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Summary

Amyloids derived from low-cost food proteins and nanocellulose from wood pulp are
renewable and biodegradable materials with a wide range of potential applications,
including water purification, biomaterials, and bioplastics. When amyloids are made
from hen egg white lysozyme (HEWL), they exhibit a non-catalytic broad-spectrum an-
timicrobial activity based on their positive charge interacting with the negatively
charged cell walls and cell membranes of microorganisms. Using disulfide bond reduc-
tion to induce self-assembly, colloidally stable amyloid-like, worm-shaped HEWL ag-
gregates (worms) were produced and compared to amyloid fibrils made via an acid
hydrolysis pathway. The aggregation kinetics of the HEWL worms was strongly pH-
dependent, due to reduced double layer repulsion at higher pH, leading to large ag-
gregates and sedimentation. The aggregation at pH 4.5 led to 1-dimensional worms
and induced a structural transition from a-helices to B-sheets. Both HEWL worms and
amyloid fibrils showed broad-spectrum antimicrobial activity against Staphylococcus
aureus, Escherichia coli, and Candida albicans. Amyloid fibrils exhibit the strongest
antimicrobial effect, due to their increased positive charge compared to native HEWL
leading to stronger interactions with the negatively charged cell walls and cell mem-

branes of the microorganisms and cell lysis.

The HEWL amyloid fibrils were coated onto TEMPO-oxidized cellulose nanofibril (TO-
CNF) nanopapers using a coating mechanism based on the formation of 2D foam films.
Exploiting the surface activity of proteins, a 2D foam film was pulled out of a HEWL
amyloid fibril suspension using a loop, similar to the one used when blowing bubbles.
To enhance the stability of the foam film, different concentrations and pH values of the

amyloid suspension were tested. The foam stability was increased drastically at pH 6,
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due to the deprotonation of the acidic amino acids, introducing negative charges and
reducing the adsorption barrier caused by double layer repulsion. Using ultrafiltration,
amyloid fibrils (40% of the protein mass) were separated from unconverted peptides
(60%) and tested for their foam stability. It turned out that the unconverted peptides
were the main species stabilizing the air-water interface, rather than the amyloid fibrils
themselves. By depositing the 2D foam film onto various substrates, a uniform coating
layer with a thickness of 30 nm was formed. This thickness was sufficient to produce
a positively charged HEWL amyloid coating on negatively charged TO-CNF nanopa-
pers. The coating showed a similar trend in terms of antimicrobial effect against the
same pathogens (S. aureus, E. coli and C. albicans) tested before with the amyloid
suspensions. However, the charge-mediated antimicrobial effect was not as strong due
to the loss of surface area of the amyloid fibrils compressed into the coating layer.
Overall, the foam film coating offers a facile method for the functionalization of TO-
CNF nanopapers with antimicrobial HEWL amyloids, which could potentially be ex-

ploited for the production of wound dressing materials.

In order to enhance the mechanical properties of hybrid hydrogels, the colloidal inter-
actions between amyloid fibrils and nanocellulose and their tunability was studied.
Polyelectrolyte complexation was dominating the interactions between positively
charged HEWL amyloids and negatively charged cellulose nanocrystals (CNCs), while
negatively charged B-lactoglobulin (BLG) amyloids could be co-dispersed with CNCs.
The complexation increased the elasticity of the amyloid network by cross-linking indi-
vidual fibrils. Therefore, concentration-dependent rheological measurements were per-
formed to fit elasticity-concentration scaling laws. The scaling of the elasticity with am-
yloid concentration was in good agreement with results from literature and theoretical

models. The nanocellulose morphology contributes differently to elasticity: CNCs



cause amyloid bundling, while TO-CNFs add to a second network. Finally, a pH-me-
diated self-assembly approach was used to create homogeneous hydrogels made
from HEWL and BLG amyloids in combination with nanocellulose. The mixing was
done above the isoelectric point of the proteins, so they would be negatively charged
and make stable co-dispersions with nanocellulose. Dialysis was used to reduce the
pH to cross the isoelectric point, introducing positive charges on the amyloids and
causing polyelectrolyte complexation and gelation. The type of nanocellulose morphol-
ogy (CNCs or CNFs) did not significantly affect the elastic modulus in shear and com-
pression tests, but hybrid gels with TO-CNFs displayed a higher dynamic yield point,
enabling them to withstand greater deformations. These findings promote the under-
standing of amyloid fibril and nanocellulose interactions and offer valuable strategies

for optimizing hybrid material assembly.

Overall, this thesis provides important insights on the self-assembly of HEWL aggre-
gates and their co-assembly with nanocellulose. Due to the high sensitivity of proteins
to pH changes, tuning the protonation of amyloid fibrils is the best way to control their
self-assembly. With the knowledge gained from this thesis, the design of new hybrid

materials based on amyloid fibrils and nanocellulose can be developed.
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Zusammenfassung

Amyloide, die aus kostengunstigen Lebensmittelproteinen hergestellt werden und Na-
nocellulose aus Zellstoff, sind erneuerbare und biologisch abbaubare Materialien mit
diversen potenziellen Anwendungsgebieten, darunter Wasserreinigung, Biomateria-
lien und Biokunststoffe. Amyloidfasern aus Hihnereiweiss-Lysozym (HEWL) haben
eine nicht-katalytische antimikrobielle Wirkung gegen ein breites Spektrum von Mikro-
organismen, die auf ihrer positiven Ladung beruht, welche mit den negativ geladenen
Zellwanden und Zellmembranen von Mikroorganismen interagiert. Mit einem durch die
Reduktion von Disulfidbindungen induzierten, supramolekularen Selbstorganistation-
prozess wurden kolloidal stabile, amyloidahnliche, wurmférmige HEWL-Aggregate
(worms) hergestellt und mit Amyloidfibrillen verglichen, die mittels einen Saurehydro-
lyseprozess hergestellt wurden. Die Aggregationskinetik der HEWL-Wirmer war stark
pH-abhangig, was auf eine verringerte Abstossung der elektrischen Doppelschicht bei
héherem pH-Wert zurtickzufiihren ist und zu grossen Aggregaten und Sedimentation
fuhrt. Die Aggregation bei pH 4.5 fuhrte zu eindimensionalen worms und induzierte
einen strukturellen Ubergang von a-Helices zu B-Faltblattern. Sowohl die HEWL-
worms als auch die Amyloidfibrillen zeigten ein breites Spektrum an antimikrobieller
Aktivitdt gegen Staphylococcus aureus, Escherichia coli und Candida albicans. Amy-
loidfibrillen hatten die starkste antimikrobielle Wirkung, was auf ihre im Vergleich zu
nativem HEWL erhdhte positive Ladung zurtickzufuhren ist, die zu starkeren Wechsel-
wirkungen mit den negativ geladenen Zellwanden und Zellmembranen der Mikroorga-

nismen und zur Zelllyse fuhrt.

Die HEWL-Amyloidfibrillen wurden mit einem Beschichtungsmechanismus, der auf der

Bildung von 2D-Schaumfilmen beruht, mit TEMPO-oxidierte Cellulose-Nanofibrillen
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(TO-CNF) kombiniert. Die 2D-Schaumfilme konnten dank der Oberflachenaktivitéat der
Proteine mit einem Plastikring aus einer HEWL-Amyloidfibrillen-Suspension gezogen
werden, &hnlich wie beim Pusten von Seifenblasen. Um die Stabilitdt des Schaumfilms
zu erhdhen, wurden verschiedene Konzentrationen und pH-Werte der Amyloidsuspen-
sion getestet. Die Schaumstabilitat wurde bei einem pH-Wert von 6 drastisch erhoht,
was auf die Deprotonierung der sauren Aminosauren zurckzufihren ist, was negative
Ladungen induziert und die durch die Doppelschichtabstossung verursachte Adsorpti-
onsbarriere verringern. Mittels Ultrafiltration wurden die Amyloidfibrillen (40 % der Pro-
teinmasse) von den nicht umgewandelten Peptiden (60 %) getrennt und auf ihre
Schaumstabilitat getestet. Es stellte sich heraus, dass die nicht umgewandelten Pep-
tide die Spezies waren, die die Luft-Wasser-Grenzflache stabilisierten, und nicht die
Amyloidfibrillen selbst. Durch das Auftragen des 2D-Schaumfilms auf verschiedene
Substrate wurde eine einheitliche Beschichtung mit einer Dicke von 30 nm gebildet.
Diese Dicke war ausreichend, um eine positiv geladene HEWL-Amyloidbeschichtung
auf negativ geladenen TO-CNF-Nanopapieren zu erzeugen. Die Beschichtung zeigte
einen ahnlichen Trend in Bezug auf die antimikrobielle Wirkung gegen die gleichen
Krankheitserreger (S. aureus, E. coli und C. albicans), die zuvor mit den Amyloid-Sus-
pensionen getestet wurden. Allerdings war die auf positiver Ladung beruhende anti-
mikrobielle Wirkung aufgrund des Oberflachenverlusts der in der Beschichtungs-
schicht komprimierten Amyloidfibrillen nicht so stark. Insgesamt bietet die Schaumfilm-
beschichtung eine einfache Methode fir die Funktionalisierung von TO-CNF-Nanopa-
pieren mit antimikrobiellen HEWL-Amyloiden, die mdglicherweise fur die Herstellung

von Wundverbanden genutzt werden konnte.

Um die mechanischen Eigenschaften von Hybrid-Hydrogelen zu verbessern, wurden

die kolloidalen Wechselwirkungen zwischen Amyloidfibrillen und Nanocellulose und
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deren Beeinflussung durch aussere Parameter untersucht. Die Polyelektrolytkomple-
xierung dominierte die Wechselwirkungen zwischen positiv geladenen HEWL-Amyloi-
den und negativ geladenen Cellulose-Nanokristallen (CNCs), wahrend negativ gela-
dene B-Lactoglobulin (BLG)-Amyloide mit den CNCs co-dispergiert werden konnten.
Die Komplexierung erhohte die Elastizitat des Amyloidnetzwerks durch die Vernetzung
einzelner Fibrillen. Um den Zusammenhang zwischen der Elastizitat der Hydrogele
und der Konzentration zu verstehen wurden konzentrationsabhangige rheologische
Messungen durchgefihrt und Potenzgesetze aufgestellt. Die Skalierung der Elastizitat
mit der Amyloidkonzentration stand in guter Ubereinstimmung mit Ergebnissen aus der
experimentellen Literatur und theoretischen Modellen. Die Morphologie der Nanocel-
lulose tragt unterschiedlich zur Elastizitat bei: CNCs verursachen eine Amyloidbinde-
lung, wahrend TO-CNFs zu einem zweiten Netzwerk beitragen. Schliesslich wurde in
ein supramolekularer Selbstorganistationsprozess entwickelt, der durch die Verande-
rung des pH-Werts zu homogenen Hydrogelen aus HEWL- und BLG-Amyloiden in
Kombination mit Nanocellulose fihrte. Das Mischen erfolgte oberhalb des isoelektri-
schen Punkts der Proteine, so dass sie negativ geladen waren und stabile Co-Disper-
sionen mit der Nanocellulose bildeten. Durch Dialyse wurde der pH-Wert so weit ge-
senkt, dass der isoelektrische Punkt Giberschritten wurde, wodurch die Amyloide positiv
geladen wurden und eine Polyelektrolytkomplexierung und Gelierung stattfand. Die Art
der Nanocellulose-Morphologie (CNCs oder CNFs) hatte keinen deutlichen Einfluss
auf den Elastizitatsmodulus in Scher- und Drucktests, allerdings wiesen die Hybridgele
mit TO-CNFs eine hohere dynamische Fliessgrenze auf, wodurch sie grosseren Ver-
formungen standhalten konnten. Diese Ergebnisse fordern das Verstandnis der Wech-
selwirkungen zwischen Amyloidfibrillen und Nanocellulose und bieten wertvolle Stra-

tegien zur Optimierung des Aufbaus von Hybridmaterialien.



Insgesamt liefert diese Arbeit wichtige Erkenntnisse Uber die Selbstorganisation von
HEWL-Aggregaten und deren Interaktionen mit Nanocellulose. Da Proteine sehr emp-
findlich auf pH-Anderungen reagieren, ist die Abstimmung der Protonierung von Amy-
loidfibrillen der beste Weg, um ihre Selbstorganisation zu kontrollieren. Mit den in die-
ser Arbeit gewonnenen Erkenntnissen kann das Design neuer Hybridmaterialien ba-

sierend auf Amyloidfibrillen und Nanocellulose entwickelt werden.



1 Introduction

The term self-assembly describes the autonomous arrangement of individual building
blocks into higher-order structures [1]. Self-assembly occurs on multiple length scales
ranging from individual molecules, to nano- and micrometer-sized particles, to macro-
scopic objects and even planets and solar systems forming galaxies [1,2]. Most sys-
tems from the molecular scale to the mesoscale can be considered static systems, that
do not dissipate energy and tend to reduce the free energy of the system to reach a
(meta)-stable equilibrium. The theory of self-assembly has been developed for molec-
ular systems, however, there are several size-independent characteristics of a system

enabling self-assembly, which are summarized in Figure 1.

building blocks  interactions environment mass transport reversibility

Figure 1: Five characteristic factors in a system determining the ability to self-assemble.

The systems discussed in this thesis, consist of nanometer-sized building blocks (1)
undergoing supramolecular self-assembly processes. The components undergoing
self-assembly can be identical, of the same type (i.e. peptides or cellulose nanoparti-
cles), or of different types (protein and cellulose) and interact (II) with each other be-
cause of their physicochemical properties. The interactions between the components
are determined by the balance of attractive and repulsive forces. For nanoscale parti-

cles, these interactions are usually weak, of non-covalent nature (i.e. van der Waals
1



interactions, coulombic interactions, hydrogen bonding and hydrophobic interactions).
The particles described in this thesis are dispersed in water as a solvent, which con-
tains ions and has a pH, creating a tunable environment (Ill). The transport (IV) of the
individual components is driven by Brownian motion, whereas gravitation and friction
forces can be neglected for nanometer-sized particles. Since the interactions between
the particles are weak (in the order of the thermal energy), bonds can easily be broken
up and rearranged, granting the reversibility and adjustability of the self-assembly

structures (V) [2].

When referring to the biological context, self-assembly processes played an essential
role in the origin of life, forming vesicles filled with genetic information [3,4]. The bio-
molecules present in living systems (proteins, polysaccharides, DNA and lipids) self-
assemble into different higher order structures within living cells, such as enzymatic
complexes, cell walls, chromosomes and cell membranes. In the case of proteins, most
newly synthesized chains undergo an intramolecular self-assembly process termed
“protein folding” that is crucial to achieve their functional role [3,5]. The primary struc-
ture (amino acid sequence) of the polypeptide chain determines its ability to undergo
intramolecular interactions leading to the formation of specific secondary structures,
such as a-helices and (3-sheets, and also tertiary structure, ultimately providing the
protein its 3D shape and functionality. Supramolecular (intermolecular) self-assembly
occurs when several subunits of the same protein or of different come together to form

the quaternary structure of some proteins.

Protein folding is a tightly controlled process; yet, in some cases proteins can also
misfold and aggregate, which is often connected to the onset of diseases [5,6]. Noto-

rious examples of protein misfolding diseases are Alzheimer's and Parkinson's, in



which proteins in the brain of the affected patients undergo intermolecular self-assem-
bly into so-called amyloid fibrils [7]. Amyloid fibrils share a common structure of anti-
parallel B-sheets oriented perpendicular to the fibril axis [8]. Apart from disease-related
amyloids, examples of functional amyloids can be found in nature, such as curli fibers
in biofilms produced by bacteria and even amyloids fulfilling metabolic functions in the
human body [9]. In the following chapters laboratory-made, functional amyloid fibrils
made from commercial food proteins will be introduced as a class of bio-based and
bio-degradable nanomaterial. These amyloid fibrils are of high interest for the bottom-

up assembly of new functional materials with different applications.

1.1 Amyloids

1.1.1 Amyloid self-assembly

Many proteins from various sources, such as milk, egg, blood plasma and plant pro-
teins can be aggregated into amyloid fibrils under certain conditions, most commonly
high temperature and low pH [10,11]. Under these conditions, the native proteins de-
nature and undergo acid hydrolysis into short peptide fragments, some of which are
able to self-assemble into amyloid fibrils. The term amyloid refers to protein aggregates
with cross-pB-sheet structure, i.e. stacks of antiparallel B-strands (peptides) arranged
perpendicular to the fibril axis [8]. Their cross-B-sheet structure has been resolved by
X-ray diffraction, showing interstrand distances of 4.8 A, associated to N-H---O=C hy-
drogen bond length between individual peptides, and intersheet distances of around

10 A, depending on how individual B-sheets are arranged (Figure 2) [8].



Amyloid
Interstrand fibrils
spacing =

/\
10A Y
Intersheet
spacing

R
(¢

100 A
Fibril diameter

: .
chownd 0t P Pi s

Figure 2: Amyloid aggregation of proteins results in the characteristic cross-B-sheet
structure, causing the diffraction pattern associated to interstrand and intersheet spac-
ings (a). The aggregation yields in semi-flexible fibrils (b-d). Figure reprinted with per-
mission from [8].

Protein aggregation is governed by the balance of attractive and repulsive forces be-
tween the peptides [12]. Hydrogen bonding, van der Waals interactions, and the en-
tropy gain of released hydration water (hydrophobic effect) promote the attraction of
peptides. On the other hand, particularly when the aggregation takes place at low pH,
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proteins are strongly positively charged, leading to double layer (electrostatic) repul-
sion. The repulsion between individual peptides results in a 1-dimensional aggregation
rather than random aggregation into "amorphous” micrometer-sized flocs [11,13]. lonic
strength plays an important role in the regulation of the double layer repulsion and
shorter more flexible fibrils are typically observed at higher ionic strength [14]. The
aggregation kinetics of amyloid formation follow a nucleation-dependent polymeriza-

tion process (Figure 3).
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Figure 3: Aggregation kinetics of amyloid fibrils monitored by fluorescence spectros-
copy using the amyloid-binding dye thioflavin T. The kinetics follow a typical sigmoidal
curve, which can be divided into 3 phases. During the lag phase, denatured proteins
nucleate aggregation into cross-B-sheet oligomers. In the growth phase these oligo-
mers elongate to form protofibrils. Lateral assemblies of protofibrils, are present as
different polymorphs in the saturation phase. Figure reprinted with permission from [15].

After a lag-phase, the formed oligomer nuclei elongate into fibrils until an equilibrium
between fibrils and non-aggregated particles is reached [16,17]. The number concen-

tration of the amyloid fibrils is determined by those processes leading to the formation



of new fibrils, such as primary nucleation (between two peptides), secondary nuclea-
tion (nucleation on existing aggregates) and fragmentation (the generation of more
fibrils from an existing one) [16,18]. Knowles and co-workers developed a kinetic model
including terms for nucleation, elongation, and fragmentation [19], which was extended
by Azzari & Mezzenga to describe the influence of the nucleation and elongation rates
on the contour length of amyloid fibrils. In short, the faster the nucleation rate, the
higher the number concentration of fibrils and the shorter the contour length of the
emerging amyloid fibrils [20]. Higher initial protein concentration, higher pH and in-
creased ionic strength decrease the persistence length of amyloid fibrils due to less or
no hydrolysis and faster, less ordered aggregation [14,21,22]. Amyloid protofibrils fur-
ther assemble laterally into polymorphs, such as twisted and helical ribbons and nano-

tubular shapes [15].

In summary, the acid hydrolysis mediated aggregation into amyloid fibrils, depends
mostly on protein concentration, pH, ionic strength and temperature. There are also
other mechanisms which can denature proteins and induce the formation of amyloids,
namely, disulfide bond reduction by reducing agents (dithiothreitol (DTT) and tris(2-
carboxyethyl)phosphine (TCEP)), organic solvents (ethanol, trifluoroethanol), cha-
otropic agents (guanidine hydrochloride, urea), proteolytic enzymes (trypsin, papain)

and harsh mechanical treatments (shear flow, ultrasonication) [11].

1.1.2 Lysozyme amyloid self-assembly
After the discovery of a rare disease related to the aggregation of mutated human ly-
sozyme into amyloid fibrils, more intense research of the amyloid self-assembly of ly-

sozyme was initiated [23]. Similar to other proteins, the aggregation of hen egg white



lysozyme (HEWL) at low pH and high temperatures (after acid hydrolysis into peptides)

was observed (Figure 4) [24-26].
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Figure 4: lllustration of the acid hydrolysis pathway cleaving the native protein into
short peptides, of which the amyloidogenic fraction converts into semi-flexible, microm-
eter-long amyloid fibrils.

While the aggregation kinetics at 57-65 °C were in the order of several days [24,25],
Lara and co-workers obtained semi-flexible amyloid fibrils (with persistence length of
around 1 pum) within 24 hours when heating the protein solution to 90 °C [27]. As
described before for B-lactoglobulin (BLG) amyloid fibrils [15,28,29], the HEWL amy-
loids showed lateral aggregation into twisted and helical ribbons, and even nanotubes,
depending on the number of protofilaments [27,30]. HEWL amyloid fibrils obtained by
acid hydrolysis have shown excellent biocompatibility [31] and antimicrobial properties

[32], and have been used for other applications [33].

As mentioned above, acid hydrolysis is the most common path taken to form lysozyme
amyloids, however, there are other possibilities. Yang and co-workers used the reduc-
ing agent tris(2-carboxyethyl)phosphine (TCEP) to destabilize the native structure of
HEWL by disulfide bond reduction, which resulted in the formation of amyloid-like ag-

gregates with increased [3-sheet structure [34,35] (Figure 5).



TCEP

55 Lysozyme
Unfolded REE

l protein monomer

e we Interface
N -Z-.“.'.:. s \

e ine S <~ 2D nanofilm
“tUlhresr | Assembly

Nucleation

Figure 5: lllustration of the amyloid-like aggregation pathway of HEWL induced by di-
sulfide bond reduction using the reducing agent TCEP. The amyloid-like aggregates
adsorb at the air-water interface forming a stable film, while bulk aggregates grow large
in size and sediment. Reprinted with permission from [36].

Small HEWL aggregates produced in this way adsorb at the air-water and solid-water
interfaces forming an interfacial film, while larger aggregates precipitate. Such interfa-
cial adsorption of HEWL aggregates has been used to coat various materials (poly-
mers, glass, ceramics, metal) and introduce different functionalities including antimi-
crobial activity [35,37—-39]. Due to the lack of a clear fibrillary morphology, the HEWL
aggregates were called "amyloid-like" and "phase-transited lysozyme". In contrast to
semi-flexible peptide-based amyloids, the amyloid-like aggregates formed with TCEP

lacked colloidal stability and therefore the possibility for use in bottom-up assembly.

1.1.3 Antimicrobial activity of lysozyme and its aggregates
At the beginning of the 20™ century, the Russian scientist Lashchenko first reported a

"germ-killing" effect of hen egg white [40]. Nobody less than the later discoverer of
8



Penicillin, Scottish physician Alexander Fleming, reported a "remarkable bacteriolytic
element” in human secretions and tissues in 1922 [41]. Due to its activity being similar
to other "ferments" (enzymes), he named this substance lysozyme. The structure of
lysozyme (129 amino acids, 14.3 kDa) was the second protein structure resolved by
X-ray diffraction by Blake and co-workers in 1965 [42]. Due to its abundance in hen
egg white, facile extraction, known structure and antimicrobial properties, lysozyme

has become one of the most studied model proteins [43,44].

The antimicrobial activity of lysozyme originates from the enzymatic catalysis of the
hydrolytic degradation of the B-(1,4) glycosidic bonds in the peptidoglycan cell walls of
Gram-positive bacteria [44-46]. Peptidoglycan is the main polysaccharide in the cell
walls of bacteria, composed of the monomers N-acetylmuramic acid (NAM) and N-
acetylglucosamine (NAG) linked by B-(1,4) glycosidic bonds [46]. In Gram-positive bac-
teria the cell membrane is surrounded by the peptidoglycan cell wall, which can be
disrupted by lysozyme, resulting in cell death. Instead, Gram-negative bacteria are in-
sensitive to lysozyme, since their cell wall is physically protected by an outer cell mem-
brane. However, in addition to the enzymatic catalysis of peptidoglycan hydrolysis, ly-
sozyme exhibits a non-enzymatic antimicrobial effect on bacteria [44]. Several studies
have shown antimicrobial activity of thermally and chemically denatured as well as
mutated forms of lysozyme lacking the active site [37,47-50]. In some cases broaden-
ing of the antimicrobial spectrum to Gram-negative bacteria and even yeasts has been
reported [37,50]. The non-catalytic mode of antimicrobial activity can be linked to the
high abundance of positively charged amino acids in the primary sequence of lysozyme
(isoelectric point = 11), which undergo electrostatic interactions with the negatively
charged cell walls and membranes, making the membrane permeable and causing cell
lysis due to osmotic stress [44,48,49]. Another factor promoting membrane permeabil-

ity, is the exposure of hydrophobic residues of lysozyme enabling integration and pore
9



formation in the microbial membranes [37,47,51]. Antimicrobial activity as a conse-
guence of positive charge and amphiphilic properties is also common in antimicrobial
peptides [52,53] and cationic polymers [54]. Similarly, lysozyme amyloid fibrils [32,55—
59], and amyloid-like lysozyme [37,38,60,61] have a broad-spectrum antimicrobial ef-

fect, underlying the same mode of action.

1.1.4 Amyloid self-assembly at interfaces

In general, proteins are surface active particles due to their amphiphilic nature, which
arises from the diversity in the chemical functionalities of the amino acid building blocks
[62,63]. In the case of amyloids, the ability of self-assembly at interfaces is highly rel-
evant for two reasons: i) triggering amyloid aggregation due to protein unfolding and
locally high concentrations at interfaces, and ii) the use of amyloid fibrils to stabilize
interfaces in multiphase systems, such as emulsions and foams. As for all proteins,
the driving force behind adsorption of amyloid fibrils at interfaces is the overall de-
crease in free energy in the system, dominated by the entropic component (release of
unfavorably trapped water molecules both from hydrophobic patches of the adsorbing
amyloids and from the air-water interface) [63]. When native proteins adsorb at inter-
faces, they may undergo structural changes [63]. The adsorption of protein at inter-
faces leads to a local increase in concentration, making interactions between individual
proteins more likely to occur and leading to the formation of interfacial layers that can
behave like 2D networks or granular layers (in the case of less denatured proteins).
Lysozyme is a highly stable globular protein and forms weak interfacial layers. How-
ever, if the denaturation of lysozyme at the interface is further promoted by disulfide

bond reduction, more stable interfacial layers form [36,64].
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For some proteins under specific conditions, the formation of amyloid fibrils can be
triggered by the presence of interfaces. This is especially relevant for disease-related
amyloid fibrils, such as those formed by the amyloid-p peptide and by a-synuclein, that
can form at the interface with lipid membranes of cells [65,66]. Similar results of trig-
gering aggregation or accelerating aggregation kinetics, have been found for solid-

water [66,67], oil-water [68,69], and air-water interfaces [70-72].

Pre-formed BLG amyloid fibrils can adsorb and self-assemble into 2D liquid crystalline
domains at fluid interfaces under the right conditions (pH) and after removal of uncon-
verted peptides [73—75]. The double layer repulsion between individual amyloid fibrils
prevents the overlap of fibrils and, in order to reduce the excluded volume, the amyloid
fibrils align and form highly elastic interfacial films [75]. Yet, for amyloid fibrils made
from soy glycinin, the adsorption at the air-water interface was dominated by the un-

converted peptide fraction rather than the amyloid fibrils [76].

1.2 Nanocellulose

1.2.1 (Nano)-cellulose chemistry and structure

Cellulose is a renewable and bio-degradable, light-weight and mechanically strong pol-
ymer. It is the main component of the cell walls of plants and therefore the most abun-
dant polymer on the planet. Due to its abundance and low cost, cellulose from different
sources (wood, cotton, linen, hemp, etc.) has been used by humankind for thousands
of years [77-79]. The building block of the cellulose molecular chains is composed of
two anhydroglucose units connected through 3-(1,4) glycosidic bonds. During cellulose
biosynthesis, the individual polymer chains self-assemble into H-bonded bundles, so

called cellulose microfibrils, which in turn are the building blocks of larger cellulose
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fibrils that provide structure to the plant cell walls [77]. Cellulose assembles into highly
ordered, crystalline stacks of polymeric chains, but also contains less ordered (some-

times called amorphous) regions, which are more flexible (Figure 6).

cellulose nanocrystals

cellulose microfibril

cellulose macrofibril

cellulose fiber

200 nm Byl
—

Figure 6: Hierarchical structure of cellulose: cellulose fibers are the structural element
of plant cell walls and consist of cellulose fibrils, which are bundles of cellulose nano-
fibrils. The nanofibrils contain ordered (crystalline) and unordered (amorphous) regions.
Depending on the treatment of the nanocellulose, cellulose nanocrystals (acid hydrol-
ysis) or cellulose nanofibrils (TEMPO-oxidation and mechanical treatments) can be
isolated and observed by atomic force microscopy.

Nanocelluloses (NC), i.e. cellulose particles with dimensions in the nanoscale, can be
isolated from various sources of biomass (wood, cotton, linen, hemp, etc.). There are
two common treatments for isolation, acid hydrolysis of the amorphous cellulose to
obtain cellulose nanocrystals (CNCs) and mechanical grinding yielding cellulose nan-
ofibrils (CNFs). In both cases the introduction of negatively charged functional groups
promotes the isolation process and colloidal stability of the emerging particles [80]. For

CNCs the sulfuric acid hydrolysis has become the standard method, introducing sulfate
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half-esters on the CNC surface [81]. CNFs instead are usually stabilized by the intro-
duction of carboxylic groups, for instance by TEMPO (2,2,6,6-tetramethylpiperidine-1-
oxyl radical)-mediated oxidation (leading to so called TO-CNFs) [82] or carboxymeth-
ylation (leading to so-called CM-CNFs) [83]. The hydroxyl groups of the cellulose offer
numerous other possibilities for chemical functionalization, as summarized by Habibi
[84]. Positively charged CNFs can also be obtained using 2,3-epoxypropyltrime-
thylammonium chloride (EPTMAC) [85]. The etherification of cellulose with EPTMAC
through nucleophilic addition of the cellulose hydroxyl groups to the epoxy group of

EPTMAC proceeds under alkaline conditions [86].

1.2.2 The colloidal properties of nanocellulose

The colloidal properties of nanocellulose systems have been summarized in the review

paper of the same title as this section, co-authored with Benselfelt and co-workers [80].

The DLVO theory was developed by Derjaguin, Landau, Verwey, and Overbeek in the
1940s and describes the colloidal interactions between dispersed nanopatrticles [63,87].
On the nanometer scale the gravitation and inertia experienced by the particles can be
neglected and colloidal forces dominate the system. The DLVO theory describes the
balance between van der Waals attraction and the repulsion caused by overlapping
electrical double layers (dense counter-ion clouds surrounding charged particles),
which determines the colloidal stability of the aqueous dispersion [87]. The van der
Waals attraction is described by Hamaker [88], introducing a Hamaker constant A to
calculate the force F between two spherical particles of the radius R separated by a

distance D:

—AR
FD) =175
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The Hamaker constant is a measure of the average electrodynamic properties deter-

mined by the dielectric constants of the dispersed material and the solvent.

The repulsive forces between the dispersed particles originate in the overlap of elec-
trical double layers, leading to an increased local salt concentration between the par-
ticles [87]. The counter-ions in the electrical double layer are confined by the surface
potential of the particles and thus the only possibility to reduce this entropically unfa-
vorable high ion concentration is the inflow of water between the particles resulting in
their separation. In literature, the term electrostatic repulsion is often used as a syno-
nym for double layer repulsion. The DLVO theory includes a term for the repulsion

force F between two charged spherical particles separated by a distance D [87].

641k TRpoY >

W(D) = -

exp(—kD)

With kg being the Boltzmann constant, T the temperature, p,, the number density of

ions in the bulk and y the reduced surface potential defined as:

Zel/Jo)

y = tanh (4ka

With z denominating the valence, e the elementary charge and y, the potential at the

particle surface. The Debye length k= describes the decay of the surface potential as

o1 Eo&rkyT  0.3nm
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With g, the permittivity in vacuum, and ¢, the relative permittivity of the electrolyte, N,

a function of ionic strength I:

the Avogadro constant. The ionic strength of the solvent is defined as:

1
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i
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The ionic strength takes into account the valence and ionic concentration c; of each
ionic species i. Expressing the Debye length as a function of I, demonstrates the im-
portance of the electrolyte concentration with respect to the double layer repulsion [89].
At a distance from the charged surface corresponding to the Debye length the electric

potential is decreased by 1/e, due to charge screening.

Under ideal conditions and at low enough concentration, suspensions of nanocellulose
(CNCs and TO-CNFs) consist of perfectly isolated particles, due to the strong double
layer repulsion originating from the negative functional groups on the surface of the
particles. If the concentration is increased the nanocellulose particles will start interact-
ing with each other. Two highly relevant modes of interaction for nanocelluloses are i)
network formation determining the properties of nanocellulose gel [90], which are often
the starting point for materials design, and ii) liquid crystalline phase transition, result-
ing in photonic structures [91].

Nanocelluloses, especially CNF, form networks at very low concentrations [90,92,93].
These networks can be considered interlocked systems of fibrils affecting each other
over large distances in series of connections. This network formation property is highly
dependent on the aspect ratio a of the fibrils, which is defined as the ratio between the

length L and the diameter d of the individual particles [94].
_ L
‘T4

Nanocellulose suspension can be described using the crowding factor N5, as a func-
tion of volume fraction ¢ and aspect ratio.

N. —2 2
3D—3(Pa

The crowding factor defines the number of particles taking up a spherical volume hav-

ing the same diameter as the length of the rods [94]. Once the crowding factor exceeds
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1, the spherical volumes of rotating nanocellulose rods start to overlap (3D overlap)
and the probability of interactions and restrictions is increased (Figure 7) [95]. This
results first in increased viscosity and, once the crowding factor reaches 16, in a tran-
sition from a Newtonian fluid to a viscoelastic rheological behavior [93]. After further
increasing the crowding factor to around 60, percolated networks form with 3 contacts
per fibril [96]. At this point the fibrils are still able to rotate freely in a 2D disc and trans-
late parallel. Finally, in concentrated regimes with crowding factors higher than 200,
the 2D overlap concentration is reached, which results in so called volume-arrested
states (VAS) with a solid behavior [90]. It is important to point out that the nanocellulose
particles still form a repulsive network, which should be referred to as colloidal glasses,
rather than gels (as it is often done both colloquially and in literature). Gels are systems
in which there is attraction between individual particles, which leads to aggregation
[97]. Gelation is normally induced by lowering the pH to protonate the negatively
charged functional groups or by increasing the ionic strength by adding salt. Typically,
the VAS occurs at concentrations of around 1 wt% for CNFs, whereas 8 wt% are re-

quired for CNCs [90,93].

