normal growth conditions, endogenous lac
repressor protein (Lacl) binds the lac operon and prevents gene transcrip-
tion. When transcription of the Ubx gene has to be activated, IPTG is used
to bind the Lacl protein, causing Lacl to release DNA. Consequently, tran-
scription can begin.
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The day after, cells were harvested using 30 minutes of centrifugation at 3400
rpm at 4°C and pellets containing E. coli cells and EGFP-Ubx protein, were
stored at -20°C until purification, see Figure 4.2c.

4.1.2 Protein Purification

Each pellet was lysed in 40 mL of lysing bufer
(50 mM sodium phosphate buffer, pH 8.0, 5% glu-
cose w/v, 500 mM sodium chloride, 1 Roche Com-
plete Mini Protease Inhibitor Cocktail tablet, 0.8
mg/mL DNase I) for 10 minutes and centrifuged
at 18000 rpm at 4°C for 30 minutes. The result-
ing supernatant was loaded in a 10 mL nickel-
nitrilotriacetic acid (Ni-NTA) agarose resin col-
umn (Fisher), that was previously equilibrated
with 50 mL equilibration buffer (50 mM sodium
phosphate buffer, pH 8.0, 5% glucose w/v, 500
mM sodium chloride). After the addition of su-
pernatant (which contains both EGFP-Ubx pro-
teins and other F. coli proteins), EGFP-Ubx at-
taches to the resin thanks to HIS-tags present at
end of the protein and, in order to remove the
spurious proteins coming form bacteria cells, the
column was washed 4 times with equilibration
buffer. Each washing solution contained an in-
creasing amount of Imidazole, from 0 mM to 80
Fig. 4.3: Column for pro- )\ a¢ pH 8.0. At the end of the process, 25
tein pu'rlﬁcatl.on. Wl_th 1_0 mL of elution buffer containing 300 mM Imida-
mIf H%Ckel_mtrﬂomacetlc zole was added to released EGFP-Ubx proteins.
acid resine. 2 mL elution fractions were collected and some

DTT (DithioThreitol) was added to prevent un-
wanted binding of Ubx and stored at -20°C.

4.1.3 SDS-PAGE gel

Once the purification step was completed, it was important to check the pu-
rity of the purified proteins with the SDS-PAGE (Sodium Dodecyl Sulfate -
PolyAcrylamide Gel Electrophoresis). With this technique an electrical cur-
rent is applied to negatively-charged proteins which run through a porous
gel. Smaller proteins move faster than larger proteins in the gel because they



4. PROTEIN PRODUCTION RESULTS 41

f Protein o | Protein

— band
Gel
_| Current
| suffer o | direction

Fig. 4.4: SDS-PAGE of protein samples scheme. Proteins are loaded into gel walls
and electrical current is applied. Proteins run through the gel and are separated
by size.

can slip through the holes in the matrix easier. At the end of the process,
proteins are separated based on size, see Figure 4.4. The determination of
the molecular weight of proteins separated in gels takes place by comparison
with a series of known size protein standards in the range of 10-116 kDa.
Once the process is finished, it is possible to compare the position of the
chosen proteins with the one of standard.

Protein were subjected to denaturing and reducing conditions so that they
unfold completely and acted as long rods. The proteins were then coated
with SDS, which made all the proteins negatively-charged, and loaded into
the gel wells. In the present work, precast gels were used (Biorad). Loaded
gels were place into the power supply box and voltage was set at 150 V for
70 minutes. Once the run was finished it was possible to image the protein
bands using ChemiDoc Imaging System.

Two SDS-PAGE gels of the first protein production done in Swansea are
shown in Figure 4.5. The first gel (Figure 4.5a) had the goal to check how
pure the proteins were and so a standard, the crude (which was the su-
pernatant loaded into the column containing both EGFP-Ubx proteins and
other suspended proteins coming from E. coli) and all the elution fractions
(E0, E1, E2, E3, E4, E5, E6) were loaded. From the image it was possible
to observe that each elution contained proteins with molecular weight ~ 70
kDa and, since EGFP-Ubx molecular weight is 69.21 kDa, thus EGFP-Ubx
was present in the fractions. Moreover, in elution 1, E1, there were much less
protein than in elution 4, E4. In E4 and E5 there was not only EGFP-Ubx
band but also some other spurious one that indicated the internal digestion
caused by the lysing buffer. The other fractions did not show internal diges-
tions because the EGFP-Ubx concentration was lower.

With the second gel (Figure 4.5b) it was possible to check the protein purifi-
cation process.
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Fig. 4.5: (a) gel containing standard, the crude and all the elution fractions (EO0,
El, E2, E3, E4, E5, E6); (b) gel containing the standard, the pellet, the crude, the
unbound proteins, fractions EO, E4 and E5 and the Ni-NTA column matrix. The
red rectangles underline EGFP-Ubx presence or absence.
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The loaded proteins were: the standard, the pellet (the solid part dis-
carded after the centrifugation before the column step), the crude, the un-
bound proteins collected during the column step when the supernatant was
loaded, fractions EO, E4 and E5, the Ni-NTA column matrix. In the crude,
EGFP-Ubx was present, as expected since it was the liquid collected be-
fore the column purification, but in the unbound the Ubx band was missing,
meaning that the majority of Ubx proteins was trapped by the matrix. At the
same time, Ni-NTA matrix did not show the EGFP-Ubx presence because
after the column wash and the elution process all the proteins were released.
However, in the pellet there was still some EGFP-Ubx, so the protein ex-
traction was not totally efficient. Unfortunately this passage could not be
improved because one possible consequence would be the protein degrada-
tion. In this case, it was preferable to lose proteins rather than have higher
concentrations with degraded EGFP-Ubx.

At the end of the process, it was possible to conclude that the proteins were
pure with a ratio over 95%, which was a great result especially because it
was the first protein production done in Swansea laboratories.

4.1.4 Concentration check

The concentration of

each elution was de- Absolute spectra of 1/20 dilution fractions
termined by calcu- 0.2 - - - - :
lating the concentra- —FEo
tion of EGFP pro- —H
tein, assuming that & °*° E: 1
the EGFP:Ubx ra- &  m
tio was 1:1.  Since % g4 ES | |
EGFP has green flu- 5 E6
orescence, the ab- E

sorbance measurement < 0.05 |

was used, that is the

measurement of at- Ob__w___{_ﬁ_f‘__,_ﬁﬂ/ A\ -
tenuation of trans- 350 400 450 500 550 600 650

mitted radiant power, Wavelength [nm]

caused by absorp-
tion, reflection, scat- Fig. 4.6: Absolute spectra of 1/20 dilution measured for
tering and other phys- all the fractions collected during protein purification.

ical process. Ab-
sorbance is linearly related to the concentration of sample, according to the
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Lambert-Beer law, equation 4.1:
A=e-c-L (4.1)

where A is absorbance (maximum value of absolute spectrum), e is the mo-
lar extinction coefficient of the absorbing species, ¢ is the concentration of
protein (our case EGFP) and L is the path length of light. Assuming that
EGFP extinction coefficient is e ~ 56mM ~'sm™! at 488 nm|120, 91|, and
the cuvette light path is 1 ¢m, we could measure the absolute spectra and
calculated the concentration. Absolute spectra measured for all the frac-
tions, collected after the first protein purification, are shown in Figure 4.6.
The dotted black line helps to indicate the maximum value at A\ = 490 nm.
Once the maximum value of absolute spectra is measured, it is possible to
calculate protein concentration as:

A -1/dilution
e

c (4.2)
For example, in the case described in Figure 4.6, the maximum value for
the fraction E1 is A = 0.033, so the concentration will be calculated as ¢
= 0.033-20/56 = 0.0119 mM = 11.9 pM. In Table4.2 concentrations for the
purified fractions are listed.

Tab. 4.2: Concentration values for the purified fractions.

Fraction | Concentration [pM]
EO 08.80
El 11.90
E2 12.65
E3 17.02
E4 62.92
E5 35.76
E6 07.98

The method described above was optimal for EGFP-Ubx fusion as EGFP
was a fluorescent protein.However, if plain Ubx were used or fused with non-
fluorescent proteins, it would be impossible to calculate the concentration
measuring absolute spectra, instead, Bradford assay was used. This was a
simple procedure for determining the protein concentration by comparison
with a pre-diluted protein whose concentration is known. In this work, BSA
(bovine serum albumin) was use as comparison, because the molecular weight
of both proteins was similar. This method was based on absorbance shift of
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the dye “Coomassie Brilliant Blue G-250” when diluted with different protein

concentrations.
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Fig. 4.7: Absorbance-concentration re-

lationship for BSA proteins.

First of all, absorbance for known
BSA concentration was measured at
590 nm and a linear absorbance-
concentration trend (y = mx -+
q) was calculated, see Figure 4.7.
Then, OD was measured for EGFP-
Ubx proteins and the concentra-
tion was calculated, see Table
4.3.  With this method, the pro-
tein concentration was calculated
in mg/mL, in order to switch
to puM it is necessary to di-
vide the concentration by molecular
weight.

Tab. 4.3: Table.

Elution | OD | ¢[mg/mL]| | ¢[uM]
EO 0.46 0.44 06.7
E1 0.59 0.68 10.3
E2 0.62 0.74 11.2
E3 0.70 0.88 13.3
E4 0.83 1.10 16.6
E5 0.77 1.00 15.2
E6 0.44 0.42 06.4

Comparing the concentrations listed in Table 4.2 and in Table 4.3 it is
possible to see that the two methods agree for small concentrations, but for
higher values, such as for fractions E4 and E5, the two methods do not. This
is due to the fact that the linear range of the assay for BSA in between 0.2
to 0.9 mg/mL. In our case, the concentration is higher so the values are not
reliable. For this reason, we prefer to use the first method, when possible.
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4.2 Demonstration of industrial-scale
production of Ubx

In anticipation of a future increasing demand of Ubx proteins, it was decided
to start the process of protein production in large volumes. In this regard, the
entire process was reviewed and adjusted for the use of a fermenter. This is a
container used to grow bacteria and fungi in large amounts, some fermenters
have the capacity to hold thousands of litres. In the present work, a 15-L
fermenter was used.

The transformation process was done as described in section 4.1.1, as this
step can not be changed. Omnce the bacteria colonies were ready, it was
possible to start the small growth. Instead of 8 small pots, 1L of autoclaved
LB media was inoculated with some colonies picked from the LA agar plate,
after have added AMP and CLAMP (1 mL of each). Bacteria were let grow
overnight at 37°C shaking at 250 rpm. The following day, 6 L of LB media
were prepared following the receipt and were put inside the fermenter where
it was sterilised prior to using it. Once the media was autoclaved, it was let
cool down to 37°C. Then 6 mL of each antibiotics and 7 mL of cultured LB
media were added. In this case only ~ 1% of the final volume of bacteria cell
culture was added because the fermenter was designed to optimize bacteria
and fungi growth, facilitating the oxygenation and agitation and resulting in
a faster cell growth. For the purpose of this work, however, it was important
to not reach mid-log too quickly or E. coli would not be vigorous enough
to produce proteins. Moreover, 10 mL PEG were added to avoid the foam
formation. The parameters set were:

e temperature T = 37°C, yellow line in Figure 4.8;
e Air = fault(4), pink line in Figure 4.8;

e Agitation = 350 rpm;

e pH = 7.00, red line in Figure 4.8.