Dilute regime Semi-dilute regime Concentrated regime
(liquid) (viscous liquid) (solid gel)
\ j \ : j .’P-"—‘\.i
o
' =
No volumetric overlap 3D-overlap but not 2D-overlap 3D and 2D-overlap
CNFs: <0.005 wt% , ' 0.005Wt%-1wt% ! >1witd%
a =200 Crowding factor <1 : ! 1< Crowding factor <200 | Crowding factor > 200
L =600 nm : !
CNCs: <03 wt% ! ; 03Wt%-8wt% . >8wt%
a=30 Crowding factor < 1 s | 1< Crowding factor <30 | Crowding factor > 30
L=200nm - ;
1) Crowding factor = 1 : : 4) Crowding factor ~ a
2) G'> G"transition 3) 3 contacts/rod

Crowding factor ~ 16 Crowding factor ~ 60

Figure 7: Schematic showing the transitions between concentration regimes as a func-
tion of the crowding factor. The figure was reproduced with permission from [80].
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Before reaching a VAS, CNC suspensions undergo liquid crystalline phase transitions.
When dispersed anisotropic nanoparticles reach a critical volume fraction, their free-
dom of movement is decreased due to overlapping excluded volumes [91,98]. To re-
duce the overlapping volume and increase the translational entropy at the expense of
rotational entropy, the particles align into parallel nematic phases. The critical volume
fraction for this isotropic-nematic phase transition to occur is again depending on the
aspect ratio of the anisotropic particles and was defined by Onsager [99].
@;_y = 3.3a71

In the case of charged particles, the contribution of the electrical double layer has to
be taken into account , which is described with a modification of the original Onsager
theory [100,101]. As the critical volume fraction for the phase transition to occur de-
pends on the aspect ratio, the equation has to be corrected using an effective particle

diameter d. ¢, which takes the thickness of the double layer into account.

d
defs

Pi-Nn = 6a~?

The effective diameter depends on the electrolyte concentration and the surface

charge density, which are parameters that can be used to control the phase transition.

In the case of nanocelluloses, the distribution of charged surface groups is asymmetric,
due to their right-handed twist, which in turn influences the assembly into liquid crys-
talline phases [102,103]. As a consequence of their asymmetry, CNCs self-assemble
into chiral nematic (also called cholesteric) phases, which means that the nematic
phase undergoes an additional organization into a helical structure twisting perpendic-
ular to the nematic plane [91,98,103]. The length scale along the helical axis between
two CNCs of the same orientation, after the helix performed a 360° twist, is referred to

as the cholesteric pitch (Figure 8f). In liquid state the pitch is normally in the order of
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micrometers, but it can reach sub-micrometer length when a CNC cholesteric phase is
dried (evaporation induced self-assembly, EISA). Sub-micrometer pitch lengths are of
high interest for optical applications, since the optical reflection band shift to the visible
spectrum, resulting in pronounced structural colors. By controlling the cholesteric pitch,
which is usually achieved by changing the interactions between the CNCs, the struc-

tural color can be tuned [91,104,105].
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Figure 8: Schematic describing the isotropic-cholesteric phase transition as a function
of concentration (a). As the concentration of CNCs (b) is increased the anisotropic
phase is preferred and the cholesteric pitch is decreased (c). When the CNC concen-
tration is further increased by solvent evaporation, a kinetic arrest occurs and the pitch
decreases to the order of the wavelengths of visible light (d & e), inducing structural
color by reflecting certain wavelengths. Reproduced with permission from [91].

In summary, the colloidal interactions in hanocellulose systems are mostly dependent
on electrostatics, which can be approximated using the DLVO theory. Furthermore,
when the concentration of nanocellulose particles is increased, interactions become
more important and determine their self-assembly into networks (mostly CNF gels and

glasses) and liquid crystalline phases (mostly applying for CNCs). Note that the DLVO
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and the other principles described here also apply for other colloidal systems, such as

amyloid fibrils.

1.2.3 Nanocellulose materials and their applications

Nanocellulose has received the attention of materials scientists due to the gigantic
mechanical strength of individual nanofibrils and nanocrystals in the order of Gigapas-
cals [106]. The large surface area covered with hydroxyl groups allows for facile chem-
ical modification [84] and promotes the colloidal stability of nanocellulose suspensions
and thus the suitability for bottom-up assembly [79,107]. Nanocellulose suspensions
can be transformed into different materials, such as hydrogels [108], aerogels
[108,109], liquid crystals[91], films/nanopapers [110], foams [111] and emulsions
[112,113]. The versatility of nanocellulose based materials is reflected in the wide
range of possible applications, such as biomedical engineering, drung delivery, water

purification, packaging, electronics, optical devices, and much more [78].

1.2.4 Interactions between cellulose and proteins

Due to the broad diversity in amino acids, proteins are a heterogeneous class of bi-
opolymers. The properties of the 21 different amino acids composing the primary se-
guence of a protein determine the physical interactions such protein will undergo, in-
cluding ionic interactions, hydrogen bonds, pi-stacking, or hydrophobic [2,114]. The
net charge of proteins is governed by the protonation of pH-responsive functional
groups present in some amino acids, such as carboxylic and amino groups. The isoe-

lectric point (pl), i.e. the pH value at which the net charge is zero is an important pa-
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rameter to describe proteins. Indeed, at a pH < pl the net charge of the protein is pos-
itive (due to protonated amines), while at pH > pl the net charge turns negative (dom-
inated by deprotonated carboxylic groups) [114]. Therefore, tuning the pH of the envi-
ronment of the protein can be useful to control the interactions between proteins and
oppositely charged colloids, such as polysaccharides. These interactions are the
cause of polyelectrolyte complexation, a type of self-assembly observed between op-

positely charged polymers, so-called polyelectrolytes [80,115,116].

When complexes between oppositely charged polyelectrolytes are formed through
ionic bonds, counter-ions from the electrical double layer surrounding the polyelectro-
lytes are released. This release of high numbers of counter-ions and hydration water
gaining translational entropy increases the entropy in the system, which is the actual
driving force of the complexation rather than short-ranged forces between the poly-
electrolytes [80,116-118]. Isothermal titration calorimetry (ITC) measurements applied
to a solution containing positively charged, native lysozyme and mechanically disinte-
grated CNFs, showed that the complexation is indeed entropy-driven, and that the
negatively charged groups (pH-dependent) of hemicellulose residues still present from
the isolation of the CNF fibrils from wood played an important factor [119]. Also in the
case of negatively charged bovine serum albumin (BSA) and positively charged pyri-
dinium-grafted CNCs, protein adsorption was driven by the entropic gain resulting from
the release of water molecules and counter-ions, as confirmed by ITC [120]. Wu and
co-workers studied the complexation of TO-CNF with native HEWL, which resulted in
physically cross-linked colloidal hydrogels with tunable rheological properties, depend-
ing on amount of added HEWL [121].Further examples of proteins adsorbed/immobi-
lized on nanocellulose are summarized in the review paper co-authored with Benselfelt
and others [80]. Nanocelluloses can be effectively combined with fibrillary proteins

such as gelatin and silk fibroin to create robust composite materials. These composite
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materials are particularly promising for use in biomedical applications like drug release
and cell scaffolds because they form biocompatible hybrid hydrogels that exhibit supe-
rior mechanical properties [122—-124]. Even though composite materials made form
cellulose and amyloid fibrils can be found in nature in the biofilms of E. coli and other
bacteria [125], research on lab-made bio-inspired cellulose-amyloid composites has
been rare [126]. Recent literature also focused on the combination of amyloid fibrils
and other polysaccharides to obtain hybrid materials. Usuelli and co-workers, success-
fully infiltrated BLG amyloid fibril gels with polysaccharides, forming a second network
providing enhanced mechanical strength [127]. Moreover, Chen and co-workers re-
ported the preparation of a amyloid-like HEWL-alginate film with high toughness and

demonstrated its use in flexible electronics [128].

De France and co-workers report the effect of amyloid fibrils made from HEWL and
bovine serum albumin (BSA) on the chiral nematic self-assembly of CNCs in dried films
[104,105]. The positively charged HEWL amyloids disturbed the chiral nematic assem-
bly of negatively charged CNCs at relative concentrations of 1%, due to polyelectrolyte
complexation. At lower amyloid concentration the reflection peak was shifted to smaller
wavelengths (blue shift), which can be related to a decrease in the cholesteric pitch.
For native HEWL the blue shift occurred at much higher relative concentrations, with
respect to BSA. Typically, a red shift can be observed upon the addition of polymers
due to the self-assembling CNC suspensions because they occupy some volume be-
tween the nematic planes [129]. This red shift was also observed by Bast and co-
workers, when they infiltrated already dried chiral nematic CNC films with different neg-
atively charged proteins (silk proteins and BSA). In contrast to native BSA, BSA amy-
loid fibrils caused an unexpected concentration dependent blue shift in chiral nematic
CNC films [105]. Despite taking up volume between the nematic planes of CNCs, the

incorporation of BSA amyloids resulted in a decreased pitch. This can be associated
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to depletion [87]: the BSA amyloids acting as depletants are prevented from entering
the excluded volume of the larger CNCs, creating a higher osmotic pressure in the
surrounding volume, causing the outflow of water, which brings the CNCs closer to-
gether and decreases the pitch. The compression of the pitch of chiral nematic CNC
phases after mixing them with non-adsorbing polymers has been observed before for
sodium polyacrylate [129]. Bast and co-workers pointed out that there might be a dif-
ferent behavior depending on whether then chiral nematic CNC films were casted first
and then infiltrated with polymers, or the two polymers were first pre-mixed and then
left for self-assembly by EISA, probably resulting in aggregation and loss of the chiral

nematic structure [130].

In summary, the polyelectrolyte complexation drives the interactions between nanocel-
luloses and proteins. Oppositely charge macromolecules complex with each other due
to increasing entropy from released counter-ions and hydration water. In the case of
liquid crystalline phases, excluded volume effects causing depletion attraction also

have to be taken into account.
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2 Aims of the thesis

The overall goal of this thesis was to study and understand interactions between pro-
tein aggregates and nanocellulose to identify different self-assembly strategies to cre-
ate hybrid protein-nanocellulose materials. More specifically, the first goal was the pro-
duction of HEWL amyloid(-like) aggregates, study their self-assembly, aggregation ki-
netics, structural changes and test their antimicrobial properties in suspension. With
the characterized HEWL amyloids at hand, the further goal was to understand their
interactions with nanocellulose to create biohybrid materials using different self-assem-
bly strategies. Ultimately, the amyloids were used with the aim to introduce new func-

tionalities, such as antimicrobial activity, to the nanocellulose.

The thesis is structured into three chapters containing the first-authored publication
resulting from this project. Self-assembly is the common theme and each publication
deals with a different dimensionality: the 1D self-assembly of amyloid fibrils, the ad-
sorption of amyloid fibrils at 2D air-water interfaces and the 3D self-assembly of amy-
loid fibrils and nanocellulose into hybrid hydrogels using polyelectrolyte complexation.

The publications were each assigned a chapter of the thesis:

Chapter 3 describes the systematic optimization of 1D aggregation conditions to ob-
tain a toolbox of colloidally stable amyloid(-like) particles made of HEWL. The aggre-
gation kinetics, conversion, morphology and structure of the emerging aggregates
were characterized in detail. Finally, the antimicrobial potential of the amyloid(-like)

aggregates obtained from different pathways were evaluated.

Chapter 4 explores the adsorption of HEWL amyloid fibrils at the air-water interface.
The adsorption and foam stability was optimized screening concentration and pH as

main parameters. Using the best conditions, 2D films were generated inside a loop and
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used to coat various substrates. The dried coating was characterized for its thickness,
morphology, and physicochemical properties. As a last step the antimicrobial activity
of the coating against different pathogenic microbes was tested to explore its potential

for biomedical applications, such as wound dressings.

In Chapter 5, the self-assembly of different amyloid fibrils (HEWL and BLG) with nano-
cellulose into 3D hybrid hydrogels was studied. Rheological characterization was used
to elucidate the structure of the hybrid gels. A pH-mediated slow polyelectrolyte com-
plexation process was developed to control the charge of the amyloid fibrils, in order

to prepare homogenous self-assembled solid hydrogels.

Further co-authored publications also deal with polyelectrolyte complexation of TO-
CNF and native HEWL (Chapter 9) and the self-assembly of CNCs into liquid crystal-
line phases in the presence of amyloids of opposite or same charge (Chapters 10 and
11). The main outcomes of these papers were already included in the introduction
(subsection 1.2.4) and will be discussed in the main discussion section of the thesis

(Chapter 6).
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First-author publications

The research conducted during this doctorate has resulted in three first-authored
publications. They are included in this thesis as single chapters, without modification

from the published version. Permission for reprinting was granted by the publishers.
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ABSTRACT

Antimicrobial resistance in microorganisms will cause millions of deaths and pose a
vast burden on health systems, therefore alternatives to existing small-molecule anti-
biotics have to be developed. Lysozyme is an antimicrobial enzyme and has broad-
spectrum antimicrobial activity in different aggregated forms. Here, we propose a re-
ductive pathway to obtain colloidally stable amyloid-like worm-shaped lysozyme nano-
particles (worms) from hen egg white lysozyme (HEWL) and compare them to amyloid
fibrils made in an acid hydrolysis pathway. The aggregation of HEWL into worms fol-
lows strongly pH-dependent kinetics and induces a structural transition from a-helices
to B-sheets. Both HEWL worms and amyloid fibrils show broad-spectrum antimicrobial
activity against the bacteria Staphylococcus aureus (Gram-positive), Escherichia coli
(Gram-negative) and the fungus Candida albicans. The colloidal stability of the worms
allows the determination of minimum inhibitory concentrations (MIC), which are lower
than for native HEWL in the case of S. aureus. Overall, amyloid fibrils have the strong-
est antimicrobial effect, likely due to the increased positive charge compared to native
HEWL. The structural and functional characterization of HEWL worms and amyloids
investigated herein is critical for understanding the detailed mechanisms of antimicro-
bial activity, and opens up new avenues for the design of broad-spectrum antimicrobial

materials for use in various applications.

INTRODUCTION

The excessive use of antibiotics has led to the emergence of antimicrobial resistance
(AMR) in multiple microorganisms, ranging from bacteria, to viruses and fungi.[132]
Infectious diseases that can no longer be treated with antibiotics cause chronic ill-

nesses, complications, long-term effects and even death.[133] AMR is a global health
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problem affecting the healthcare systems in both lower-income countries and in more
developed areas. It is projected that without taking action, AMR will cause up to 10
million deaths and cost upwards of 100 trillion dollars per year.[134] However, due to
expensive production and challenging approval processes, the development of new
antibiotics is relatively unattractive for pharmaceutical companies.[133] Therefore, the
demand for alternative strategies against AMR is of pressing importance. Moreover,
the development of broad-spectrum antimicrobial materials (such as antimicrobial pep-
tides[53] or nanomaterials[135]) that can target different types of microorganisms is
particularly desirable, as this would drastically increase the practical use of such a
product in a wide variety of clinical settings. In contrast to traditional small-molecule
antibiotics which disrupt specific microbial metabolic functions, broad-spectrum antimi-
crobials target general features such as the cell wall or membrane, and can therefore

inhibit the growth of multiple types of microorganisms.[52,53,135,136]

The antimicrobial activity of lysozyme in hen egg white (HEWL)[40] and human nasal
secretions[41] has been known since the early 20" century. Lysozyme is an antimicro-
bial enzyme which acts by cleaving the peptidoglycan cell wall of Gram-positive bac-
teria, leading to cell death.[45,46] Studies on heat denatured and mutated forms of
lysozyme have demonstrated antimicrobial activity even in absence of an active cata-
lytic site.[47—49] It is believed that this non-catalytic antimicrobial activity is caused by
a structural motif[47] consisting of positively charged basic amino acids that interact
with negatively charged cell walls or membranes, causing membrane deformation and
lysis.[48,49] Furthermore, the exposure of hydrophobic groups has been hypothesized

to contribute to this interaction with microbial membranes.[37,47,51]

Lysozyme has been reported to form amyloid aggregates, which are self-assembled

nanofibrils composed of -sheets held together by hydrogen bonds.[8] The possibility
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to prepare amyloids in a simple fashion, from inexpensive commercial protein sources
(such as HEWL),[11] makes them an attractive bio-based nanomaterial with various
potential technological applications ranging from adhesion to water filtration, drug re-
lease and biosensing.[9] For instance, HEWL amyloids are easily obtained upon incu-
bation at low pH and high temperature, where native HEWL is first hydrolyzed into
shorter peptides, which rapidly self-assemble to form high aspect ratio fibrils with a
cross-B structured core having exceptional mechanical properties.[25,27] Another
method to produce amyloid-like HEWL aggregates (i.e. aggregates that despite having
a different morphology, possess a cross-f structured core) exploits the reduction of the
four disulfide bonds present in its native state.[34] Using this methodology, particles
with spherical, protofibrillar and irregular/amorphous morphologies have been obtained
under different reduction conditions.[137] However, one relatively significant drawback
of this method, first described by Yang and co-workers, is that the aggregation kinetics
of HEWL with the reducing agent tris-(2-carboxyethyl)phosphine (TCEP) is rapid and
uncontrolled, leading to large sedimenting aggregates.[36] Moreover, the lack of con-
trol over particle size can lead to decreased particle mobility and loss of relative surface

area.

Recently, HEWL amyloid fibrils used in the form of suspensions,[58] hydrogels[32] and
hybrid films with nanocellulose[57,104] have shown antimicrobial activity against both
Gram-positive and Gram-negative bacteria in in-vitro experiments and biocompatibility
with human colonic epithelial cells.[32] Moreover, amyloid-like HEWL films coated on
medical implants and wound dressings have shown broad spectrum antimicrobial ac-
tivity against Gram-positive and Gram-negative bacteria, as well as fungi, both in vitro

and in vivo, while keeping excellent biocompatibility.[37—39] However, quantitative
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analysis of the concentration-dependent antimicrobial activity is still lacking for amy-
loid-like HEWL aggregates, which makes a direct comparison to amyloid fibrils impos-
sible. Moreover, the fact that these amyloid particles are relatively unstable in solution

hampers the possibility to assess their properties.

Therefore, we investigated the aggregation kinetics of TCEP-reduced HEWL to de-
velop a protocol for a controlled preparation of colloidally stable amyloid-like "worms".
We characterized the yield of the process used to prepare worms/amyloid fibrils and
how further processing, such as sonication, dialysis and ultrafiltration change the ag-
gregate/soluble peptide ratio. Moreover, we compared three distinct types of colloidally
stable HEWL aggregates in terms of morphology and dimensions, secondary structure,
surface charge and concentration-dependent antimicrobial activity, shedding light on
their structure-antimicrobial function relationship. This analysis of the colloidal and
macromolecular nature of HEWL aggregates and its effect on broad-spectrum antimi-
crobial activity opens new possibilities for the incorporation of these particles into anti-

microbial soft biomaterials.

EXPERIMENTAL

Materials

Hen egg white lysozyme (HEWL, >90%), 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid (HEPES), tryptic soy broth (TSB), plant count agar (PC-agar) were pur-
chased from Sigma Aldrich. Hydrochloric acid, sodium hydroxide, tris-(2-carboxy-
ethyl)phosphine (TCEP), Thioflavin T (ThT) and phosphate buffer (sodium dihydrogen
phosphate and sodium hydrogen phosphate) were purchased from VWR Chemicals.

Glucose was provided by Fluka. All chemicals were used as received.
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Preparation of amyloids by acid hydrolysis

Amyloid fibril aggregation conditions were taken from an established protocol[27] with
minor modifications: HEWL was dissolved at 20 mg/mL in 10 mM HCI (pH 2) and in-
cubated for 24 hours at 90°C in 50-mL tubes in a Thermomixer (Eppendorf) under mild
shaking (400 rpm). After aggregation, long amyloid fibrils were shortened with a tip
sonicator (Digital Sonifier 450, Branson Ultrasonics), using 3 sonication cycles of 2
minutes at 30% amplitude, as reported in a previous protocol[104]. To prevent heating,
the tubes were kept in an ice bath during sonication. Fibrils were stored in the fridge at

4°C until further use.

Preparation of flexible amyloid-like aggregates under reducing conditions

Solutions of HEWL and TCEP in MilliQ water at different concentrations were prepared
and mixed in equal volumes to initiate the amyloid-like aggregation of HEWL.[34] The
pH of the TCEP solution was adjusted using 0.1 M NaOH. The aggregation took place
at room temperature without agitation. After the initial parameter screening the follow-
ing conditions were used to obtain colloidally stable worm-like aggregates (worms):
1 mg/mL HEWL, 12.5 mM TCEP at pH 4.5 after 16 hours. As above, worms were

stored in the fridge at 4°C until further use.

Aggregation kinetics under reducing conditions

A ThT binding assay was performed in a fluorescence plate reader (CLARIOstar Plus,
BMG LABTECH) using non-binding 96-well plates (Greiner). Eppendorf tubes with
750 uL each of HEWL and pH-adjusted TCEP solutions at different concentrations
were prepared. Finally, 30 pL of a 244 uM ThT solution (in 25 mM phosphate buffer

pH 6.5) were added to the samples and to control vials with all components except for
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HEWL. ThT fluorescence was measured at an excitation and emission wavelength of
450 nm and 488 nm, respectively, collecting data every 15 min over the course of 24 h
of incubation at 25 °C. Average kinetic curves with standard deviations were deter-

mined in quintuplicate measurements.

Time-resolved dynamic light scattering (DLS) was performed using a Malvern
Zetasizer Nano ZS. The HEWL and TCEP solutions were filtered through a 0.02 pm
syringe filter (Whatman) to remove aggregates and impurities before mixing equal vol-
umes into a cuvette. The z-average radius diameter describing the intensity weighted
mean hydrodynamic size was measured at an interval of two minutes. The kinetic

curves are the average of three repetitions of the experiment.

Dialysis, ultrafiltration and yield quantification

Dialysis was performed on 50 mL batches of amyloid fibrils, sonicated amyloids and
worms against pH-adjusted MilliQ water (pH 2 for amyloids, pH 4.5 for worms) using a
300 kDa molecular weight cut-off (MWCO) cellulose ester membrane (Repligen, part
no. 131420). The MilliQ water was constantly stirred and changed 4 times at intervals

of at least 4 hours.

Ultrafiltration using a stirred cell with a 100 kDa regenerated cellulose filter disc (both
from Amicon) allowed for simultaneous removal of TCEP or non-aggregated peptides,
and up-concentration of the worm samples needed for antimicrobial tests. Batches of
200 mL worms were first filtered with an applied nitrogen pressure of 4 bar under con-
stant stirring to reach a volume of 20 mL. The worms were then washed by adding

180 mL of MilliQ at pH 4.5 and filtered again to the final volume of 20 mL.

The protein concentration of the samples after dialysis/ultrafiltration was determined
by measuring the UV-absorbance at 280 nm with a Cary 1E spectrophotometer, using

33



the molar extinction coefficient at 280 nm of HEWL £€=38,940 cm*M.[138] The ratio
between aggregates and residual peptides was determined by filtering samples with
100 kDa MW CO centrifugal filters (Amicon) and 0.02 um syringe filters (Whatman) and
measuring the protein concentration in the filtrate. The conversion of HEWL monomer

into aggregates was calculated as

conversion = (1 - M) X 100% (1)

Cinitial
where Ciitrate IS the concentration of protein in the filtrate determined by UV-Vis spec-
troscopy and cinitial iS the concentration of protein in the sample before filtration. No

aggregates in the filtrate were found by AFM (data not shown).

Atomic force microscopy

Atomic force microscopy (AFM) imaging (Bruker Icon 3 equipped with Bruker
RTESPA-150 probes) in tapping mode was performed on samples of worms
(0.01 mg/mL) and amyloid fibrils (0.1 mg/mL) on freshly cleaved mica at a resolution
of 1024x1024 lines and at a scan rate of 0.5 Hz. Images were flattened with the Bruker

Nanoscope software.

Secondary structure analysis

Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy
(Bruker Tensor 27) was performed on freeze-dried aggregate samples. Spectra were
measured between 4000 and 600 cm™t with a resolution of 4 cm™ and 32 accumulated
scans. A background subtraction and normalization to the highest peak were per-

formed.
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Circular dichroism (CD) spectroscopy (Jasco J-815) was performed on HEWL aggre-
gate samples in pH-adjusted MilliQ at a concentration of 0.2 mg/mL. Accumulations of
5 spectra were recorded at 25°C and a scan speed of 20 nm/min in the far-UV range
(250-190 nm). All CD spectra were smoothed with Jasco Spectra Manager and decon-

voluted with BeStSel[139] and CDPro[140] (CONTINLL).

Zeta potential

Zeta potential of worms and amyloid fibers were measured at a concentration of
0.1 mg/mL in 10 mM HEPES pH 7.2. Samples of native HEWL at 1 mg/mL in 10 mM
HEPES pH 7.2 were also measured. A Malvern Zetasizer Nano ZS was used with
disposable capillary zeta potential cell. The mean zeta potentials with standard devia-

tion were determined in three single measurements.

Antimicrobial activity testing

The antimicrobial activity of native HEWL and the dialyzed/ultrafiltrated aggregate spe-
cies was tested against the commonly occurring pathogens, namely Gram-positive
Staphylococcus aureus (ATCC 6538), Gram-negative Escherichia coli (DSMZ 1576),
Pseudomonas aeruginosa (ATCC 43390) and the fungus Candida albicans (ATCC
90028). Pre-cultures of the strains were incubated overnight in 30% TSB with 0.25%
glucose. The microorganisms were then centrifuged at 1200 x g for 5 min and the pellet
was redispersed in 10 mM HEPES buffer at pH 7.2 and diluted to a concentration of
ODe00=0.2 for S. aureus and E. coli and ODe00o=2.0 for C. albicans. HEWL species were
first adjusted to pH 6.0 using 0.1 M NaOH and then diluted in HEPES at concentrations
of 1 mg/mL, 0.1 mg/mL, 0.01 mg/mL, and 0.001 mg/mL. The resuspended cells (50 uL)
were mixed with HEWL species (950 pL) in a 24-well plate and incubated for 6 hours
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at 37°C while shaking at 40 rpm (Infors Multitron). After 6 hours, 20 pL aliquots were
taken from the 24-well plate to perform a serial dilution in 180 pL TSB down to a dilution
factor of 107, Each dilution was then spotted (20 puL) on PC-agar plates in triplicates,
incubated for 37°C overnight and colony forming units (cfu) were evaluated. Regrowth
assays were performed in 96-well plates filled with 190 uL TSB, adding 10 pL of the
samples in triplicates from the 24-well plate, as described previously.[141] The plates
were sealed and incubated in a plate reader (BioTek Instruments Microplate Reader
Synergy HT) at 37°C with continuous shaking, measuring ODsgs every 30 minutes. Al
experiments included controls without microbial cells or without the addition of HEWL

aggregates.

RESULTS AND DISCUSSION
Effect of pH on HEWL aggregation under reducing conditions

In most cases, amyloid fibrils of food proteins are easily prepared in vitro by incubating
samples at low pH and high temperature, conditions that lead to hydrolysis of the start-
ing polypeptide chain. Yet, HEWL can also undergo an alternative ultrafast aggregation
process when incubated with reducing agents that destabilize its globular fold. As this
process can also lead to the uncontrolled formation and sedimentation of large HEWL
aggregates, the effect of different solution parameters such as HEWL concentration,
TCEP concentration and pH on HEWL aggregation was screened in order to determine
conditions leading to the formation of colloidally stable aggregates with a smaller size
and larger relative surface area (Figure 1). To this aim, aggregation kinetics where
obtained by recording the fluorescence intensity of the amyloid-binding dye Thioflavin
T as a function of time.[142,143] Typically, aggregation kinetics of amyloids measured

by ThT binding or other methods give a sigmoidal profile with a lag phase, a growth
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phase and a plateau phase describing the process on a macroscopic level.[17] On a
molecular level, amyloid formation is a nucleated polymerization process in which sec-
ondary nucleation events play an important role.[17,18] For instance, it is known that
the formation of HEWL amyloid fibrils under conditions of low pH and high temperature
follows such sigmoidal behavior.[25,27,144] In the case of HEWL aggregates formed
under reducing conditions, the kinetic process has not yet been monitored in detail.
Our data show that increasing either HEWL or TCEP concentration influences the
measured ThT fluorescence at pH 4.5 (Figures 1A and B), 5.5 and 6.5 (Supporting
Information, Figures S1A and S1B, respectively), by shortening the duration of the lag
phase and increasing the apparent elongation rate of the process. Increasing the pH
from 4.5 to 6.5 had an even more profound effect on the evolution of the measured
aggregation kinetics (Figure 1C). A detectable lag phase was observed only at pH 4.5,
while at pH 5.5 and 6.5 aggregation occurred within minutes instead of hours. Yet, the
samples prepared at pH 5.5 and 6.5 turned turbid and exhibited sedimentation (not
shown), indicating an aggregate size in the order of micrometers. Therefore, ideal re-
action conditions to obtain colloidally stable B-sheet-rich aggregates were identified at
pH 4.5, with concentrations of 12.5 mM TCEP and 1 mg/mL HEWL. Aggregation kinet-
ics monitored under identical conditions by time resolved DLS corroborate the ThT
binding data and show a similar lag-phase duration (Figure 1D). Finally, AFM images
of aliquots taken after 1, 2, 3 and 4 hours of aggregation show that nuclei form within

the first two hours, followed by their one-dimensional elongation (Figure 1E).
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Figure 1: TCEP induced worm aggregation kinetics measured by ThT binding assay
at different HEWL concentrations at pH 4.5 and 12.5 mM TCEP (A), different TCEP
concentrations at pH 4.5 and 1 mg/mL HEWL (B) and different pH values at 12.5 mM
TCEP and 1 mg/mL HEWL (C). Aggregation kinetics at pH 4.5, 12.5 mM TCEP and 1
mg/mL were also measured by time-resolved DLS (D). AFM images showing the first
4 hours of aggregation under the same conditions with the nucleation of aggregates
and the start of one-dimensional elongation (E).

Despite the fact that Li and co-workers (who measured HEWL aggregation kinetics at
pH values of 6.5 and higher) stated that TCEP-induced aggregation of HEWL does not
follow the typical sigmoidal growth curve,[137] our results suggest that the measured
kinetic profile changes significantly as a function of the solution pH, which in turn affects

the overall net charge of the protein. While sigmoidal growth is observed at pH 4.5, at
38



higher pH the equilibrium of the reaction is strongly pushed towards the aggregate
state, which significantly shortens the lag phase (Figure 1C). This can be explained by
the stronger repulsion experienced by unfolded peptide chains at pH 4.5, which leads
to a preferential one-dimensional growth of aggregates (elongation). Instead, under
conditions of weaker repulsion, large spherical particles that precipitate out of the so-
lution were formed. These observations are well aligned to previous results for B-lac-
toglobulin, where similar effects were seen through the addition of salt and change in

pH, but in absence of reducing agents.[11]

Characterization of different HEWL aggregates

With the detailed knowledge of the aggregation pathway under the reducing conditions
at hand, we now focus on a comparison of three types of HEWL aggregates, differing
in length, thickness, flexibility and aspect ratio (Figure 2). The amyloid-like aggregation
of HEWL with TCEP for 16 hours led to the formation of curvilinear worm-like particles
(worms) with an average length of a few hundred nm. These aggregates exhibit a wavy,
beaded morphology and are highly flexible. Acid hydrolysis conditions produced semi-
flexible amyloid fibrils of a few pum in length (amyloids). Further sonication of amyloids
led to short and stiff rod-like particles (sonicated amyloids) with an average length
comparable to that of the worms. The three selected types of aggregates differ also in
their thickness, here expressed as height obtained from AFM measurements: worms
are around 2-3 nm thick, whereas full-length and sonicated amyloids are 3-8 nm thick,

as these can be formed by the association of multiple protofibrils.[27]
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Figure 2. AFM height images of flexible, short worms, a single worm with visible
beaded structure, semi-flexible, long amyloid fibrils and stiff, rod-like sonicated amyloid
fibrils.

The higher flexibility of the worm-like aggregates compared to the stiff amyloid fibrils
could possibly be attributed to the formation of more nuclei and faster aggregation
leading to a less ordered secondary structure.[21] For example, worm-like aggregates
with decreased [3-sheet content have been observed when the aggregation of 3-lacto-
globulin was accelerated due to increased protein concentration[21,145] or decreased
electrostatic repulsion due to ionic strength or increased pH[11]. Generally, amyloid

fibrils can be shortened with sonication,[104,146] high-pressure homogenization[147]
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and by stirring the solution for extended times.[148] In our case, by tuning the soni-
cation parameters, shorter fibrils of different well-defined lengths (few hundreds nm)

could be obtained.

After completion of the aggregation reaction, all samples were dialyzed to remove
TCEP (when present) as well as unreacted HEWL species (i.e. monomers or peptide
residues in the case of worms or amyloids, respectively). The ratio between the aggre-
gated and the soluble fraction of each sample was determined by filtration of the sam-
ples, followed by UV-spectroscopy of the filtrate. In the case of TCEP-induced aggre-
gation, 65% of the initial HEWL mass was converted into worms. The ratio between
residual soluble species and aggregates was further improved by dialysis or ultrafiltra-
tion to around 80% (Supporting Information, Table S1), most likely reflecting the equi-
librium between the two states. However, the total protein concentration decreased
from 1 mg/mL to 0.5 mg/mL after dialysis and to ca. 0.7 mg/mL after ultrafiltration. In-
cubation at pH 2 and 90 °C resulted in 35% mass conversion of initial HEWL and a
maximum of 60% fibrils in dialyzed samples, independent of sonication treatment. In
this case, the total protein concentration after dialysis decreased to 5 mg/mL, account-
ing for a loss of 75% of the initial HEWL mass. Despite the previous work characterizing
the formation of amyloids from lysozyme, there is still a lack of clarity about the yield
of HEWL amyloids following aggregation. This is also the case for other amyloid spe-
cies; for B-lactoglobulin for example, the same acid hydrolysis pathway (2 wt% protein,
pH 2, 90°C) leads to aggregate vyield values ranging from 38% to over
80%.[11,147,149,150] The decrease in total protein mass observed after dialysis is
higher than the mass of the soluble fraction determined after the reaction. This raises
the question about the stability of the aggregates upon prolonged dialysis. Amyloids

and related aggregates are described as energy minima in the protein folding land-
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scape.[15] However, it is known that a dynamic equilibrium exists between the aggre-
gated and the soluble forms.[151-153] Thus, it is possible that the dialysis process
induces a partial disaggregation of amyloids, and to a lesser extent of worms. Moreo-
ver, despite using low binding cellulose ester dialysis membranes, a small amount of
protein could also be lost due to adsorption at the membrane, leading to the observed

decrease in total protein concentration upon dialysis.

Zeta potential measurements providing indirect information about the charge density
of the HEWL species (Supporting Information, Table S2) underline that different ag-
gregation pathways lead to changes in the surface charge density of the formed parti-
cles. Zeta potential values for HEWL amyloid fibrils in 10 mM HEPES at pH 7.2 were
32.7+1.0 mV and 30.2+0.8 mV before and after sonication, respectively, whereas the
free peptides (obtained by centrifugal ultrafiltration) had a zeta potential of
14.2+0.2 mV. The worms and native HEWL had a zeta potential of 24.0+0.6 mV and
13.3+0.8 mV, respectively. The pH-dependent zeta potential of worms and dialyzed

amyloids confirmed colloidal stability from pH 2 to 8 (Supporting Information, Figure

S2).
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Figure 3: Secondary structure of HEWL aggregates determined by FTIR spectroscopy
(A) and CD (B and C).
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The structural properties of the various types of HEWL aggregates were investigated
by FTIR and CD, which are complementary methods typically used to detect changes
in the secondary structure of polypeptides (Figure 3, the full spectra can be found in
Supplementary Information, Figure S3). Both techniques allowed for the detection of
secondary structure changes between native HEWL and its aggregates, as well as an
increase in B-sheet content after dialysis, consistent with the removal of non-aggre-
gated species. In FTIR, the secondary structure of proteins can be estimated from the
amide | infrared absorption band (1600-1700 cm™).[154] For HEWL monomers, this
band has its maximum at a wavelength where a-helices typically adsorb, at ca.
1656 cm™. Undialyzed amyloids show a prominent signal at around 1650 cm™ due to
the presence of a high fraction (65% in mass) of residual hydrolyzed peptides present
in solution. Due to the aggregation conditions of pH 2 and 90 °C, these peptides occur
in an unordered, random-coil conformation which is reflected by the position of the
maximum FTIR signal. (Figure 3A). The shoulder at 1620 cm™ is attributed to intermo-
lecular B-sheets typical for amyloids,[153,155,156] which become dominant in the
spectrum of dialyzed amyloids. Dialyzed worms exhibit a spectrum similar to that of
dialyzed amyloids, yet with a slightly higher a-helix contribution. The CD spectra (Fig-
ure 3B) are in good agreement with the FTIR data, showing a shift from the minimum
at 208 nm attributed to the presence of a-helical structures in native HEWL to a
stronger contribution at 218 nm stemming from B-sheets in the HEWL worms.[157]
Also in this case, an increase in B-sheet content was observed in the dialyzed amyloid
samples. Indeed, the spectra of undialyzed amyloids and of a control sample contain-
ing only the soluble peptide fraction of the sample show a minimum at ca. 200 nm,
which is typically observed in largely disordered peptides. The deconvolution of the CD

spectra into secondary structure components performed with BeStSel[139] and

43



CDPro[140] (CONTINLL) confirmed the transition to B-sheets in worms and the in-
crease in 3-sheet content after dialysis for amyloids (Supplementary Information, Table

S3).

Antimicrobial activity of HEWL and its aggregates

In order to assess the antimicrobial potential of colloidal HEWL amyloid-like worms,
dialyzed amyloids fibrils and peptide residue in comparison with native HEWL, the
guantitative analysis of their antimicrobial activities were carried out using different mi-
croorganisms: Gram-positive S. aureus, Gram-negative E. coli and P. aeruginosa and
the fungus C. albicans. These microorganisms were exposed to increasing concentra-
tions of native HEWL, worms, dialyzed amyloid fibrils and peptide residue. Figure 4
shows the colony forming units per mL (cfu/mL) after 6 hours of treatment with the
various HEWL species. In the case of S. aureus, all HEWL species, including native
HEWL, reduced the colony forming units. Importantly, HEWL aggregates (i.e. both
worms and amyloids) were more effective than the native protein and peptides at
0.01 mg/mL. However, both the amyloids and peptides eliminated all cells at the 10-
fold higher concentration of 0.1 mg/ml. When tested against gram-negative E. coli,
native HEWL and the worms only showed a 2-log reduction of the cell viability at
0.1 mg/mL, whereas the amyloids and the peptides achieved a 5-log reduction at the
same concentration. Nevertheless, amyloids appear to be effective already at a con-
centration of 0.001 mg/ml, while peptides need to be added in higher amounts in order
to detect an effect. The Gram-negative P. aeruginosa was more resistant to HEWL and
its aggregates (possibly due to the complex nature of the extracellular matrix of these
bacteria, which makes them less susceptible to various treatments[158]). Still, a 3-log

reduction at 0.1 mg/mL was observed for dialyzed amyloids before and after sonication
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(Supporting Information Figure S4). Finally, all HEWL species showed a similar anti-
fungal effect against C. albicans with complete elimination at 0.1 mg/mL. The increase
in the number of viable cells at 1 mg/mL for the aggregated HEWL species when tested
against S. aureus and E. coli might be due to agglomeration of HEWL samples, leading
to inhomogeneity and reducing the total surface area. Indeed, although, increased z-
average diameters were found in DLS experiments for amyloid fibrils diluted at this
concentration: 1670+317 nm in HEPES (the buffer used in the antimicrobial assay),
compared to 4454 nm in pH 2 MilliQ water. Shortening of the amyloid fibrils by soni-
cation did not change the antimicrobial performance (Supporting information Figure

S5).

S. aureus E. coli C. albicans
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H native HEWL
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Figure 4: Concentration-dependent antimicrobial activity of dialyzed amyloids, peptide
residue, worms and native HEWL against S. aureus, E. coli and C. albicans.

Minimum inhibitory concentrations (MIC) were also determined by measuring the re

growth of the microorganisms by means of optical density (Table 1, regrowth curves in
Supporting information Figures S6, S7, S8 and S9). Overall, the MIC determined from
the regrowth curves were in good agreement with the colony counting results. This

analysis indicates that among the tested species, amyloids appear to be most effective
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as broad-spectrum antimicrobial agents. The efficacy of HEWL amyloids becomes
even more remarkable considering that 60% of the protein mass was converted into
aggregates within these samples. Moreover, due to the large molecular weight of am-
yloids (megadaltons)[159] the particle concentration is most likely in the low nanomolar
range for dialyzed amyloids, versus the micromolar concentration used here for native
HEWL (0.1 mg/mL=7 uM) and peptide residues. The considerable antimicrobial activ-
ity of the peptides can possibly be attributed to this high molar concentration, as well
as to their net positive charge and hydrophobicity. Even though the amyloid samples
contain 40% peptides by mass, the 3-log reduction observed only for the amyloids
when tested against S. aureus at 0.01 mg/mL and the 1-log reduction against E. coli
at 0.001 mg/mL indicate that the antimicrobial activity of amyloids cannot be solely
attributed to the peptide fraction in equilibrium with the fibrils. Finally, as all experiments
were performed at the same mass concentrations, the peptide concentration in the
control samples is more than twofold higher than the one present in the amyloid sam-

ples.

Table 1: Minimum inhibitory concentrations (MIC) in mg/mL of dialyzed amyloids, pep-
tide residue, worms and native HEWL against S. aureus, E. coli and C. albicans based
on regrowth measurement.

S. aureus E. coli C. albicans
dialyzed amyloids 0.01 0.1 0.1
peptide residue 0.01 0.1 0.1
worms 0.01 >1 0.1
native HEWL 0.1 >1 0.1
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Overall, the antimicrobial performance of HEWL species against Gram-positive bacte-
ria is in good agreement with results from literature. For amyloid fibrils MIC values of
0.01 mg/mL against S. aureus[58] and 0.05 mg/mL against L. monocytogenes[32]
were reported earlier. To date, MIC values for TCEP-reduced HEWL aggregates in
suspension have not been reported, most likely because of their propensity to precipi-
tate in solution. Importantly, under our controlled assembly conditions, a MIC of
0.01 mg/mL of HEWL worms against S. aureus was obtained, which demonstrates that
these particles are antimicrobial at low concentrations. The small size of colloidal
worms leading to high mobility and high surface-to-volume ratio, might even be an
advantage over densely packed solid-supported HEWL films formed under reducing
conditions, which were able to kill 92% (1-log reduction) of S.aureus upon contact.[37]
Instead, the antimicrobial potential of native HEWL has been monitored for concentra-
tions up to 5 mg/mL against 25 strains of S. aureus, without finding complete inhibition
of growth.[160] Due to their outer cell membrane, which protects the peptidoglycan cell
wall, Gram-negative bacteria are insensitive to the catalytic antimicrobial activity of
HEWL. However, 2-log[58] and 3-log[32] reduction of Gram-negative E. coli exposed
to 0.05 mg/mL HEWL amyloid fibrils have been reported and attributed to fibril-bacteria
interactions responsible for agglomeration of the bacteria and cell disruption. Aggre-
gated HEWL films made by TCEP reduction killed 95% of E. coli.[37] Likewise, these
films inhibited the growth of C. albicans by 94%. This does not come as a surprise,
since the concentration-dependent antifungal activity of native lysozyme has long been

known.[161]

Overall, the results presented here reinforce the notion that preserving enzymatic ac-
tivity of HEWL is not necessary to maintain its activity as an antimicrobial protein. Ra-
ther, the mechanism used by HEWL amyloids to interact with bacteria seems to be due

to electrostatic interactions between these highly cationic HEWL species and negative
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charges present in the cell membranes and cell wall of the microorganisms.[37,47-49]
The interaction between cells and the amyloid fibrils have been visualized by transmis-
sion electron microscopy and AFM imaging.[32,58] Zeta potential measurements of
the HEWL species (Supporting Information, Table S2) underline the importance of pos-
itive charges for the antimicrobial effect. The differences in charge between the HEWL
species could be the explanation for the improved antimicrobial activity of the aggre-
gates over native HEWL. Furthermore, the unfolding of native HEWL during the aggre-
gation might expose more non-polar amino acids leading to increased hydrophobicity
of aggregated HEWL and peptides which could promote the interaction with cell mem-
branes and lead to membrane disruption and cell lysis.[32,37,58] Another hypothesis
is that the binding of lysozyme on receptors in the cell membrane could influence the
regulation of autolytic enzymes in bacteria[47] and C. albicans.[161] The charge and
hydrophobicity driven killing mechanism of lysozyme aggregates resembles the mode
of action of the large group of cationic amphipathic antimicrobial peptides (AMP). Here,
the binding of cationic and amphipathic AMP to negatively charged membranes, fol-
lowed by membrane rearrangements and pore formation, lead to bacterial inactiva-
tion.[52,53] Another shared feature of amyloids and AMP is that they can self-assem-
ble into supramolecular structures with immune ligands like DNA and RNA, which play

a role in the mediation of immune responses.[162]

Our toolbox containing three different species of colloidal HEWL aggregates (long am-
yloid fibrils, sonicated amyloids and amyloid-like worms) shares common features with
AMP. Apart from the gain in antimicrobial activity compared to native HEWL, the out-
standing mechanical properties of HEWL aggregates might impart additional strength
to a final composite material. Moreover, previous studies with mammalian cell cultures
have shown that amyloid fibrils and worms are also non-cytotoxic and can therefore

be considered biocompatible.[32,37,38,163] Furthermore, films of TCEP-reduced
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HEWL had a positive effect on wound healing when tested on mice[37,38]. All these
appealing properties could be exploited in the formation of new biomaterials. For in-
stance, the colloidal and amphiphilic nature of amyloids allows for facile handling and
a wide range of processes, such as self-assembly, interfacial self-assembly, layer-by-
layer deposition etc. These processes could be used to form various types of biocom-
patible soft materials for wound healing applications, such as hydrogels, aerogels or

coated films.

CONCLUSION

In summary, solution conditions were established to enable the comparison of different
colloidally stable aggregates of HEWL, ranging from highly flexible worm-like particles
to stiffer amyloids of different length. The aggregation kinetics of the worms was found
to be strongly pH-dependent and stable suspensions could be achieved only at the
lowest pH value tested (pH 4.5), where HEWL appears to aggregate in a more con-
trolled fashion. Depending on the protocol used, the aggregation yield varied between
35 and 60% of the initial protein mass, which could be further improved by dialysis/ul-
trafiltration. In all cases, HEWL aggregation caused significant secondary structure
changes, increasing the B-sheet content compared to the native protein. Despite lack-
ing the enzymatic activity of native HEWL; HEWL aggregates showed an improved
antimicrobial activity, with amyloids having broad-spectrum antimicrobial activity
against Gram-positive and Gram-negative bacteria, as well as fungi. Minimum inhibi-
tory concentrations were found in the range of 0.01 mg/mL against the relevant path-
ogens S. aureus and C. albicans for amyloids, peptide residue and worms. Amyloid
fibrils also inhibited the growth of Gram-negative E. coli and caused a 3-log cfu reduc-
tion against P. aeruginosa at 0.1 mg/mL. The increased positive charge of the aggre-

gates suggests a mode of action based on electrostatic binding to the cell walls and
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membranes of the microorganisms, followed by membrane disruption. In conclusion,
our data show that highly active antimicrobial species of different morphology can be
prepared from a commercially available food protein such as HEWL, in a simple and
up-scalable manner. These protein-based nanomaterials could be a viable alternative
to existing antimicrobial agents (such as metal nanoparticles) for applications such as
wound management, coatings for biomedical devices and food packaging, due to their

macromolecular nature and good biocompatibility.

50



ASSOCIATED CONTENT
Supporting Information
The following files are available free of charge:

TCEP-induced aggregation kinetics at pH 5.5 and pH 6.5, overview of conversion of
HEWL into aggregates, overview of zeta potential values of HEWL species, cfu-based
antimicrobial activity measurements of HEWL species against P. aeruginosa, cfu-
based antimicrobial activity measurements of sonicated amyloids against S. aureus, E.
coli, P. aeruginosa and C. albicans, regrowth curves of S. aureus after exposure to
HEWL species, regrowth curves of E. coli after exposure to HEWL species, regrowth
curves of C. albicans after exposure to HEWL species, regrowth curves of P. aeru-

ginosa after exposure to HEWL species (PDF).

AUTHOR INFORMATION

Corresponding Author

To whom correspondence should be addressed:

Dr. Silvia Campioni

Laboratory for Cellulose & Wood Materials

Empa — Swiss Federal Laboratories for Materials Science and Technology
Uberlandstrasse 129

8600 Dubendorf, Switzerland

E-mail: silvia.campioni@empa.ch

51



Dr. Gustav Nystrom

Laboratory for Cellulose & Wood Materials

Empa — Swiss Federal Laboratories for Materials Science and Technology
Uberlandstrasse 129

8600 Dubendorf, Switzerland

E-mail: gustav.nystroem@empa.ch

Present Address

1 Laboratory for Building Energy Materials and Components, Empa — Swiss Federal
Laboratories for Materials Science and Technology, Uberlandstrasse 129, 8600

Dubendorf, Switzerland

Notes

The authors declare no conflicts of interest.

ACKNOWLEDGEMENTS

The authors would like to acknowledge Jason Greenwald and Roland Riek from ETH
Zurich for providing the CD spectrophotometer and Brian Sinnet from Eawag for his
support with DLS. Mattia Usuelli and Massimo Bagnani (both ETH Zurich) are acknowl-
edged for valuable discussions on amyloid fibers. Xavier Aeby is acknowledged for his
help with the design of the TOC. The ThT fluorescence measurements were performed
on a demonstration instrument (CLARIOstar Plus) kindly provided by BMG LABTECH.
N.K., S.C. and G.N. would like to acknowledge financial support from Swiss National

Science Foundation (grant no. 200021_192225). K.J.D. also acknowledges funding

52



from Natural Sciences and Engineering Research Council of Canada (NSERC) Post-
doctoral Fellowship program. T.W. was supported by the China Scholarship Council

(CSC).

53



Supporting Information for:

Self-assembly pathways and antimicrobial
properties of lysozyme in different aggrega-

tions states

Nico Kummer!:2, Tingting Wul:3%, Kevin J. De France!, Flavia Zuber4, Qun Ren?, Peter

Fischer?, Silvia Campionil*, Gustav Nystrom?2*

1 Laboratory for Cellulose & Wood Materials, Empa — Swiss Federal Laboratories for
Materials Science and Technology, Uberlandstrasse 129, 8600 Diibendorf, Switzer-
land

2 |Institute of Food Nutrition and Health, Schmelzbergstrasse 7, ETH Zurich, 8092 Zur-
ich, Switzerland

3 State Key Laboratory for Modification of Chemical Fibers and Polymer Materials, Col-
lege of Materials Science and Engineering, Donghua University, Shanghai 201620, P.
R. China

4 Laboratory for Biointerfaces, Empa — Swiss Federal Laboratories for Materials Sci-
ence and Technology, Lerchenfeldstrasse 5, 9014 St. Gallen

* To whom correspondence should be addressed

E-mail: silvia.campioni@empa.ch; gustav.nystroem@empa.ch

54



>
w

201

TCEP [mM]
—10

10l TCEP [mM] |
—10
—125

fluorescence x10°% [a. u ]
=)
fluorescence x10° [a. u.]

15 5 15
—20 —20
0 —25 I —25
0 4 8 12 16 20 24 0 4 8 12 16 20 24
time [h] time [h]

Figure S1:. Amyloid-like aggregation kinetics measured by (3-sheet-specific ThT fluo-
rescence assay at different TCEP concentrations for pH 5.5 (A) and pH 6.5 (B).

Table S1: Conversion of native HEWL into worms and amyloid fibrils measured with
100 kDa MWCO centrifugal filters, 20 nm pore size syringe filters, the total protein in a
sample after each step and the calculated overall loss of protein due to processing.

Centrifugal filtra-
tion (100 kDa syringe (20 nm total protein

MWCO) pore size) (mg/mL) protein loss
Worms
undialyzed 65.0% not measured 1.0
dialyzed (300 kDa
MWCO) 79.4% 78.5% 0.5 50%
ultrafiltration (100 kDa
MWCO) 76.6% 99.0% 0.65 34%
Amyloids
undialyzed 34.4% 38.5% 20.0
dialyzed (300 kDa
MWCO) 57.5% 55.5% 4.5 78%
sonicated dialyzed (300
kDa MWCO) 59.6% 65.5% 4.8 75%

Table S2: Zeta potential of dialyzed amyloids, sonicated amyloids, peptide residue
obtained after centrifugal filtration of amyloid samples, worms and native HEWL in 10
mM HEPES at pH 7.2.

Zeta potential (mV)

dialyzed amyloids 32.7+1.0
sonicated amyloids 30.2+0.8
peptide residue 14.2+0.2
worms 240+0.6
native HEWL 13.3+0.8
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Figure S2: Zeta potential of dialyzed amyloids and worms in 5 mM NaCl as a function
of pH.

Table S3: Secondary structure estimations for native HEWL, dialyzed worms, un-
dialyzed and dialyzed amyloids and the peptide obtained through CD spectra decon-
volution with BestSel and CDPro (CONTINLL algorithm).

BeStSel CDPro (CONTINLL)
a-helix B-sheet others a-helix B-sheet unordered
native HEWL 22.2% 19.8% 44.1% 98.4% 0.2% 0.0%
dialyzed worms 15.1% 22.7% 50.5% 92.8% 7.1% 0.0%
undialyzed amyloids 8.2% 28.4% 49.5% 21.6% 3.6% 60.4%
dialyzed amyloids 9.2% 35.9% 43.5% 24.7% 15.3% 28.7%
peptide residue 2.8% 38.9% 43.6% 18.6% 3.7% 70.5%

Note: Due to the unknown molecular weights of the non-native HEWL species, proper
scaling and conversion of the data was impossible and compromises the deconvolution
of the spectra that had to be made. BeStSel allowed the conversion of the CD data in

millidegrees (mdeg) to molar ellipticity (deg*cm?*dmol?). Independent of the aggrega-
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tion state, all spectra were processed using a protein concentration of 14 uM (equiva-
lent to 0.2 mg/mL native HEWL), 129 amino acid residues and a cuvette path length
of 0.1 cm. The CDPro analysis was performed on the raw data in mdeg, using Data-
base 7 containing 43 protein datasets and 5 datasets of denatured protein for better

assessment of the aggregated samples containing short peptide fragments.
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Figure S3: Full FTIR spectra of dialyzed and undialyzed amyloids, dialyzed worms

and native HEWL.
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Figure S4: Concentration-dependent cfu-based antimicrobial activity measurements

of dialyzed amyloids, sonicated amyloids, worms and native HEWL against P. aeru-
ginosa.

107

B s. aureus
M coi
10° B ~. aeruginosa
= [l C. albicans
10°
— 10*
E
=
S, 10°

control 0.001 0.01 0.1 1
concentration [mg/mL]

Figure S5: Concentration-dependent cfu-based antimicrobial activity measurements

of sonicated amyloids against S. aureus, E.coli, P. aeruginosa and C. albicans.
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Figure S6: Optical density-based regrowth curves of S. aureus after 6 hours exposure

to dialyzed amyloids, peptide residue, worms and native HEWL.
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Figure S7: Optical density-based regrowth curves of E. coli after 6 hours exposure to

dialyzed amyloids, peptide residue, worms and native HEWL.
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Figure S8: Optical density-based regrowth curves of C. albicans after 6 hours expo-

sure to dialyzed amyloids, peptide residue, worms and native HEWL.
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Figure S9: Optical density-based regrowth curves of P. aeruginosa after 6 hours ex-

posure to dialyzed amyloids, sonicated amyloids, worms and native HEWL.
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Abstract

Amyloid fibrils made from inexpensive hen egg white lysozyme (HEWL) are bio-based,
bio-degradable and bio-compatible colloids with broad-spectrum antimicrobial activity,
making them an attractive alternative to existing small-molecule antibiotics. Their sur-
face activity leads to the formation of 2D foam films within a loop, similar to soap films
when blowing bubbles. The stability of the foam was optimized by screening concen-
tration and pH, which also revealed that the HEWL amyloid foams were actually stabi-
lized by unconverted peptides unable to undergo amyloid self-assembly rather than
the fibrils themselves. The 2D foam film was successfully deposited on different sub-
strates to produce a homogenous coating layer with a thickness of roughly 30 nm. This
was thick enough to shield the negative charge of dry cellulose nanopaper substrates,
leading to a positively charged HEWL amyloid coating. The coating exhibited a broad-
spectrum antimicrobial effect based on the interactions with the negatively charged cell
walls and membranes of clinically relevant pathogens (Staphylococcus aureus, Esch-
erichia coli and Candida albicans). The coating method presented here offers an alter-
native to existing techniques, such as dip and spray coating, in particular when opti-
mized for continuous production. Based on the facile preparation and broad spectrum
antimicrobial performance, we anticipate that these biohybrid materials could poten-

tially be used in the biomedical sector as wound dressings.

Introduction

Due to its abundance, affordability, and antimicrobial activity hen egg white lysozyme
(HEWL) is a promising candidate for the design of new materials to tackle the severe
global health problem of antimicrobial resistance (AMR). Due to the excessive and

incorrect use of small-molecule antibiotics, the evolutionary stress on bacteria has led
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to the emergence of resistant strains.[132,133] Infections with multidrug-resistant
strains are responsible for millions of deaths per year and pose a heavy financial bur-
den on health care systems.[132,134] As such, the development of new materials and

implementation of advanced treatment strategies to combat AMR is critical.

Lysozyme naturally occurs in the body fluids of many organisms including humans and
contributes to protection against pathogenic bacteria.[40,41] This enzyme catalyzes
the degradation of the outer cell wall of Gram-positive bacteria, thus mediating bacte-
rial cell death. However, the antimicrobial potential of lysozyme is not limited to its
enzymatic function.[47—-49] Due to its high isoelectric point, lysozyme (not only in the
native state, but also in denatured states, which do not show any enzymatic activity) is
positively charged at neutral/physiological pH, and can therefore interact with the neg-
atively charged bacterial cell walls and membranes, leading to cellular aggregation and
eventual cell lysis.[48,49,51,164] Even aggregated forms of HEWL such as amyloid
fibrils have demonstrated improved broad-spectrum antimicrobial activity, most likely
due to a similar mechanism.[32,37,58,131] Amyloid fibrils are a class of protein aggre-
gates notorious for their role in neurodegenerative diseases such as Alzheimer's or
Parkinson's.[6] Research on disease-related misfolded proteins has revealed that they
self-assemble into structurally similar morphologies, stabilized by a cross-g motif.[8]
This self-assembly of hydrogen-bonded antiparallel B-sheets provides excellent me-
chanical properties and environmental stability to amyloid fibrils. These properties are
exploited by many organisms in nature, particularly microorganism such as bacteria
(curli fibers) and fungi (hydrophobin rodlets), to fulfill some functions that are in this
case beneficial.[165] Even in humans, some examples of functional amyloids have
been described, which are responsible for specific metabolic, storage and transport
functions.[9] In the past twenty years, the generic capability of polypeptide chains to

self-assemble into amyloids under determined conditions has been used to target a
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wide range of applications such as water filtration, bioplastics, and biomedical engi-
neering.[9,11,35,166,167] In some cases, amyloid fibrils have been obtained from in-
expensive food proteins under acidic conditions and at high temperature, leading to
the hydrolysis of the full-length chain into short peptide fragments, some of which are

capable to self-assemble into a cross-B-structure.[11]

So far, the antimicrobial potential of HEWL amyloid fibrils has been assessed in sus-
pension and in the form of coatings on a variety of materials to create antimicrobial
surfaces and wound dressings.[32,37,57,59,61,104,131] HEWL amyloid fibrils show
an enhanced antimicrobial effect and a broader spectrum of target organisms (Gram-
positive and Gram-negative bacteria, fungi) compared to native HEWL (mostly active
towards Gram-positive bacteria).[37,131] This is attributed to both the accumulation of
positive charge in the HEWL amyloid fibrils which enhances electrostatic interactions
with the bacteria and the amphiphilic nature of amyloids which enables penetration into
bacterial membranes.[32,37,58,131] The antimicrobial properties of a material can be
enhanced by coating its surface with the HEWL amyloid fibrils to expose as much pos-
itive charge as possible, rather than incorporating them into the bulk.[57] Amyloid coat-
ings (not only with HEWL amyloids) have been achieved using different methods such
as vacuum filtration,[57,166] dip coating,[37,168] or Langmuir-Schaefer/Langmuir-
Blodgett[35] deposition.

In this work, we present a novel coating technique for amyloid fibrils, exploiting their
tendency to adsorb at air-water interfaces (AWI) and lower the surface tension. Pro-
teins are generally surface active due to their heterogeneous composition of amino
acids, which vary in hydrophilicity.[62,63] As such, amyloid fibrils have been shown to

efficiently stabilize multiphase systems such as foams and emulsions.[76] Foams are
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dispersions of air bubbles within a solvent phase, whereby the solvent tends to organ-
ize into lamellae, separating individual air bubbles. This foam formation phenomenon
is commonly observed when blowing bubbles through a wand. In this situation, a single
foam lamella can be generated by pulling a ring/loop out of a soap solution containing
surface active molecules. Similarly, Zhang and co-workers developed a coating
method using the surfactant sodium dodecyl sulphate (SDS) to stabilize such a 2D
foam film inside a loop. By adding different nanomaterials (silica, polystyrene, titanium
dioxide, gold nanoparticles, graphene oxide, ferritin, and nanocellulose) to the SDS
solution and pulling a silicon (Si) wafer through the 2D foam film, the surface was effi-
ciently and homogenously coated.[169] In this work the HEWL amyloid fibrils serve as
both the surface active compound stabilizing the AWI of the 2D foam film and the func-
tional nanomaterial to be coated onto different substrates. The adsorption of amyloid
fibrils at the AWI leads to dense networks and potentially introduces alignment into 2D

nematic phases.[74]

Using mechanically strong nanopapers made from TEMPO-oxidized cellulose nano-
fibrils (TO-CNFs) as a substrate resulted in a transparent hybrid film composed of bio-
based and bio-degradable materials.[80,110] Nanocellulose is an ideal material for
wound dressings, due to its high tensile strength, ability to absorb excessive liquid,
while providing moisture to the wound and the possibility to incorporate drugs and na-
nomaterials.[170] CNFs have been used and commercialized as wound dressing ma-
terials due to their excellent bio-compatibility and ability to promote wound healing.[171]
Combining bio-compatible[31] HEWL amyloid fibrils with nanocellulose introduces ad-
ditional antimicrobial functionality to these hybrid materials intended for wound dress-

ing applications.[57,104]
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Herein, we present a coating method for HEWL amyloid fibrils based on their surface
activity, enabling the formation of 2D films within a loop. The stabilization of the 2D
interfaces was optimized according to bulk (3D) foam stability tests. Factors such as
amyloid concentration, pH, and the composition of the amyloid suspension were as-
sessed, in relation to foam stability. The thickness of each HEWL amyloid layer depos-
ited onto silicon wafers was determined by atomic force microscopy and ellipsometry.
The HEWL amyloid fibrils were also successfully coated onto TO-CNF nanopapers, as
confirmed by SEM, AFM, FTIR and XPS spectroscopy, and surface ¢ potential meas-
urements. Finally, the antimicrobial activity of the amyloid-coated TO-CNF nanopapers

was tested.

Materials and Methods

Materials

Hen egg white lysozyme (HEWL), (3-Aminopropyl)triethoxysilane (APTES), 4-(2-hy-
droxyethyl)-1-piperazineethanesulfonic acid (HEPES), tryptic soy broth (TSB), and
plant count agar (PC-agar) were purchased from Sigma-Aldrich. Hydrochloric acid
(HCI), sodium hydroxide (NaOH), and sodium chloride (NaCl) were obtained from
VWR. Glucose was provided by Fluka. All chemicals were used as received without
any further purification. The TO-CNF were prepared according to a procedure pub-

lished previously by our group.[121]
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Methods

Preparation of HEWL amyloid fibrils

The native HEWL (20 mg/mL) was aggregated using acid hydrolysis at pH 2 and 90°C.
The samples were incubated in a Thermomixer (Eppendorf) for 24 hours under con-
stant shaking (400 rpm). To quench the aggregation, the test tubes containing the
freshly formed amyloid fibrils were cooled in an ice bath. Quantification of the conver-
sion was performed using the method described in a previous publication by our
group.[131] The concentration of the peptide fraction after ultrafiltration was measured

with UV-Vis spectroscopy using the molar extinction coefficient of 38000 M~1cm™.

Preparation of TO-CNF nanopapers

10 mL of 1.4 wt% TO-CNF suspension was dried at room temperature in a polystyrene
petri dish (diameter 60 mm) in a dust-free environment. Due to the slow drying at low
temperature, the nanopapers were flat and suitable for coating. For further experiments,
the nanopaper was cut into smaller pieces using a razor blade. The nanopapers were
mechanically characterized in tensile tests performed according to a previous publica-
tion.[172] The water sorption was tested gravimetrically by comparing the weight of a

1x1 cm? piece of nanopaper before and after immersion in MilliQ water for 48 h.

Foam film coating method

Inspired by the wands/loops used to blow bubbles, a loop with a diameter of 5 cm was
3D printed. With this loop, it was possible to pull out an amyloid film from a polystyrene

Petri dish filled with a 1 mg/mL amyloid suspension at pH 6.
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Foam stability experiments

The foam stability of the different amyloid fractions, i.e. the original mixed system con-
taining amyloid fibrils and peptides and the separated pure fibrils and peptides ob-
tained by ultrafiltration was tested. The foam stability of the different fractions were
assessed at different concentrations and pH in a custom-made foaming setup. For the
measurements, 2 mL of the amyloid suspension was foamed through the frit of a chro-
matography column with a nitrogen flow of 20 cm3/min to reach a column height of 8-
10 cm. After the height was reached the main valve of the column was closed and the
decay of the foam was monitored over time using a camera. An exponential decay

function of the form
hfoam(t) = hfoam(o)e_lt
was fitted to the data, with hs,., being the foam height, ¢ the time and A the decay

constant. The determined decay constant was used to calculate the foam half-life:

In(2)
p)

t1/2 (t) =

The half-lives were determined for triplicates of each sample and are shown as the

mean half-life including the standard deviation.

Interfacial adsorption experiments

The adsorption of amyloids and peptides at the air-water interface (AWI) was meas-
ured with a Wilhelmy balance setup (KSV Nima) equipped with a Langmuir-Blodgett
trough and movable barriers according to Bertsch and co-workers.[173] After confirm-
ing the absence of contamination by closing the barriers without observing an increase
in surface pressure, the trough was filled with 64.35 mL MilliQ water. The measurement

was started after injecting 0.65 mL of amyloid mix and peptides adjusted to pH 6 and
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at a concentration of 1 mg/mL. The final concentration of protein in the trough was
0.01 mg/mL. The change in surface tension y(t) compared to initial surface tension
v(0) is defined as the surface pressure I1(t) = y(0) — y(t) and was measured with a

Wilhelmy plate made from filter paper.

Atomic force microscopy

All AFM images were obtained with a Bruker Icon 3 microscope equipped with
RTESPA-300 probes for tapping mode. The resolution of all the images is 1024x1024
pixels, recorded at scan rates of 0.5 Hz. The thickness of the dry coating layers was
measured on Si-wafers. After depositing 1, 2, and 3 layers of the foam film coating was
scratched gently with a sterile syringe needle (without scratching the Si-wafer). The
height difference between the Si-wafer and the coating was analyzed by extracting
height profiles in 10 spots of three individual 10x10 um? scans. To account for the tilt
in the images and to account for roughness, linear functions were fitted for the Si-wafer
background and the coating layer. The height of the coating was calculated by sub-
tracting the y-axis intercepts of the linear functions. AFM imaging of the coated and
uncoated side of the TO-CNF nanopapers was performed on a dried sample that was

immobilized on a glass slide using carbon tape.