Once the inoculation was started, the OD was checked, see Table4.4.

Tab. 4.4: Optical Density check during E. coli cell culture.

Time || 12.35 | 14.25 | 15.20
OD 0.00 | 0.32 | 0.68

While the last OD was measured, the culture was cooled down: in 10
minutes the temperature of the media reached 17°C, as it is shown in Figure
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4.8. Then, it was possible to add IPTG to induce the EGFP-Ubx gene tran-
scription and the temperature was set to 26°C for the overnight growth. The
following day it was possible to harvest the cells. Unfortunately, the labo-
ratory was not equipped with a large centrifuge and the harvesting process
was done with a bench centrifuge that could process only 6 falcon tubes of
40 mL each, so the maximum volume used was 240 mL. To spin down 6 L of
bacteria cells it took 3 hours. However the media was left on the bench for
3 hours, so the pellets weren’t good and were thrown away.

Although the first attempt was unsuccessful, an other PhD student in our
group was able to produce a large batch of EGFP-Ubx protein following the
described procedure.

Lellel

Fig. 4.8: Fermenter parameters during E. coli cell growth. Yellow line indicates
the temperature, the red one indicates the pH and the pink the air flow.

4.3 Production in Grenoble laboratories

In August 2020, during the Covid-19 pandemic, a fire had broken out at
Swansea University’s campus and the laboratory, where EGFP-Ubx proteins
were produced and stored, was destroyed. For this reason, the protein pro-
duction was moved to Grenoble to produce at least one batch used to finish
the experiments. The protocol used was the same described earlier and just
few changes were made.

The transformation was done using an old plasmid that survived the fire in
Swansea. The following day, 200 mL of LB media were inoculated with one
single colony scratched from the plate and let grow overnight in the incubator
at 37°C. Then 2 baffled flasks, each containing 1 L of media, were inoculated
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and placed in the shaker at 37°C. Since the LB media used was a bit richer
with nutrients to what the normal protocol suggested (15 g tryptone instead
of 10 g), and in the shaker the flasks were producing too much foam, the
speed was lowered to 60 rpm. From this point the OD was checked until the
mid-log was reached, see Table4.5.

Tab. 4.5: Optical Density check during E. coli cell culture.

Time | 9.50 | 11.50 | 13.50
OD | 0.00 | 0.11 | 0.75

Comparing to the process done in Swansea, in this case the growth was a
bit slower, but it was better than having a too fast growth. Once the flasks
were let cool down and induced with TPTG, they were placed in the shaker
at 26°C overnight. The day after cells were harvested and frozen at - 20°C
until use.

For this purification, the lysing buffer was prepared using 4 aliquots of DNase
I at 20 u/pl, 10 mM of manganese and magnesium, 2 pellets of complete, 0.5
mg of Pefabloc (instead of PMSF) and two spatula tips of lysozime. Once
the pelled was lysed, it was centrifuged and the supernatant was loaded in
the column. Unfortunately during the purification process the matrix was
disturbed a bit and the proteins had been eluted during the last wash (G80
buffer) instead of during the elution step (G300 buffer). This brought a
problem of pH, because G80 buffer had pH = 8.0 while G300 buffer had pH
= 7.0, and a problem of salt concentration.

Soon after the purification, EGFP-Ubx concentration was calculated with
BSA method because a spectrometer was not available, see Figure 4.9.
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Fig. 4.9: Absorbance-concentration relationship for BSA proteins.

We decided to verify protein concentration with SDS-PAGE gel. The
protocol used was the same used previously and the result is shown in Figure
4.10. In the gel it was decided to load the crude, the unbound, wash number
1, wash number 2, wash number 3, elution 1, elution 2, BSA (whose molecular
weight is equal to EGFP-Ubx one) at concentration 1 mg/mL; 2 mg/mL and
3 mg/mL and the standard. As visible, there are no proteins in the three
washes, as expected. The three columns with BSA indicated respectively one
big band at around 70 kDa, which was the molecular weight expected. In
elution 2, E2, it seemed there were no proteins while in elution 1, E1, there
was a big band indicating a high concentration of proteins. However, the
band indicated the presence of proteins with molecular weight ~ 25 kDa.
This meant that all the proteins produced were degraded and could not be
used for the planned experiments and I was forced to use stored proteins.
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Fig. 4.10: Gel containing the crude, the unbound proteins, three washes W1, W2,
W3, fractions E1, E2, BSA at three concentrations 1 mg/mL, 2 mg/mL, 3 mg/mL
and the standard.
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As already mentioned, Ubx monomers spontaneously self-assemble ez vivo at
air-water interface forming a biomaterial that can be reshaped (into micro-
scale fibers or films) and used in many applications. Although both Ubx
monomers and Ubx films have been highly studied and characterized (e.g.
tissue engineering scaffolds [56]), film formation step has not been fully stud-
ied leading to a lack of understanding the mechanisms which bring monomers
to aggregate into a film. This missing knowledge can allow us to optimize
materials assembly and yield. In fact, mechanical properties can be tuned by
altering the Ubx, eliminating tyrosines in the protein structure [57]. More-
over, the nature of these early stages can impact on film structure and be-
haviour of the resulting film. The concept Ubx study can be applied to all
self-assemble proteins. In the present work, EGFP-Ubx fusion has been used.

Fig. 5.1: Steps of EGFP-Ubx protein-based film formation. (a) - EGFP-Ubx is
diluted in a Teflon-coated tray filled with GO buffer; (b) - after a 16 h incubation
period under an aluminium pan, with a microcentrifuge tube rack EGFP-Ubx film
is gently squeezed reducing its area; (c) - the aluminium pan is placed again on
top of the tray leaving the film to set for an hour; (d) - a plastic inoculation loop
is used to touch the surface and pull fibers (e).

Since Bondos’ group has been studied these materials for over 10 years and
is the expert group in Ubx protein-based materials, my starting point was
their works and protocols |15, 17, 16|. They generally use 2 mg (~ 15 nmol)
of proteins spread in a metal tray filled with 600 mL of GO buffer (0.5 M
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NaCl + 0.05 M NaHPO4 + 5% w/v D-Glucose, pH = 8.0) so that the
liquid domes above the tray rim (Figure 5.1 (a)). Proteins form a film after
a 6 hour incubation at room temperature. However, in order to have a more
robust film, a 16-hours long incubation time is usually used. During the in-
cubation time, the tray is covered by upside-down aluminium foil steam table
to prevent any contamination from air dust. After this time, a film forms
at the air-water and is gently squeezed with a microcentrifuge tube rack so
that the available area is reduced (Figure 5.1 (b)). At this point the film
is visible at the air-water interface resembling an oil slick. The aluminium
pan is placed back at the top of the tray and the film is let sit for one hour
(Figure 5.1 (c)) before a plastic loop is used to touch the surface (Figure 5.1
(d)) and pull fibers (Figure 5.1 (e)) or wrap films depending on the chosen
application.

The goal of this work is to understand the early mechanisms of film forma-
tion and the first step toward this direction is the study of influence of exter-
nal parameters upon film formation. This is the reason why the Langmuir
technique has been used, since the film formation process used by Bondos’
group is similar to the sample preparation used in Langmuir technique. This
method enables us to measure the surface tension as a function of surface
area at constant temperature, recording a m — A isotherm.

5.1 Langmuir results and discussion

Using the Langmuir trough prevented me from following the protocol devel-
oped by Bondos’ group, because the amount of proteins used is too high and
the GO buffer contains a high concentration of salts. As a result of the high
amount of both EGFP-Ubx and salts, a saturation of 7-A measurements at
early stages is visible. It was important to avoid this condition as in this case
it could not be easy to compare isotherms coming from different parameter
changes. For this reason, we drastically reduced both the amount of proteins
utilized and the concentration of salts and glucose in the buffer. Considering
that no Langmuir studies have been conducted with Ubx protein or one of
its fusion, I referred to previous works done with Bovine Serum Albumin
(BSA)|119, 29, 43|, whose molecular weight is comparable to that of EGFP-
Ubx, 69.07 kDa.

The measurements of m — A isotherms were carried out on a KSV NIMA
Langmuir trough Large KN2003 (PTFE; total area 841 ¢m?) equipped with
a dipping well and a dipping mechanism. The Langmuir trough was cleaned
prior to use with warm water and acetone to remove any trace of contam-
inants. The stock spreading solution was prepared by diluting EGFP-Ubx
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purified proteins with Millipore water in order to reach a 10 uM concentra-
tion. The amount of added proteins in each experiment differs depending on
the parameter-effect study.

LB trough
|

I
!

\ Wilhelmy plate

/

EGFP-Ubx
droplets

/

Moving barriers

Fig. 5.2: EGFP-Ubx droplet disposition schema. Droplets are dripped at the
surface gently in a symmetric way: three droplets per side, two droplets are placed
near the moving barriers and one is placed near the Wilhelmy plate.

Fresh protein solution was dripped directly and symmetrically on the whole
trough interface using a 1 mL pipette, three droplets per side, two droplets
are placed near the moving barriers and one is placed near the Wilhelmy
plate, see Figure 5.2. The droplets were carefully put in contact to the sur-
face, avoiding any kind of disturbance, with the barriers fully opened. The
spreading process plays an important role in film formation [22]. In this
phenomenon inertia, gravity and surface tension are the driven forces, bal-
anced by viscous one [46, 24, 10]. Initially, inertia and gravity dominate the
spreading process and then, as the proteins expand at air-water interface,
surface tension gradients act as dominant force |24, 10]. The phenomenon of
fluid flow caused by surface tension gradient is called Marangoni spreading
|46, 10, 21, 22|. When this phenomenon occurs, the resulting protein film
at air-water interface remains stable for many hours (the duration of mea-
surements) [21, 22| and EGFP-Ubx monomers eventually dissolve into the
subphase and can adsorb slowly to the interface |21, 22].

Once the proteins were loaded, they were allowed to equilibrate for a vari-
able time (chosen following Majithia’s work [80]), called waiting time, before
the compression was started. Films were obtained at a barrier compression
rate of 25 cm?/min at pH ~ 8.0 and room temperature (~ 25°C). Since the
protein is partially soluble in water, we chose to use cm? as unity of measure
for the Area, instead of nm?/molecule.
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At the beginning I focused on finding the perfect conditions to obtain m — A
isotherms with all the significant features (e.g. gas phase and liquid phase|29],
as described in section 3.1) that would allow an accurate comparison across
all the measured curves. In the present work, a film is considered formed
when fibers can be polled at barriers fully closed. Starting with plain water
and a standard waiting time, 10 minutes, I varied the monomer concentra-
tion from 1 nmol up to 4 nmol, Figure 5.3a. The waiting time was chosen
following Majithia’s work [80] (see Figure 2.3) where Ubx aggregates were
observed after 15 minutes waiting time.
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Fig. 5.3: Isothermal compression curve measured with 10-minute waiting time at
different concentrations: 1nmol, 2nmol, 3nmol and 4nmol. The subphase used was
plain water (a) and 0.1 M NaCl (b).