Variable angle spectroscopic ellipsometry (VASE)

The thickness of the dry coating on S| wafers was also determined using ellipsometry
to complement the AFM data with a non-invasive method. A JAW M2000 (J A Woollam)
variable angle spectroscopic ellipsometer that was equipped with a He-Ne laser source
(A = 633 nm) was used for this purpose. The focusing lenses were at 50 °, 60 ° and
70 ° angles from the surface normal and in a range of 370 -1690 nm (0.7-3.3 eV) and
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an integration time of 5 sec to record the amplitude (y) and the phase (A) components.
Fitting of the raw data was performed using software CompleteEase based on a lay-
ered model using bulk dielectric functions for Si and SiO2 of the substrate Si wafer.
The amyloid fibril layer was analyzed on the basis of a Cauchy model of the form n =
A + BA7?, where n is the refractive index and 1 is the wavelength, and A and B were

considered to be 1.450 and 0.0103 for transparent organic polymeric films.

Scanning electron microscopy

The morphology of the TO-CNF nanopapers with and without the amyloid layer was
investigated by SEM. The samples were coated with a layer of platinum (~7 nm) before
imaging with the FEI Quanta 650 FEG SEM (10.0 mm working distance, 5.0 kV accel-

erating voltage).

FTIR spectroscopy

The changes in the composition of the TO-CNF nanopapers with the amyloid coating
was investigated via FTIR (Bruker Tensor 27 FT-IR) spectroscopy in attenuated total
reflectance (ATR) mode. All spectra were recorded between 4000 and 600 cm™ with
a resolution of 4 cm™ and 32 scans per sample. A background spectrum was meas-

ured before each measurement and subtracted from the sample spectra.

X-ray photoelectron spectroscopy

The atomical concentration at the surface of the specimens was measured using X-
ray photoelectron spectroscopy (XPS). The measurements were performed on a
Quantum 200 X-ray photoelectron spectrometer (Physical Electronics, MN, US)

equipped with an Al Ka monochromatic source. Survey and high resolution spectra
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were acquired at a pass energy of 117.4 eV and 29.35 eV, respectively. Tougaard

backgrounds were subtracted to measure peak intensities.

Suspension { potential measurements

The ¢ potential measurements were conducted in triplicate utilizing a Malvern Zetasizer
nano ZS with a folded capillary cell, and the reported values are the mean and standard
deviation of the three measurements. The concentration of the TO-CNF and amyloid
containing samples was 0.1 mg/mL, the pure peptide sample (obtained by ultrafiltration,
as described above) was measured at a concentration of 1 mg/mL. All samples were
measured in MilliQ water containing 1 mM NacCl for better conductivity during the

measurements.

Surface { potential measurements

The surface C potential of the nanopapers was characterized using an Anton Paar Sur-
pass 3 electrokinetic flow-through ¢ potential instrument (Anton Paar, Austria). The dry
film samples were slightly pre-wetted on the unexposed side of the nanopaper during
the measurement and placed in a clamping cell. The system was rinsed with an elec-
trolyte solution (1 mM KCI in milliQ at pH 7) and measured at the ideal gap height of

100-120 uym. The C potential was calculated using the formula

where AU is the potential difference, Ap the gap-dependent pressure difference, kg the
Boltzmann constant, n the viscosity of the electrolyte, ¢, the permittivity in vacuum,

and g, the relative permittivity of the electrolyte.
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Antimicrobial activity testing

The coated TO-CNF nanopapers were tested for their antimicrobial activity against
common pathogenic strains, namely Gram-positive Staphylococcus aureus (ATCC
6538), Gram-negative Escherichia coli (DSMZ 1576), and the fungus Candida albicans
(ATCC 90028). The pre-cultures were prepared according to a previous publica-
tion,[131] and diluted to optical densities of 0.01 (S. aureus and E. coli) and 0.1 (C.
albicans) using 10 mM HEPES buffer at pH 7.2. The coated TO-CNF nanopapers were
cut into samples with a diameter of 5 mm using a biopsy punching tool. The samples
were placed into 48-well plates with the active amyloid coated side facing 5 pL of bac-
terial culture prepared at the bottom of each well. The samples were incubated for 4 h
at room temperature in humidified air to prevent the drying of the samples. After the
incubation, 200 uL HEPES buffer were added and the samples were sonicated for
5 min and vortexed for 15 s to detach the microorganisms. The 200 pL were then trans-
ferred to a fresh 96-well plate to prepare a dilution series down to 10-3. Aliquots of
20 uL were dropped onto PC-Agar plates, and incubated at 37°C overnight, before
counting the colony forming units (CFU). Each sample was tested in triplicate, the an-
timicrobial activity is reported as the mean growth in CFU/mL including the standard
deviation. The killing ratio was calculated as the ratio between the CFU of the coated

sample and the uncoated TO-CNF controls.

Results and Discussion

The 2D foam coating

When air is dispersed into a HEWL amyloid fibril suspension, for example by shaking,

stable foams are formed. Occasionally, a big bubble spanning the entire rim of the vial
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can be observed after opening the lid. Seeing this bubble brought back childhood mem-
ories of blowing soap bubbles and gave inspiration to try to blow amyloid fibril bubbles.
While creating a 2D amyloid-stabilized film was successful by pulling out the amyloid
suspension using a custom-made loop (Figure 1A), blowing the film into a bubble was
unsuccessful, as the film burst upon blowing. However, the 2D film was successfully
transferred onto a silicon wafer (Figure 1B) and subsequently dried under ambient

conditions to form a homogenous, ultra-thin HEWL amyloid fibril coating (Figure 1C).

eters

eters
=T

Figure 9: Photo of the 2D HEWL amyloid fibril film spanning the inside of a 3D printed
loop (A). Transfer of the elastic 2D foam film onto a substrate (B). Schematic showing
the micrometer thick wet deposited foam film compressing into a nanometer thick dried
coating on a substrate (C).

Optimization of the foam stability

To optimize the stability of the 2D amyloid fibril foam film inside the loop, a foaming
device was created using a fritted chromatography column (Figure 2A). By streaming
nitrogen at a fixed flux through the frit, the amyloid suspensions were foamed at differ-
ent concentrations and pH values. At pH 6, the HEWL amyloid fibril foam stability was
strongly dependent on the amyloid concentration with foam half-lives in the order of
1 min at 0.1 mg/mL, 1 h at 0.5 mg/mL, and several hours at 1 mg/mL (Figure 2B).
Figure 2C shows the foam stability of the amyloid suspensions at 0.5 mg/mL and at
different pH. At pH values lower or equal to 4, a foam was either not obtained at all or
highly unstable. The foams only became stable at pH values of 6 and higher. However,

at pH 8, small agglomerates of amyloid fibrils were visible to the naked eye (Figure
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S1). Finally, at constant pH of 6, different fractions, referred to as the original amyloid
mix (consisting of 40% fibrils and 60% peptides[131]), and the pure fibrils and the pure
peptides (separated by ultrafiltration), were compared (Figure 2D). The foam half-lives
of the amyloid mix and the pure peptides were similar, while the pure amyloid fibrils did
not form stable foams. This finding was also confirmed with surface pressure (M) meas-
urements in Figure 2E, which showed a similar adsorption isotherm for the amyloids
mix and the peptide fraction alone. These two experiments lead to the conclusion that
the peptides rather than the amyloid fibrils are the species responsible for interfacial
stabilization. Figure 2F illustrates the amyloid self-assembly pathway mediated by acid
hydrolysis of the native protein into short peptide fragments. Only some of these take
part in the self-assembly into amyloid fibrils, while the rest remain in the sample as free
peptides. The conversion of HEWL into amyloid fibrils and possible purification strate-
gies were discussed in detail in our previous publication.[131] Based on the foam sta-
bility and surface pressure measurements (Figures 2D and 2E), which are in good
agreement with other findings from literature,[76] we propose the stabilization of the
air-water interface by the peptides (illustrated in Figure 2G). In agreement with results
from amyloid systems made from soy protein isolate, it is thus not the actual amyloid
fibrils that stabilize the AWI, but rather the free peptides.[76] In addition to the much
lower molecular weight of the peptides, which enables faster diffusion and adsorption
to the interface compared to the fibrils,[76] there might be two more factors promoting
peptide adsorption. Peptides largely consist of a disordered/unfolded structure,[131]
with unfavorably exposed hydrophobic patches enhancing the amphiphilic properties
and causing a higher surface activity. Moreover, it was shown that the unfolding of
native HEWL adsorbed at the air-water interface (induced by the reduction of disulfide

bond by the reducing agent dithiothreitol) resulted in more elastic interfacial layers.[64]
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Figure 10: The setup used to measure foam stability consisted of a chromatography
column. The samples were foamed by dispersing nitrogen through the frit (A). Amyloid
mix foam half-life in dependence of concentration (B) and pH (C). The amyloid mix was
separated into pure peptides and pure fibrils using ultrafiltration to measure their indi-
vidual contribution to foam stability (D). Surface pressure measurement showing simi-
lar adsorption kinetics for the amyloid mix and the pure peptides (E). Amyloid self-
assembly pathway using acid hydrolysis (F). Schematic illustrating that the air-water
interface is stabilized by peptides, while the amyloid fibrils form a network within the
foam lamella (G).

Additionally, the C potential of the peptides is lower than that of the fibrils (Figure S2),
which reduces the adsorption barrier caused by the double layer repulsion between
adsorbed peptides at the interface and peptides in the bulk. This adsorption barrier is
also the reason for the reduced adsorption of the HEWL amyloid mix and the resultant
weak foams at low pH. Below pH 4, the charge of the system is dominated by the
repulsive forces between the different protonated basic amino acids (arginine, histidine
and lysine). Negative charges are introduced with the deprotonation of the acidic amino

acids, above their pKa of around 4. Even though no drastic decrease in positive charge
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can be observed in the pH-dependent  potential measurements (Figure S2), the neg-
ative charge from the acidic amino acids will cause local attraction and facilitate peptide
adsorption. At pH 6, the acidic amino acids are fully deprotonated and therefore the
double layer repulsion and the connected adsorption barrier are reduced, enabling
more stable foams. The half-life of the foam at pH 8 was even higher. However, ag-
gregates in the 2D foam film could be seen by eye due to too much attraction, which
would also cause inhomogeneity in the foam film coating. Therefore, the optimized
conditions for the coating were an amyloid concentration of 1 mg/mL and pH 6. Addi-
tional treatment of the amyloid mix, such as dialysis or ultrafiltration to reduce the rel-
ative amount of peptides in the system were omitted, to have the full surface activity
provided by the peptides. Note that the results below were all generated with the crude
amyloid system (without further purification) and referred to as amyloids or amyloid

fibrils.
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Figure 11: Thickness measurement of one amyloid fibril coating layer on Si-wafer by
scratching off the coating on the right side of the image and measuring the step height
using AFM (A). Comparison of thickness measurements using AFM and variable angle
spectroscopic ellipsometry (VASE) (B).
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Thickness measurements on HEWL amyloid coating on silicon wafers

Using the optimized conditions of the HEWL amyloid suspension, the stable 2D foam
films were reproducibly coated onto Si-wafers and dried under ambient conditions. Af-
ter the coating was completely dried, additional layers could be added to tune the thick-
ness of the coating. The thickness of the coating after applying one, two, and three
layers of HEWL amyloids was measured by AFM and ellipsometry (Figure 3). The
AFM image in Figure 3A shows the coating on the left side, while the Si-wafer back-
ground exposed by scratching the coating with a syringe needle can be seen on the
right side. The green line indicates the position at which the profile shown below the
AFM image was measured. The coating thickness was measured by subtracting the
average height of the background from the average height of the coating (including tilt
correction). The measured thickness values as a function of number of coating layers
determined by AFM and ellipsometry are summarized in Figure 3B. This demonstrates
that layer-by-layer deposition with drying steps between the individual coating steps
resulted in a discrete increase in layer thickness of around 30 nm with each additional
layer. Notably, drying artifacts such as the coffee ring effect are reduced due to the
amyloid fibril network present in the deposited wet films (Figure S3). The fibril network
maintains its structure and densifies as the apparent amyloid fibril concentration in-

creases upon evaporation of water.

Characterization of the HEWL amyloid fibril coating on TO-CNF nanopapers

To create a fully bio-based and bio-degradable material with antimicrobial properties,
the foam film coating was successfully applied to dried TO-CNF nanopapers. The
stress-strain curves from tensile testing of the nanopaper (Figure S4) and a summary

of the derived mechanical properties (Table S1) are in good agreement with existing
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literature for mechanically strong dry nanocellulose films.[110,172] The homogenous
deposition of the foam film was confirmed with SEM and AFM imaging (Figure 4). The
smooth surface of the TO-CNF nanopaper was clearly covered with amyloid fibrils after

drying the deposited amyloid layer.

AFM height AFM amplitude ETXY

Figure 12: Morphology (SEM, AFM height and amplitude imaging) of TO-CNF nano-
papers uncoated (upper panels) and coated (lower panels) with amyloid fibrils using
the foam film coating method.

Thickness measurements of the coating could not be performed on the TO-CNF sub-
strate, as scratching only the amyloid layer was not feasible and because the refractive
indices of protein and cellulose are too similar to perform meaningful ellipsometry
measurements. Instead, the surface chemistry of the coated nanopapers was charac-
terized using FTIR spectroscopy, XPS, and surface { potential measurements. Figure
5A shows the IR spectrum of an uncoated TO-CNF nanopaper and after the deposition
of the HEWL amyloid fibril coating in the region between 1450 and 1750 cmt (full
spectra can be found in Figure S5A and S5B). The relevant peaks in this region are

the C=0 stretching vibration from deprotonated carboxyl groups of TO-CNF (1612 cm®
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1[174] and the amide | (1650 cm™) and amide Il (1550 cm) contributions of the HEWL
amyloid coating.[175] With the addition of the HEWL amyloid fibrils, a shoulder in the
amide | region around 1650 cm was observed, which can be attributed to the increase
in protein content.[131,175] The uncoated side of the TO-CNF nanopaper shows a
slight increase of absorbance in the amide Il region, which might be due to the absorp-
tion of excess liquid containing peptides into the bulk of the TO-CNF nanopaper. Due
to the absorption of peptides into the sample and the penetration depth of the infrared
radiation in the order of micrometers,[176] protein was even detectable when measur-
ing the uncoated side of the TO-CNF nanopaper. Figure 5B shows XPS spectra
providing complementary information about the chemistry at the immediate surface
(penetration depth ~10 nm).[177] As expected, the spectrum for the uncoated side TO-
CNF side of the nanopaper was dominated by the C 1s (284 eV), and O 1s (532 eV)
peaks, whereas the N 1s (398 eV) appeared after depositing the HEWL amyloid fibril
coating. The elemental composition of the coating layer was 69 % carbon, 18 % oxygen
and 13 % nitrogen, which are values typically found for protein layers.[178] The un-
coated side contained around 1 % of nitrogen as well, which is likely due to the ab-
sorption of peptides mentioned above. Changes in the surface charge of the coated
nanopapers were confirmed with surface { potential measurements (Figure 5C). The
negative potential (-2 mV) of the uncoated TO-CNF nanopapers turned positive after
the deposition of the amyloid coating layer (+1 mV). Importantly, the ¢ potential values
from surface measurements and suspension measurements at pH 7 (Figure 5D) are
only comparable qualitatively and not in terms of absolute values. This is due to the
reduced specific area of the measured surfaces as well as the different morphologies

compared to the suspension and the fundamentally different measurement setup. Fur-
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thermore, the high pressure during the rinsing step and the surface { potential meas-
urement might shear off some of the adsorbed amyloids on the surface of the TO-CNF

resulting in underestimation of the surface C-potential.
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Figure 13: Surface characterization of TO-CNF nanopapers without (green) and with
(red) the amyloid fibrils deposited with the foam film coating method. FTIR spectra of
each side of the coated nanopaper (continuous lines) and reference spectra corre-
sponding to pure TO-CNF and amyloids (dashed lines) (A). XPS spectra of uncoated
and coated samples, with a nitrogen peak accounting for 13% of the elemental com-
position (B). Surface ( potentials of uncoated and coated TO-CNF nanopapers (C)
compared to ¢ potentials of TO-CNF and amyloid suspensions at pH 7 (D).

The stability of the HEWL amyloid coating on the TO-CNF nanopapers was assessed
by immersing a triplicate of samples in MilliQ water for 48hours. Ultraviolet-visible (UV-
vis) spectroscopy of the MilliQ water showed that the released material was mostly
TO-CNF, which could also be seen by AFM imaging of the solution (Figure S6). De-
spite the lack of a pronounced protein signal in the UV-vis spectrum, some peptides
could be seen in AFM as well, but no amyloid fibrils. These findings indicate that the
TO-CNF nanopapers might not be stable enough for further use as wound dressing
materials and require physical or chemical cross-linking to grant stability/integrity and
improve the mechanical properties. However, AFM imaging of the amyloid-coated na-
nopapers after immersion in MilliQ water for 48 h confirmed the stability of the HEWL
amyloid fibril coating (Figure S7). This can be explained by the good adhesion of the

positively charged HEWL amyloids on the negatively charged TO-CNF,[179] as well
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as the entanglement of the fibril network, allowing only for the release of unreacted

peptides but not the amyloid fibrils.

The hybrid HEWL amyloid coated TO-CNF nanopaper could potentially be used as a
wound dressing, due to its high tensile strength, biocompatibility, transparency allowing
to monitor the wound and its ability to control the moisture of the wound.[171] Another
more cost-effective way to prepare a hybrid wound dressing using the HEWL-amyloid
2D foam coating could be its application onto other cellulose-based wound care mate-

rials like gauzes.[38]

Antimicrobial activity of the HEWL amyloid fibril coating

After confirming the successful and homogenous coating of TO-CNF nanopapers with
the positively charged HEWL amyloid fibril layer, the antimicrobial activity of the hybrid
material was investigated. The samples coated with HEWL amyloid fibrils were tested
against S. aureus (Gram-positive bacteria), E. coli (Gram-negative bacteria) and C.
albicans (pathogenic yeast). The TO-CNF nanopaper coated with HEWL amyloid fibrils
showed a broad-spectrum antimicrobial effect against all the pathogens tested (Figure
6A and 6B). The highest reduction of microbial growth, of almost 3 orders of magnitude
compared to uncoated TO-CNF nanopaper (99.6% killing ratio), was observed against
S. aureus. The reduction of E. coli and C. albicans was below 1 order of magnitude,
corresponding to 82% and 72% killing efficiency, respectively. These results are qual-
itatively in good agreement with our previous study assessing antimicrobial potential
of HEWL amyloid suspensions.[131] A similar broad-spectrum antimicrobial activity
was found in both cases, with the best activity against S. aureus and higher concen-

trations needed to inhibit the growth of E. coli and C. albicans, which is in agreement
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with other literature as well.[32,58] A direct quantitative comparison of the amyloid sus-
pensions and the coating surface is difficult, since the experimental approaches for
testing the antimicrobial activity differ fundamentally. Due to the substantially reduced
surface area in the coating layer compared to amyloids in suspension, the exposure of
the bacteria to positively charged groups is decreased, which is also supported by the
¢ potential data. However, the broad-spectrum antimicrobial effect can still be linked to
the interactions between the positively charged amyloid fibrils and the negatively
charged cell wall and cell membrane of the microbial cells (Figure 6C). This antimicro-
bial mode of action based on positive charge has been proposed before for amyloid
fibrils[32,58] and seems to be a common feature among cationic polymers[54,180] and
also plays a role for the antimicrobial activity of cationic antimicrobial peptides.[181] In
our previous publications we observed antimicrobial activity of the peptide fraction.[131]
As discussed above, there is a release of peptides from the HEWL amyloid coating,

which might also contribute to the antimicrobial effect through diffusion into the bulk

medium.
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Figure 14: Antimicrobial activity of the uncoated TO-CNF nanopapers (green bars) and
coated (red bars) with HEWL amyloid fibrils, expressed as microbial growth in CFU
after 4 h of incubation (A). The same data expressed as killing ratio (B). Schematic
illustrating the proposed mode of action based on electrostatic interactions between
the positive charges of the coating and the negative cell walls and membranes of mi-
croorganisms leading to their rupture and the death of the microorganisms (C).
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Conclusion

We report the successful use of 2D foam films based on HEWL amyloids as a coating
method. The adsorption of HEWL amyloid fibrils at the air-water interface is concen-
tration and pH dependent and actually dominated by the contribution of unconverted
peptides present in the suspension. Therefore, the interfaces are effectively stabilized
by the peptides, while the amyloid fibrils remain in the bulk of the foam lamella in the
form of a network. The 2D foam film coating is a facile way of coating amyloid fibrils
onto various substrates and offers tunability of the coating thickness by layer-by-layer
deposition. The homogeneity of the coating was confirmed by SEM and AFM imaging,
as well as spectroscopy techniques (FTIR and XPS). The 30 nm thick HEWL amyloid
fibril coating is thick enough to shield the negative charge of the TO-CNFs as seen in
surface ¢ potential measurements of the coated nanopaper. Importantly, the HEWL
amyloid coating resulted into functionalization of TO-CNF nanopaper, which showed
broad-spectrum antimicrobial activity against S. aureus (Gram-positive), E. coli (Gram-
negative) and C. albicans (pathogenic yeast) based on interactions between the posi-
tive charges of the HEWL amyloids and the negatively charged cell walls and mem-
branes of the microbes leading to their disruption. The antimicrobial effect was strong-
est against S. aureus (3-log reduction of growth compared to uncoated TO-CNF nano-
papers), while for E. coli and C. albicans the reduction was less than 1-log reduction.
Our results indicate that for surface active proteins and protein aggregates the foam
film coating potentially offers an alternative to other coating mechanisms, such as dip
coating or spray coating, especially if it can be optimized to make the process contin-
uous. The HEWL amyloid coated TO-CNF nanopapers are particularly attractive for
their use as bio-based and, bio-compatible and bio-degradable wound dressing mate-

rial, with an additional antimicrobial functionality. Overall, our findings offer a promising
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alternative to traditional coating methods and contribute to the development of innova-

tive biomedical materials.
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pH-dependent ¢ potential of the different amyloid species, stress-strain curves of the
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properties, full FTIR spectra of coated and uncoated samples, control experiments on

amyloid release from coating by UV-vis spectroscopy and AFM.
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Figure S1: Photography of the loop with a HEWL amyloid 2D foam film at pH 8, show-
ing inhomogeneity due to aggregation.
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Figure S2: pH-dependent ¢ potential of the amyloid mix and the pure amyloid fibrils
and peptides separated by ultrafiltration.
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Figure S3: Photo of a silicon wafer that was covered with tape on the left side (uncoated)
before depositing a layer of the 2D amyloid foam coating. After drying the tape was
removed and the homogenous coating was visible on the right side (coated).
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Figure S4: Stress-strain curves of the tensile tests performed on a triplicate of TO-CNF
nanopaper.
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Table S1: Summary of the result of the tensile tests including Elongation at break,
modulus, tensile strength, and toughness, as well as water sorption behavior.

Elongation at Break 2.27+0.24%
Modulus 6.66 + 2.21 GPa
Tensile Strength 84.40 £ 11.80 MPa
Toughness 1.38 + 0.06 MIm™3
Swelling 2320 £ 260 %
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Figure S5: Full FTIR spectra of the side of the TO-CNF nanopaper coated with HEWL
amyloid fibrils in red and reference dried HEWL amyloid fibril suspension in black (A).
Full FTIR spectra of the uncoated side of the TO-CNF nanopaper in green and refer-
ence dried TO-CNF suspension in black (B).
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Figure S6: UV-vis spectrum of the material released from the TO-CNF nanopaper
coated with HEWL amyloids (immersion of the film in MilliQ water for 48 h). For refer-
ence spectra of a 1 mg/mL amyloid fibril solution and a 2.5 mg/mL TO-CNF suspension
are shown. The AFM images show the released material adsorbed onto freshly cleaved
mica (negatively charged, adsorbing only positively charged peptides released from
the coated nanopaper) and APTES-modified mica (positively charged, adsorbing neg-
atively charged TO-CNFs released).

10 mV

=-10 mV

Figure S7: AFM height and amplitude images of a TO-CNF nanopaper coated with
HEWL amyloids after immersion in MilliQ water and drying.
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ABSTRACT

Amyloid fibrils from inexpensive food proteins and nanocellulose are renewable and
biodegradable materials with broad ranging applications, such as water purification,
bioplastics and biomaterials. To improve the mechanical properties of hybrid amyloid-
nanocellulose materials, their colloidal interactions need to be understood and tuned.
A combination of turbidity and zeta potential measurements, rheology and atomic force
microscopy point to the importance of electrostatic interactions. These interactions
lead to entropy-driven polyelectrolyte complexation for positively charged hen egg
white lysozyme (HEWL) amyloids with negatively charged nanocellulose. The com-
plexation increased the elasticity of the amyloid network by cross-linking individual fi-
brils. Scaling laws suggest different contributions to elasticity depending on nanocellu-
lose morphology: cellulose nanocrystals induce amyloid bundling and network for-
mation, while cellulose nanofibrils contribute to a second network. The contribution of
the amyloids to the elasticity of the entire network structure is independent of nanocel-
lulose morphology and agrees with theoretical scaling laws. Finally, strong and almost
transparent hybrid amyloid-nanocellulose gels were prepared in a slow self-assembly
started from repulsive co-dispersions above the isoelectric point of the amyloids, fol-
lowed by dialysis to decrease the pH and induce amyloid-nanocellulose attraction and
cross-linking. In summary, the gained knowledge on colloidal interactions provides an
important basis for the design of functional biohybrid materials based on these two

biopolymers.
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INTRODUCTION

Amyloids are fibrillar protein aggregates with a characteristic structure consisting of
antiparallel B-sheets stacked perpendicular to the fibril axis [8]. Albeit amyloids are
notorious for their role in many human diseases (e.g. Alzheimer's and Parkinson's),
there are many known examples of functional amyloid fibrils, not only in microorgan-
isms, but also in humans, where they are involved in hormone storage and release,
and in the polymerization of melanin [9]. Some bacteria even exploit the rigidity and
resistance to chemical or biological degradation of amyloid fibrils, which are a basic
component of biofilms [9,182]. In addition to amyloid curli fibers, Escherichia coli bio-
films also contain roughly 15% cellulose, resulting in a reinforced biocomposite, self-
assembled into robust and elastic cage-like structures [125,183]. More generally, the
rigidity and strength of amyloid fibrils makes them attractive for the design of renewable
and biodegradable materials and simple aggregation protocols for the preparation of
amyloids in vitro from inexpensive protein sources have been developed
[6,9,11,184,185]. For instance, hen egg white lysozyme (HEWL) and milk B-lactoglo-
bulin (BLG) are two food proteins that form amyloids after acid hydrolysis into peptide
fragments, which in turn self-assemble into semi-flexible, high aspect ratio amyloid fi-
brils with the typical cross--sheet structure [25,27,147,149]. In recent years, amyloid
fibrils made from HEWL and BLG in the form of hydrogels, aerogels, films and compo-
sites have found applications in biomaterials [9,35,163,185], membranes for water pu-

rification [166,186—188], bioplastics [167] and electronics [184].

To improve the mechanical properties of macroscopic amyloid materials, combinations
of amyloid fibrils with polysaccharides [127] and with nanocelluloses [104,189] have

been tested. Nanocelluloses are a class of bio-based and biodegradable materials with
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excellent mechanical properties and an immensely broad range of applications in func-
tional materials [79,80,107,108,111]. The term "nanocelluloses" encompasses cellu-
lose nanofibrils (CNFs) containing disordered and crystalline regions and pure crystal-
line cellulose nanocrystals (CNCs) [81,82]. Colloidally stable dispersions of CNFs can
be obtained from wood pulp by oxidation with 2,2,6,6-tetramethyll-piperidinyloxyl
(TEMPO) and mechanical grinding. The TEMPO-oxidized CNFs (TO-CNFs) are stabi-
lized by negatively charged carboxyl groups [82]. CNCs are commonly prepared from
wood pulp or cotton by a sulfuric acid hydrolysis treatment that shortens the CNCs and
introduces negatively charged sulfate half-ester groups [81]. The negative charge of
chemically modified nanocelluloses (or other polysaccharides) and the pH-dependent
positive charge of proteins are the basis for polyelectrolyte complexation, a common
type of interaction between oppositely charged polymers [80,115,116]. Polyelectro-
lytes are surrounded by an electrical double layer, a cloud of tightly packed counter-
ions with reduced translational entropy. When complexes are formed through ionic
bonds, the entropy of the polyelectrolytes is decreased, however the entropy of the
system as a whole is increased due to the release of large amounts of counter-ions
and bound water. Therefore, the driving force for complexation is the gain of entropy
rather than short-ranged interactions between the polyelectrolytes [80,116-118]. In the
specific case of positively charged, native lysozyme adsorbing onto mechanically dis-
integrated CNFs, isothermal titration calorimetry (ITC) proved that the adsorption is
entropy-driven and influenced by the protonation state of hemicelluloses remaining on
the CNF surface [119]. Similarly, the entropic gain from the release of water molecules
and counter-ions and the strong effect of ionic interactions on the adsorption efficiency
have been confirmed for negatively charged bovine serum albumin (BSA) mixed with
positively charged pyridinium-grafted CNCs [120]. These purely physical interactions

have been exploited to adsorb proteins onto nanocelluloses in order to prepare hybrid
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materials. Depending on the functionality of the protein (enzyme) possible applications
include biocatalysis [190,191], sensing [192], and the use as antimicrobial material
[121,193]. Composites of oppositely charged nanocellulose and HEWL amyloid fibrils
have been studied in recent years. Positive HEWL amyloids possess a broad-spectrum
antimicrobial activity [131] and have been used to prepare antimicrobial films, in com-
bination with TO-CNF [57] and CNCs [104]. Combinations of HEWL amyloids and TO-
CNF have also shown their potential for water purification, efficiently removing proteins,
emulsion droplets and heavy metals [194,195]. However, the mechanical performance
of hybrid amyloid-nanocellulose films and aerogels has been poor, as no synergistic
effect has been observed so far [57,104,189]. The complexation of the oppositely
charged polyelectrolyte particles seems to lead to inhomogeneity and to defects in the

network, which adversely affect the overall mechanical performance [104,121,189].

To understand the interplay of these biocolloidal systems, we investigated the basic
colloidal interactions in suspensions of HEWL and BLG amyloids with CNCs using tur-
bidity measurements, zeta potential measurements, rheology and atomic force micros-
copy (AFM). Rheological measurements of the HEWL amyloid-CNC complexes were
compared to those obtained using the unconverted peptide fraction. The dependence
of the amyloid network elasticity on both amyloid and CNC concentration was tested
and described with power laws. Finally, the self-assembly of amyloids with CNCs as
cross-linkers was studied by co-dispersing the two components at a high pH at which
both polymers are negatively charged, followed by dialysis against a low pH solution
to introduce positive charges on the protein fibrils and thus induce their interaction and
physical cross-linking with CNCs. This approach led to the formation of strong, almost
transparent hybrid gels. To study the effect of nanocellulose morphology on the rheo-

logical properties of the hybrid gels, TO-CNFs were also considered in addition to the
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CNCs. Overall, the findings of this study contributes to an improved fundamental un-
derstanding of the colloidal interactions between amyloid fibrils and nanocellulose and
provide important knowledge for the bottom-up self-assembly of functional biohybrid

materials.

EXPERIMENTAL
Materials

HEWL (Mw = 14.3 kDa, purity>90%) was purchased from Sigma-Aldrich. Purified BLG
was (Mw = 18.4 kDa, purity>97%) provided by the Food and Bioprocess Engineering
group at the Technical University of Munich [196]. CNCs were purchased from Cel-
luForce. TO-CNFs were prepared in-house according to a previously published proto-
col [121].

The 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, purity>99.5%), so-
dium hydroxide (NaOH, purity>99%) and hydrochloric acid (HCI, 37%) were obtained
from VWR. The (3-aminopropyltriethoxysilane (APTES, purity>98%) was purchased

from Sigma-Aldrich. All chemicals were used as received without further purification.

Methods
Preparation of amyloid fractions

HEWL and BLG amyloid fibrils were prepared by acid hydrolysis and aggregation at
pH 2, 90 °C and protein concentrations of 2 wt% as described before [131]. After 24 h
and 5 h for HEWL and BLG, respectively, semi-flexible, high aspect ratio amyloid fibrils
were formed. In both cases, roughly 38% of the protein was converted into amyloid
fibrils, while the rest of the protein occurs as hydrolyzed peptides [131,150]. Stiff amy-

loid fibrils a few hundred nanometers long were prepared using a probe sonicator
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[104,131,189]. The unconverted peptide fraction was separated from the amyloid fibrils
using a centrifugal filter (Amicon) with a molecular weight cut-off (MWCO) of 100 kDa,
and the exact concentration was measured by UV-Vis spectroscopy [131]. The sus-
pensions of the different amyloid fractions, from now on called amyloids, sonicated

amyloids and peptides, were stored in the refrigerator at 4 °C until further use.

Preparation of nanocellulose suspensions

A stock CNC suspension was prepared at a concentration of 2 wt% by mixing the
CNCs with MilliQ water using stirring and tip sonication (Digital Sonifier 450, Branson

Ultrasonics) [104]. The concentration of the original TO-CNF suspension was 1.4 wit%.

Mixing of amyloid fractions and nanocellulose

The amyloid fractions and the nanocellulose stocks were diluted with 10 mM HEPES
buffer at pH 7 to a final concentration of 2 mg/mL. The pH of the suspension was
measured and adjusted to 7 with 1 M HCI or NaOH. Subsequently, the amyloid frac-
tions and the nanocellulose were mixed in different ratios, keeping one component at
a constant final concentration of 1 mg/mL (denoted by the index 10) and adding the
other component at a final concentration of 0.1, 0.2, 0.3, 0.5, 0.7, 1.0, and 2.0 mg/mL
(denoted by indices 1 to 20). An amyloid to nanocellulose ratio of 1 to 0.1 mg/mL would
be denoted by 10:1, while a sample containing 0.1 mg/mL amyloids and 1 mg/mL
nanocellulose would be denoted by 1:10. It should be noted, that the total solid content
varied throughout a series of amyloid-nanocellulose ratios. A detailed mixing plan can

be found in Table S1.
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Optical characterization

The optical density of the mixed amyloid-CNC samples was measured at a wavelength
of 600 nm using a Cary 1E spectrophotometer. The measurements were performed in
PMMA cuvettes with a path length of 1 cm and the baseline measurement of 10 mM
HEPES buffer at pH 7 was subtracted. Additionally, photographs of the suspensions

were taken to show the increase in turbidity due to complexation.

¢ potential measurements

The different amyloids and nanocellulose ratios were diluted by a factor of 10, using
10 mM HEPES buffer at pH 7. The  potential measurements were performed in tripli-
cate using a Malvern Zetasizer nano ZS equipped with a folded capillary cell. The mean
and the standard deviation of the three measurements are reported. However, since
standard deviations were in general very small, they were not visible in some of the

figures.

Atomic force microscopy

The complexation of the different amyloid fractions with the CNCs in the nanometer
range was studied by AFM imaging in tapping mode using a Bruker Icon 3 AFM
equipped with Bruker RTESPA-150 probes. The samples were diluted by a factor of
10, using 10 mM HEPES buffer at pH 7 (pure CNCs were diluted to 0.01 mg/mL). After
vortexing, 100 uL were dropped onto freshly cleaved mica, adsorbed for 1 min and
then rinsed off with 1 mL MilliQ water. For the samples with positive zeta potentials,

negatively charged unmodified mica was used, whereas for samples with negative zeta
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potentials, the mica was modified with APTES to make it positively charged. The im-
ages were acquired at a scan rate of 0.5 Hz and a resolution of 1024x1024 lines. The

raw data was flattened and processed with the Bruker Nanoscope software.

Rheological characterization

The rheological properties of the amyloid-nanocellulose mixtures were measured with
an Anton Paar MCR 702 rheometer equipped with a double gap geometry DG26.7.
During the measurement the temperature of the samples was kept constant at 20°C
using a Peltier element. The linear viscoelastic regime was prescreened by amplitude
sweeps at frequencies of 0.1, 1, and 10 rad/s. Finally, a frequency sweep from 0.1 to
100 rad/s at constant shear strain of 1 % and an amplitude sweep from 0.1 to 1000 %
shear strain at a frequency of 1 rad/s were performed. Subsequently, the measuring
cell was loaded with fresh sample and the shear viscosity was measured at shear rates

ranging from 0.01 to 100 s™.

The dependence of the amyloid network elasticity on amyloid and nanocellulose con-
centration was characterized with the plateau storage modulus Go obtained from the
storage modulus G' measured in the frequency sweeps at a fixed amplitude of 1 %.
The mean of Go determined in triplicate, with error bars for the standard deviation was
plotted against the amyloid and nanocellulose concentrations, respectively, in a dou-
ble-logarithmic plot. The slope of the linear regression fitted with Origin 2022
(OriginLab Corporation, Northampton, MA, USA) including the standard deviation of

the fit was taken as the exponent of the power law.
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pH induced gelation

The HEWL and BLG amyloids were co-dispersed with the CNCs at a pH above the
isoelectric point (pl) of the proteins, where both the amyloids and the CNCs are nega-
tively charged. In order to immediately cross the pl during mixing, the 5 mL of 2 wt%
HEWL amyloids at pH 2 were slowly mixed into 5 mL 2 wt% CNCs containing 75 pL 4
M NaOH. In the case of co-dispersions of BLG amyloids with CNCs, both components
were brought to pH 7 and then mixed. The gelation of the mixtures was induced by
lowering the pH below the pl of the protein, where the amyloids are positively charged
and complexation with the CNCs leads to physical cross-links. The pH change was
achieved by using cut off 50 mL centrifuge tubes and covering the newly formed open-
ing with a 1 kDa MWCO dialysis membrane (Repligen) attached with parafilm, similar
to the setup described by Usuelli et al. [127]. For the rheological measurements, 2 mL
of the CNC-amyloid co-dispersion were transferred into the custom-made dialysis
tubes and then put into pH-adjusted (pH 3, 5, 7, 9) MilliQ baths overnight. The inner
diameters of the dialysis tubes and the rough plate-plate geometry were both 25 mm,
which enabled non-invasive (no cutting et cetera) analysis of the viscoelasticity of the
gels. Frequency sweeps of the co-dispersions and the gels were measured at 1% de-
formation in the range of 0.1 to 1000 rad/s. Compression tests were performed using
the Anton Paar MCR 702 multidrive rheometer equipped with linear motor and the

rough plate-plate geometry.

Cryogenic scanning and transmission electron microscopy

Samples for cryo-SEM were prepared by placing 5 pL of the liquid samples (pure am-

yloid fibrils and CNCs) on carbon coated TEM-grids (Quantifoil, Germany) previously
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positively glow-discharged (Pelco easiGlow, TedPella, USA). For the hydrogel sam-
ples, the grid was placed onto the gel surface and then removed with material from
inside the hydrogel exposed. After blotting and washing (for gel samples washing was
omitted), the grids were plunge-frozen in a mix of liquid ethane/propane, freeze-dried
up to =80 °C in a freeze-fracturing system BAF 060 (Bal-Tec/Leica, Vienna), then
coated with tungsten (3 nm at an elevation angle of 45° and 3 nm at 90°) and imaged
at -120 °C and 2 kV in a field emission SEM Leo Gemini 1530 (Zeiss, Germany)
equipped with a cold stage (VCT Cryostage, Bal-Tec/Leica, Vienna). In-lens SE and
Everhart-Thornley SE-signals at an acceleration voltage of 2 kV were used for image
acquisition.

For cryo-TEM, aliquots of samples were applied onto lacey carbon-coated copper grids
(EMS, USA), which were previously positively glow-discharged (Pelco easiGlow,
TedPella, USA). Excess of sample was blotted away for two seconds and the grids
were plunge frozen in a mixture of liquid ethane/propane (continuously cooled by liquid
nitrogen) using a Vitrobot Mark IV (Thermo Fisher Scientific, USA) with the environ-
mental chamber set to 22 °C and 100% humidity. Vitrified grids were stored in liquid
nitrogen until further processing. The cryo-EM grids were loaded into a Titan Krios
microscope operating at 300 kV (Thermo Fisher Scientific, USA), equipped with a Ga-
tan Quantum-LS Energy Filter (GIF) and a Gatan K2 Summit direct electron detector.
The samples were imaged in EFTEM mode using the Thermo Fisher Scientific EPU
software (81000x magnification, ca. 40 e/A2 total electron dose, K2 in linear mode),
with a defocus range of -2 to -4 um. The diameters of the amyloids, CNCs and struc-
tures formed in the hybrid amyloid-CNC gels were measured using ImageJ software
[197]. In total, the diameters of 30 individual objects from several images were ana-

lyzed and reported as mean and standard deviation.
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RESULTS AND DISCUSSION

7 nm

'HEWL amyloids

BLG amyloids

-2 nm

Figure 1: AFM images of HEWL and BLG amyloid fibrils and their mixtures with CNCs
at an amyloids:CNC ratio of 10:3. The scale bars correspond to 1 pm.

Effect of charge on the interactions between amyloids and CNCs

To probe the colloidal interactions between amyloids and CNCs, mixed suspensions
at different ratios (index 10=1 mg/mL) were prepared (Table S1). HEPES buffer (10
mM) was used to keep the pH constant at 7, at which HEWL amyloids were positively
charged and BLG amyloids were negatively charged, respectively. Upon aggregation,
both HEWL and BLG form semi-flexible amyloid fibrils with diameters of few
nanometers and lengths of several micrometers, as shown by AFM (images on the left
in Figure 1). CNCs are stiff rod-like particles with diameters of a few nanometers and
lengths of several hundred nanometers (image in the middle in Figure 1). Upon mixing
HEWL amyloids with CNCs at a ratio of 10:3, complexation was observed, while CNCs
and BLG amyloid mixtures were homogenously co-dispersed (images on the right in

Figure 1). Note that, the AFM images should be taken as qualitative snapshots of the
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interactions (complexation vs. co-dispersion) occurring in the respective systems and
cannot be compared in terms of amyloid or CNC concentrations. The complexation of
HEWL amyloids with CNCs resulted in an increased turbidity, due to the increased
scattering of light (turbidity measurements in Figure 2A and photographs in Figure S1).
In contrast, BLG amyloid-CNC co-dispersions remained transparent. Moreover, the
complexation led to a compensation of the positive charge of the HEWL amyloids by
the CNCs, as observed with { potential measurements (Figure 2B). HEWL amyloids
at pH 7 had a C potential of +30 mV, which was decreased with increasing amounts of
added CNCs (C potential -40 mV). The charge was completely neutralized at a HEWL
amyloid-CNC ratio of 6:10 (zero net charge). The  potential values of BLG amyloids
(-37 mV) and CNCs were almost identical, which explained the nearly constant slope
over all the measured ratios. It should be pointed out that the peak in turbidity was
shifted to a ratio of 10:10 for the HEWL amyloid-CNC system and instead of the point
of zero net charge (6:10). This can be attributed to the increased total solid content at
the 10:10 ratio forming more complexes that scatter light and cause turbidity.
Furthermore, the complexation of HEWL amyloids and CNCs led to an increase of the
viscoelastic properties of the amyloid network, while the storage modulus G' and loss
modulus G" remained low for the CNC-BLG amyloid co-dispersions (Figure 2C). The
same complexation behavior upon mixing with CNCs was found for shortened amyloid
fibrils and unconverted peptides (Figure S2 and S3), with reduced rheological

properties compared to full-length amyloids (Figure S4).
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Figure 2: Turbidity (ODeoo) (A) and ¢ potential measurements (B) of amyloid-CNC mix-
tures at different ratios. Frequency sweeps at a fixed amplitude of 1% of pure HEWL
and BLG amyloid fibrils (10:0) and amyloid-CNC mixtures at the 10:10 ratio, 10=1
mg/mL (C).

Overall the results in Figure 1 and Figure 2 demonstrate the importance of ionic
interactions in promoting the complexation between protein amyloids and CNCs. As
already pointed out by several studies of our group, polyelectrolyte complexation
dominates the interactions of both native (i.e. monomeric) HEWL and HEWL amyloids
with nanocelluloses [104,121,189]. The oppositely charged HEWL amyloids mixed with
CNCs undergo complexation driven by the gain of entropy in the system, due to the
release of counter-ions and bound water, rather than short-ranged ionic interactions
[119,120]. Already the pure amyloid suspensions (10:0) formed a network of semi-
flexible fibrils, as shown in the rheology measurements (G' > G"). The increase of G'
upon the addition of CNCs, while keeping the HEWL amyloid concentration constant

(10:10), suggested the formation of cross-links in the amyloid network.

Origin of the amyloid network elasticity

Rheology measurements also indicated that the viscoelastic properties of a network of
HEWL amyloids and CNCs strongly depend on the ratio between these two particles,
as this is related to the degree of complexation and cross-linking (Figure 3). The

frequency sweeps of samples at a fixed amyloid concentration (10=1mg/mL) and
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increasing amounts of CNCs indicated a progressive increase of G' values. Plotting
the plateau modulus Go (G' at 1% amplitude and 1 rad/s frequency) against the
concentration of CNCs/amyloids, in a double-logarithmic plot, while keeping the

respective other component constant, allowed to determine power laws (Figure 3A and

1.040.1

3B). The scaling behaviours of Gy~cioz* and Go~c230%

amyloids Were found. The power law

for the amyloid concentration dependence was only valid for HEWL amyloid
concentrations up to 0.6 mg/mL (white regime), while a plateau was reached at higher
amounts of amyloids (grey regime). At this CNC-amyloid ratio of 6:10, all the CNCs
(fixed concentration of 10=1 mg/mL) were assumed to be adsorbed onto the amyloid
fibrils and their ability to further cross-link the amyloid network was exhausted.
Therefore, higher additions of amyloids were not efficiently cross-linked and no further
increase in elasticity was observed in the considered concentration window. This
finding was supported by the zero net charge between the 5:10 and 7:10 ratio, as
determined by  potential measurements (Figure 2B). This corresponds to an amyloid
concentration of roughly 0.6 mg/mL, as shown also in Figure 3C, were the { potentials
were replotted against the concentration of amyloids. The same set of experiments

was also performed for BLG amyloids mixed with CNCs at pH 3, with similar results

(Go~cenz®* and Go~cZ 304 ), however only four data points could be used for fitting,

since the plateau was reached already at 0.3 mg/mL BLG amyloid concentration

(Figure Sb).
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Figure 3: The plateau modulus Go at a fixed amyloid concentration of 1 mg/mL in de-
pendence on the added CNCs, including the linear fit determining the exponent of the
power law (A). The plateau modulus Go at a fixed CNC concentration of 1 mg/mL in
dependence on the amyloid concentration, including the linear fit determining the ex-
ponent of the power law for concentrations up to 0.6 mg/mL (white regime) (B). At
higher concentrations a plateau was reached (grey regime). The ( potentials at a fixed
CNC concentration of 1 mg/mL with increasing amyloid additions at pH 7 (C).

The determined power laws allow to draw certain conclusions about the structure of

the network and the reason for its elasticity. The power law Gy~caoa "

reflects an
almost proportional response of the elasticity when more CNCs are added. This lack
of a synergistic effect on the mechanical properties of hybrid amyloid-nanocellulose
films and aerogels has been observed before and was attributed to inhomogenities
causing defects in the network [104,189]. The exponent of the power law can provide
information about the cross-linking mechanism. For instance, a much higher exponent
of 4.4 was obtained for BLG and HEWL amyloid networks cross-linked with sodium
chloride (NaCl), suggesting a cross-linking mechanism based on charge screening,
which effectively increased the probability for physical cross-links to form at the
entanglement points in the network [198]. Further examples for exponents larger than
1 are associated with the bundle formation (increase of the bending rigidity of the
building blocks of the network) of actin filaments induced by the specific binding of

scruin or fascin proteins (exponents of 2 and 1.5, respectively) [199,200]. Instead, a

lower exponent of 0.6 has been reported for intermediate filaments, due to the cross-
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linking with Ca?* ions occurring via negatively charged side chains. Here, the cross-
linking efficiency was reduced due to cross-links forming between side chains of the
same filament, which then did not contribute to the elasticity of the intermediate
filament network [201]. Based on these literature examples, we hypothesize that the
cross-linking occurs through a mixed process of cross-linking at entanglement points,
amyloid bundling and CNC aggregation with residual unconverted peptides (roughly
60% of the total protein mass [131]), effectively reducing the CNC surface available for

cross-linking with amyloids and thus the contribution to the network elasticity.

The scaling of the elasticity with amyloid concentration to the power of 2.3+0.1 is in
good agreement with theoretical models and experimental data for semi-flexible
polymers [202,203]. Mackintosh et al. [54] developed the affine thermal model to

describe the elasticity of actin networks:
2

K
Go~—=&72L;3
0 kBT e

where x denotes the bending modulus, ks the Boltzmann constant, T the absolute

temperature, ¢ the average mesh size of the network, and Le the characteristic

-1/2
amyloid

-2/5
amyloid

entanglement length. Since ¢é~c and L,~c the elasticity scales with the

amyloid concentration to the power of 2.2 [202]:

11/5
GO~Camyloid

Indeed, Cao et al. found exponents of 2.2 for semiflexible BLG and HEWL amyloids
cross-linked with NacCl, fitting the affine thermal model [198]. Instead, van Dalen et al.
used the non-affine floppy modes model on to describe their HEWL amyloid network

elasticity, scaling with the amyloid concentration to the power of 2.4 [204].
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Using pH-dependent charge of amyloids to induce gelation
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Figure 4: lllustration of the slow pH-mediated self-assembly of amyloids and CNCs (A).
Photographs of hybrid amyloid-CNC gels (red: HEWL, blue: BLG) at a concentration
of 10 mg/mL amyloids and CNCs each (B). pH-dependent  potentials of pure HEWL
and BLG amyloids including isoelectric points (C). ¢ potential measurements of the
amyloid-CNC mixtures (10:10 ratio) at different pH. The data points were connected
by a line to guide the eye (D). Frequency sweeps of the amyloid-CNC hybrid gels and
the co-dispersions at the corresponding pH (E). pH-dependent plateau storage modu-
lus Go (F).

With the gained knowledge on amyloid-CNC interactions, hybrid gels at a total solid
content of 20 mg/mL were self-assembled exploiting the dependence of the charge of
the amyloids on the pH (Figure 4A and 4B). To have a purely repulsive system where
both particles are co-dispersed in absence of complexation, amyloids and CNCs were
homogenously mixed at a pH higher than the isoelectric point (10.2 in the case of
HEWL amyloids and 5.2 for BLG amyloids) (Figure 4C). The co-dispersions were pi-
petted into a custom-made dialysis tube, which was immersed into MilliQ water at pH
7 (for HEWL amyloid-CNC mixtures) or pH 3 (for BLG amyloid-CNC mixtures), respec-

tively. This pH shift to a value lower than the isoelectric point of the amyloids introduced
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positive charges on the protein colloids, enabling ionic interactions with the negatively
charged CNCs (Figure 4D, data for dispersions at amyloid-CNC 10:10). After over-
night dialysis, homogenous and almost transparent amyloid-CNC hybrid gels were
formed with both HEWL amyloids (Figure 4B red frame) and BLG amyloids (Figure 4B
blue frame). The HEWL amyloid-CNC gels trapped some air bubbles, which was the
reason for the seemingly lower transparency. Overall, the slow self-assembly of the
hybrid network led to homogenous gels and the formation of light-scattering features
could be avoided. Figure 4E shows the increased storage modulus of the gels com-
pared to the co-dispersions (1.5 and 2.5 orders of magnitude for HEWL amyloid-CNC
and BLG amyloid-CNC gels, respectively). The higher storage modulus of the CNC-
HEWL amyloid co-dispersion compared to the CNC-BLG amyloid co-dispersion was
due to the addition of the sodium hydroxide needed to reach pH 12 (roughly 30 mM),
which led to charge screening by Na* and slight aggregation of the CNCs [205]. The
storage moduli of both gels reached several kPa, which is slightly higher than previous
values measured for amyloid gels at the same total solid content (20 mg/mL) cross-
linked with 300 mM NaCl and reinforced with different polysaccharides [127]. Figure
4F shows the dependence of Go on the equilibrium pH after dialysis for HEWL amyloid-
CNC gels. As seen before, the 1.5 order of magnitude increase in Go occurred after
crossing the isoelectric point. The elasticity gradually increased when the pH was
lowered, from ~3000 Pa at pH 9 to ~8000 Pa at pH 3. This can be associated to the
increased linear charge density of the HEWL amyloids ({ potential in Figure 4C) at

lower pH, and to the ability to form more or stronger cross-links with CNCs.

Cryo-SEM imaging was performed on gels containing 10 mg/mL HEWL amyloids and
5 mg/mL CNCs to understand the structure of the self-assembled hybrid hydrogels
(Figure 5). Predominantly, lateral aggregation of amyloid fibrils and CNCs into bundles

was observed. Detailed analysis of the diameter of pure HEWL amyloids and CNCs,
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as well as the formed bundles, proved that the bundles were on average three times
as wide as the single components. To confirm that the bundles were not an artifact
formed during the freeze-drying prior the cryo-SEM imaging, vitrified and still hydrated

samples were imaged using cryo-TEM (Figure S6).

60

CNCs
bundles
diameter [nm)]
N w Hoa
o o o o

HEWL amyloids

Figure 5: Cryo-SEM images of HEWL amyloid and CNC suspensions, as well as am-
yloid-CNC bundles found in hybrid gels. The diameter of the bundles increased by a
factor of three compared to pure amyloids and CNCs. The scale bars correspond to
100 nm.

As already mentioned above, bundling is a common mechanisms in protein filament
networks [199,200] and the exponents found in the scaling laws (Figure 3A and S5A)
indicate that addition of CNCs induces cross-linking of amyloids through bundling. In
the case of positive HEWL amyloids and oppositely charged CNCs the rules of entropy-
driven polyelectrolyte complexation apply [115,116]. Therefore, lateral aggregation is
favored since it leads to the minimization of free surface area of these rod-like particles,
maximizing the release of hydration water and counter-ions and therefore the entropy

in the system.
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HEWL amyloid-TO-CNF system

With the knowledge on the interactions and self-assembly of amyloids with CNCs at
hand, mixtures of HEWL amyloids and TO-CNF were also investigated by rheology to
assess their complexation behavior. Scaling laws of the plateau modulus Go (G' at 1%
amplitude and 1 rad/s frequency) with HEWL amyloids and TO-CNF concentrations
were measured (Figure 6A and 6B). Due to the robustness of the method demon-

strated above, a single measurement series was sufficient to get reliable data. xThe

scaling behaviours of Gy~cfg* iy and Go~cZasiit; were found.
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Figure 6: The plateau modulus Go at a fixed HEWL amyloid concentration of 1 mg/mL
in dependence on the added TO-CNFs, including the linear fit determining the expo-
nent of the power law for concentrations up to 0.3 mg/mL (white regime) (A). At higher
concentrations a plateau was reached (grey regime). The plateau modulus Go at a
fixed TO-CNF concentration of 1 mg/mL in dependence on the amyloid concentration,
including the linear fit determining the exponent of the power (B). The ¢ potentials at a
fixed HEWL amyloid concentration of 1 mg/mL with increasing TO-CNF additions at
pH 7 (C).

The power law for the TO-CNF concentration dependence was only valid for
concentrations up to 0.3 mg/mL (white regime), while a plateau was reached at higher
amounts of TO-CNF (grey regime). At this ratio of TO-CNF and HEWL amyloids of
10:3, the positve charge of the amyloids (fixed concentration of 10=1 mg/mL) in the

system is fully compensated by TO-CNFs and any further addition of TO-CNFs would
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not lead to more cross-linking and increased elasticity. Zeta potential measurements

show that the net zero charge of the system is found at around this ratio (Figure 6C).

As for the amyloid-CNC system scaling laws were successfully fitted and linked to the
charge-dependent cross-linking between amyloids and nanocellulose. The almost
identical exponent of 2.4 for the scaling law with amyloid concentration agrees well
with both theory and experimental data [198,202-204], describing the contribution of
the amyloid fibrils to network elasticity. On the other hand, the elasticity scaling with
TO-CNFs was fundamentally different to the scaling with CNCs. The much higher
exponent of 4.0 can be explained by the fact that the TO-CNF efficiently contribute to
the elasticity of the system by forming a network. While CNCs are not able to form a
network at the concentrations added in the experiment, the overlap concentration of
TO-CNFs is in a concentration window where the formation of TO-CNF networks has
been previously reported [80,93]. The exponent of 4.0+0.1 lies in between theoretical
exponents of 3.67 for the relevant concentration range [206] and experimental scaling

exponents for TO-CNFs of 4.1 and 4.5, respectively [207,208].

To test if the additional TO-CNF network improved the strength of the self-assembled
hybrid gels made with the pH-switch method (Figure 4A), amyloid-CNC and amyloid-
CNF gels containing 10 mg/mL amyloids and 7 mg/mL nanocellulose were prepared.
The mechanical performance of the hybrid gels was tested with oscillatory shear
rheology and oscillatory compression testing (Figure 7). The pH-mediated gelation
increased the oscillatory shear moduli of the amyloid-nanocellulose mixtures by almost
two orders of magnitude (Figure 7A). The nanocellulose morphology did not have an
effect on the G' values, as no difference was seen between hybrid gels containing
CNCs or TO-CNF. However, the strain of the dynamic yield point (indicated by arrows

in Figure 7B) increased by almost an order of magnitude in hybrid gels containing TO-
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CNF. Finally, compression testing (Figure 7C) showed no difference in elongational

elastic modulus E’ in the linear regime.
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Figure 7: Frequency sweeps of the amyloid-nanocellulose (CNCs in red, TO-CNFs in
green) hybrid gels and the co-dispersions at the corresponding pH (A), amplitude
sweeps of the hybrid gels at a fixed frequency of 1 rad/s, with arrows indicating the
dynamic yield points (B), and oscillatory compression testing of the hybrid gels (C).

The expected strengthening of the hybrid gels by switching from CNCs to TO-CNFs
was rather challenging to observe in the mechanical experiments presented here.
Although the gels amyloid-CNF gels were visibly more durable during sample handling,
there was no difference in the linear regimes during frequency sweeps in shear
rheology and in compression testing. Only the amplitude sweep data showed that the
amyloid-CNF gels can withstand larger deformations. This can be attributed to the
presence of two networks, increasing the overall toughness of the material. This set of
experiments would be greatly improved with tensile measurements as shear and
compression do not seem to be the ideal type of deformation to gain more knowledge
on their mechanical properties. Unfortunately, these gels are not stable enough to be

mounted into a tensile geometry.
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CONCLUSION

The interactions between amyloid fibrils and nanocellulose were largely dependent on
charge: AFM imaging, turbidity measurements, zeta potential measurements and rhe-
ology proved the attraction of positively charged HEWL amyloids and oppositely
charged CNCs, while negatively charged BLG amyloids and CNCs repulsed each
other and formed stable co-dispersions. The polyelectrolyte complexation of HEWL
amyloids and nanocellulose is driven by the gain of entropy in the system due to the
release of counter-ions and hydration water. The emerging complexes can be consid-
ered as HEWL amyloid networks cross-linked with nanocellulose. In-depth rheological
characterization allowed description of the amyloid network elasticity as a function of
1.01+0.1

amyloid and nanocellulose concentration. While the Go~cyz ~ relationship shows the

proportional increase of elasticity with CNC addition, attributed to cross-link formation
and bundling, the G,~canx% scaling law indicates the formation of a double network
of the added TO-CNFs [206—-208]. On the other hand, the scaling of elasticity with
amyloid concentration to the exponent of 2.3+£0.1 is in good agreement with the affine
thermal model and experimental data for amyloid fibrils and other filamentous proteins
[198,202—-204]. Finally, homogenous, almost transparent hybrid HEWL and BLG
amyloid-nanocellulose gels were made using a pH-mediated self-assembly method. In
order to go from a repulsive co-dispersion of negative amyloids and nanocellulose, the
pl was crossed, introducing positive charges on the amyloid and leading to a
nanocellulose-amyloid network. The nanocellulose morphology did not affect the
elastic modulus in shear and compression measurements, but the hybrid gels
containing TO-CNF showed a higher dynamic yield point, and can therefore withstand

larger deformations. Due to their higher aspect ratio and thus lower overlap

concentration, the addition of TO-CNF will contribute an additional network and
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therefore, amyloid-CNF hybrid materials have better mechanical properties compared
to amyloid-CNC hybrids. In conclusion, these results contribute to the understanding
of amyloid-nanocellulose interactions and self-assembly, and provide strategies for

future work on the bottom-up assembly of sustainable hybrid functional materials.
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Appendix A. Supplementary material
The amyloid-nanocellulose interactions were tested by mixing the two components at
different ratios (Table S1). Changes in turbidity were observed by the naked eye (Fig-

ure S1) and also measured with UV-Vis spectroscopy and reported as ODsoo.

Table S1: Mixing scheme for the different amyloid:CNC ratios at concentrations of
10=1 mg/mL. Note that the total solid content varies with the different ratios.

Amyloid:nanocellulose CNC 2 mg/mL Amyloid 2 mg/mL 10 mM HEPES pH 7
e (mL) (mL) (mL)
10:0 5 0 5
10:1 5 0.5 4.5
10:3 5 15 3.5
10:5 5 25 2.5
10:7 5 35 15
10:10 5 5 0
7:10 35 5 1.5
5:10 25 5 25
3:10 15 5 3.5
1:10 0.5 5 4.5
0:10 0 5 5
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HEWL amyloids:CNC ratio

10:0 10:1 10:5 10:10 5:10 1:10 0:10

BLG amyloids:CNC ratio
10:5 10:10 5:10 1:10

10:0 10:1 0:10

Figure S1: Photos of different amyloid:CNC ratios showing increased turbidity of the
samples containing HEWL amyloids due to complexation. Samples with BLG amy-
loids instead did not turn turbid.

Complexation of different HEWL species with CNCs

In order to further characterize the HEWL amyloid-CNC complexes at pH 7, amplitude
sweeps and viscosity measurements were performed. The results were compared to
complexes of CNCs with amyloids shortened by sonication and with the residual
unconverted peptide fraction, obtained by ultrafiltration of an aggregated sample using
a 100 kba MWCO centrifugal filter unit [131]. In all cases, complexation between the
HEWL species and the CNCs occurred, as seen in the AFM images (Figure S2). In
addition to the observation on the nanoscale, the complexation also resulted in visible
changes in turbidity, which are similar to the ones seen in the amyloid-CNC mixtures
(Figure S3). However, the complexes formed at a 10:10 ratio between the different

HEWL species and CNCs differed in their rheological properties. The storage modulus
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G' of the system containing the high aspect ratio amyloid fibrils was more than one
order of magnitude higher than that of the systems containing sonicated amyloids or
unconverted peptides (Figure S4A). Additionally, the dynamic yield point was shifted
to shear strains on the order of 100% for the full-length amyloid-CNC mixture,
compared to 10% observed for the mixtures with sonicated amyloids or peptides
(Figure S4B). Viscosity measurements showed an increased viscosity at low shear
rates for the amyloid-CNC system compared to the other mixtures (Figure S4C). The
slope of the viscosity curve changed at a shear rate of around 1 s and, additionally,
strong hysteresis between the segments of increasing and decreasing shear rates
within the cycle was observed. Hysteresis observed in linear viscosity measurements
indicates a break-up of the network structure, which is not restored during the
subsequent sweep of decreasing shear rate [209]. Due to their high aspect ratio and
semiflexible nature, amyloid fibrils formed an elastic network, while the oppositely
charged CNCs acted as counter charges introducing cross-linking points in the network.
Overall, the complexes formed by mixing sonicated amyloids or unconverted peptides
with CNCs were much weaker, due to their much lower aspect ratio and resulting
poorer network formation. Possibly, these latter networks are actually dominated by
the contribution of aggregated CNCs, which was also observed with AFM by De France

et al. [104].
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Figure S2: AFM images of pure amyloids, sonicated amyloids and unconverted pep-
tides (left column) and their complexes with CNCs at a protein:CNC ratio of 10:3. The
scale bars denote a distance of 1 um. The term unconverted peptides refers to the
fraction in the amyloid fibril system, unable to self-assemble into amyloid fibrils, occur-
ring as free peptide fragments.

123



0.6

0.5 1
,,.';‘
0.4-
' =
8 - X,
a 0.3 A
o \
v A
0.2 - B .
] s ]
0.14 .A-" --m-- amyloids oy I
A sonicated amyloids ™ ---...y
--A-- peptides
0.0~ T T T T T T
& N 5] O S O S
RS RO

HEWL:CNC ratio
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Figure S4: Rheological characterization of the mixtures of full-length amyloid fibrils,
sonicated fibrils and unconverted peptides with CNCs at a 10:10 ratio (10=1 mg/mL).
Frequency sweeps at a fixed amplitude of 1 % (A). Amplitude sweeps at a fixed fre-
guency of 1 rad/s, with arrows indicating the dynamic yield points (B). Flow sweep
cycles at increasing (full symbols) and decreasing (empty symbols) shear rates.
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Figure S5: The plateau modulus Go (G' at 1% deformation and 1 rad/s frequency) at
a fixed amyloid concentration of 1 mg/mL in dependence on the added CNC, includ-
ing the linear fit determining the exponent of the power law (A). The plateau modulus
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at a fixed CNC concentration of 1 mg/mL in dependence on the amyloid concentra-
tion, including the linear fit determining the exponent of the power law for concentra-
tions up to 0.3 mg/mL (white regime) (B). At higher concentrations a plateau was
reached (grey regime). { potentials at a fixed CNC concentration of 1 mg/mL with in-
creasing amyloid additions at pH 3 (C).

Figure S6: Cryo-TEM image of the vitrified but hydrated amyloid-CNC hybrid gels
showing lateral aggregation into bundles. The cryo-TEM imaging was performed to
confirm that the bundles observed in cryo-SEM were not an artifact due to freeze-
drying of the samples.
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6 Discussion

In this chapter, the main findings from the three first-author publications presented in
chapter 3-5 are discussed and further developed. Certain aspects from the three sec-
ond-author publications related to the topic of the thesis (chapters 9-11) will be taken

up as well.

6.1 Self-assembly in 1D, 2D and 3D

This thesis includes results on the 1D self-assembly of HEWL into amyloid(-like) ag-
gregates, the 2D self-assembly of HEWL amyloid fibrils at air-water interfaces (adsorp-
tion) for functional coatings and the 3D self-assembly of amyloid fibrils formed by
HEWL and BLG with nanocellulose into hybrid gels (controlled polyelectrolyte com-
plexation). The three self-assembly processes are summarized schematically in Fig-
ure 1 focusing on the main parameters influencing self-assembly in each case, namely
the building blocks, the interactions involved and the outer environment. Note that ad-
ditional parameters such as mobility and adjustability have been left out, since the pro-
cesses described in this thesis are all diffusion-dependent, and adjustability plays a

minor role.
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Figure 1: Overview of the self-assembly pathways described in chapters 3-5 and 9-11
regarding building blocks, interactions and environmental control.
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The 1D self-assembly of HEWL amyloid fibrils has been achieved using acid hydrolysis
to cleave the native HEWL into short peptide fragments. The self-assembly of the pep-
tide building blocks into semi-flexible fibrils is governed by the balance of attractive and
repulsive forces. While the amyloid B-sheet structure is based mostly on H-bonding
and hydrophobic interactions, the strong double layer repulsion between the highly
charged building blocks is the main reason for the ordered 1D aggregation. Under con-
ditions resulting in reduced double layer repulsion, such as neutral pH and increased
salt concentrations, shorter and less ordered ("amorphous") aggregates form [11,12].
This demonstrates that by changing the environmental conditions, especially pH, ionic
strength and temperature, the important balance of forces can be tuned. The complex
amino acid composition of proteins with pH-responsive carboxylic and amino groups,

makes pH an important parameter for protein self-assembly.