As can be seen, the isotherms collected using plain water as subphase are
very similar to each other in shape and values for the four different EGFP-
Ubx concentrations (even though for the 1 nmol concentration the Surface
Pressure values are really small). They present the required features of gas
and liquid phase, however, no film formed at the air-water interface. The ab-
sence of film formation could be explained in two ways: the concentration of
proteins is too low and monomers interact forming small islands of proteins
that can not laterally associate; plain water can not prevent the monomers
precipitation leading to the formation of aggregates that disperse in the bulk
reducing the amount of available proteins at air-water interface. In order
to distinguish which of the two hypothesis is most relevant, I repeated the
same experiment using, instead, a common aqueous solution for Langmuir
technique, 0.1 M NaCl, and the same EGFP-Ubx monomer concentrations,
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Figure 5.3b. NaCl, in fact, stabilises the protein conformation helping, in this
way, film formation [15]. Thus, if no film formed at air-water interface, the
problem was definitely the presence of inadequate number of proteins. The
very first difference between the previous case is that m — A values are higher
in this case (we go from 15 to 25 mN/m), even though at 1 nmol in 0.1M
NaCl the curve is comparable to the one obtained for 2 nmol in water. For
this reason, in the case of 1 nmol of proteins spread in NaCl subphase, the
hypothesis that the concentration is too low is the most reasonable. More-
over, at this concentration, it is impossible to wrap fibers or films and a
monolayer was not visible to the naked eye. Thus, the formed film is not
strong and compact enough. On the other hand, an increase in protein con-
centration results in higher surface pressure values and fibers could be drawn
from the compressed films for the 2, 3, and 4 nmol concentrations. However
the 4 nmol concentration creates a very strong material that can be easily
pulled but it is is too close to the saturating the Langmuir trough system
and the measurement cannot be stabilized (e.g. a film can be detected at the
very beginning with all the barriers fully open, a further compression would
lead to a more compact film). Thus, this concentration could not be used to
study parameter effects since small variations would not be measurable due
to saturation.. As the 2 nmol and 3 nmol concentrations behave very simi-
larly, the 2 nmol EGFP-Ubx concentration was chosen to enable stable film
formation while allowing maximum use of the dynamic range of Langmuir
while varying other parameters.

The most relevant and important result from this first experiment was the
ability to pull fibers after waiting only 10 minutes from the spreading of such
low concentration of EGFP-Ubx. This result had not been achieved by Bon-
dos group identifying a new phase of material formation that has never been
studied. This upends everything we knew about the film formation process
[80].

Once the protein concentration has been fixed, the next step was the study
of influence on film formation at different salt concentrations trying to reach
the same NaCl concentration (0.5 M) used by Bondos group with G0 buffer.
Although I could not use 0.5 M NaCl buffer because at 0.4 M the system
could not been stabilized and the measure was saturating, three dilutions
have been explored using 2 nmol of EGFP-Ubx: 0.1 M NaCl, 0.2 M NaCl
and 0.3 M NaCl, Figure 5.4a. In this case we can see a similar trend seen
in Figure 5.3b with increasing m — A values as the salt concentration in-
creases. We decided anyway to proceed in my experiments with 0.1 M NaCl
concentration because increasing the amount of salt does not bring major ad-
vantages and we preferred to follow previous works in protein film-formation
at air-water interface {119, 110, 29|.
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Fig. 5.4: Isothermal compression curve measured with 10-minute waiting time
spreading 2nmol EGFP-Ubx. (a) - the subphase used has and increasing salt
concentration: water, 0.1 M, 0.2 M and 0.3 M NaCl; (b) - the subphase used has
different salts diluted: 0.1 M NaCl, 0.1 M KCI, 0.01 M PBS and 0.1 M NaCl +
0.056 M NaHyPO,.

The following set of experiments has as a goal the study of influence of other
salts present in buffers. The goal of buffer is the stabilization of intramolec-
ular protein interaction, thus the out-competing of the intermolecular in-
teractions whose output is aggregation. Cosolvents facilitate proper protein
folding and solubility by either destabilizing aggregates or enhancing native
protein stability. Among cosolvents, kosmotropes generally stabilize the na-
tive state of proteins without interacting with them. In fact, the solvent
surface tension increases and kosmotropes are excluded from protein-solvent
surface. Consequently, the entropic cost of disturbing the distribution of
small molecules to form the solvent cavity increases. Since the native state
of globular proteins usually creates the smallest solvent cavity possible, the
effect of kosmotropes is to enhance the cost of hydrating intermediate or de-
natured states relative to the native state. These are crucial experiments to
understand better the film formation mechanisms as non optimal external
conditions would lead to alteration in protein structure and the consequent
appearance of aggregates and precipitates. This phenomenon is one of the
cause of properties loss, in our case self-assembly. To prevent this problem,
it is important to study the effects of cosolvents upon protein solubility and
aggregation. In order to chose the cosolvent to be studied, I referred to Bon-
dos’ article[15] in which a list of possible cosolvent for Ubx are listed. The
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effect of specific cosolvent can be seen by direct comparison with other co-
solvents. In this work water (as a contrast), 0.1 M NaCl, 0.1 M KCl, 0.01 M
PBS (which contains sodium phosphate, sodium chloride, potassium chloride
and potassium phosphate) and 0.1M NaCl + 0.05 M NaH; PO, buffers were
used (see Figure 5.4b). The cosolvent chosen are acting as kosmotropes in
a range between 0 - 1 M for Ubx monomers and their fusions even though
sodium phosphate monobasic (NaH;PO,) is not classified as cosolvent but
helps the thermal stability of the protein. As can be seen in the graph, the
shape of the curves changes as well as the m — A values, meaning that fewer
proteins aggregate and more proteins are able to reach the air-water inter-
face to form a more compact film. It is clear that potassium chloride can
stabilize better solvent-solvent interactions with respect to sodium chloride,
in fact surface tension is higher for the same area values. At the same time,
PBS effects are comparable to KCI one although its concentration is smaller.
This can be described by the fact that PBS contains both NaCl and KCI
plus their phosphate versions, thus we have a combined action of different
co-solvents. The most unexpected result relates to the sodium chloride plus
sodium phosphate buffer. I chose the same concentration for NaH, PO, as
in the GO buffer used for both EGFP-Ubx purification and film-formation
by Bondos’ group. We can see that the film is more compact and a film is
detected already at 600 cm?, as it is for PBS buffer, but, contrary to what
happens to latter, surface pressure does not drop to zero but monotonically
increase. A last observation on Figure 5.4b can be done on the appearance of
sawtooth during gas phase for all subphases, except water. We hypothesised
that they were caused by EGFP-Ubx islands sliding over each other during
the barrier closure, they rotated away from it. So, the increase in 7-A values
didn’t indicate a film formation rather a collision of protein-base islands.
After having explored the effects of cosolvents, we decided to proceed the
study using two aqueous solutions: 0.1 M NaCl and 0.1 M NaCl + 0.05 M
NaH, PO, because the first one gives film that can be pulled even with small
concentration of salts and the last one because it is the combination of salts
that gives the strongest and more compact film.

The last set of experiments done with Langmuir technique was focused on the
exploration of waiting time dependence, Figure 5.5a and 5.5b. This param-
eter has never been taken in account as until now the proteins has been left
to form film for hours in order to obtain an organised, compact and strong
film. At the beginning I explored the film formation using 2 nmol of proteins
dissolved in 0.1 M NaCl solution. Following Majithia’s work[80], the film
have been left to equilibrate for 10 minutes, 60 minutes and 120 minutes,
Figure 5.5a. Interestingly it is possible to see a non-monotonic film-growth
varying the equilibration time. At a given trough area the surface pressure
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first decreases from 10 to 60 minutes, and then we see an increase in m — A
values. In order to prove the generality of this phenomenon, the same exper-
iment have been conducted using a different buffer, 0.1 M NaCl + 0.05 M
NaH, POy, see Figure 5.5b.
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Fig. 5.5: Isothermal compression curve measured varying the waiting time param-
eter (10 minutes, 60 minutes and 120 minutes) and spreading 2nmol EGFP-Ubx
with (a) - 0.1 M NaCl; (b) - 0.1 M NaCl + 0.05 M NaH2PO,.

In this case the waiting times chosen are not enough as at 10 and 60 minutes
the m — A isotherms are comparable, loosing the decreasing effect. After two
hours, instead, the surface pressure values are higher as expected. So, the
non-monotonic effect disappears if we consider only these three measures.
For this reason, I decided to explore film-formation at 25 minutes too. From
the graph it is visible that at the latter waiting time we find again the non-
monotonic effect. Thus, the time frame in which the descending-ascending
behaviour is altered.

Our hypothesis is that at the early stages of film formation (e.g. minutes)
the film is partially disorganised as a lot of islands of fibrils are formed at
air-water interface all with different orientations in 2D space, as observed by
Majithia et all [80]. When the trough barriers are closed, they have not got
enough time to interact and orientate and, being forced to stay in a small
area, they form a film that can be anyway pulled into fibers even without
a proper periodicity. As the time passes, monomers interact also with the
buffer and cosolvent and amount of material adsorbed at the air-water in-
terface decreases over time (e.g. 30 to 60 minutes, depending on cosolvents
chosen). In this time frame the ability to pull fibers is reduced and no sam-
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ples can be collected because there are no fibers or because the fibers are too
thin to be collected. For longer waiting times (e.g. 120 minutes), the amount
of monomers at the surface increases and the film structure results well or-
ganised as the fibrils islands have enough time to interact and to rotate so
that the fibril result orientate with each other before the film is compressed
|80]. For this reason, m — A isotherms indicate a more compact film.

5.1.1 Limiting Area analysis

When the trough barriers are closed, the m — A
Limiting Area calculation isotherm show the transition between different
phases: from the gas phase, where available area
per molecule is large and the proteins do not in-
teract with each other, the film go to the liquid
phase, where the proteins are forced to become
more closely packed and interact with each other
until they are close to their maximum packing.
Following what is usually done in electronics
Fig. 5.6: Representation of Wwith cut-off frequencies, the transition point be-
limiting area projection. tween gas and liquid phase, called Limiting Area
(LA)[119, 128, 38, 133], can be calculated from
Langmuir curves by projecting the linear increasing part of the curve to x-
axis, see Figure 5.6. With this parameter it is not possible to predict the
film formation behaviour, since it is strongly dependent on the solution used.
However, it is possible to use LA values to predict the quality of the films at
given parameters.
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Tab. 5.1: Limiting Area values [em?] obtained by the extrapolation of the linear
part of the m — A curve to zero pressure.

Water 0.1 M NaCl 0.1 M NaCl + 0.05 M NaH,PO,
10 min | 10 min | 60 min | 120 min | 10 min | 60 min 120 min
128+1 | 271 +2 | 2093 | 417+4 | 448 £4 | 433 £ 5 489 + 3

LA values have been calculated for the different waiting times and the two
aqueous solutions described above, as listed in Table5.1. In general, it is pos-
sible to say that for both aqueous solutions LA follows the non monotonic
effect seen for m — A isotherms.
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5.1.2 Fiber collection

With Langmuir technique it is possible to obtain macroscopical information
about the resulting film by comparing different m — A isotherms and to make
some hypothesis regarding the film organization and structure. However,
in order to have a complete comparison between the results obtained with
Langmuir trough and what have been fully characterized by Bondos’ group,
it was important to collect fibers from each Langmuir experiment, in partic-
ular for the waiting-time comparison.