Another strategy to induce protein aggregation is the use of chaotropic substances to
denature proteins. Reducing agents like TCEP and DTT fall in this category, but also
guanidinium chloride and and urea [11,34,64]. In contrast to acid hydrolysis, the disul-
fide bond reduction with TCEP maintains the primary structure of HEWL but leads to
partial protein unfolding and reorganization of secondary and tertiary structure. As
shown in Chapter 3, the self-assembly of amyloid-like HEWL aggregates is highly pH-
sensitive. The decrease of the pH of the solution from pH 5.5 to pH 4.5, leads to a
drastic increase in repulsion between the building blocks, resulting in colloidally stable
1D amyloid-like worms. Similar worm-like structure has also been obtained with etha-
nol-induced aggregation of HEWL [210]. Ethanol and other organic solvents are known
to cause protein aggregation based on the decrease of the dielectric constant of the
solvent, which leads to the weakening of the hydrophobic effect stabilizing the structure
of the protein, exposing non-polar amino acid resulting in structural rearrangements

and aggregation [11,210]. According to literature, amyloids obtained via acid hydrolysis
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aggregate into less ordered worm-like morphologies when the hydrolysis is reduced
due to higher protein concentration or higher pH, leading to faster aggregation kinetics,
less ordered cross-B-sheet structure and lower persistence lengths [14,21,22]. The re-
duced selectiveness of which part of the protein sequence is ending up in the aggre-
gated state, might also affect the conversion yield of the aggregation reactions. Higher
conversion were observed for flexible HEWL worms (65%) and BSA amyloids (90%)
compared to semi-flexible HEWL and BLG amyloid fibrils (both 40%). The lower con-
version of HEWL and BLG amyloids might be due to the hydrolysis resulting in peptides
with a sequence unsuitable for the highly ordered amyloid self-assembly. Self-similarity
is an important feature in self-assembly processes [2], which in this case means the
physicochemical compatibility of the repeating peptide B-strands [8]. Another factor
that contributes to the yield of the reaction is the equilibrium between non-aggregated
and aggregated state, which is also a factor determining the stability of the aggregates
[211]. Despite being an extreme minimum in the protein-folding landscape [15], the
amyloid state seems to be prone to disassembly under certain conditions [151-153].
This instability can be explained by the loss of translational, rotational and conforma-
tional entropy a peptide building block experiences upon addition to a nucleus or am-
yloid fibril. Especially at low concentrations, the translational entropy loss cannot be
offset by the non-covalent interactions (e.g. hydrogen bonds) holding together the am-
yloid backbone [211]. In the case of HEWL amyloids, fibril disassemby was observed
upon the removal of unconverted peptides by extensive dialysis. In fact, the relative
amyloid fraction could be increased to a maximum of 60%, which might be the equilib-
rium between peptides and amyloid species. However, the purification of the amyloids
came at the expense of around 75% of the initial protein mass lost in the form of un-
converted peptides or disassembled amyloids. The disassembly of amyloid fibrils can

be classified under the reversibility/adjustability aspect of the self-assembly concept.
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As the interactions between the peptides of the amyloids are non-covalent, they are

more prone to be reversed by the constant bombardment of solvent molecules [2].

In practice, a total elimination of the peptide fraction was impossible (at least for HEWL
amyloids), which was interfering with the interfacial adsorption experiments (Chapter
4). During attempted surface pressure and interfacial rheology measurements (not
shown), the expected differences between full-length and shortened amyloids with re-
gard to adsorption kinetics and elasticity of the self-assembled amyloid interfacial films
formed could not be found. Measuring almost identical adsorption kinetics of the amy-
loid system (containing fibrils and peptides) and the pure peptide fraction revealed that
the adsorption of the HEWL amyloid system at air-water interfaces was dominated by
the unconverted peptides and not the amyloid fibrils, which is in agreement with the
literature on adsorption of the soy glycinin amyloids system [76]. These findings indi-
cate that for the 2D self-assembly of the amyloid system at the air-water interface, the
building blocks are the peptides rather than the amyloids. Or, in other words, the pep-
tides stabilize the air-water interface, while the amyloids are present in the "bulk” of the
foam lamellae in the form of a network [76]. During the adsorption process, double
layer repulsion between already adsorbed and adsorbing peptides determines the ad-
sorption kinetics and stability of interfacial layers. In literature, this phenomenon is of-
ten called "electrostatic adsorption barrier" [76,212]. Of course, the double layer repul-
sion can be tuned by adjusting the ionic strength or the initial charge density of the
adsorbing particles. Foam stability measurements confirmed a strong pH-dependence,
with better foam stability for higher pH, where the peptides were less positively charged
(due to the deprotonation of acidic amino acids). Zhang and co-workers used a similar
soap film approach to coat different nanomaterials onto substrates [169]. They used
surfactants to stabilize the air-water interface more efficiently, leading to highly elastic

foams that even allowed to develop a continuous coating process. Despite already
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having the surface activity of the peptides as a "surfactant” to deposit layers of amyloid
fibrils (nanomaterial), a combination of the amyloid system with surfactants could be

interesting for a further optimization of the foam stability.

In 3D hybrid systems made from amyloid fibrils and nanocellulose building blocks, the
interactions were highly dependent on the charges of each component. Polyelectrolyte
complexation dominated the self-assembly of oppositely charged amyloids (positive)
and nanocellulose (negative) in the case of hybrid gels (Chapter 5 and Chapter 9), but
also affected the chiral nematic self-assembly (Chapter 10). It is important to point out
that polyelectrolyte complexation is an entropy-driven process, pushed by the release
of counter-ions and hydration water gaining freedom [80,116,117]. Again, the easiest
way to tune the self-assembly by environmental factors is the adjustment of pH, which
influences the charge density of the protein components. By starting at high pH, above
the isoelectric point of the protein, stable co-dispersions with nanocellulose can be
prepared due to double layer repulsion. If the pH is then decreased below the isoelec-
tric point, the charge of the protein is inverted and polyelectrolyte complexation kicks
in. This procedure has been exploited for the controlled self-assembly of hybrid amy-
loid-nanocellulose hydrogels, which were transparent, indicating a high degree of ho-
mogeneity. The networks formed in this manner showed the characteristic elasticity
scaling behavior of amyloid fibrils independent of the shape of the added nanocellulose
(CNCs or CNFs) [198,202]. The scaling behavior observed with increasing nanocellu-
lose additions was linked to amyloid fibril bundling in the case of CNC addition, or to
the formation of a secondary CNF network [206—208]. Due to the higher dynamic yield
point of the amyloid-CNF system, further improvements of the gel elasticity should be
performed on this combination. Similar to the amyloid self-assembly in ethanol men-
tioned above, lowering the dielectric constant of the solvent inducing hydrophobic ef-

fects and probably more particle-particle hydrogen bonding could be another strategy
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to induce the co-assembly of amyloids and nanocellulose. Gelation of the amyloids in
ethanol has been reported for HEWL [213] and solvent exchange to ethanol is a com-

mon step in the preparation of nanocellulose aerogels by supercritical drying [214].

Finally, the self-assembly of CNCs into chiral nematic phases in the presence of BSA
amyloids showed a special behavior, caused by depletion interactions. Due to the ex-
cluded volume between the CNCs, the BSA amyloids were hindered from their incor-
poration, resulting in higher osmotic pressure in the surrounding volume. This in turn
caused the outflow of water from the space between CNC layers, compressing the
chiral nematic pitch (blue-shift). Bast and co-workers infiltrated pre-formed chiral ne-
matic films with BSA and PEG with molecular weights up to 400 kDa and observed a
red-shift associated with the increase of the pitch due to the incorporation of the infil-
trating species into the liquid crystals [130]. Despite being rather short for amyloids,
the BSA aggregates are likely much bigger in size and molecular weight (probably
hundreds of megadaltons [159], two orders of magnitude larger than the largest PEG
tested) to intercalate the chiral nematic structure. However, it would be interesting to
determine the critical size for the intercalation-depletion (red-blue shift) transition. BSA
amyloids might not be the best canditates to determine this critical size, since their
irregular morphology might also affect the depletion effect. Possibly, BLG amyloids
shortened by sonication might be better suited, due to similar dimensions, charge den-
sity and stiffness of shortened BLG amyloids and CNCs favoring intercalation. Bast
and co-workers also reported that the formation of the chiral nematic structure was
prevented when CNCs and silk fibroin were pre-mixed an then left for EISA while infil-
tration of the pre-assembled CNC films preserved the chiral nematic structure [130].
Especially for proteins, like silk fibroin, interacting strongly with CNCs, the infiltration
might prevent aggregation, which is detrimental for the formation of chiral nematic

structure.
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6.2 Antimicrobial activity of HEWL amyloids

As the overall goal was also to provide novel functionality to cellulose-based materials,
the antimicrobial activities of the different HEWL particles were assessed. The colloi-
dally stable HEWL amyloid fibrils and worms were quantitatively assessed for their
antimicrobial activity against Gram-positive S. aureus, Gram-negative E. coli and the
yeast C. albicans. The expected non-catalytic, but charge-mediated antimicrobial ac-
tivity was confirmed for the HEWL aggregate species, showing better and more broad-
spectrum antimicrobial activity compared to native HEWL [32,37,58]. The more posi-
tively charged amyloid fibrils performed better than the worms. However, despite hav-
ing a lower zeta potential than the amyloid fibrils, the unconverted peptides also
showed considerable antimicrobial activity as the amyloid-peptide mixed systems,
most probably due to a much higher number concentration. Therefore, a clear distinc-
tion between the antimicrobial activity of amyloid fibrils and peptides was not possible.
The peptides might also cause an antimicrobial effect by a different mode of action,
such as membrane permeabilization, as this phenomenon is also observed with anti-
microbial peptides [181]. For HEWL amyloids the minimum inhibitory concentrations
were 0.01 mg/mL against S. aureus and 0.1 mg/mL against E. coli and C. albicans,
however 2-3 log reductions were already observed at 0.01 mg/mL. This antimicrobial
effect at rather low concentrations in suspension might account for the successful kill-
ing of bacteria when the amyloids are used in a coating. On the one hand, the more
compact structure of a 2-dimensional coated amyloid surface may lead to a drastic
decrease of surface area and exposure of charged groups towards the targeted bac-
teria. However, on the other hand, the apparent concentration of amyloid fibrils in a
coating is considerably increased which might compensate the loss of surface area.

The 30 nm thick coating of amyloid fibrils coated on top of a dried film of TO-CNFs was
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able to reduce the S. aureus cfu count by almost 3-log compared to uncoated TO-
CNFs. However, the effect of the coating against E. coli and C. albicans was not even
1-log reduction. These results confirm the observations made in suspension, with S.
aureus being the most susceptible to HEWL amyloids. In addition to that, the expected
decrease of antimicrobial activity due to less available positively charged surface area
was confirmed and directly linked to surface zeta potential measurements. Overall,
HEWL aggregates (amyloid fibrils and amyloid-like worms) showed enhanced broad-
spectrum antimicrobial activity compared to native HEWL. There was strong indication
that the antimicrobial effect was stronger when the amyloids were more positively

charged and exposing as much surface area as possible.
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7 Conclusion

In this thesis amyloid-(like) aggregates of HEWL were produced using different path-
ways and characterized with regard to their structure and antimicrobial properties. Ad-
ditionally, the self-assembly of sustainable biohybrid materials made from HEWL am-
yloids and nanocellulose was explored. The antimicrobial potential of HEWL amyloids

was assessed quantitatively in suspension, as well as in the form of a coating.

The self-assembly of HEWL amyloids as well as the co-assembly of amyloids and
nanocellulose were governed by the balance of attractive and repulsive intermolecular
forces. Due to the strongly pH-dependent charge of amyloids originating in the proto-
nation of functional groups, variations of the pH offer the tunability of electrical double
layer interactions. In the case of HEWL self-assembly into amyloid-like worms induced
by disulfide bond reduction, the increase in double layer repulsion by lowering the pH
led to stable 1-dimensional aggregates, whereas higher pH resulted in flocculation and

sedimentation of the HEWL.

The adsorption (2D self-assembly) at air-water interfaces of the amyloid fibrils system

obtained by acid hydrolysis of HEWL was dominated by unconverted peptides.

Stable foams only foamed above pH 4, where the acidic amino acids were deproto-
nated, leading to a decreased adsorption barrier. The optimized 2D foams created in-
side a loop (similar to blowing soap bubbles) could be used to deposit homogenous
layers of amyloid fibrils onto TO-CNF nanopapers to introduce antimicrobial function-
ality.

Lastly, polyelectrolyte complexation between oppositely charge amyloid fibrils and

nanocellulose led to cross-linking and increased elasticity. An approach based on pH-
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mediated self-assembly was applied to produce homogenous HEWL and BLG amy-
loid-nanocellulose hybrid hydrogels. The amyloids and nanocellulose were mixed
above the isoelectric point of the proteins, so they were both negatively charged and
formed stable co-dispersion. Using dialysis, the pH was decreased to cross the isoe-
lectric point and introduce positive charges on the amyloids leading to polyelectrolyte

complexation and gelation.

The positive charge of the HEWL amyloid fibrils at neutral pH also played an important
role in their antimicrobial activity based on their interactions with the negatively charged
cell walls and cell membranes of the microorganisms causing cell lysis. Suspensions
of worms and amyloid fibrils had a dose-dependent, enhanced and broad-spectrum
antimicrobial effect against Gram-positive S. aureus, Gram-negative E. coli and the
yeast C. albicans. A similar charge-mediated antimicrobial effect was seen for the
HEWL amyloid fibril layer deposited onto the TO-CNF nanopapers using the 2D foam
film coating method. However, the loss of surface area of the amyloid fibrils com-
pressed into a 2D coating layer led to decreased bacterial inactivation compared to the

suspensions.

In summary, this thesis offers new perspectives regarding the self-assembly of HEWL
aggregates and their co-assembly with nanocellulose. It suggests bottom-up ap-
proaches resulting in hybrid materials with improved mechanical properties and added
functionalities (antimicrobial activity), that could be used to develop sustainable bio-

medical materials.
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8 Outlook

Despite gaining important knowledge on the self-assembly of HEWL amyloids and on
their co-assembly with nanocellulose, certain things remain unclear and open up new
guestions for the future. Especially, the amyloid fibril conversion, i.e. how much of the
original protein will end up in the amyloid state, and the fragmentation and disassembly

of amyloid fibrils are important topics underreported in the literature [211].

The acid hydrolysis mediated self-assembly of proteins is the most common pathway
to obtain amyloid fibrils and the go-to method to test the ability to form amyloids from
a new source of protein. However, due to the heterogeneity in peptide fragments, only
a small fraction with suitable physicochemical properties and self-similarity will form
amyloid fibrils, while the rest of the peptides remains in solution. In the future, the am-
yloid conversion should be a more important criterion in the development and optimi-
zation of amyloid self-assembly pathways. This would decrease the amount of material
without a structural role in the system and make the amyloid formation process more
sustainable. Moreover, a better conversion and a clear understanding of the composi-
tion of the amyloid system would most likely also influence co-assembly with other
colloids, such as nanocellulose and allow for a more conclusive characterization of

hybrid materials.

Although it is often assumed that the amyloid state is a highly stable energy-minimum
in the protein folding landscape [15], fragmentation and disassembly seem to be com-
mon [211]. Extensive dialysis lead to the disassembly of the amyloid fibrils, most likely
related to the removal of unconverted peptides, which were replaced by peptides re-
leased from amyloids to re-establish an amyloid-peptide equilibrium. This process

should be examined in more detail, since it might influence the long-term stability of
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amyloid based materials, especially if they are exposed to different solvent environ-
ments (pH, ionic strength). Gaining more knowledge on the equilibrium between amy-
loid fibrils and peptides/oligomers are of high interest with regard to disease-related
amyloids, such as amyloid-, since its oligomeric states are associated with cytotoxicity

promoting neurodegeneration [6].

Furthermore, the use of HEWL amyloid fibrils for antimicrobial coatings of nanocellu-
lose-based wound dressings needs to be explored in more detail. At the moment a
hybrid hydrogel containing a base layer of TO-CNF for moisture control and mechani-
cal stability coated with HEWL amyloid fibrils to introduce antimicrobial functionality is
being developed. The biological assessment of the wound dressing hydrogel will be
extended with antimicrobial tests under physiological conditions and with a cytotoxicity
assessment. Approaches to further improve the mechanical properties of the hybrid
amyloid-nanocellulose hydrogels include physical and chemical cross-linking between
particles of the same species and between the species. Physical cross-linking by
charge screening is common for amyloid fibrils and nanocellulose individually and
could be applied to hybrid systems as well. Only recently, physical cross-linking of thin
interfacial layers of BLG amyloid fibrils with phytic acid has resulted in high stability
[215]. There seems to be a high affinity for interactions between phosphates and the
guanidino groups of arginine residues [216]. Therefore, studying the combination of
amyloid fibrils with phosphorylated nanocellulose could be of high interest. Covalent
cross-linking of proteins using glutaraldehyde is well-known and has been recently
used for the cross-linking of BLG amyloids [168]. Glutaraldehyde cross-linking poten-
tially also offers the possibility to cross-link the amino groups of amyloid fibrils with

amino groups of chitosan. Glutaraldehyde is also used for the immobilization of en-
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zymes by covalent cross-linking to substrates [217] and could be applied to function-
alize amyloid fibrils with cellulose-binding domains, which could introduce specific in-

teractions between functionalized amyloids and nanocellulose [218].

In addition to the further research needed on the HEWL amyloid system, the work on
functional laboratory-made amyloids needs to be broadened to other more sustainable
sources of protein than animal proteins. In search of alternatives to lysozyme, plant
proteins with high isoelectric points should be considered to obtain amyloid fibrils that
are positively charged at a neutral pH in order to obtain a similar charge-mediated
antimicrobial functionality. Candidates for such basic proteins include the rapeseed
storage protein napin [219] and papain, a protease found in papaya latex [220].

Recently, the shift from animal proteins to plant proteins for amyloid fibril production
has been pushed by several research groups [11,13,76]. In the future, proteins from
single cell organisms such as autotrophic algae, that can be produced without arable
land, as well as yeast, which is a side product from beer production. Both should also
be considered as highly sustainable protein sources for amyloid formation with inter-

esting functionalities that can open up new applications.

Overall, the research on the applications of amyloid fibrils should explore specific func-
tionalities, such as filtration of heavy metals and antimicrobial healthcare materials,
rather than the recently suggested use of valuable protein as bulk materials for single-
use bioplastic packaging. The competition between proteins for materials and proteins
for nutrition should be avoided at all costs. For packaging materials, nanocellulose
could be an alternative if it is coming from sustainably managed forests or industrial

side streams.
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Selected co-authored publications

This chapter contains three related co-authored publications, which contributed to the
understanding of the self-assembly and the interactions between proteins/amyloids

and nanocellulose.

The publication by Wu and coworkers (Chapter 9) provided important knowledge about

the interactions and complexation behavior of TO-CNF with native HEWL [121].

The work on chiral nematic assembly of CNCs in presence of amyloid fibrils, namely
positively charged amyloid fibrils made from HEWL (Chapter 10) and negatively

charged bovine serum albumin (BSA) (Chapter 11) [104,105].
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Abstract

Biohybrid colloids were fabricated based on electrostatic complexation between ani-
onic TEMPO-oxidized cellulose nanofibrils (TO-CNF) and cationic hen egg white lyso-
zyme (HEWL). By altering the loading of HEWL, physical colloidal complexes can be
obtained at a relatively low concentration of TO-CNF (0.1 wt%). At neutral pH, increas-
ing the HEWL loading induces an increase in charge screening, as probed by zeta-
potential, resulting in enhanced TO-CNF aggregation and colloidal gel formation. Sys-
tematic rheological testing shows that mechanical reinforcement of the prepared bio-
hybrid gels is easily achieved by increasing the loading of HEWL. However, due to the
relatively weak nature of electrostatic complexation, the formed colloidal gels exhibit
partial destruction when subjected to cyclic shear stresses. Still, they resist thermo-
cycling up to 90 °C. Finally, the pH responsiveness of the colloidal complex gels was
demonstrated by adjusting pH to above and below the isoelectric point of HEWL, rep-
resenting a facile mechanism to tune the gelation of TO-CNF:HEWL complexes. This
work highlights the potential of using electrostatic complexation between HEWL and
TO-CNF to form hybrid colloids, and demonstrates the tunability of the colloidal mor-

phology and rheology by adjusting the ratio between the two components and the pH.

Keywords: Cellulose nanofibrils; Lysozyme; Electrostatic complexation; Colloids;

Rheology;
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Introduction

Proteins and polysaccharides are commonly used to construct biohybrid food-grade
colloids because they are both naturally biocompatible and biodegradable [221,222].
Cellulose nanofibrils (CNF) are a class of abundant, sustainable, biocompatible and
renewable biomass with a large range of remarkable properties, such as biodegrada-
bility, biocompatibility and renewability, as well as ease of functionalization [108,223—
227]. Among them, TEMPO-mediated oxidation of the hydroxyl groups on the surface
of CNF is a widely reported method to introduce negatively charged carboxylate groups
onto the CNF, here referred to as TO-CNF, resulting in new functionalities [82,190,228].
Several research efforts on TO-CNF have focused on its potential biomedical applica-
tions, such as drug delivery [229] and wound healing [230], or as rheological modifier
in inks for 3D printing [231].

Lysozyme is a natural antimicrobial enzyme widely found in eggs and animal secre-
tions; specifically lysozyme from hen egg whites (HEWL) has attracted significant re-
search attention due to its low cost and widespread availability [232,233]. Moreover,
the isoelectric point of HEWL is 10.7, bearing a net positive charge over a broad pH
range making it an ideal candidate to form colloidal complexes with negatively charged
biomolecules [234,235]. Furthermore, the intrinsic antimicrobial activity of lysozyme is
often exploited in food packaging and wound healing applications, which demonstrates

the multi-functionality of lysozyme [236—238].

The combination of cellulose and HEWL has been previously investigated for medi-
cal and food science applications [239,240]. In particular, many researchers have in-
vestigated the complexes and gels formed between sodium carboxymethyl cellulose

(CMC) and HEWL based on electrostatic and hydrophobic interactions [221,241-243].
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Composite networks have been successfully formed through a variety of different com-
plexation mechanisms, including covalent cross-linking [244]. For instance, positively
charged lysozyme was incorporated into a paper matrix containing CMC via non-co-
valent binding for food packaging applications [236]. In another example, a Ca?*-cross-
linked TO-CNF hydrogel was investigated to act as a carrier for positively charged
lysozyme for topical drug delivery applications, where the electrostatic interactions be-
tween lysozyme and the TO-CNF hydrogel structure played a key role for the efficient
loading of the hydrogels [245]. Moreover, lysozyme was immobilized to cellulose nano-
crystals (CNC) by adsorption to carbodiimide-activated carboxylate groups in the sur-
face of CNC, resulting in enhanced antibacterial activity [246]. Finally, the combination
of nanocellulose and lysozyme was evaluated in paper filters for advanced separation
applications [247]. All these works have shown a great potential of exploiting the elec-
trostatic interaction between anionic cellulose and cationic lysozyme for the formulation

of novel bio-complexes.

The interaction of lysozyme with charged polymers is pH-dependent. For example,
the changes in pH greatly influenced the formation of electrostatic complexes between
lysozyme and low methoxyl pectin [248]. Besides, the colloidal stability of pure TO-
CNF gel networks is also controlled by pH [92,249,250], since under acidic conditions
the carboxylic groups get protonated resulting in an aggregated CNF gel. The pH-re-
sponsiveness of TO-CNF hydrogels can be tuned by adjusting the negatively charged
carboxyl density of the CNF during the TEMPO-mediated oxidation process [251] and
is an attractive feature for the formulation of novel materials. Changes of pH can cause
the dissociation or regeneration of hydrogel networks composed of phenylboronic acid-
grafted alginate and PVA, due to the pH-responsiveness of phenylboronic acid-diol

ester bonds, [252]. Interestingly, pH-dependent dimerization of an engineered spidroin
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protein was exploited recently as a means to modulate the viscoelastic properties of
protein-cellulose complexes [253]. Therefore, pH-responsiveness is a key point to in-

vestigate in the design of colloidal complexes between charged polymers.

To the best of our knowledge, there has been no report on the electrostatic complex-
ation of TO-CNF and HEWL at low CNF concentrations (i.e. below the threshold to
form a percolated gel network). Therefore, in this work a series of TO-CNF and HEWL
complexes with different relative ratios were characterized. Effects of the loading of
HEWL on the complexation process were evaluated in terms of zeta-potential, mor-
phological and rheological properties. Moreover, the stability of the complexes was
monitored under high shear stress, heating-cooling cycles, and changes in pH. Our
results indicate that pH-dependent complexation of TO-CNF and HEWL can be used
to formulate hybrid colloidal gels for possible applications in the food and medical in-

dustries, for instance as thickeners, stabilizers and gelling agents.

Experimental section

Materials. HEWL (hen egg white lysozyme, Mw = 14.3 kDa), sodium hydroxide
(NaOH), and (3-Aminopropyl) triethoxysilane (APTES) were purchased from Sigma-
Aldrich. HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), 2,2,6,6-Tetra-
methyl-1-piperidinyloxyl (TEMPO), and sodium hypochlorite (NaClO) solution (12-14%
chlorine) were obtained from VWR. Never-dried elemental chlorine free (ECF) cellu-
lose fibers from bleached softwood pulp (Picea abies and Pinus app.) were obtained
from Stendal GmbH (Berlin, Germany). Sodium bromide (NaBr = 99%) was supplied
by Carl Roth GmbH & Co. All chemicals were used as received without any further

purification.

146



Preparation of TEMPO-oxidized cellulose nanofibrils (TO-CNF). TEMPO-mediated
never dried cellulose fiber oxidation was performed following previously established
protocols [82,190] with slight modifications. Briefly, the never dried cellulose pulp (33.3
wit%), with a chemical composition of 81.3% Cellulose, 12.6% hemicellulose, 0% lignin
and 0.3% ash [254], was dispersed in distilled water to a final concentration of 2 wt%.
TEMPO and NaBr were dissolved in water at ratios of 0.1 and 1.0 mmol/g of cellulose
pulp respectively, and were then mixed with the cellulose pulp dispersion. The pH of
the suspension was then adjusted to 10-10.5 using 2 wt% NaOH. 10 mmol NaClO was
then added per gram of cellulose. The reaction was allowed to proceed at room tem-
perature for 4-5 h, after which the TEMPO-oxidized cellulose fibers were washed sev-
eral times with distilled water until the conductivity was close to that of distilled water,
and subsequently ground using a Supermass Colloider (MKZA10-20J CE Masuko
Sangyo, Japan) at an applied energy of 9 kWh/kg. The ground CNF was further fibril-
lated using a high shear homogenizer (M-110EF, Microfluidics Ind., Newton, MA-USA)
for a total of 10 passes at a pressure of 8 bar. After homogenization, a uniform and
transparent TO-CNF dispersion (Figure S1) with a concentration of 0.5 + 0.1 wt% was

obtained.

Preparation of TO-CNF and HEWL complexes. A stock solution of HEWL was dis-
solved in 10 mM HEPES buffer (final concentration ~ 2.2 mg/mL) and the pH was
adjusted to 7.4-7.5 using 1M NaOH. The HEWL solution in HEPES buffer was then
passed through a 0.2 um cellulose acetate syringe filter to remove any aggregates.
Subsequently, 0.5 wt% TO-CNF in water was mixed with a specified amount of HEWL,
yielding a final concentration of TO-CNF of 0.1 wt% (1 mg/mL) and a final concentration

of HEWL between 0 and 0.1 wt% (10:1 — 10:10 weight ratio of TO-CNF:HEWL). 0.1
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wt% TO-CNF only (denoted 10:0) and 0.1 wt% HEWL only (denoted 0:10) samples
were also prepared as controls. Specifically, a volume of 30 mL of TO-CNF and HEWL
was obtained by mixing 6 mL of 0.5 wt% TO-CNF in MilliQ, 9 mL of MilliQ, and the
required amount of HEWL stock solution in 15 mL of HEPES buffer, ensuring the same
ionic strength in each biohybrid mixture. Similarly, for pure HEWL suspensions, 6 mL
0.5 wt% TO-CNF was replaced by 6 mL of MilliQ, such that the final concentration of
HEWL was kept at 1 mg/mL. For pure TO-CNF suspensions, 15mL HEPES buffer was
added without any HEWL. Samples were allowed to equilibrate for 1 week under am-

bient conditions before further characterization.

Characterization. Attenuated Total Reflection-Fourier Transform Infra-Red (ATR-
FTIR) measurements were performed on a Tensor 27 spectrometer (Bruker Switzer-
land AG) over the wavenumber range from 500 to 4000 cm. Circular Dichroism (CD)
testing was performed on a JASCO J-815 CD spectrometer, using a 1 mm cuvette.
Here, the selected mixtures were diluted by a factor of 3 prior to CD measurements.
Morphology of TO-CNF and HEWL biohybrid complexes were characterized by high-
resolution transmission electron microscopy (HRTEM, JEOL, JEM 2200fS), atomic
force microscopy (AFM, Bruker ICON3) and field-emission scanning electron micros-
copy (FESEM, Fei Nova Nanosem 230). For AFM measured in tapping mode, note
that all samples contain the same concentration of TO-CNF and were deposited onto
a freshly cleaved mica substrate, modified with 0.05% APTES prior to imaging (note
that due to their positive charge, pure HEWL samples were deposited onto an unmod-
ified substrate). TEM images were obtained after the complexes (0.001 wt%) were

deposited, stained by 1 wt% uranyl acetate and dried on copper grids coated with car-
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bon. Zeta-potential measurements were performed at 25 °C using a suspension con-
centration of 0.005 wt% (Malvern, zetasizer nano series). pH values were measured
at room temperature (METTLER TOLEDO, SevenEasy). Rheological testing was per-
formed with an Anton Paar MCR302 rheometer using a double gap cylinder geometry
(STANDARD MEASURING SYSTEM DG26.7/T200/SS) at 25 °C for both oscillatory
and rotational measurements. For the double gap cylinder, the internal and external
diameter are 23.830 mm and 27.593 mm, respectively. Turbidity measurements were
acquired from the Transmittance at 600 nm by using a Cary UV-Vis spectrophotometer.

Optical microscopy images were obtained from a Leica DFC420 Microscope.

Results and Discussion

TO-CNF and HEWL biohybrid colloids were formed on the basis of electrostatic com-
plexation between negatively charged TO-CNF and positively charged HEWL. This is
analogous to previous studies where negatively charged nanocellulose-based matri-
ces have been shown to act as an efficient adsorbent for positively charged proteins
such as lysozyme [255,256]. In Figure 1(a), the electrostatic interaction process is
illustrated for increasing concentrations of HEWL. With no added HEWL, a stable and
homogenous TO-CNF suspension is formed, due to the existence of repulsive forces
between the negatively charged carboxylate groups arising from the TEMPO-mediated
oxidation. The addition of positively charged HEWL leads to adsorption directly to the
negatively charged TO-CNF surfaces via electrostatic complexation, thus reducing the
CNF colloidal stability via charge screening. However, at relatively low HEWL concen-
trations (up to ca. 10:4 of CNF to HEWL mass ratio) the degree of complexation is not
yet sufficient to form a stable gel-like network. After the addition of a sufficiently high

concentration of HEWL (above ca. 10:5 mass ratio), enhanced charge screening leads
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to the aggregation of TO-CNF into clusters in the size range of a few hundreds of
microns (Figure 1(d)). Herein, we focus on understanding the fundamentals of the
interactions between TO-CNF and HEWL, while simultaneously investigating the ef-
fects of the ratio between positively charged HEWL and negatively charged TO-CNF

on the characteristics of the resulting biohybrid colloids.

Scanning electron microscopy (SEM) (Figure 1(b and c)) and optical microscopy (Fig-
ure 1(d)) were used to visualize the association between TO-CNF and HEWL. Note
that in the case of pure TO-CNF suspensions, a relatively uniform fibrillar network is
apparent, whereby upon the addition of HEWL, this network largely collapses. How-
ever, due to the relatively small hydrodynamic radius of HEWL (ca. 2.0 nm) [257], it is
challenging to visualize its distribution within the final complexes via SEM. The com-
plexes obtained at mass ratio values higher than 10:5 are on the order of hundreds of

micrometers, and relatively irregular in shape.

(@)¢

<---» Repulsive force

—»<--+ Attractive force

Figure 1. (a) Schematic illustration of the interaction mechanism between TO-CNF
and HEWL upon increasing the HEWL loading; (b and c) SEM images of pure TO-CNF
and TO-CNF and HEWL colloidal complexes (10:7 relative mass ratio); (d) Optical mi-
croscope image of TO-CNF and HEWL colloids (10:7 relative mass ratio).
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As surface charge chemistry and density are largely responsible for the formation of
stable colloidal systems [258], the zeta potential of the TO-CNF:HEWL complexes was
measured (Figure 2). HEWL, with an isoelectric point of 10.7, is positively charged
under physiological pH (zeta potential of +13.9 mV), while TO-CNF is negatively
charged (zeta potential of -57.0 mV), demonstrating a strong potential for electrostatic
complexation. At lower concentrations of HEWL (10:0 to 10:3), there is little change in
the overall zeta potential due to the strongly negative nature of TO-CNF and limited
charge screening (Figure 2). As the concentration of HEWL is further increased (from
10:3to 10:10), the zeta potential begins to increase accordingly, indicative of increased
charge screening. Correspondingly, an increase in suspension turbidity and aggrega-
tion becomes apparent from a TO-CNF:HEWL ratio of 10:4, whereby with further in-
creasing HEWL concentration, the aggregation becomes more pronounced. By com-
parison, pure TO-CNF and HEWL suspensions with the same concentration (1 mg/mL)
are transparent (Figure S1), implying that any observed turbidity/aggregation arises
solely due to electrostatic complexation between the two oppositely charged biomole-
cules. Notably, the interaction between various positively charged biomolecules and
negatively charged TO-CNF has shown a strong dependency on the ionic strength and
pH value of the suspension mixture [190,214,221,256]. Since the pH of the solution
remained relatively constant across all ratios of TO-CNF:HEWL (Figure 2b), we can
conclude that the electrostatic interactions between TO-CNF and HEWL are the cause
of the appearance of these aggregates/flocs, without the requirement of any chemical
or heat treatments. Further turbidity analysis is shown in Figure S2, demonstrating that
turbidity increases as HEWL loading is also increased (the same trend seen in the

photographs).
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Figure 2. (a) Zeta-potential, (b) pH value and (c) photographs of TO-CNF and HEWL
colloidal complexes with different ratios between TO-CNF and HEWL (10:0 to 0:10).

FTIR spectroscopy is a conventional method to investigate the conformational changes
in secondary structure of proteins [259,260]. The binding of HEWL to negatively
charged lipid vesicles leads to conformational changes and subsequent aggregation
of the protein [261]. Herein, the effect of TO-CNF on the secondary structure of HEWL
was investigated by means of ATR-FTIR. Pure HEWL shows two strong peaks, one at
1650 cm, attributed to a-helices, and one at 1534 cm, due to N-H bending of the
peptide chains (Figure 3). In pure TO-CNF, the peak at 1600 cm™ is attributed to the
COONa group on the TO-CNF surface after TEMPO oxidization. For 10:5 and 10:10
formulations, the two peaks at ~ 1650 and 1534 cm are still apparent, and with a little
shift, indicating the successful incorporation of HEWL into TO-CNF and that the sec-

ondary structure of HEWL is stable and not significantly affected by the interaction with
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TO-CNF. In addition, CD measurements (Figure S3) supported the presence of a-hel-
ices in the TO-CNF and HEWL colloidal systems. Of note, the signal of a-helices from
HEWL in the colloidal systems is significantly decreased upon gel formation, indicating
the presence of less 'free’ HEWL in the suspensions, especially for 10:7 and 10:10

ratios.
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Figure 3. ATR-FTIR spectra of TO-CNF and HEWL casted films with different ratios.

TEM was performed to confirm the microstructure of the TO-CNF:HEWL colloids at
various HEWL loadings (Figure 4 and Figure S4). Generally, the TEM images are in
good agreement with the results seen via AFM. For pure TO-CNF suspensions, the
individual cellulose nanofibers show uniform diameters of 3-4 nm with a length on the
order of hundreds of nm. Upon the addition of HEWL (starting from a ratio of 10:3), no
obvious differences between pure TO-CNF (10:0) are noticed. Increasing the HEWL
concentration further, starting from 10:5, the TO-CNF tends to aggregate into nanofiber

clusters, with similar structures also observed at 10:7.
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1:5 - 10:7

Figure 4. TEM images of TO-CNF and HEWL colloidal complexes with different rela-
tive mass ratios (10:3, 10:5 and 10:7).

AFM images were acquired at selected TO-CNF:HEWL ratios (10:0, 10:3, 10:5, 10:7
and 10:10), in order to gain an understanding of the evolution of the microstructure
within these biohybrid colloids with increasing HEWL concentration (Figure 5, Figure
S5 and S6). Individual nanofibers are readily observed in the pure TO-CNF (10:0) sam-
ple, as expected (Figure S5). Individual flaments are also evident at low HEWL con-
centrations (10:3), again suggesting that the extent of charge screening caused by
HEWL/TO-CNF electrostatic interaction is not enough to form colloids below a certain
threshold concentration (Figure 5). However, as the HEWL concentration is further in-
creased, starting from 10:5, the TO-CNF start to entangle and aggregate together, in-
dicative of significant charge screening (link to figure). At even higher HEWL loadings
(10:7), the size of TO-CNF clusters begins to increase drastically (link). We hypothe-
size that at these high loadings, the biohybrid colloidal complexes become so big that
most of the material precipitates out of suspension (Figure 2(c)), and is thus not ob-

servable via AFM.
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Figure 5. AFM images of TO-CNF and HEWL colloidal complexes with different rela-
tive mass ratios (10:3, 10:5 and 10:7).

It is well known that the morphological properties of CNF suspensions affect their rhe-
ological behavior [262]. Therefore, the rheological properties of the prepared biohybrid
colloidal dispersions were studied in detail to gain an understanding of the stability of
these colloids as well as their possibility to undergo a sol-gel transition. As with previ-
ous experiments, here we focus on the effects of HEWL loading on the rheological
properties of the formed complexes at a fixed concentration of TO-CNF (0.1 wt%).
Generally, during strain sweep measurements the crossover point of G' and G" can be
defined as the apparent yield point, where G' represents the storage modulus and G"
represents the loss modulus, which give a measure of the elasticity and viscosity of a
material, respectively [249,250]. All strain sweep measurements were performed from
a strain of 0.01% to 100 % at a constant angular frequency of 10 rad/s (Figure 6(a)).
For biohybrid colloidal dispersions with high HEWL loadings (starting from 10:5), there
is a crossover of the G' and G" curves, indicating that with increasing the concentration
of positively charged HEWL, the electrostatic interactions are enhanced, promoting the
formation of a gelled network. Further increasing the HEWL concentration results in an

increase in G’ and in complex viscosity (Figure 6(b)), suggesting the formation of a
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stronger viscoelastic network and gel-like structure due to enhanced electrostatic in-
teraction throughout the system. Note that for all formulations, a linear viscoelastic re-
gion exists up to ~ 10% strain, after which further increasing the strain results in a
significant decrease of both G' and G", until an eventual crossover point is reached,
indicating the destruction/yield of the gel networks and a gel-sol transition. Note that
for complexes from 10:1 to 10:4, pure TO-CNF and HEWL, no gelation point is ob-

served via rheology (Supporting Information, Figures S7 and S8).

Frequency sweep tests are widely used to obtain information about the stability of 3D
entangled networks in gel and colloidal systems [263]. Herein, frequency sweeps were
performed from 0.01 to 100 rad/s under a constant strain of 1 % (within the linear vis-
coelastic region identified via strain sweep, Figure 6(c)). Above TO-CNF:HEWL ratios
of 10:5, all formulations show a single plateau region in the dynamic modulus (G' and
G"), with G' dominating over G", indicative of a gelled/solid-like behavior. For the 10:5
complex, in the low frequency range the rheological behavior is similar to that of the
other formulations, however at increased frequencies G' suddenly drops dramatically,

representing liquid-like behavior and partial destruction of the entangled networks.

Additionally, cyclic rotation tests were performed to investigate the stability of these
colloidal gels under cyclic shear force (Figure 6(d)). Notably, the apparent viscosity
decreases with increasing shear rate, depicting shear-thinning behavior, which is typi-
cal for CNF systems [250]. Within the first cycle, there is already a large decrease in
apparent viscosity, indicating partial destruction of the TO-CNF:HEWL gel networks
(data shown for 10:7). The apparent viscosity appears to be relatively stable for up to
3 cycles however. Similar trends were observed for 10:10 (Figure S9). Notably, for
pure TO-CNF suspensions, this significant decrease in viscosity is not evident (Figure

S10), which is expected due to the lack of any gelled colloidal network. Importantly,
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the apparent viscosity for both 10:7 and 10:10 is still far higher than the apparent vis-
cosity of pure TO-CNF after cyclic shearing, indicating only a partial (and not full) de-
struction of the gelled networks. Shear viscosity prior to cyclic testing for 10:10, 10:7,

and 10:0 can be seen in Figure 6(f).

Previous work has shown that proteins like HEWL are sensitive to heat treatments and
generally show a heat-induced gelation behavior [264]. Therefore, the thermo-stability
of the colloids was inspected by cyclic heating and cooling from 25 to 90 °C at a heating
rate of 3 °C/min (Figure 6(e)), where the G' and G" were recorded under fixed fre-
guency (10 rad/s) and strain (1 %). Notably, upon increasing the temperature to 90 °C,
both G' and G" decrease dramatically; conversely upon decreasing the temperature
from 90 to 25 °C, both G' and G" increase dramatically. However, during the whole
cycle, the G' values are always higher than the G" values, implying that the networks
still exist in a gel-like state during the imposed heat treatment. The thermal-stability of
pure HEWL was also characterized (Figure S11) and the measured G' was always
lower than G", suggesting a more liquid-like behavior. Furthermore, only a minor
change in both G' and G" is observed as a result of thermal cycling, which is different
from the change occurring in the complex systems, likely indicating that the changes
observed within the TO-CNF:HEWL complexes are primarily due to varied electrostatic
interactions attributed to the increased mobility of TO-CNF and HEWL with increased

temperature and not due to protein denaturation.

Moreover, the time-dependency of gel complexation was investigated visually and by
rheological characterization for 10:7 (Figure S12). Immediately after mixing, the gel
complexes appear more homogeneous, and then after 1 week bigger flocs are readily

observed, indicating increased aggregation/charge screening. In this state, the
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Figure 6. Rheological properties of TO-CNF and HEWL colloidal systems at 25 °C with
different ratios from 10:5 to 10:10, (a) storage modulus G' (solid) and loss modulus G"
(open) on strain sweep at 10 rad/s, (b) complex viscosity at 10 rad/s, (c) dynamic fre-
guency sweep (y = 1%). (d) Shear viscosity loop of TO-CNF and HEWL colloids (TO-
CNF:HEWL=10:7), the increase and decrease of the shear rate (s) is indicated by the
arrows. (e) The values of both modulus of TO-CNF and HEWL complex (TO-
CNF:HEWL=10:7) during heating (dark green) and cooling (light green) cycles are dis-
played, storage modulus G' (solid) and loss modulus G" (open). (f) Shear viscosity of
TO-CNF and HEWL colloids with different ratios (10:0, 10:7 and 10:10).
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colloidal gels are then relatively stable, after which no significant visual changes are
observed. In addition, although 10:7 demonstrates a gel-like behavior (with G' > G")
both instantaneously and after 1 week in suspension, the modulus does increase over
time, supporting the formation of a stronger/more prominent gel network with increased

aggregation.

Previous studies have demonstrated that the electrostatic complexation between
charged colloids depends on the pH of the solution [249,250,265]. Therefore, we ana-
lyzed the effects of changing the pH of the TO-CNF:HEWL mixtures at a fixed mass
ratio of 10:7. The strain sweep curves measured at pH 12 (above the isoelectric point
of HEWL) indicate that the complex shows a predominantly liquid-like behavior, due
lack of binding between negatively charged HEWL and equally charged TO-CNF (Fig-
ure 7(a)). Lowering the pH to 7.5 results in a significant increase in G', attributed to
renewed complexation between oppositely charged TO-CNF and HEWL. Further low-
ering the pH to 3 results in an even higher increase in G', due to higher density of
positive charges on HEWL, and increased TO-CNF aggregation due to protonation of
carboxylic groups; similar observations have been seen in other systems with TO-CNF

and polyacrylic acid derivatives [250,266].

The photographs in Figure 7(b) demonstrate that as the pH is decreased from 12 to 3,
the turbidity of the TO-CNF and HEWL complexes increases, indicative of increased
aggregation. Moreover, this phenomenon is completely reversible, as demonstrated in
Figure 7(c), whereby turbidity is decreased upon sequential increase in pH to 12. We
envision that these pH-switchable complexes could be useful for several potential ap-
plications, such as in cosmetic gels, and rheological modifiers for the food industry,

where the colloidal properties can be easily controlled by adjusting the overall pH of
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the system. In particular, the ability to readily control suspension aggregation and rhe-
ological properties gives a level of flexibility which would be beneficial for matching

targeted material properties.
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Figure 7. Rheological properties of TO-CNF and HEWL colloids (TO-CNF:HEWL=10:7)
at 25 °C with different pH 3, 7.5 and 12 (a) storage modulus G' (solid) and loss modulus
G" (open) on strain sweep at 10 rad/s; (b) photographs of the colloidal systems at
different pH; (c) the colloidal complexes with changed pH, first from 12 to 3, then from
3 back to 12.

Conclusion

In conclusion, a series of TO-CNF and HEWL colloids with different ratios were fabri-
cated via simple electrostatic complexation between positively charged HEWL and
negatively charged TO-CNF. Increasing the overall HEWL concentration within the col-
loidal complexes resulted in an increase in zeta potential (absolute value closer to 0)

due to enhanced charge screening. Above HEWL concentrations of 10:5, TO-CNF and
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HEWL were prone to aggregation, attributed to the electrostatic attraction between op-
posite charges, evidenced via AFM and TEM. This aggregation resulted in noticeable
differences in rheological properties, whereby complexes above HEWL loadings of
10:5 demonstrated gel-like properties, with G' values greater than G" values. The ob-
tained colloids show a shear-thinning behavior and are relatively stable upon heating
up to 90 °C. Importantly, this electrostatic complexation between HEWL and TO-CNF
is pH-dependent; at a pH above the isoelectric point of HEWL whereby HEWL is not
positively charged, there is no interaction and therefore no colloidal formation. De-
creasing the pH to below the isoelectric point of HEWL triggers complexation between
the positively charged HEWL and negatively charged TO-CNF, resulting in flocculation
and gelation. Importantly, the pH of the solution can be used to drive reversible for-
mation and the dissolution of the colloids as in stimulus responsive gel systems. Over-
all, this work provides insights for understanding and utilizing the charge interactions
between TO-CNF and HEWL and their responsiveness to changes in environmental
conditions such as pH for a variety of potential applications ranging from drug delivery,

3D printing, packaging films to wound dressing.
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Figure S1. Photographs of pure TO-CNF 0.1 wt% dispersion (left) and pure HEWL 0.1
wt% suspension (right).
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Figure S2. (a) Turbidity of TO-CNF and HEWL colloidal complexes with different ratios
between TO-CNF and HEWL (10:0, 10:3, 10:5, 10:7, 10:10 and 0:10). (b) Turbidity of
10:7 colloidal complexes at different pH (3, 7.5 and 12).
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Figure S3. CD spectra of TO-CNF and HEWL colloidal complexes with different ratios
between TO-CNF and HEWL (0:10, 10:0, 10:3, 10:5, 10:7 and 10:10).
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Figure S4. TEM images of pure TO-CNF (10:0) and HEWL (0:10) as well as TO-CNF-
HEWL at a 10:10 relative mass ratio.
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Figure S5. AFM images of pure TO-CNF (10:0) and HEWL (0:10) as well as TO-CNF-
HEWL at a 10:10 relative mass ratio.
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Figure S6. AFM image of 0.001 wt% pure HEWL solution on APTES coated mica.
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Figure S8. Rheological properties of TO-CNF and HEWL complexes with different ra-
tios (from 10:1 to 10:4), storage modulus G' (solid) and loss modulus G" (open).
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the arrows.
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the increase and decrease of the shear rate (s?) is indicated by the arrows.

168



[EY
o
N

0 -—
1075 Cooling
< ——G
10t o gm
ED —— G TO-CNF:HEWL=0:10
-1075
ED _C}_ Gll
10-3 3 Heating GI
10 5
Cooling
10_5 T T T T T T T
20 30 40 50 60 70 80 90

Temperature (°C)

Figure S11. Temperature ramp test of pure HEWL solution (TO-CNF:HEWL=0:10),
storage modulus G' (solid) and loss modulus G" (open).

10°

—=8—10:7 1 week
10:7 instantly

10 10! 10° 10! 10?
Strain (%)
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ABSTRACT

In modern society, there is a constant need for developing reliable, sustainable and
cost-effective antibacterial materials. Here, we investigate the preparation of cellulose
nanocrystal — lysozyme composite films via the well-established method of evapora-
tion-induced self-assembly. We consider the effects of lysozyme concentration and
aggregation state (native lysozyme, lysozyme amyloid fibers, and sonicated lysozyme
amyloid fibers) on suspension aggregation and film-forming ability. Although at higher
lysozyme loading levels (ca. 10 wt%), composite films lost their characteristic chiral
nematic structuring, these films demonstrated improved mechanical properties and an-
tibacterial activity with respect to CNC-only films, regardless of lysozyme aggregation
state. We anticipate that the results presented herein could also contribute to the prep-
aration of other CNC/protein-based materials, including films, hydrogels and aerogels,

with improved mechanical performance and antibacterial activity.
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INTRODUCTION

It is estimated that between 1 and 2% of the total population in developed countries
will experience a chronic wound in their lifetime; and in the United States, chronic
wounds reportedly affect 6.5 million people annually.[267,268] Critically, a combination
of an aging population and an increase in diabetes prevalence will likely further in-
crease the number of individuals affected by chronic wounds. Moreover, in a recent
clinical study of chronic wounds, 60% of the wounds analyzed were characterized as
severely infected.[269] This growing global burden of chronic wounds imposes a sig-
nificant cost to both the afflicted individual, and to the healthcare system. In Europe,
an estimated 2 — 5.5% of the annual healthcare expenditure is related to wound
care;[270] while in the United States treatment costs are similar, corresponding to an-
nual healthcare expenditure estimates as high as $96.8 billion.[271] As a result, it is
estimated that the annual global market for wound care products will reach $22 billion
by 2024.[272] Therefore, it is critical to address this need for investigating, developing,
and thoroughly characterizing innovative wound dressings with improved antimicrobial

action.

Cellulose nanocrystals (CNCs) are rigid, high aspect ratio nanoparticles derived from
cellulose, the most abundant natural polymer on Earth.[77,273] Recently, CNCs have
gained significant interest for use in biomedical applications due to their renewable
nature, low cost, commercial availability, excellent mechanical properties, good bio-
compatibility, and low cytotoxicity.[108,225,282,274—-281] Furthermore, because of
their strongly interacting hydroxyl groups and anisotropic rod-like shape, CNCs un-
dergo a concentration-dependent chiral nematic self-assembly, giving rise to iridescent
flms with  structural colour through evaporation-induced self-assembly

(EISA).[91,283-287] Due to their impressive mechanical and optical properties, these
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structured films have since found application as responsive hydrogels, optical filters,
soft actuators, and flexible electronic components.[288—-290] However, cellulosic ma-
terials such as CNCs are not intrinsically antibacterial/antimicrobial, and therefore
there is vast potential to develop composites whereby the CNCs provide the structural

component with which to embed an antibacterial agent.

Lysozyme is a cheap, abundant natural protein, which is an essential component of
our innate immune system. Lysozyme in its native form has well-documented antimi-
crobial properties and has been combined with several different materials to impart
bacterial resistance; however lysozyme in this form is largely only effective against
gram-positive bacteria.[291] Interestingly, lysozyme can assemble into highly compact
amyloid fibrils/aggregates which display reduced enzymatic antimicrobial activity ver-
sus native lysozyme due to inaccessibility of the active site;[55] yet display increased
broad spectrum antimicrobial properties due to contact-mediated bacterial agglomera-
tion and membrane disintegration.[32] Currently, only few published works have com-
bined CNC and lysozyme, all of which focused on immobilizing/conjugating lysozyme
in its native form to the surface of CNC.[244,246,292,293] Notably, Abouhmad et al.
investigated the immobilization of lysozyme onto CNC through various mechanisms,
finding that after immobilization enzymatic stability is increased over time, while total
antimicrobial activity can be largely retained (albeit with some decrease compared to
free lysozyme).[292] Interestingly, covalent immobilization to CNCs with a net cationic
charge resulted in antimicrobial activity against model Gram negative bacteria, which
was not observed with free lysozyme and was attributed to the combination of positive
charge of the CNC and lytic activity of the lysozyme.[292] Uddin et al. observed similar
results, where enzymatic activity was largely retained and antibacterial activity against
Gram positive and Gram negative bacteria was increased for lysozyme conjugated to

cationic cellulose nanofibers (CNF), versus lysozyme conjugated to negatively charged
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CNF.[294] However, despite these findings, the effects of lysozyme aggregation state
has not yet been investigated, demonstrating a prominent knowledge gap in under-
standing the detailed structure-function relationship of lysozyme composite materials,

particularly in the context of antimicrobial efficacy.

Herein, we demonstrate composite films prepared from cellulose nanocrystals and ly-
sozyme in various aggregation states via simple EISA. Notably, the use of cationic
species in combination with CNCs has generally been avoided for preparing EISA-
based films due to concerns over agglomeration and inhibiting effects on self-assem-
bly.[129] However, here we aim to investigate the detailed morphological effects of the
incorporation of positively charged lysozyme in different aggregation states on the sus-
pension behaviour and self-assembly of composite films. Film properties including chi-
ral nematic structuring, optical characteristics, mechanical strength, and antibacterial

activity are systematically evaluated.

EXPERIMENTAL
Materials.

Cellulose nanocrystals (CNC, prepared via sulfuric acid hydrolysis of bleached soft-
wood kraft pulp, characterized elsewhere[279,295]), were purchased in freeze-dried
form from CelluForce (Montreal, Canada). CNC (120 £ 61 nm length by 4.0 £ 1.3 nm
height, determined via AFM, Bruker ICON3, Supporting Information Figure S1, using
FiberApp tracking[296]) were dispersed in distilled water at 2 wt%, probe sonicated in
an ice bath (3 x 10 minute cycles, 60% amplitude, Digital Sonifier 450, Branson Ultra-
sonics) and stored at 4 °C prior to use. Lysozyme from Hen Egg White (HEWL, >90%)
was purchased from Sigma Aldrich. Hydrochloric acid and sodium chloride were pur-

chased from VWR Chemicals and used as received.
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Preparation of lysozyme amyloids (full-length and sonicated).

Lysozyme amyloid fibrils were prepared via incubation at pH 2 and elevated tempera-
ture, as previously reported.[25,27,297] Briefly, HEWL was dissolved in a falcon tube
at 2 wt% in distilled water, and the pH was adjusted to 2.0 using 1.0 M HCI. The falcon
tube was then placed in a thermomixer (Eppendorf AG) set to 90 "C, and mixed at 400
rpm for 24 hours. Amyloid fibrils were then optionally sonicated for a total of 20 minutes
using 2 second pulses at 20% amplitude to generate shorter fibers (75 + 34 nm by 5.5
+ 1.3 nm, determined via AFM). Fibril suspensions were subsequently dialyzed using
100 kDa MWCO membranes for ten 12 h cycles to remove any small native/oligomeric
species. The suspensions of lysozyme fibrils (sonicated and unsonicated, imaged us-

ing AFM, Supporting Information, Figure S1) were stored at 4 “C until further use.

Preparation of CNC-lysozyme composite films.

CNC was mixed with either native lysozyme monomer, lysozyme amyloid fibers, or
sonicated amyloid fibers to a final concentration of 1 wt% CNC and between 0 and 1
wit% lysozyme (0 to 50 wt% with respect to total solids). Suspensions were character-
ized via DLS (0.025 wt% in water), Zeta potential, (0.25 wt% in 10 mM NaCl) using a
ZetaSizer Nano ZS (Malvern), and AFM (~ 2g/L of CNC, using APTES coated Mica
substrates). 10 mL of the mixed suspension was deposited into a polystyrene petri dish,
and films were formed via evaporation under ambient conditions (~ 1 — 2 days). Note
that films above 10 wt% lysozyme with respect to total solids were extremely brittle,
and could therefore only be characterized via FTIR. The remaining films (between O
and 10 wt% lysozyme) all showed thicknesses of ~ 20 — 25 um, as determined via

ImageJ analysis of SEM images (10 measurements per image, 3 images per sample;
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no significant differences were evidenced between samples, therefore an average of
22 um was taken for determination of the mechanical properties of all films). For all
characterizations performed, care was taken to use sections of film from the center of
each sample, in order to avoid any inhomogeneous areas which may arise from
edge/other effects during drying. Also note that lysozyme-only films for any lysozyme
morphology were unable to be prepared due to extensive brittleness/cracking upon
drying. Film composition was analyzed via FTIR (Bruker Tensor 27 FT-IR spectrometer
in attenuated total reflectance (ATR) mode). Spectra were recorded between 4000 and
600 cm™ with a resolution of 4 cm™ and 32 scans per sample. Film transparency and
optical properties were investigated via UV/Vis (UV3600 UV-vis NIR Spectrophotom-
eter, Shimadzu) and polarized optical microscopy (POM, Zeiss Axioplan microscope
equipped with cross-polarizing filters and retardation plate). Film morphology was in-
vestigated via SEM, whereby individual samples were fractured by bending, and
loaded in sample holders to view the fracture cross-section. Samples were coated with
a thin layer of platinum (~ 2 nm) before imaging (5.0mm working distance, 5.0 kV ac-

celerating voltage, Fei Nova NanoSEM 230 Instrument, Fei, Hillsboro, OR, USA).

Mechanical testing.

Films were cut into 4 x 25 mm strips using a laser cutter (Nova24 60W, Thunderlasers)
to avoid creating microfractures within the samples. Tensile testing of the prepared film
strips was performed using a micromechanical testing device equipped with a 5N load
cell.[298] Samples were clamped (initial length ~ 15 mm) and strained at 1 um/s until
breakage. Video extensometry was used to precisely determine sample displace-
ment/elongation at break. Stress-strain curves were generated, whereby the Young’s

modulus was calculated from the initial linear portion of the curves, tensile strength
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was determined as the maximum stress achieved during testing, and toughness was
calculated from the area under the stress-strain curve. All samples were tested in at
least quintuplicate, with results presented as the average * standard deviation. A two-

tailed t-test was used to determine any significant differences between the samples.

Antibacterial activity.

Films were cut into 10 mm diameter discs using a laser cutter as described above, and
were then sterilized via exposure to UV light in a sterile bench for 30 minutes under
ambient conditions. Bacteria (Escherichia coli DSMZ 1103, and Staphylococcus au-
reus ATCC 6538) were pre-cultured in 5 mL of 30% Tryptic Soy Broth (TSB) + 0.25%
Glucose, and incubated overnight at 37 °C at a stir speed of 160 rpm. Bacterial pre-
cultures were then diluted to OD600nm 0.1 and allowed to grow for 2 h (exponential
growth phase). 1000 pL of exponential growing cells with a final concentration of
OD600nm 0.001 in PBS were then pipetted into a well-plate containing the CNC-lyso-
zyme discs (1 disc per well), ensuring each disc was fully covered. The plate was in-
cubated for 2 h at 37 °C and 40 rpm, at which point the discs were removed, placed
onto PC-Agar plates (Sigma Aldrich 70152), and incubated overnight prior to imaging.
Note that due to the highly hydrophilic nature of these CNC-based films, partial redis-
persion of the films was evidenced following bacterial incubation; although this may
have an effect on the results presented, the relative differences between samples are
taken to be significant due to the identical handling of each sample. Additional diffusion
assays were performed by spreading 100 pL of exponentially growing bacteria
(OD600nm 0.1) on PC-Agar plates, at which point CNC-lysozyme discs were added,
and the plates were incubated overnight at 37 °C prior to imaging. All samples were

tested in at least triplicate for each condition.
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RESULTS AND DISCUSSION

CNC-lysozyme suspensions were prepared by simple mixing of negatively charged
CNCs and positively charged lysozyme in various forms (native, amyloid fibers, or soni-
cated amyloid fibers). The addition of a relatively low concentration of native lysozyme
(1 wt% with respect to CNC weight) did not result in any significant aggregation, as
evidenced via AFM imaging (Figure 1). However, some aggregation was apparent
upon the addition of 1 wt% amyloid fibers and sonicated amyloid fibers, potentially due
to the increased zeta potential (and thus enhanced charge screening) of the (sonicated)
lysozyme amyloid as compared to the native lysozyme (Supporting Information, Figure
S2). We attribute this increased zeta potential of lysozyme amyloid versus native lyso-
zyme to two main factors: (1) the compact structure of highly organized -sheets pre-
sent in lysozyme amyloids, acting to increase the overall surface charge density com-
pared to native lysozyme, and (2) the different amino acid composition of native lyso-
zyme and lysozyme amyloid fibers. Hydrolysis at pH 2 fragments native lysozyme into
short peptide chains, only some of which are eventually incorporated into amyloid fi-
bers. Of note, this hydrolysis also leads to the formation of succinimide derivates (and
the loss of a negative charge due to the isomerization of Asp peptide bonds).[25] Nev-
ertheless, the addition of 1 wt% lysozyme did not lead to any significant changes to the
overall apparent size or surface charge of the suspension mixtures, regardless of ly-
sozyme morphology (Supporting Information, Figure S2). Increasing the lysozyme
loading to 10 wt% resulted in enhanced aggregation for all samples, evidenced via
both AFM and DLS. However, at this loading no significant changes in zeta potential
were evidenced, potentially due to the precipitation of large charge-screened aggre-

gates. Note that the zeta potential switched to positive values at ~ 33 wt% lysozyme
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loading, indicative of complete charge screening of the CNCs and ubiquitous suspen-
sion aggregation (apparent size exceeded the maximum measurement capacity via

DLS).

Amyloid

Figure 15: AFM height images of CNC-lysozyme suspensions (~ 2 g/L) at lysozyme
loadings of 1.0 wt% and 10 wt% lysozyme (with respect to CNC weight). All scale bars
are 400 nm. Large area scans can be seen in the Supporting Information (Figure S3).

Regardless of lysozyme loading concentration, composite films were prepared via the
well-established method of evaporation-induced self-assembly (EISA, depicted in Fig-
ure 2).[283,287,289,299-301] Here, 10 mL of suspension containing 1 wt% CNC and
between 0 and 1 wt% lysozyme (both with respect to total weight) were deposited into
polystyrene petri dishes and allowed to dry fully under ambient conditions. Lysozyme
incorporation within the films was monitored via FTIR, and as expected, increasing the
lysozyme concentration resulted in an increase in the amide | absorbance region (1580

— 1720 cm™).[302] This region is also sensitive to protein secondary structure, and can
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be used to evaluate the predominant structural features of the incorporated lyso-
zyme.[303] Composite films with native lysozyme show a strong peak centered around
1650 cm?, attributed to native a-helices and random coils, whereas films with lysozyme
amyloids show a second peak around 1620 cm™, attributed to aggregation-specific B-
sheets (Figure 3).[155,302,303] Importantly, these results indicate that the secondary
structure of the lysozyme proteins is maintained within the composite films following
the EISA process. Note that films prepared from sonicated lysozyme fibrils showed an
identical secondary structure to that of films prepared from non-sonicated lysozyme
amyloids, indicating that the sonication process does not significantly affect the lyso-
zyme secondary structure, but simply breaks the fibers into shorter fragments (Sup-

porting Information, Figure S4).
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Figure 2: Schematlc representation of the EISA process used to prepare CNC-lyso-
zyme composite films. 100 mg of negatively charged CNC are added in combination
with varying amounts of positively charged lysozyme in different aggregation states
(either native, amyloid, or sonicated amyloid) to form structured films. In all cases, film
thickness is ~ 20 — 25 um.
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Figure 3: Baseline-corrected, normalized FTIR spectra for CNC only, lysozyme only,
and CNC-lysozyme composite films at varying lysozyme concentrations for lysozyme
in aggregated (amyloid) and non-aggregated (native) states.

Composite film structure is highly dependent on both lysozyme loading concentration,
and aggregation state. Up to 1.0 wt% lysozyme, a characteristic chiral nematic struc-
ture can been seen in all films, regardless of lysozyme aggregation state, evidenced
via SEM (Figure 4) and POM (Supporting Information, Figure S5). Furthermore, the
addition of less than 1.0 wt % lysozyme (regardless of aggregation state) does not
appear to have a significant effect on the chiral nematic pitch, characterized via UV/Vis
(Figure 5). However, increasing the lysozyme concentration to 1.0 wt % (and further)
does significantly broaden the width of the reflection peak (as shown by an increase in
the reflection ¥2 band, Figure 5), indicative of a decrease in film uniformity and a dis-
turbance within the chiral nematic structure. Notably, this trend has also been observed

in other EISA CNC films upon the addition of various polymers/plasticiz-
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ers.[288,290,304,305] For lysozyme amyloid and sonicated amyloid fibers, this de-
crease in chiral nematic structure at concentrations above 1.0 wt% is likely due to en-
hanced charge screening/aggregation, as evidenced via AFM (Figure 1 and Support-
ing Information, Figure S3). This is also evidenced as a loss in fingerprint texture ob-

served via POM (Supporting Information, Figure S6).

In the case of composite films with native lysozyme, a chiral nematic structure is evi-
denced up to 10 wt% lysozyme loading (additional images in Supporting Information,
Figure S7), indicating a weaker aggregation potential between CNC and native lyso-
zyme. Here as well however, increasing the lysozyme concentration results in in-
creased heterogeneity within the chiral nematic pitch (i.e. an increase in the number of
defect regions, observed by SEM) and general broadening of the reflection peak (ob-
served by UV/Vis). Interestingly, increasing the native lysozyme concentration also re-
sults in a blue-shifting of the reflection peak (from ~ 620 nm to ~ 500 nm), representing
a decrease in the chiral nematic pitch. Typically, the incorporation of polymers results
in a red-shifting of the chiral nematic pitch due to the intercalation of polymers between
the CNCs.[129,288,304-306] Therefore, it is likely that the native lysozyme does not
uniformly intercalate between CNC rods, but interacts in different ways to cause the
observed blue-shift. We hypothesize that this is largely caused by a combination of (1)
charge screening, (2) locall/irregular aggregation, and (3) hygroscopic effects: (1) It is
known that decreasing the surface charge of a CNC suspension will lead to a blue-shift
of the reflection peak (reduction in chiral nematic pitch) due to reduced electrostatic
repulsion allowing closer CNC packing.[91] (2) From AFM imaging, the presence of
irregular aggregates are observed at higher lysozyme loading; these aggregates
should not participate in cholesteric ordering, but nonetheless take up space, and likely

compress adjacent ordered domains. This is oppositely analogous to what is seen
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when sonicating CNC suspensions prior to forming chiral nematic films; local aggre-
gates are broken, causing a red-shifting in the final films.[91,307,308] (3) The removal
of water from CNC films is known to cause a blue-shift due to decreased free water
between adjacent CNCs; as lysozyme is highly hygroscopic, it is likely that free water
is selectively adsorbed by the local lysozyme-rich aggregates during the EISA pro-
cess.[309] Similar phenomenon was noticed by the Walther group,[304,310] where at
relatively low polymer concentrations (< 20 wt%), the polymers tend to preferentially
fill voids between the cholesteric domains rather than intercalate between CNCs, at-
tributed to the unfavorable change in entropy associated with polymer stretching to fill

the interstitial space between CNCs.
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Figure 4: SEM images of the cross section of CNC-lysozyme composite films at vary-
ing lysozyme concentrations and aggregation states. All scale bars are 2 um.
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Figure 5: Evaluation of the optical properties of CNC-lysozyme composite films via
UV/Vis. The top row shows representative transmittance spectra for all samples (with
insets displaying normalized transmittance of the minimum peak reflectance wave-
length), and the bottom row shows the derivative around this minimum peak reflec-
tance wavelength. The “half-bandwidth” (2 band), giving a measure between the peak
reflection wavelength and closest half-maxima, is also indicated.