Following standard procedures, using a 10ul sterile plastic inoculation loop,
EGFP-Ubx fibers have been collected at the end of film compression so that
all the films had in common the same available surface area|83|. By gently
touching of the plastic loop on the air-water interface, it is possible to pull
fibers that can be wrapped around it. The wrapped fibers were left dehy-
drate slowly in a sterile plastic Petri dish sealed with parafilm. The plastic
loop was also fixed at the surface of the container. In this way any violent
shaking was prevented (that could break the fibers) and at the same time
any air dust contamination was avoided. The Petri dish was stored at room
temperature until use. First of all, we took fibers using 2 nmol of EGFP-
Ubx proteins spread in 0.1 M NaCl subphase using the Langmuir trough at
different waiting times. We were able to collect fibers at 10 and 120 minutes
waiting time, but none at 60 minutes. Fibers were analysed using SEM (1 kV
voltage and 5 pA current with a 2.5k magnification) to check the fiber struc-
ture (see Figure 5.7). Although the two diameters are comparable (see Table
5.2), the first visible difference we can see in the fiber structure is the wrinkles
alignment: when the waiting time is high, 120 minutes, the fiber presents a
well aligned structure with uniform parallel wrinkles (Figure 5.7 (b)). The
latter have also comparable dimensions. However, when the waiting time is
drastically reduced, 10 minutes, fibers present fewer wrinkles, if compared
with the previous case, with different dimensions (see Figure 5.7 (a)). It
is clear that the different waiting times have an impact on fiber structures
and, in general, on film organization. For this reason, in order to analyse the
differences in film formation when varying the waiting time, measurements
using the GO buffer were carried out using the Langmuir trough. In this
way, thanks to the high density and viscosity of the buffer, fibers could be
collected also in the descendent portion of Langmuir data (using the other
types of buffer would not have gave us the opportunity to). Moreover, using
GO buffer enables the comparison with earlier results from the Bondos group
[60]. As already mentioned, the m — A isotherms cannot be used since the
instrument was saturated, but the Langmuir trough was used for controlled
compression and not to get measurements. Using GO buffer was not only en-
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Fig. 5.7: Fibers collected using 2 nmol EGFP-Ubx proteins spread in 0.1 M NaCl
buffer using (a) - 10 minutes waiting time and (b) - 120 minutes waiting time. It
was not possible to collect fibers from 60 minutes waiting time.

abling us to have a good comparison with what have been previously done,
but also allowed us to . Images taken with SEM are visible in Figure 5.8.
The first thing that stands out is the huge difference in fiber diameter (see

I
i

Fig. 5.8: Fiber images obtained using Langmuir trough with 2 nmol Ubx in GO
buffer and using (a) - 10 minutes waiting time, (b) - 60 minutes waiting time and
(¢c) - 120 minutes waiting time. All the images have been taken using a Scanning
Electron Microscope with 1 kV voltage.

Table 5.2), d: for 10 min d = 4.5um + 1um; for the 60 minutes waiting time
parameter its value is 42.8um = 2.8um and 120 min-waiting-time diameter it
is equal to 25.5um + 2um. Although the amount of spread proteins (2nmol)
and the buffer (G0) were the same, the material formed at air water interface
is different meaning that the waiting-time parameter extensively affects the
protein organization.

The second visible difference in all three images is the wrinkle alignment.
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Tab. 5.2: Mean values of diameters, d, [um]| for the fibers collected with Langmuir
trough at different waiting times, t, and subphases, 0.1 M NaCl and G0 buffer.
Missing values are reported with the symbol ‘-, if it was impossible to see any.

0.1 M NaCl GO buffer
t [min] 10 60 120 10 60 120
d [,um] 39+02| - |52+£04|45+£1.0]428 281|255 +2.0

At 120 minutes we can see a highly ordered pattern with large and well de-
fined wrinkles (whose dimensions are in the range of 0.7-1.7um). On the
other hand, fibers obtained after 60 minutes present a very disordered pat-
tern where wrinkles are non-continuous and winding. In the middle of these
two extremes, there’s the 10 minutes waiting time case, whose fibers present
some wrinkle-formations that are not perfectly aligned. Comparing what
we have obtained with Bondos’ analysed fibers[80|, we can conclude that 2-
hours waiting-time fibers are really similar to what already studied, but the
remaining two fibers are different in diameter and/or in wrinkle structure.

5.1.3 Matlab data analysis

Once these studies had been concluded, we decided to go forward and analyse
samples taken using 0.1 M NaCl and 0.01 M NaCl + 0.05 M NaH,;PO,
solutions with an in-house developed MATLAB code. In this way it was
possible to obtain quantitative structural information from an image. The
goal of our analysis was to measure the alignment and orientation of wrinkle
structure in the collected fibers. The concept on which the analysis is based
is the axial autocorrelation and the full width at half maximum (FWHM)
height, see Figure 5.10.

Once the fiber image is loaded in MATLAB and the wrinkle orientation in
defined (fixing the y-axis), a threshold is set based on the background to
create a binary mask of the fiber. The filter removes small areas captured
by the threshold because considered noise. On the other hand, in order to
remove the background noise, all the intensities outside the mask area on
the original image are set to zero. At this point it was essential to use an
image flattening algorithm to separate and differentiate the fibrils (Figure
5.9). Assuming a cylindrical shape for UBX fiber, the fiber visible part is
considered to be a semicircle with the diameter equal to the width of the
fiber. The centre point of the fibre was defined as the midpoint between the
two widest points on the fibre. From that centre point, pixel intensity values
are expanded horizontally as if the cylinder was being unrolled into a 2D
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B Flattened View

A Top View

Transverse View

Fig. 5.9: Fiber flattening diagram. The view from the SEM (A) can be flattened
by assuming a cylindrical shape and calculating arc lengths. The blacked-out
regions are outside of the # = 60°threshold.

representation of its surface area. This is done by the width of a pixel to an
arc length on a circle defined by the distance of the pixel from the centre line

using the equation 5.1
s =0d (5.1)

where 6 is the angle between the virtual centreline of the fibre and the pixel
of interest (Figure 5.10b) and d is the fiber diameter. In order to define the
width per pixel, we used the image resolution, 20 nm/pixel. The width per
pixel parameter is important for the calculation of the arc length between a
pixel and its neighbour, based on Equation 5.1. This arc length is converted
back into pixels and rounded to the nearest whole value. The image inten-
sity value at the original pixel is then repeated as many times as necessary
to match the length of the arc. This was repeated for each horizontal line
of pixels. When the radius of the fiber is much larger than the radius of the
wrinkle, we can cut off the portion of the image that extends beyond a 60°arc
in each direction of the origin (Figure 5.10B).

At this stage, the wrinkles are indistinguishable from each other and a ver-
tical autocorrelation and a wavelet transform help visualize the structure
uniformity. The vertical autocorrelation is nothing but the translation of
one image over the other (Figure 5.10(a)). After each step of the translation,
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Fig. 5.10: Diagram vertical autocorrelation (A) along with the graph of the com-
puted sum values (B).

each individual pixel is multiplied with its overlapping counterpart in the
copied image. The resulting numbers are then summed across the portion of
the image that is overlapped. This sum is plotted against the position of the
translating image (Figure 5.10(b)). The full width at half of the maximum
height (FWHM) of the graph was used to quantize the alignment. If the fib-
rils were well aligned (see Figure 5.11a), they would stay on top of themselves
for a large portion of the autocorrelation, creating a wide FWHM, as shown
in Figure 5.11b. If the wrinkles were randomly distributed, the autocorrela-
tion would not start to overlap until the images were directly on top of one
another, creating a narrow FWHM. Binary images enhance the sensitivity of
the autocorrelation because only when fibrils overlap will there be any value
added to the sum.

The continuous wavelet transform takes a small portion of a waveform and
translates it across the data looking for where it matches. It does this for
a range of frequencies from 0-50 cycles per ym. The results are displayed
in a colour coded scalogram where a higher magnitude (more yellow) indi-
cates a strong relation of that frequency around that area of the fibre, Figure
5.11c. Also, by looking at which frequencies are present in the signal, the
approximate size of the fibrils can be determined by taking the inverse of the
frequency.

The mean values of FWHM can be utilized to quantify and compare the
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Fig. 5.11: Ideal case of perfectly aligned fibers (a) and the corresponding auto-
correlation (b) and wavelet analysis (c).

structure of different fibers collected with Langmuir trough, shown in Table
5.3.

Tab. 5.3: Mean values of FWHM [um] for the fibers collected with Langmuir
trough at different waiting time and solutions. Missing values are reported with
the symbol ‘-¢, if it was impossible to see any, with ‘+’ if it was possible to see
some which were too weak.

Buffer 0.1 M NaCl | 0.1M NaCl+0.050M NaHsPO, GO buffer
Time |min| 10 | 60 | 120 | 10 | 60 120 10 | 60 | 120
FWHM [pm]| || 6.4 | - | 7.7 | + | + 5.2 4.6 (22194

Since for some waiting times it was not possible to collect fibers because of
the the inability to produce them, and for some waiting times it was not
possible to wrap samples, due to the break caused by the small diameter
(e.g. d < 2um), we differentiate the ability to collect small fibers from the
inability to produce them. The symbol -’ is used if it was impossible to see
any, '+’ if it was possible to see some which was too weak to be collected.
The vertical autocorrelation values corroborate the qualitative observations
seen in Figure 5.8. There is a significant increase in the structural linear-
ity and continuity of the fibers pulled after 120 minutes of waiting time as
compared to both the 10- and 60-minute wait time groups. As already men-
tioned, our main hypothesis explains the different wrinkle structure with the
fibrils islands orientation. When the film is formed and squeezed in minutes-
long period of time, the island are not parallel and when fibers are pulled,
the applied mechanical force pulls a straight fiber, but the film structure is
not well organized and the wrinkles are non-uniform. On the other hand,
in hours-long waiting time, the island interact with each other and rotate so
that they are parallel. When the film is compressed and fibers are pulled
structure is more organized. For this reason, we can conclude that the island
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Fig. 5.12: Wavelet analysis of the fibers reveals lateral uniformity and wrinkle
sizes for waiting times of 10 (a), 60 (b), and 120 minutes (c), using 2 nmol of
EGFP-Ubx spread GO buffer.

dimensions and direction determine the wrinkle uniformity.

The further step was the application of wavelet analysis in order to investi-
gate more the wrinkle-structure uniformity. With this technique it is possible
to identify characteristic frequencies within a signal and their strength, Fig-
ure 5.12. In Figure 5.12 the scalogram obtained for the fibers described in
Figure 5.8 (2 nmol EGFP-Ubx spread in GO buffer). The average pixel in-
tensity values used was 0.1ym. The 10 minutes-waiting-time fiber presents
consistently thin wrinkles (~0.25 pm in dimensions) with at least 2 areas
along the fiber where they are structured, Figure 5.12(a). After a 60-minutes
waiting period, there is no consistent size or structure in the image (Figure
5.12(b)), reflecting the fact that wrinkles are disordered. Finally, at 120-
minutes waiting time, the structure of the wrinkles is uniform and organized
and their size increases in dimension up to ~1 pm.

5.1.4 Metal Disk coating

During the Langmuir experiments, we decided to study the interaction be-
tween Ultrabithorax protein-based films and titanium substrates. The goal
of these observations was to understand the coating durability on titanium
surface and the possibility to use Ubx-based material for cell growth appli-
cations. In fact, the titanium substrates used, have great applications in
cell biology and previous works done by Bondos group, showed that Ubx
monomers fused with vascular endothelial growth factor (VEGF) proteins
generate fibers able to help tissue regeneration [56]. However, no studies
have been done with Ubx films, so I started with EGFP-Ubx material.So 1
performed some preliminary test using sterile titanium discs. The first step
was to clean the surface in a sonicator with some IPA for 15 minutes to re-
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move any dirtiness from the surface and then do a plasma cleaning. Since
the goal of this step was to sterilize the plates before the coating and not
to remove T7i0, from the surface, I opted for Sulfur hexafluoride (SFg) and
Argon (Ar) plasma cleaning instead of HF, which is more aggressive and
dangerous.

As I had never done plasma cleaning and I was not sure where to start from,
I have tried with different parameters. The first set of parameters used was:
SFg for 2 minutes with a gas flow rate of 30 sccm, pressure equal to 200
mT, a power equal to 200 W. In this case, the gas is too aggressive and the
cleaned surface is really dark compared to the initial one, so I was not sure
if I was removing a thick film from the substrate (Figure 5.13a). To solve
this problem I have tried Ar and SFg together for 2 minutes with 100 scem
flow rate, p = 70 m'T, P = 200 W. The resulting surface is a bit dark and
less uniform.

Fig. 5.13: Titanium discs cleaned for 15 minutes with IPA in a sonicator prior
to do Plasma cleaning for 2 minutes with (a) SFg, with 30 sscn flow rate, p = 200
mT, P = 200 W; (b) Ar, with 100 sscn flow rate, p = 70 mT, P = 50 W; (c) Ar,
with 100 sscn flow rate, p = 70 m'T, P = 200 W.

Then, T used 100 sccm Ar, Pressure = 70 mT, Power = 50 W and time
= 2 minutes. However, the disc seemed to be as bright as it was initially
(Figure 5.13b), so I tried using the same parameters used previously except
the power which was increased from 50 W to 200 W. However, the disc was
again as bright as it was previously (Figure 5.13¢). At this point I decided
to proceed with Ubx film coating with the first and the last cleaned discs, so
that I could compare the resulting film.

For the metal coating I decided to use Langmuir trough in order to have
controlled process. I used buffer GO with 5% w/v Glucose and I doubled the
quantity of NaH,PO, so that it was possible to obtain the strongest film
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possible with a 2-hours waiting time parameter instead of 16-hours one. For
this purpose, I increased also the protein concentration using 10 nmol instead
of 2 nmol. With the aid of a dipping arm equipped with Langmuir trough,
it was possible to coat the discs uniformly in both sides of the piece even if
only one surface was cleaned. Once coated, the discs were put in a plastic
petri dish, sealed with parafilm, and let rest to dehydrate. After a week the
discs have been re-hydrated with some PBS buffer and the film was checked
with a fluorescent microscope, using a x4 objective lens and a A = 488 nm
as excitation source.

(a)

Fig. 5.14: Fluorescent pictures taken with x4 objective lens using an excitation
wavelength A = 488 nm. The disc was cleaned with SFg plasma, (a) and (b), and
Ar plasma, (c) and (d), prior the dip coating with EGFP-Ubx.

As visible in Figure 5.14, the cleaning process with S Fy gives a smoother and
more uniform film (Figure 5.14 (a) and (b)) compared to the one cleaned with
Ar plasma. This may be explained with two observations: 1- the gas flow
rate used for Ar plasma (100 sccm) was so high that the ions collision on
the disc created small craters on titanium surface without properly cleaning
it (this could be the reason why the surface remained bright and shiny); 2-
SFg plasma removed a thin but uniform layer of material from the surface
revealing the dark part of titanium. With both explanations it is possible to
conclude that the SFy plasma has a better cleaning effect on the titanium
surface compared to Ar plasma.

Focusing on the last disc, I followed the protein-based film evolution over
time. For this reason I monitored the green fluorescence at 488 nm after 1, 4,
7 and 11 weeks after film coating, see Figure 5.15. The film was re-hydrated
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Fig. 5.15: Fluorescent pictures taken with x4 objective lens using an excitation
wavelength A = 488 nm. The disc was cleaned with SFy plasma and checked (a) 1

week (b) 4 weeks (c¢) 7 weeks and (d) 11 weeks after the dip coating with EGFP-
Ubx.

before the each observation using PBS buffer. As observable in Figure 5.15,
the film remains stable for 4 weeks with almost no changes. Nevertheless,
after 7 weeks a film degradation starts to appear (Figure 5.15¢) becoming
more extensive after 11 weeks (Figure 5.15d). For this reason, we can con-
clude that for future experiments it is recommended to coat the titanium
disks and use them in 4 weeks.

5.1.5 Antimicrobial peptide coating

The EGFP-Ubx film coating work was particularly useful to test two new
Ubx fusions and their antimicrobial action.

Our group in Swansea designed two expression constructs to create fusion
proteins positioning antimicrobial peptides at the N- terminus of Ubx, using
a flexible linker and SUMO tag to ensure protected expression and precise
excision of the peptides. The aim was to use the Ubx film-formation abil-
ity combined with the peculiar ability to kill bacteria and fungi of specific
peptides. In this way it could be possible to coat surfaces (e.g. door han-
dle) with a thin film of these Ubx fusions and inhibit the growth of bac-
teria, stains, odours and product degradation. Cathelicidin L1-37 (LL37)
and Bovine myeloid antimicrobial peptide-18 (BMAP) were chosen for their
well-studied antimicrobial properties [31, 20]. In Figure 5.16 a model of the
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BMAP-Ubx fusion protein is shown illustrating the dityrosine bond form-
ing residues thought to be responsible for material formation. To measure

CT SN
5 « 1

7

Fig. 5.16: Model of the BMAP fusion protein illustrating the dityrosine bond
forming residues thought to be responsible for material formation.

the antimicrobial effect of coated surfaces with Ubx, a quantitative kinetic
antimicrobial screening assay was used. This is based on ISO 22196 stan-
dards and is appropriate for use with protein covered surfaces. The assay is
based on the resazurin microplate method, using kinetic analysis of growth
of Bacillus subtilis, a commonly found non-pathogenic fast-growing gram-
positive bacteria, as the initial test organism. Resazurin reduction, resulting
from cell metabolism, produces a highly fluorescent dye which was quantified
in a 96 well format using a Biotek 96 well plate reader, excitation wavelength
Aez = 520 nm and emission wavelength \.,, = 590 nm. Three substrates
were chosen for this experiment:

e titanium Grade 2 discs (diameter ~6 mm), chosen due to its high resis-
tance to corrosion and biocompatibility, as a stable and an inert oxide layer
spontaneously forms when its surface is exposed to oxidising media;

e titanium Grade 2 discs (diameter ~6 mm) that were previously coated
with EGFP-Ubx films and etched with piranha solution (a mixture of sul-
furic acid,HsSOy4, water and hydrogen peroxide, HoOs) to remove Ubx film.
This substrate was chosen with a view to a possible recycling of the materi-
als;

e silicon wafer squares (side = 6 mm), chosen because it is a suitable support
for growing and /or mounting cells.
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The experiments were set up aseptically in a Hepa—filtered flow hood. The
surfaces to be tested were initially sterilised by immersion in 60% ethanol for
10 mins followed by rinsing 4 times in sterile PBS. Then, they were coated
with Ubx film, dried, placed in a sterile Petri dish and aligned on a labelled
perforated sterile rack for ease of manipulation. The Petri dish was situated
in a high humidity chamber. Test solutions (5ul) consisting of bacterial sus-
pension (dilutions C and D, respectively 6 x 10° and 6 x 10 4 cells per mL in
PBS) or PBS controls were pipetted onto surfaces which were immediately
covered with autoclaved 6 x 8 mm pieces of thin clear polypropylene using
flame sterilised forceps. The Petri dish lid was replaced and the chamber
closed, then the experiment was incubated for a defined time period. When
the incubation time was completed, each experimental surface and plastic
film were transferred together into a labelled 2 mL microfuge tube using
flame sterilised forceps. Bacteria were harvested by mixing and incubation
in culture media: to each tube 500 pl. LB + resazurin, made by adding 125
uLoof 0.5% filter sterilized resazurin to 20 mL sterile LB, was added. Then,
each tube was vortexed, and placed in a rack in heated shaker for 20 min-
utes, along with no-incubation controls for each bacterial suspension used.
200 pL of the samples were then transferred into a Corning™ 96-Well clear
bottom black microplate for fluorescence analysis. Alongside this, a serial
dilution of bacterial culture was assessed for each experiment, and two dilu-
tions of this plated out to determine exact bacterial counts. The plate was
sealed with a breathable lid and the kinetic analysis was run overnight for
16h using a predefined protocol which incubates and mixes the plate at 30
°C and takes fluorescent readings every 15 minutes to monitor growth. Data
was analysed by measuring onset time at a predefined RFU of 1000 for each
sample. Details of an experiment to compare titanium and silica surfaces
with and without Ubx coating are shown in Figure 5.17, on the left part the
scheme of experiment is depicted: silica surfaces are indicated with S, etched
titanium discs are indicated with O and non-etched ones with N. Ubx-coated
surfaces are indicated with 'x’, while control surfaces are indicated with ’c’.
On the top of samples bacteria solutions, C and D, and plain PBS (indi-
cated as PBX) were pipetted. In Figure 5.17 on the right part, the results of
overnight fluorescence are shown.
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Fig. 5.17: Left part: scheme of experiment. Silica surfaces are indicated with
S, etched titanium discs are indicated with O and non-etched ones with N. Ubx-
coated surfaces are indicated with 'x’, while control surfaces are indicated with ’c’.
On the top of samples bacteria solutions, C and D, and plain PBS (indicated as
PBX) were pipetted. Right part: results of overnight fluorescence.

As can be seen, Ubx coating in general do not inhibit bacterial growth, on
the contrary it seems to slightly improve it. At the same time, compared to
other two samples, non-etched titanium substrates are inhibiting a bit more
the growth. This effect is removed when the surface it cleaned with piranha
solution, probably due to chemical change at the surface. In general, bacteria
grew better on etched and Ubx coated titanium surfaces.

In conclusion, it is better to use titanium grade 2 disks coated with Ubx
rather
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5.2 BAM results and discussion

Fig. 5.18: A-U BAM time-lapse during barrier expansion. The protein film was
created using 2 nmols EGFP-Ubx proteins spread in 0.1 M NaCl solution and let
rest 2 hours before the barrier closure.
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BAM studies started in Swansea using MicroBAM in combination with the
Langmuir trough. In this way, it was possible to make observations during
compression /expansion at known surface pressures and to verify the mono-
layer homogeneity during the film formation. MicroBAM camera has a reso-
lution ~ 12 pym and the light source wavelength is A = 659 nm with a power
P = 50 mW. I have done the experiments using 2 nmol EGFP-Ubx proteins
spread in 0.1 M NaCl solution and I let the system equilibrate for 2 hours
before the barrier compression. Unfortunately, I could not image the film
during barrier compression, however I was able to see what happened during
the barriers expansion, which caused the film break (Figure 5.18 A-U). In
the series of images, in fact, it is possible to see bright islands floating on
the top of what seems to be a thin film, whose refractive index is different
from the subphase one. My hypotheses is that a film starts to form as soon
as proteins are spread at the air-water interface (it is not possible to switch
on the BAM laser while spreading proteins because of safety reasons), and
the microBAM camera is saturated at the very beginning. But, when the
barriers are opened, the surface tension of the subphase is strong enough to
break the film leading to portions of air-water interface where the film is not
present and the camera can clearly recognise thick and thin islands floating
around.

The data collected was encouraging and pushed us to investigate further once
I moved to Grenoble. In this case, I was able to use the Brewster Angle Mi-
croscope Nanofilm EP3, in Partnership for Soft Condensed Matter (PSCM)
laboratories. The lateral resolution was > 1um, so [ was hoping to be able
to see film formation. In this case, I investigated air-water interface with
two different sub-phases: plain water (Figure 5.19) and 0.1 M KCI solution
(Figure 5.20). Since the Langmuir trough used in ILL was smaller than the
one in Swansea, in order to have comparable results with the ones already
commented, I scaled the quantity of EGFP-Ubx proteins proportionally to
the scaled quantity of subphase used. For the two experiments I have used
1.2 nmol of proteins diluted in 350 mL of buffer, I let the proteins sit for 2
hours.

The first experiment was done with plain water, shown in Figure 5.19. As
soon as I spread proteins, the ROI/sig immediately arose and the luminous
intensity was linearly increasing, meaning that more and more proteins were
collecting at air-water interface. However, in general during the Langmuir
cycle there is not a clear structure variation even though the surface pres-
sure indicates the presence of a film. Probably a really thin film formed at
air-water interface but it was not strong enough and no fibers were visible at
the end of the process.

The further experiment was done using 0.1 M KCI subphase. In this case
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as soon as the proteins were spread, thick protein-based islands were visible.
Moreover, during the compression-expansion cycle, it was possible to see two
types of structures: a single compact film floating on non-compact material
that shows a sort of lateral structure that is not complete, as can be seen in
picture number 4 and 5 in Figure 5.20.
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Fig. 5.19: 7-A isotherm with BAM images taken during film compression-
expansion in plain water.
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Fig. 5.20: 7-A isotherm with BAM images taken during film compression-
expansion in 0.1 M KCI.
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During the equilibration time, it was possible to monitor film formation
at air-water interface. Interestingly, lateral association between a big thick
island and a small agglomerate od EGFP-Ubx fibrils, as can be seen in Figure
5.21.

Fig. 5.21: Lateral association between big thick island and a small protein ag-
glomerate.
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6.1 Ellipsometry Data

Ellipsometry results were used to help the planning and the interpretation
of NR experiments, as they provide complementary informations about the
surface excess during the formation of protein films.

6.1.1 Optimization of spread films

To simplify the calculation of surface excess I from ellipsometry data [mg/m?|,
following the calculations presented in the supporting information of refer-
ence [21], it is possible to chose one model for the considered system. In this
case, there are two possible models :

e The model changes in the surface coverage as changes to the layer
thickness at constant density (‘oil-like’ behaviour). As layer density is
constant, there is no solvent in the surface layer, so ng,, ¢ is a constant,
hence the relation between the I and Ay, s is linear [21]. In the EGFP-
Ubx protein case:

' = 0.495A ¢ (6.1)

e The model changes at constant thickness (‘particle-like’ behaviour). In
this case, ng,, s is a variable related to the density or coverage of protein
in the layer, hence the relation between I' and A, ; is quadratic. An
empirical fit to simulated data gives I'(Agur f) is quadratic [21] and for
the protein studied we have:

['= —0.0374A2,,; + 0.6126A,, ¢ (6.2)

where Ay, = A — Ay is the change in A from the specimen at the interface,
A is the measured value, and A, is the calibration value for pure subphase.
For protein-based films, it is recommended to use the 'particle like’ model
as they tend to form monolayers with increasing area coverage rather than
increasing thickness.
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The ellipsometry data were recorded using a phase modulated Picometer
Light ellipsometer using a HeNe laser with A = 632 nm at 6 = 50°. Measure-
ments were made using a static trough, a glass Petri dish with a diameter of
6 cm and a liquid volume of 25 cm?®. For the presented experiments we used
25 mL 0.1 M KCI solution and we added 0.591 nmol EGFP-Ubx proteins.
The protein concentration chosen for the experiments, was calculated taking
into account the subphase volume reduction from Langmuir trough used for
the BAM (350 mL) to the Petri dish used (25 mL). The concentration was,
thus, scaled from 1 to 0.6 nmol.

EGFP-Ubx }

(a) (b) (c)

Fig. 6.1: Different loading approaching (a) one single droplet was let to fall from
the top at the centre of Petri dish; (b) one single droplet was spread by touching
gently the surface at the centre of Petri dish; (¢) adsorbed layers from premixed
solutions.

The very first study conducted with this technique, was aimed to enhance
the surface excess at air-water interface when different loading approaching
were used to dilute EGFP-Ubx proteins onto an aqueous subphase, see Fig-
ure 6.1: (a) one single droplet was dropped at the centre of the Petri dish
from the top (height above the surface ~ 1 cm), see Figure 6.1(a); (b) one
single droplet was spread at the centre of the static trough by touching gen-
tly the air-water interface,see Figure 6.1(b) ; (¢) subphase and proteins were
premixed apart (in a volume slightly bigger than was used for the other two
cases ) and transferred to the trough and part of the solution was cleaned
by aspiration for 3 seconds, see Figure 6.1(c). For each different loading
technique, the time resolved surface excess, I' [mg/m?|, was calculated and
plotted. To investigate the consistency of the results, each experiment was
repeated at least twice.

In Figure 6.2 the time-resolved surface excess is shown for the two spreading
techniques (from the top and by touching the surface). Excluding an ini-
tial equilibrating period in which the surface is disturbed by the EGFP-Ubx
droplet, both curves reach a steady state after several minutes. Both tend to
I values ~ 1.85 mg/m?2. So it is possible to conclude that the two techniques
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are equivalent and the way to drop proteins doesn’t influence the final result.
Moreover, considering that the surface excess for both cases tend immedi-
ately to plateau, it is possible to state that EGFP-Ubx proteins are spread as
stable films at air-water interface, despite their solubility in aqueous solutions
[21]. The EGFP-Ubx protein-based film remains at the air-water interface for
the duration of the measurements. In fact, protein films can be spread from
concentrated droplets|[21]. This can be the reason why, using BAM, it was
not possible to image clearly the film formation during the waiting time or
during the barrier compression process. Instead, a bright solid protein-based
island was visible from the very beginning. However, remembering Langmuir
trough data, it is clear that this surface-loading process depends on protein
concentration. In fact, if there are not enough proteins, they dissolve into
the bulk and then slowly adsorb at air-water interface again.
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Fig. 6.2: Time-resolved surface excess of spreading technique with adsorption
(black), one droplet touching gently the surface (red), one droplet falling at the
centre of the static trough (blue)

The next step was the kinetic study of film formation at the air-water in-
terface observing the time-resolved surface excess of adsorbed layers formed
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when proteins and subphase were premixed, see Figure 6.1(c). In this case 30
mL of 0.1 M KCl were mixed apart with 0.71 nmol of EGFP-Ubx monomers.
The solution was poured into the glass Petri dish and the surface was as-
pirated for 3 seconds. The surface excess was then monitored for 4 and 12
hours (Figure 6.3). From the graph it is visible that, except an initial fluc-
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Fig. 6.3: Time-resolved surface excess of adsorption technique. In the figure frame
the same data are displayed on a t!/2 scale. The dotted black lines help to visualise
the linear component.

tuation due to the surface aspiration, the two measures are consistent. This
means that the kinetics of EGFP-Ubx adsorption from a premixed solution
at a clean air-water interface is stable and not subjected to external param-
eter influence (e.g. temperature or humidity). In both cases, after an initial
rapid increase, the surface excess seems to stabilize and reaches a plateau.
The temporal fluctuations visible at the plateau may be related to the fusion
of protein islands as they form and grow laterally at the air/water interface,
passing in and out of the laser beam [21]. However, the quantity of subphase
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is so small that after 3 hours it evaporates creating a laser misalignment
that can contribute to signal oscillation. For this reason, for our study the
experiments won’t be longer than 2 hours.

In Figure 6.3 it is interesting to notice that the surface excess tends to values
close to the ones seen in the spreading technique, '~ 1.79 mg/m?. Thus,
it is possible to conclude that EGFP-Ubx film formed at air-water interface
after the adsorption from a premixed solution tends to be similar to the one
obtained when proteins are spread at the surface. However the amount of
time required to the two films to be similar is different: 2 hours against 12
hours.

Following Ramsden work[100], the surface excess was plot also on a t'/2 scale,
see box in Figure 6.3. He described the initial protein adsorption as a func-
tion of diffusion coefficient, D?/3, bulk concentration, ¢, and time, t'/2.As can
be seen in the box plot, both I' curves show a linear behaviour with positive
slope, the dotted black lines help to visualise the linear tendency, before the
slope decreases. The change of the slope is explained with the subsequent
“Jamming” of molecules after a critical surface density[100, 21].

It is possible to conclude that the film formed at air-water interface by ad-
sorption from premixed solution resembles the film formed by spreading.
However, since in the adsorption case the time-frame required is 6 times
longer compared to the spreading case, in the present work only the latter
case will be used for film formation.

6.1.2 NR preparation

After the forced lock down caused by Covid-19 pandemic the goal of further
experiments was the characterisation of spread film at air-water interface to
corroborate NR results. Moreover, a fire spread at Swansea University and
destroyed the laboratories in which the EGFP-Ubx aliquots were produced
and stored. For this reason, it was necessary to move the protein production
in Grenoble and, more important, to test the new proteins in view of NR
experiments.

The first step was to compare the surface excess of old and new proteins,
see Figure 6.4. As can be seen, the new batch of proteins (Figure 6.4 black
curve) shows a different behaviour compared to the old proteins (red curve
in Figure 6.4). This can be explained with the fact that the new batch of
proteins was completely degraded causing the absence of tyrosine sites which
are responsible of di-tyrosine bonds, essential for film-formation. Since there
was not enough time to start another protein production process, it was
decided to test the old proteins and understand if it were possible to use
them, despite the long storage at -20°C. In fact, a long storage in freezer
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Fig. 6.4: Time-resolved surface excess of old proteins tested in 2020 (red), old
proteins tested in 2021 (blue) and new proteins tested in 2021 (black).

might contribute to protein degradation. From Figure 6.4 it is possible to
verify that the protein behaviour is consistent, meaning that no important
degradation occurred over time and the tyrosine sites were preserved. After
having verified the ability to pull fibers, it was decided to proceed with the
experiments using the old proteins.

At the beginning it was important to check the consistency of old proteins
spread in the subphases used for neutron reflectivity. Thus, experiments us-
ing 0.1 M NaCl solutions were repeated three times using both HyO (Figure
6.5a) and D,O (Figure 6.5b) as solvents.

As can be seen in the two diagrams, the time-resolved surface excess is con-
sistent over time, in the limit of ellipsometer resolution. This means that
EGFP-Ubx monomers self-assemble at air-water interface with a consistent
lateral association. However, when EGFP-Ubx proteins are spread in H,O
solution, the curves differ in shape at initial times and then converge for
longer time. At the contrary, when they are spread in DO solvent, surface
excess values are quite superimposable from the very beginning. The differ-



6. MOLECULAR RESULTS 83

Time resolved Surface Excess Time resolved Surface Excess
25 25
r\l'_' l'\l'_
e 2 x%‘ e 2
S S~
b b
E 15 E s
1] %]
wun %]
3 3
S 1 s 1
3 3
vl ]
T 05 Exp #1 t 05 Exp #1
=] Exp #2 >
v Exp #3 v Exp #2
Xp
0 0 Exp #3

0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time [minutes] Time [minutes]
(a) (b)

Fig. 6.5: Time-resolved surface excess of old proteins spread in 0.1 M NaCl using
H20 (a) and D2O (b) as subphase.

ences of behaviour caused by HoO and DO were studied in more depth. In
Figure 6.6 a comparison between different aqueous solutions is shown. First
of all, it is interesting to notice that in both cases of plain D,O and H5O,
the addition of a kosmotrope, NaCl, helps to prevent proteins aggregation
so that more EGFP-Ubx monomers are able to reach the air-water interface
and participate in film formation. The observations made with Langmuir
technique are thus confirmed with ellipsometry. For this reason, it was de-
cided to use 0.1 M NaCl solutions for further experiments. Moreover, it is
possible to point out that I' values for DO are higher than the one for HyO
(although T'p,o ~ T'myo1nact)- The main cause of this behaviour can be
give by isotope-specific effects from the difference in energy of H-bonding
according to the isotopic composition of the subphase. Thus, it is clear that
by using the same concentration of protein in the solution, it ends up with
two different protein films at the air-water interface: the film in HoO being
less thick than the one in D,O. This film difference brings to two different
situations that can not be compared during neutron reflectivity data analy-
sis. Therefore, it was decided to use a higher protein concentration in HoO
so that the resulting EGFP-Ubx film at the air/water interface has similar
features (thickness, hydration) to the one forming at DyO surface. The new
protein concentration was calculated following the equation:

_ I'pyo

Co * CUbz (63)

- Twmo
where I'p,0 and I'y,o are the corresponding surface excess values when the
film is spread in D,O and H5O, respectively; and c;=cyy, is the lower protein
concentration, used until now. The results are shown in Figure 6.7
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Fig. 6.6: Time-resolved surface excess of EGFP-Ubx proteins spread in different
subphases: HoO, 0.1 M NaCl in HyO, DO and 0.1 M NaCl in D5O.
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Fig. 6.7: Time-resolved surface excess of EGFP-Ubx proteins spread in DoO and
Ho0O with two concentrations ¢; and cs.
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As shown in the diagram, increasing the protein concentration the I’
values for H,O are closer to the values for D,O using c¢;. In case of ¢y there
is also a change in curve shape which resembles the one for D,O and cs.
With all these results it was possible to proceed with neutron reflectivity
experiments.

6.2 Neutron reflectometry data

As already mentioned in the chapter 3.5, during NR experiment a neutron
beam was directed toward the air-water interface where the proteins were
spread and the intensity of reflected beam was recorded in specular set up.
The reflectivity profile, R(Q,), was then calculated as ratio between the
reflected neutron beam and the incident one as a function of momentum
transfer perpendicular to the surface Q, = (47 / A) - sin(f), where X is the
neutron beam wavelength and 6 is the incidence angle. The data were re-
duced using COMSOS [89]. R(Q.) is a function depending on the profile
along the z direction of the scattering length density (SLD),p. The data
were analysed with the software Motofit [89]. The system was modelled as
a single layer of proteins, characterized by and average p, a thickness d and
a roughness o, floating on a semi infinite liquid. The parameters found with
this model, were then used to calculate a reflectivity profile that could be
compared to the measured one. The fitting process was done using a 5%
Ax?/x% A common problem in neutron reflectometry is the absence of a
biunivocal relationship between the reflectivity profiles and the length den-
sity profiles. More than one scattering length density profiles can be related
to a reflectivity profile. To solve this issue more experiment are performed
on the same system having a different isotopical composition. This method,
referred as contrast variation, is based on the hypothesis that upon isotopic
substitution of one or more components of the experimental system, the main
nanostructural features does not change significantly. As we will see in the
following sections, this hypotesis is not strictly fulfilled in the systems that
we are studying here. Hence, in the case of Ubx films different technical
expedients are required to use. The mixtures used in the following experi-
ments are DyO and air contrast matched water (ACMW). The latter solvent
is a mixture of 8.13% v/v DO + 91.87% v/v Hy0, and its SLD resulted
equal to zero being therefore equivalent to air. A bare ACMW-air interface
does not reflects neutrons,ensuring that the only scattering comes from the
EGFP-Ubx. Hence, this contrast is particularly sensitive to the properties
of the protein layer. To both ACMW and D,O different salts were added in
order to obtain comparable results with what was previously done.
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6.2.1 Optimisation of the samples for NR experiments

In January 2020, the first NR experiment was performed with EGFP-Ubx.
Experiments were performed at FIGARO reflectometer (Institut Laue-Langevin,
Grenoble) equipped with the Langmuir trough. The instrument was used in
kinetic mode. Since no one has ever tried NR with the protein in question,
the goal of this experiment was to explore and optimise the parameters to
obtain good reflectivity signal. Even if one day (out of two) was lost due to
technical problems of the instrument, it was possible to investigate an initial
structural characterisation of the protein adsorption at the air-water inter-
face at before beginning the compression (trough area = 300 ¢cm?) and full
compression (area 110 ¢cm?) using two contrasts DoO and ACMW with 0.1
M KCI. For the experiments 140 mL of subphase were used and the amount
of EGFP-Ubx proteins used, 50 ul of 10uM, was calculated to match ellip-
sometry results shown previously. The NR curves in Figure 6.8 represented
two different stages of film formation and the fits corresponded to hydrated
protein layers.
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Fig. 6.8: Measured reflectivity profiles at two contrasts obtained for two compres-
sion areas (300 and 110 cm?). In the inset Corresponding SLD profiles from the
NR curves.

The first visible result was the difference between the reflectivity for
ACMW at A; = 300 cm? and Ay — 110 cm?®. When the barriers were fully
open, there was a noisy signal coming from neutrons at low Q, that would
become even noisier for higher values of Q (for this reason we did not measure
it). On the other side, after the film compression the resulting signal was
less noisy and stronger. This result was coherent with surface-pressure (7-A)
values: at the beginning, the Ubx-monomers interactions were minimal, and
the monomers started to aggregate forming small islands. As the barriers
moved closer, the interactions became stronger and stronger because of the
decrease of area per molecule. This resulted in an increase of m-A values and
consequently in a more compact film structure. So at this protein concentra-
tion a film was able to form at the surface.

Differences can be seen also when the proteins were spread in D,O. In this
case, the signal is higher mainly due to the fact that the contrast between
DyO-air is higher (ACMWe-air contrast is zero), so the intensity of the re-
flection is high. Moreover, we know that with D,O the films are thicker,
because this subphase promotes the monomers interaction, hence a film for-
mation could be seen from the very beginning. The compression enhanced
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the interactions and we could observe a variation in reflectivity which meant
a thickness variation maintaining the other parameters constant.

In conclusion, we were able to detect the presence of EGFP-Ubx film at
air-liquid interface. A film was measured even without compression, which
perfectly agreed with the observations made with BAM. Moreover, we were
able to set the parameters that let us measure neutron reflectivity.

6.2.2 Experiments

After that optimum conditions for sample preparations were achieved, it was
possible to to better plan a neutron reflectometry experiment to investigate
the film formation. For this purpose, a new beam time was obtained in Febru-
ary 2021. From preliminary investigations using laboratory-based techniques,
it seemed that the key differences with waiting-time parameter corresponded
to either sub-micron lateral structural developments, or structural changes
normal to the interface. Thus, the goal of this new set of experiment was the
probe of these changes.

NR experiments were performed at FIGARO reflectometer equipped with the
same Langmuir trough used previously (trough area at barriers fully open
equal to 256 cm? and area at full compression equal to 127 cm?). The charac-
terisation of the protein adsorption at the air-water interface was done using
two subphases, DoO and ACMW (140 mL), to maximise the contrast between
the liquid and the protein. D50 is a contrast that generally provides a good
reflectivity signal, while ACMW is a contrast that maximise the sensitivity to
the structural aspects of the protein films, although it has generally a lower
reflectivity signal. In order to match the Langmuir experiments, previously
described, we decided to investigate the three waiting-times responsible for
the non monotonic effect (10, 60 and 120 minutes) of 7-A values, previously
described using subphases with 0.1 M NaCl. For simplicity, in this work we
won’t specify the salt concentration as it will remain the same for all the
results shown. After the preliminary experiments with ellipsometer, we no-
ticed that EGFP-Ubx protein film had two different behaviours in ACMW
and D,0O. That is, by using the same concentration of protein in the solution,
two different films were forming at the air-water interface (in ACMW was
less thick than the one in D2O). Therefore, we chose a higher concentration in
ACMW that would result in a protein film at the air/water interface that had
similar features (thickness, hydration), at least as a result of the ellipsometry
experiments. In order to be able to compare NR data and Langmuir results,
we decided to scale the EGFP-Ubx concentration based on surface-Area (at
barriers fully open) reduction. So, since the trough area scales from 800 c¢m?
to 256 cm?, the amount of proteins was scaled from 2 nmol to 0.6 nmol.
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For this reason, we chose to use ¢; = 33.5 pL of 17.76 uM stoking solution
of EGFP-Ubx. Moreover, a second protein concentration, and co = 50 uL
of 17.76 uM, was used for ACMW subphase, to match what was observed
with ellipsometry. Proteins were spread at the surface by gently touching
the interface and the Langmuir trough barriers were closed after the selected
equilibration time. Moreover, we hypothesized that there were no structural
differences between the film obtained in ACMW and in D>O subphases due
to the fact that dytirosine bonds, involved in film film-formation, are very
specific. This was important in order to perform NR co-refinement at two
contrasts with two films that in first approximation were similar. Neutron
reflectivity was measured as a function of time during both the equilibration
and the compression period. In this work, measures at full compression are
shown.

The first set of experiments done was with EGFP-Ubx concentration equal
to ¢; in ACMW. In Figure 6.9 on the top, the reflectivity and SLD are shown,
while the bottom part shows the model parameters used to fit the data. As
can be seen, the three reflectivity curves, which were shifted vertically for
clarity, present similar shapes, but the differences between them are suffi-
ciently large to obtain significant difference in results of the data fitting, as
it can be seen from the SLD graph reported in Figure 6.9 right. The black
line represents the SL.D values associated with 10-min waiting time, the blue
one is associated to 60-min and the red to 120-min. As can be seen, the
high-peak SLD values seem to follow a sort of non-monotonic effect seen pre-
viously for Langmuir curves: from SLD = 0.8-107% A~2 at 10 minutes, the
value decreases to 0.6-107% A=2 for 60 min and the reaches 1-1076 A=2 for 120
minutes waiting-time. The same trend can be seen for film thickness, visible
in the bottom part of Figure 6.9. The thickness of EGFP-Ubx film formed
after 10 minutes was 17.142.8A with a hydration of 53.0+0.2 %. When
the monomers equilibrated for 60 minutes before the barrier compression,
the surface film was 26.9+1.6 A thick, with a solvent component equal to
70.3+1.8 %. Finally, for longer waiting time periods, 120 minutes, the thick-
ness of the resulting film was 11.64+1.0 A with a hydration of 36.5+0.4%.
This behaviour can be explained with film organization structure. When the
fibrils composing the protein-based material are well aligned to each other,
the film resulted to be thin and the fibril structure avoid to incorporate sol-
vent. On the other hand, a disordered material present a thick film in which
there is a higher quantity of solvent. As discussed in the previous chapter, at
120 minutes the film presented a highly ordered pattern resulting in a thin
thickness, while, on the other hand, after 60 minutes of equilibration, the ma-
terial structure presented disordered pattern where fibrils are non-continuous
and winding and the thickness was higher compared to the other cases. In
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the middle of these two extremes, at 10 minutes waiting time, film present
is not perfectly aligned and its thickness is more similar to the 120-minutes
waiting-time than to the 60-minutes one.

1.0
0.8

0.6

RQ

0.4+

SID(10 A')

0.2+

—— 120 min fit
N 0.0-— | ; .
T

0.05 010 015 020 025 030
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a@’)

d [A]  Solvent [%]
10 min || 17.1£2.8  53.0£0.2
60 min || 26.9£1.6  70.3%1.8

120 min || 11.6+1.0  36.5£0.4

Fig. 6.9: Top left: Reflectivity profile the protein concentration c; spread in
ACMW with barriers fully compressed. The curves are shifted vertically for clarity.
Top right: Corresponding SLD profiles from the NR curve for the protein concen-
tration c¢; spread in ACMW with barriers fully compressed. Bottom: Structural
parameters obtained from the NR curves: d (thickness [A]), and solvent content|%)]
for the protein concentration c; spread in ACMW with barriers fully compressed.

It is possible to conclude that with this experiment we were able to cor-
roborate the observations done with experiments made starting from the
same protein concentrations in the liquid phase. We could ask if the lateral
morphologies determined using BAM and described in the previous chapter
5.2 might affect the interpretation of the NR data. It is known that the pres-
ence of lateral morphologies on a surface affect the neutron reflection in two
different ways wheatear these morphologies extend on a length scale larger or
smaller of the coherent length of the neutrons. In the case where two different
morphologies are present on the surface of water whose lateral extension is
larger than the coherent length of the neutrons (e.g. macroscopical regions
with and without protein films), the resulting reflectivity profile would be
given by a linear combination of the reflectivities of the two regions weighted
by the relative fraction of the areas occupied by the two morphologies. How-
ever, that was not the case in our NR experiments as the reflectivity profiles
could be well fitted with one single reflectivity profiles. We can then conclude
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that our protein films at the stage in which the measurement were conducted,
presented a homogeneous composition at least on the scale of the coherent
length of the neutrons.

The second set of experiment was done spreading a protein concentration c,
in ACMW and c¢; in D,O and a co-refinement of the two measures have been
done. The use of two different concentrations of EGFP-Ubx at the two con-
trasts was dictated by the observation that the thickness of the protein film
changes significantly if we use D;O or ACMW. We then adapted the concen-
tration of the protein in ACMW to match the elliposmetric thickness of the
protein film in D20. In Figure 6.10 reflectivity and SLD data of EGFP-Ubx
monolayers spread in ACMW and DO for different waiting times are shown.
In the table, the structural parameters obtained from the co-refinement of
NR curves are listed. In this case, it is possible to see that the reflectiv-
ity curves present really small changes. Moreover, the non monotonic effect
seen previously disappears in this case, for both ACMW and D,O subphase,
returning in the regime studied by Bondos’ group. The film thickness, cal-
culated with co-refinement, decreases while the waiting time increases too,
going from 41.441.0A to 30.040.8A and finally 22.3+1.4AThe same trend is
followed by SLD values and roughness. The non-monotonic effect disappears
also for the two experiments in ACMW and D,0O separately, demonstrating
that this phenomenon is not caused by co-refinement. This clearly indicates
that as time passed, the monomers first and the fibrils then, had enough
time to organise and form a smooth structured material, with a decreasing
content solvent. This result shows that the concentration of the EGFP-Ubx,
used to deposit the film, has a key role in the final properties of the film.
The explanation of this phenomenon can be attributed to different causes to
the two subphases used, ACMW and D>O. In the first case, in fact, probably
the protein concentration used (cy) was too high for the amount of liquid
(140 mL) in which it was spread. The non-monotonic behaviour was not
fully explored at different protein concentrations. In the case of D5O sub-
phase, instead, the loss of non-monotonic behaviour can be explained with
the stronger hydrophobic bonds compared to the one present in H,O. Since
Ubx proteins present hydrophobic aminoacids at the outside, their structure
is affected by the change of subphase hydrophobic bonds and the stability of
the monomers increased. Moreover, D;O has a higher density compared to
H;O which is a key parameter in Ubx film-formation. In fact, GO buffer used
for film formation contains 5% w/v D-Glucose that increases the density of
the liquid and helps to stabilise the protein structure. So, in this experiment,
D>O effects are similar to D-Glucose ones.



6. MOLECULAR RESULTS 92
; 7 10 min ACMW
10 2 10 min D20
—— 10 min ACMW fit
10 —— 10 min D20 fit 61
, /H 5|
10 o
< & 7$_ G a4
g -9 LELT & ‘o 3
10 = 3
[=]
7 24
-10
10 1]
10—11 0 T T T T T
. -20 0 20 40 60
0.00 diA)
T T T T T T
0.05 0.10 0.15 0.20 0.25 0.30
a(a’)
- 2 60 min D20
10 —— 60 min D20 fit
7 60 min ACMW
10 —— 60 min ACMWVfit 6
5
fv: 2l
‘Pg 3]
[=]
Z 24
1
D T T T T
0 20 40 60
d(A)
T T T T T T
0.05 0.10 0.15 0.20 0.25 0.30
a(a’)
} 120 min D20
10 ——120 min D20 fit
7 120 min ACMW
10" —— 120 min ACMW fit 6
b o e
b4 b ‘a 4
% qg’ 3
3 27
14
D T T T T T
-20 0 20 40 60
d(A)
T T T T T T
0.05 0.10 0.15 0.20 0.25 0.30
a(a’)
d[A]  Solvent [%] o [A]
10 min || 41.44+1.0 76.5£1.6 4.04+0.5
60 min | 30.0+£0.8 69.3+£0.9 2.34+0.3
120 min || 22.3+1.4 54.1£3.1 1.3£+1.2

Fig. 6.10: Top: Reflectivity and corresponding SLD profiles at three waiting time
(10, 60 and 120 minutes) spreading ¢; of EGFP in ACMW and ¢y of EGFP in
D20. Bottom: Structural parameters obtained from the NR curves: d (thickness
[A]), solvent content[%] and roughness (o) [A].
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In conclusion, this second set of experiments shows a key information
concerning the use of the contrast variation on EGFP-Ubx films at the air
water interface that might be relevant for other protein systems at the air
water interface. Since the properties of the resulting film strongly depend on
the isotopic composition of the liquid subphase, care must be taken in the
choice of the the reflectivity curves that are used to perform co-refinement.
Further studies are needed on this topic. For example, it would be useful to
repeat the reflectometry experiments at lower concentration in DO to check
if similar trends with waiting time can be obtained as in the concentration
C1.



7. CONCLUSIONS & FUTURE
WORKS

Ultrabithorax (Ubx) protein is a Hox transcription factor that regulates the
transcription rate of genetic information inside fruit fly cells. Interestingly,
it was found that this protein presents a unique property in addition to its
in vivo function as a transcription factor: Ubx self-assembles into biomateri-
als through intermolecular dityrosine bonds at air-water interfaces [57]. Ubx
protein-based materials are non-immunogenic, biodegradable, biocompatible,
and have stabilizing effects on incorporated proteins [95, 96, 58, 61]. These
unique properties and the ability to incorporate functional proteins make the
materials ideal for use in a variety of fields. In this dissertation, I explored
EGFP-Ubx protein-based material in order to understand which parameters
influence the film formation and, consequently, the resulting film structure.
These results have a great impact in film customization and optimization for
different applications.

The first and principal result was the ability to produce EGFP-Ubx pro-
teins in Swansea laboratories with high purity, even though in small batches.
Without this outcome it could not be possible to achieve the results de-
scribed.

Once the protein production was established, it was possible to proceed with
the proposed analysis. The first experiments involved the monitoring of film
formation in a LB trough where three critical parameters have been studied:
the concentration of monomers used, the subphase in which the protein is
spread and the waiting time needed for monomers to equilibrate before the
area reduction through the barrier compression. At the end of these studies
we discovered a new material formation regime depending on waiting time
parameter. Moreover, a new fiber-formation protocol was developed using 5-
times lower protein concentration in 100-times less time compared to all the
works published until now. The ability to pull fibers after just 10 minutes us-
ing such a low protein concentration was surprising and totally unexpected.
This result had not been achieved by Bondos group identifying a new phase
of material formation that has never been studied.

We developed an in-house Matlab tool, based on autocorrelation and wavelet
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analysis, to analyse the structure of pulled fibers at different conditions. With
this code it was possible to make hypotheses on film structure at air-water
interface by quantifying the order of wrinkles present in the fibers. This tool
can be adapted to any digital image.

With EGFP-Ubx I made some tests on surface coating analysing the degra-
dation time frame, discovering that the film remains stable for 4 weeks with
almost no changes. The coating film started to degrade after 7 weeks becom-
ing more and more extensive after 11 weeks. With plain Ubx film coating,
instead, we tested the antimicrobial property of coated surfaces finding out
that the best substrate to use is titanium grade 2 and cannot be cleaned to a
future reuse with piranha solution because the etching would change chemi-
cally the surface causing an environment favourable to bacterial growth.
The following step was to analyse film formation more in deep. After some
parameter optimization done with ellipsometry, I moved to neutron reflec-
tometry. T was able to estimate the film thickness and to probe the time
effect of EGFP-Ubx at two contrasts, corroborating the observations made
with low protein concentration.

At the end of the present work it is important to point some possible future
works. First of all, it would be important to study deeper the isotopic effect
on film formation and repeat the reflectometry experiments at lower concen-
tration in DoO as mentioned in the previous chapter 6.2.2. Nonetheless, the
shown results raised several questions concerning the specific influences on
the structure and properties of the materials assembled with the new proto-
col. A possible study in collaboration with Bondos group could be useful to
determine whether similar interactions form in fibers created with the two
different methods.
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