The effects of lysozyme loading on the mechanical properties of the resulting CNC-
lysozyme films are summarized in Figure 6. Note that in all samples, a relatively linear
increase in stress with increasing strain occurred, (i.e. no inelastic deformation) indic-
ative of good interfacial adhesion and stress transfer throughout the composites. The
mechanical properties of the CNC only films assembled here are similar to previous
reports on self-assembled CNC films.[290,305,311] These films are quite brittle (strain
to break ~ 0.73 = 0.08 %), attributed to the relatively short overlap length of wood-
based CNCs (investigated in detail elsewhere by molecular dynamics)[290] and limited
soft-phase dynamics.[304] The addition of 1.0 wt% lysozyme (regardless of morphol-
ogy) results in a qualitative (albeit largely statistically insignificant) reduction in the

modulus, strain at break, tensile strength, and toughness. This systemic decrease in
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mechanical performance is attributed to the increased heterogeneity in the chiral ne-
matic structure, as observed via SEM and UV/Vis; the introduction of defects is known
to weaken the mechanical properties of CNC-based films, resulting in increased prob-

ability of premature fracture.[311]

Interestingly, increasing the lysozyme loading to 10 wt% (again, regardless of morphol-
ogy) results in a relatively systematic and significant increase in mechanical properties
(notably tensile strength, toughness, and elongation at break, albeit these films remain
relatively brittle with elongation at break still < 1%). Notably, this increase is evidenced
simultaneously for elongation at break and tensile strength, which are typically in-
versely related.[311] However, Natarajan et al. also demonstrated a simultaneous in-
crease in elongation at break (still up to only ~ 1 wt%) and tensile strength for chiral
nematic CNC films by incorporating longer tunicate CNCs into a suspension of wood-
based CNCs.[290] They attribute this simultaneous increase to effectively increasing
the overlap length between CNC rods; as the film is strained, load is primarily trans-
ferred through non-bonded CNC-CNC interfaces (hydrogen bonding, van der Waals
interactions), the number of which is directly related to CNC overlap length.[290] Alt-
hough in our case the chiral nematic structuring is largely lost at 10 wt% lysozyme
loading, a similar argument about overlap can be made; the addition of a relatively high
concentration of lysozyme induces significant aggregation/attractive forces between
CNCs, effectively increasing the strength of non-bonded interfaces. Supporting this
point, it has previously been demonstrated that non-ordered CNC films show increased
elongation at break and tensile stress versus chiral nematic CNC films of similar com-
position.[129] Our previous work has also demonstrated similar results for hydrogels
with aligned and randomly distributed CNCs, whereby hydrogels with randomly distrib-
uted CNCs show increased shear strength due to the presence of out-of-plane CNCs

providing increased entanglement and resistance to shear.[312]
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Figure 6: Mechanical properties for CNC-Lysozyme films with varying lysozyme con-
tent. * = p < 0.05, ** = p < 0.01; symbols placed directly in the bar are as compared to
CNC only films. Representative stress-strain curves and a table of exact values can
be seen in the Supporting Information (Figure S8, Table S1).

Finally, the antibacterial efficacy of CNC-lysozyme composite films was determined
against both Gram-positive S. aureus and Gram-negative E. coli. Minimal contact-me-
diated antibacterial efficacy was evidenced for CNC only and CNC-lysozyme compo-
site films with 1.0 wt% lysozyme loading (regardless of lysozyme morphology) against
both S. aureus (Figure 7) and E. coli (Supporting Information, Figure S9). However,
when the lysozyme concentration was increased to 10 wt%, some qualitative improve-
ments in antibacterial activity against Gram-positive S. aureus are apparent, also re-

gardless of lysozyme morphology. This improved antibacterial efficacy was not evi-
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denced against Gram-negative E. coli. This is largely intuitive, as the antibacterial effi-
cacy of native lysozyme is predominantly due to the hydrolysis of peptidoglycan, which
comprises roughly 90% and 10% of the cell envelope in Gram-positive and Gram-neg-
ative bacteria, respectively.[313] Although there have been some reports of lysozyme
amyloids displaying increased broad spectrum antimicrobial activity (hypothesized due
to contact-mediated bacterial agglomeration and membrane disintegration via positive
charges binding negatively charged cell wall components),[32,313] this was not evi-
denced here. We hypothesize that this may be due both to the hindered accessibility
of lysozyme, and to the overall negative charge of the CNC-lysozyme composite films,
even at 10 wt% lysozyme, reducing this propensity to bind to the bacterial cell walls. In
support of this hypothesis, previous research has shown that lysozyme antibacterial
activity against Gram-positive S. epidermidis for both native lysozyme and lysozyme
amyloid fibers decreased when it was adsorbed to surfaces, likely due to the hindered
accessibility of active sites.[55] Furthermore, nanocellulose surface charge has also
been shown to affect the antibacterial activity of lysozyme, whereby aerogels prepared
from cationic CNF showed significantly improved antibacterial efficacy than aerogels
prepared from TEMPO-oxidized (anionic) CNF against both Gram-positive and Gram-
negative bacteria.[294] It should also be noted that in all cases there was no evidence
for diffusion-mediated antibacterial activity, indicating that the lysozyme, regardless of
aggregation state, is strongly bound to the CNC within the composite films, and is not

readily released (Supporting Information, Figure S10).
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Figure 7: Antibacterial activity of CNC-lysozyme composite films with varying lyso-
zyme content against Gram-positive S. aureus. Activity against Gram-negative E. coli
and diffusion-based antibacterial activity can be seen in the Supporting Information
(Figure S9 and Figure S10, respectively)

CONCLUSION

In summary, composite films were successfully prepared from CNCs and lysozyme in
different aggregation states (native, amyloid fibers, or sonicated amyloid fibers) via
EISA. Both lysozyme amyloids and sonicated lysozyme amyloids resulted in enhanced
CNC aggregation versus native lysozyme, attributed to the increased positive surface
charge density of amyloid fibers. The resulting composite films showed a more heter-
ogeneous chiral nematic structure with a higher density of defects, attributed to local
CNC-lysozyme aggregates. For films with lysozyme amyloids, there was no discernible
effect of lysozyme concentration on the chiral nematic pitch, whereby the chiral nematic
structure was no longer evident at concentrations above 1.0 wt%. For films with native
lysozyme, increasing the concentration up to 10 wt% lysozyme results in a blue-shift
to the chiral nematic pitch, before the structure is largely lost. Regardless of lysozyme
aggregation state, films with 10 wit% lysozyme showed improved tensile strength,

toughness, and elongation at break, attributed to increased overlap between CNCs.
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Finally, antibacterial activity against Gram-positive S. aureus was improved for films
with 10 wt% lysozyme, although little efficacy was evidenced against Gram-negative
E. coli, attributed to the overall negative charge of the films reducing contact-mediated
antibacterial activity. We see an opportunity to extend the knowledge gained here sur-
rounding CNC-lysozyme (and CNC-protein, in general) aggregation and assembly into
films and other materials (such as hydrogels and aerogels) with improved mechanical

properties and antibacterial activity.
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Supporting Information Available. This material is available free of charge via the
Internet at http://pubs.acs.org. AFM height images of CNC and lysozyme, DLS and
Zeta Potential measurements of CNC-lysozyme suspensions, large area AFM scans
of CNC-lysozyme suspensions, additional FTIR spectra of CNC-lysozyme films, Polar-
ized Optical Microscopy images of CNC-lysozyme films, additional SEM images of
CNC-lysozyme film cross-sections, representative stress-strain curves, table of me-
chanical properties from tensile testing of CNC-lysozyme films, antibacterial activity of
CNC-lysozyme composite films against gram positive E. coli, diffusion-based antibac-

terial activity of CNC-lysozyme composite films.
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Figure S1. AFM images of CNC, native lysozyme, lysozyme amyloid, and sonicated
lysozyme amyloid. Suspensions were drop-cast onto APTES-coated mica substrates
at a concentration of ~ 2 g/L prior to imaging.
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Figure S2: DLS (top) and zeta potential (bottom) measurements for CNC-lysozyme
suspensions at varying lysozyme concentrations for lysozyme in aggregated and non-
aggregated states. * Apparent size larger than the maximum measurable value for the
instrument (10 um). Mean count rates for all samples were between 50 and 5000 kcps
for both DLS and Zeta Potential measurements.
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Figure S3: AFM height images (large area scans) of CNC-lysozyme mixtures at 100:1
and 10:1 CNC:lysozyme weight ratios.
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Figure S4: Baseline-corrected, normalized FTIR spectra for CNC-lysozyme composite
films at 10 wt% for sonicated and unsonicated lysozyme amyloids.
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Figure S5: POM images of the surface of CNC-any CNC-lysozyme composite films
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Figure S6: POM images of the surface of CNC-lysozyme composite films at a loading
of 10 wt% lysozyme. All scale bars are 50 pum.

S.0wt%

Figure S7: Additional SEM images of the cross section of CNC-n
composite films at varying concentrations. All scale bars are 2 um.
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Figure S8: Representative stress-strain curves for tensile testing of CNC only and
CNC-lysozyme composite films at a loading of 1.0 wt% and 10 wt% lysozyme. All
samples were tested in at least quintuplicate.

Table S1: CNC-Lysozyme film mechanical properties for films containing native
lysozyme (N), lysozyme amyloids (A), or sonicated lysozyme amyloids (SA) at 1 and

10 wt %.
Sample Strain at Break Modulus Tensile Toughness
(%) (GPa) Strength (MJ/m3)
(MPa)
CNC Only 0.73+0.08 95+1.7 54.3 +14.6 0.19+0.08
CNC-N-1 0.51+0.11 94+09 40.9+13.0 0.10 £ 0.06
CNC-N-10 0.94 £ 0.06 10.1£0.6 741+84 0.35+0.07
CNC-A-1 0.65+0.17 8.1+0.6 40.5+11.3 0.14+0.10
CNC-A-10 0.79+£0.09 9.1+0.8 59.0+8.4 0.23 £ 0.07
CNC-SA-1 0.53+0.15 8.0+1.0 354 +6.3 0.10 £ 0.04
CNC-SA- 0.82 +0.02 95+04 60.8 + 3.4 0.23+£0.02
10

196



Native Amyloid Sonicated Amyloid

1 wt%

CNC Only

10 wt%

Figure S9: Antibacterial activity of CNC-lysozyme composite films with varying
lysozyme content against Gram-negative E. coli.
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Figure S10: Diffusion-based antibacterial activity of CNC-only and CNC-lysozyme
composite films containing 10 wt% lysozyme.
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ABSTRACT

Structural organization is ubiquitous throughout nature and contributes to the outstand-
ing mechanical/adhesive performance of organisms including geckoes, barnacles, and
crustaceans. Typically, these types of structures are composed of polysaccharide and
protein-based building blocks, and therefore there is significant research interest in
using similar building blocks in the fabrication of high-performance synthetic materials.
Via evaporation-induced self-assembly, the organization of cellulose nanocrystals
(CNC) into a chiral nematic regime results in the formation of structured CNC films with
prominent mechanical, optical, and photonic properties. However, there remains an
important knowledge gap in relating equilibrium suspension behavior to dry film struc-
turing and other functional properties of CNC-based composite materials. Herein, we
systematically investigate the phase behavior of composite suspensions of rigid CNCs
and flexible bovine serum albumin (BSA) amyloids in relation to their self-assembly
into ordered films and structural adhesives. Increasing the concentration of BSA amy-
loids in the CNC suspensions results in a clear decrease in the anisotropic fraction
volume percent via the preferential accumulation of BSA amyloids in the isotropic re-
gime (as a result of depletion interactions). This translates to a blue-shifting or com-
pression of the chiral nematic pitch in dried films. Finally, we also demonstrate the
synergistic adhesive potential of CNC — BSA amyloid composites, with ultimate lap
shear strengths in excess of 500 N/mg. We anticipate that through understanding the
systematic relationships between material interactions and self-assembly in suspen-
sion such as investigated here will pave the way for a new generation of structured

composite materials with a variety of enhanced functionalities.
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INTRODUCTION

Nature excels in the production of composite materials with impressive optical, me-
chanical, and adhesive properties via the evolution of sophisticated hierarchical organ-
ization and optimized interactions between constituent building blocks.[314,315] These
phenomena are starkly apparent in lobster cuticle for example, the high strength of
which is attributed to both the helicoidal arrangement of rigid chitin nanofibrils at the
micron scale, and their interactions with flexible proteins at the nanoscale.[314] This
type of structural architecture — long-range organization of a majority rigid component
with a flexible biomacromolecular binder — is also responsible for the mechanical func-
tionality of bone, nacre, and ivory, and as such has motivated the engineering of nano-
composite analogues to emulate these multifunctional natural structures.[316] Further-
more, given the increased attention towards the development of sustainable materials
in modern society, natural building blocks based on polysaccharides such as cellulose

or chitin, and protein nanofibers have attracted significant interest in this area.

Cellulose nanocrystals (CNCs) are rigid, high aspect ratio nanopatrticles derived from
cellulose, the most abundant natural polymer on Earth.[77,273] CNCs have gained
significant interest for use as structural building blocks in a variety of applications due
to their renewable nature, commercial availability, excellent mechanical properties,
thermal stability, potential  for  functionalization, and biocompatibil-
ity.[84,108,279,317,318] Furthermore, CNCs undergo a concentration-dependent chi-
ral nematic self-assembly, giving rise to hierarchically structured thin films upon solvent
evaporation (evaporation-induced self-assembly; EISA).[91,227,283-286,319] Yet,
these assemblies tend to be extremely brittle, due to limited shear transfer between

the short, rigid, still well-organized CNCs, which limits their translation to practical ap-
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plications.[290] As in nature, here the use of a softer, flexible biomacromolecular/poly-
meric binder has demonstrated success in improving film mechanics such as tough-
ness and ductility.[320,321] However, detailed investigations relating the effects of soft
biomacromolecular binders on CNC equilibrium dispersion behavior and self-assembly
in an aqueous regime to resulting film structuring and other functional properties such

as adhesive potential remains largely unexplored.

To this end, we hypothesize that understanding the detailed interactions between
CNCs and biomacromolecular binders will enable the preparation of structural adhe-
sives with significantly improved performance. We demonstrate that rigid CNC and
flexible protein amyloids interact through depletion effects in suspension to form well-
organized films and structural adhesives with specific lap shear strengths in excess of
500 N/mg, which is among the highest demonstrated for bio-based materials.[322—326]
Protein amyloids are a class of fibrillar and highly stable protein aggregates which form
via a self-assembly process.[6,9,184,185] Originally gaining interest because of their
implication in several pathological disorders, protein amyloids have also recently been
discovered in a diverse array of biologically functional roles. Of particular note, protein
amyloids have been identified as a major component in adhesive marine species in-
cluding barnacles, mussels, and algae.[327—-330] The adhesive properties of other am-
yloids have also been documented, with amyloids from bovine serum albumen (BSA)
demonstrating cell adhesiveness, in stark contrast to the cell-repulsive nature of BSA
in its native form.[331] Herein, we investigate the preparation of protein amyloids from
BSA,[332-336] and probe their interactions with CNCs in both aqueous and dried re-
gimes, presenting a detailed understanding of self-assembly mechanisms towards the

development of next-generation bio-based structural adhesives.
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RESULTS AND DISCUSSION
Preparation of BSA Amyloids

Proteinaceous amyloids ("amyloid™) were prepared via the high temperature acid-me-
diated hydrolysis of native BSA ("monomer”) at pH 2 and 90 °C for 4 days. As evi-
denced via AFM imaging (Figure 1 A, B), globular BSA monomer aggregated to yield
flexible worm-like fibers with lengths of up several hundreds of nanometers (average
length = 60 £ 68 nm). The worm-like fibers exhibited multiple amyloidogenic hallmarks,
including increased ThT emission (Figure 1 C),[337,338] and a shift in the amide |
absorbance region from 1650 cm* towards 1620 cm, indicating the increased pres-
ence of intermolecular 3-sheets typical of amyloids (Figure 1 D; full Fourier-transform
infrared (FTIR) spectra available in the Supporting Information, Figure S1).[155,303]
Aggregation was also apparent via dynamic light scattering (DLS), whereby the z-av-
erage apparent diameter increased to 88 + 5 nm for amyloids, from 11.2 + 0.5 nm for
monomer (Supporting Information Figure S2). Due to the acid-mediated hydrolysis,
BSA amyloids (isoelectric point of BSA ~ 4.7)[339] were also demonstrated to have a
negative surface charge density (zeta potential — 30.2 + 0.9 mV at pH 7, Supporting
Information Figure S2), which increased in absolute value as compared to BSA mon-
omer. Amyloid aggregate-to-monomer ratio was analyzed via UV-vis absorbance,
whereby amyloids were passed through a 100 kDa MWCO centrifuge filter, and the
protein absorbance peak at 280 nm was compared for as-prepared amyloids and the
protein filtrate therein.[131] The protein concentration in each sample was then esti-
mated using the Beer-Lambert Law, whereby it was determined that 9.3% by weight of
the BSA amyloid suspension was composed of unaggregated species/monomers or
low molecular weight oligomers, indicating a high level of aggregation/conversion from

the native state.
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Figure 16: Preparation and characterization of BSA amyloids prepared via acid-medi-
ated hydrolysis (pH 2) of BSA at 90 “C for 96 h. AFM images of (A) BSA monomer and
(B) BSA amyloids. Both scale bars are 500 nm. (C) ThT emission of BSA monomer
and amyloids. (D) Normalized FTIR absorbance of BSA monomer and amyloids. (E)
UV-vis absorbance of BSA amyloids and the filtrate therein.

Aqueous Interactions & Phase Behaviour of CNC — BSA Amyloid Composites

Negatively charged sulfuric-acid hydrolyzed CNCs (purchased from CelluForce, aver-
age length = 117 + 64 nm) were added to as-prepared BSA amyloid suspensions via
simple mixing of the two components in defined ratios. As expected, due to the nega-
tive surface charge of both components (zeta potential ~ -30 mV, Figure 2), no aggre-
gation was apparent in any of the mixed suspensions via AFM, DLS, or zeta potential

measurements (50% BSA shown in Figure 2, all other ratios shown in the Supporting
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Information, Figure S3 for AFM and Figure S4 for DLS and zeta potential). CNC — BSA
amyloid suspensions were then concentrated in order to investigate the effects of BSA
amyloid addition on the phase behaviour of CNCs; CNCs are known to undergo a
smooth transition from a fully isotropic regime, through a biphasic regime, and finally
towards a fully chiral nematic/anisotropic liquid crystalline regime as their concentration
is increased.[340] This chiral nematic regime is formed in order to maximize transla-
tional entropy between individual CNC rods as they pack closer together, and can be
severely hindered by interacting particles which limit CNC reorganization.[284] Due to
the lack of aggregation between CNCs and BSA amyloids evidenced here, we antici-

pate that BSA amyloids will not hinder the formation of a CNC chiral nematic regime.
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Figure 2: Schematic representation of negatively charged CNC (green) and BSA am-
yloid (blue) mixtures. A 1:1 mixture of the two components (50% BSA amyloid, mixed
horizontal bars) yields no significant aggregation or domain formation of either constit-
uent, as demonstrated by AFM, DLS, and Zeta potential measurements.
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Concentrated CNC suspensions containing varying amounts of BSA amyloids (0 — 4%
with respect to CNC content) were prepared in order to investigate their phase behav-
iour (Figure 3). Although the effects of CNC rod length (c.f. Onsager Theory),[99,341]
surface charge,[342] and ionic strength have been investigated in relation to CNC
phase behaviour,[284,343] to date fundamental research in this area has overwhelm-
ingly focused on CNCs in pure suspension. There is however a large knowledge gap
related to the phase behaviour of composite CNC suspensions, which is especially
striking considering the significant amount of research interest in the preparation of
structured composite CNC films with various functional polymers, particles, or other
additives.[129,283,304,321,344,345] To this end, here we demonstrate that the addi-
tion of increasing concentrations of BSA amyloids results in a systematic shift in the
CNC phase diagram, whereby the onset of the biphasic region is delayed. In other
words, at similar CNC concentrations the addition of BSA amyloids leads to a lower
chiral nematic volume fraction, and hence an overall compression of the chiral nematic
pitch.[307] This same phenomenon is also evidenced upon increasing CNC concen-
tration in pure suspensions, whereby the chiral nematic pitch is progressively com-

pressed in the biphasic regime.[295,346]

For each suspension mixture, the biphasic regime was modeled by linear regression
(Supporting Information, Table S1) following Onsager Theory,[99] to assess the CNC
weight fraction required for the onset of chiral nematic phase formation (¢;) and com-
plete anisotropic/chiral nematic organization (¢a). Although it has been demonstrated
for CNC-based systems that the absolute concentration for onset and saturation of the
biphasic regime deviate slightly from theory,[284] the relative differences observed

here are still deemed physically significant.

206



100

X ® CNConly
\E 90 - ,/' ,:/' //
ks ® 1% BSA Tt
80 - 7 e ’
g ’/ /,', ’I
E 50 | ® 2%BsA A
= ® 4% BSA o, 4
(0} il ’
3 607 “,‘,‘ o
= o ql®
QEJ 50 /I I”/’ /l
/ LI
£ i ’ (4
w 40 ’ /.’, R
(0] / 0 ’
(= o ’
© 30 - ,, "’/ ,’
S 20 A o8/ .
3 ‘e’ (38
2 10 A )
/ ’
< /9 P
0 T T T T T T T
0 1 2 3 4 5 6 7 8
CNC wt %

Figure 3: Equilibrium phase behaviour of aqueous CNC suspensions containing vary-
ing amounts of BSA amyloids. Note that it was challenging to determine the exact an-
isotropic fraction at CNC loadings higher than ca. 5.0 wt% due to increased light scat-
tering throughout the sample (and as such, some measurement points have been omit-
ted), as discussed in detail in a previous publication.[347] Lines are linear regressions
to be used as guides for the eye.

The addition of increasing amounts of BSA amyloids led to a suppression of ¢ to higher
CNC wt%, delaying the formation of the chiral nematic phase. In this low CNC concen-
tration regime where spacing between individual CNC rods is large (below ¢), likely
the presence of BSA amyloids disturbs CNC — CNC interactions, thus hindering organ-
ization. Note that in this concentration regime, the distance between individual CNC
rods (> 50 nm[346]) is on the same length scale as the hydrodynamic diameter of the
BSA amyloids, supporting this hypothesis. Furthermore, following Lekerkerker[348]
this leads to increased repulsion between individual CNCs, and hence increased col-

loidal stability delaying the onset of chiral nematic phase formation.

Once the overall CNC concentration is increased above ¢i, chiral nematic organization

occurs and the average spacing between rods decreases progressively throughout this
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biphasic regime.>® For a given CNC concentration within the biphasic regime, the ad-
dition of BSA amyloids causes a decrease in the CNC anisotropic regime volume frac-
tion, and thus a compression of the chiral nematic pitch (decreased spacing between
individual CNC rods).[307] According to Flory,[349] decreased separation between in-
dividual rod-like particles in suspension (i.e. increased attraction between the rods) is
predicted to lead to a widening co-existence window (biphasic regime). Correspond-
ingly, here, upon the addition of 4% BSA amyloids, a broadening of the overall biphasic
regime (¢a— ¢i) by roughly 20 % (Table S1) is evidenced based on linear regression

analysis.

In order to further rationalize the effects of BSA amyloid addition on CNC phase be-
haviour, equilibrated 4 wt% CNC suspensions containing varying amounts of BSA am-
yloids were carefully fractionated into isotropic and anisotropic portions. Samples were
then investigated via UV-vis absorbance, FTIR, and AFM to determine the specific
partitioning of BSA amyloids into the isotropic and anisotropic CNC regimes (4% BSA
shown in Figure 4, CNC only and 2% BSA shown in the Supporting Information, Fig-
ures S5 and S6). For suspensions containing 4% BSA, UV-vis analysis showed the
presence of a stronger absorbance band at 280 nm for the isotropic fraction compared
to the anisotropic fraction, suggesting a larger concentration of protein within the iso-
tropic regime. This was also supported by FTIR analysis, whereby increased absorb-
ance peaks were observed in the amide | (1600 — 1700 cm, C=0 stretching) and
amide Il (~ 1515 — 1555 cm%, N-H bending) regions for the isotropic fraction.[303,334]
Note that CNC only samples also show an absorbance band centered in the amide |
region (around 1631 cm™), attributed to -OH bending of adsorbed water;[344] this band
is stronger in the isotropic fraction due to decreased CNC-CNC interactions versus the
highly organized anisotropic fraction. Finally, AFM imaging demonstrated a higher

guantity of flexible aggregates in the isotropic fraction than in the anisotropic fraction;
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in both regimes, these aggregates were absent from the CNC only samples (Support-
ing Information, Figure S6), and can therefore be confidently attributed to BSA amy-
loids. Thus, we can conclude that although BSA is present in both fractions, it appears
to selectively partition to the upper isotropic regime in a much higher concentration,
resulting in a compression of CNCs within the lower anisotropic phase. Similar behav-
iour has previously been observed for CNC suspensions with blue dextran, which like
the BSA amyloids herein is also non-adsorbing, whereby the blue dextran preferentially
separated into the isotropic phase and resulted in a broadening of the biphasic re-
gime.[350,351]

Taken together, these results indicate that mechanistically, BSA amyloids interact with
CNCs through depletion interactions, which is typical for non-adsorbing polymer addi-
tives to colloidal systems.[348,352] In a binary mixture of large colloids and non-ad-
sorbing polymers/particles, the large-sized colloids (here, the CNCs) are ‘depleted’ by
the non-adsorbing particles (here, the BSA amyloids) due to an imbalance in osmotic

pressure.[352—355] This imbalance induces a net attractive force between the large

colloids, pulling them together and increasing the free volume for the non-adsorbing
component, and resulting in an overall increase in the entropy of the mixture and cor-
responding lowering of the free energy of the system. Here, this is seen as a compres-
sion of the chiral nematic pitch and an overall decrease in the chiral nematic volume
fraction upon increasing BSA amyloid addition due to its preferential exclusion to the

isotropic regime.
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Figure 4: Partitioning of BSA amyloids into the isotropic and chiral nematic/anisotropic
regimes at equilibrium. (A) Baseline-normalized UV-vis absorbance spectra (CNC sus-
pension used as baseline), (B) normalized absorbance via FTIR and (C) AFM images
of the isotropic and anisotropic regimes of CNC suspensions containing 4% BSA am-
yloids. Scale bars are both 1 pm.

One of the additional hallmarks of depletion interactions is the increased attraction be-
tween self-assembling colloids resulting in faster kinetics of phase separation.[352,356]
To this end, CNC phase separation was recorded on a roughly weekly basis for 42
weeks in order to determine the kinetics of phase separation (Supporting Information
Figure S7); three distinct CNC concentrations were chosen within the biphasic region
and the change in the anisotropic fraction volume percent was investigated over time

(Supporting Information Figure S8). In general, samples reached equilibrium quicker
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(smaller percent change) at the lower end of the biphasic region, due to the lower
suspension viscosity enabling quicker particle motion/reorganization.[307] Regardless
of CNC concentration, samples containing 1 and 2% BSA amyloids reached equilib-
rium progressively quicker than CNC only samples. Although samples containing 4%
BSA amyloids also reached equilibrium quicker than CNC only samples, they did not
reach equilibrium as fast as the 1 and 2% BSA amyloid samples, perhaps due to an
increase in suspension viscosity/overall solids content. Albeit, for all BSA amyloid con-
centrations tested, faster kinetics of phase separation were evidenced versus CNC

only samples, again indicative of depletion interactions.

Evaporation-Induced Self-Assembly and Film Structuring of CNC — BSA Amyloid

Composites

CNC — BSA amyloid composite films with varying concentration of BSA were prepared
via evaporation-induced self-assembly (EISA, Figure 5). The incorporation of BSA am-
yloids into the structured films was monitored by FTIR, whereby as expected, increas-
ing BSA loading resulted in an increase in the amide | and amide Il absorbance regions
(Figure 5 A; full spectra are shown in the Supporting Information, Figure S9). Detailed
film structure was investigated via UV-vis absorbance, with CNC only films demon-
strating a characteristic reflectance peak related to the chiral nematic pitch therein.
Upon increasing addition of BSA amyloids, this characteristic reflectance peak was
systematically blue-shifted to lower wavelengths, representing a compression of the
chiral nematic pitch. SEM imaging of film cross-sections qualitatively supplemented
this analysis, whereby the chiral nematic pitch appears to progressively decrease with

increasing loading of BSA amyloids (Supporting Information, Figures S11 and S12).
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Moreover, this trend agrees well with data observed in concentrated suspensions (dis-
cussed above, where the addition of increasing amounts of BSA amyloids resulted in
a decrease in the anisotropic fraction volume percent and a compression of the equi-
librium pitch), and also agrees well with data observed previously in CNC films upon
the addition of non-adsorbing sodium polyacrylate or L-histidine.[129,357] Note that the
results observed here are contrasting to what is observed upon the addition of adsorb-
ing polymers to CNC films,[304,344] whereby the adsorbed polymers increase the ef-
fective diameter of CNC rods, leading to a red-shifting or expansion of the chiral ne-

matic pitch.

The addition of up to 10% BSA amyloids did not result in any significant broadening of
the reflectance peak (Supporting Information, Figure S10), indicating good preserva-
tion of the chiral nematic structure (albeit, the broad protein absorbance peak centered
around 280 nm interferes with the chiral nematic peak at higher BSA amyloid concen-
trations). Although no clear peak could be evidenced for films with 20% BSA amyloids,
a clear lamellar organization was present via SEM; this structure disappeared com-
pletely for films with 50% BSA amyloids (Supporting Information, Figures S11 and S12).
This is significantly different from our previous results upon positively-charged lyso-
zyme amyloid addition to self-assembling CNC suspensions, whereby a clear broad-
ening of the reflectance peak was observed, indicating an overall disruption in chiral

nematic structuring.[104]
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Figure 5: Characterization of CNC — BSA amyloid composite films with varying BSA
amyloid concentrations prepared via EISA. (A) Baseline-corrected, normalized FTIR
spectra in the amide | and Il absorbance region, (B) representative transmittance spec-
tra via UV-vis (with inset displaying individually normalized transmittance of the mini-
mum peak reflectance wavelength to help visualize the peak shift upon BSA amyloid
addition).

Evaporation-Induced Self Assembly Under Confined Conditions and Lap Shear

Adhesion of CNC — BSA Amyloid Composites

Finally, CNC — BSA amyloid structural adhesives were prepared via EISA under con-
fined conditions (c-EISA). Here, 40 pL of a 1.6 wt % suspension (0.64 mg total solids
content) was allowed to dry under ambient conditions between 2 glass slides in order
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to obtain a final areal density of ca. 0.09 mg/cm? (shown schematically in Figure 6, A —
C). The bonded glass slides were then loaded into a uniaxial tensile tester to determine
the ultimate lap shear load before bond failure (Figure 6 D, numerical values shown in
the Supporting Information, Table S2). In all cases, the controlled c-EISA process in-
duced the formation of strong cohesive and adhesive supramolecular interactions be-
tween the biomacromolecule building blocks and the glass substrates. This was evi-
denced by the high lap shear loads of both pure BSA amyloid assemblies (112 + 59 N)
and pure CNC assemblies (267 + 63 N). Interestingly, synergistic improvements in lap
shear loads were evidenced for CNC — BSA amyloid mixed assemblies up to 20% BSA,
with a 3-fold improvement vs pure BSA amyloid assemblies and 1.25-fold improvement

vs pure CNC assemblies for 4% BSA samples (336 + 114 N).
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Figure 6: Schematic representation of the c-EISA process, whereby (A) suspensions
are dropped on a glass slide, (B) covered with a second glass slide and allowed to dry
overnight under ambient conditions, and (C) loaded into a uniaxial tensile tester to
determine lap shear adhesion. (D) Box plot showing the ultimate lap shear load (N)
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normalized ultimate load per adhesive mass (N/mg) for CNC — BSA amyloid structural
adhesives with varying BSA amyloid content. In each box, x represents the mean, the
midline represents the median, the box represents the interquartile range, and the error
bars represent the statistical maximum and minimum values based on the interquartile
ranges. In each case, between 8 and 12 samples were analyzed.

In order to further investigate these synergistic improvements in lap shear adhesion,
we observed the morphology of the formed assemblies via optical, polarized optical,
and scanning electron microscopy (OM, POM, and SEM respectively; Figure 7 and
Supporting Information, Figure S13). CNC only assemblies demonstrated a strong ac-
cumulation of material around the edges of the overlapping glass substrates, due to
the well-established coffee-ring effect (capillary flow),[358,359] whereby solvent evap-
oration from the glass slide edges induces an outward flow of material. This is particu-
larly noticeable under polarized light, with little birefringence evidenced in the middle
of the glass slides (Figure 7 B), and well-organized birefringent lamellae evidenced
around the edges (Figure 7 C). Note that the formation and long-range ordering of
these lamellae are discussed in detail elsewhere, but involves fracture initiation and
propagation during drying between regions of chiral nematically organized CNCs.[322]
These well-organized lamellae lead to greatly enhanced molecular contact between
the CNCs and the glass substrate, which magnifies relatively weak van der Waals in-
teractions yielding large overall attractive forces, mechanistically similar to the periodic

arrays of micro- and nano-structured lamellae and setae in gecko feet.[316]

Upon the addition of small amounts of BSA amyloids (4 — 20%), material still strongly
accumulated around the edges of the laps, with little remaining in the middle, as evi-
denced via OM and POM. Although well-organized lamellae were still apparent around
the very edges of the laps, the formation of multibranched lamellar patterns emerged,

indicative of increased depinning and a transition towards Marangoni flow.[360,361]
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These multibranched lamellar patterns became more evident as the BSA amyloid con-
centration was progressively increased from 4 to 20% (Figure 7 and Supporting Infor-
mation Figure S13), supporting the proposed mechanism. As the BSA amyloid con-
centration is further increased beyond 20%, Marangoni flow dominates and a more
uniform deposition of material is evidenced (Figure 7 for 50% BSA amyloids and Figure
S13 for pure BSA amyloids), whereby the lamellar structures disappear (although
some material accumulation around the edges is still apparent due to the outward flux
of water). This is likely caused by the increased surface activity of the BSA amyloids
lowering the overall surface tension of the suspensions and facilitating depinning dur-
ing water evaporation; a similar phenomenon has previously been described for in-

creasing concentrations of small ionic surfactants.[360]
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CNC Only 10% BSA 50% BSA

Figure 7: Structural morphology of CNC — BSA amyloid lap adhesives formed via c-
EISA. (A) Optical images of the formed laps between glass slides, (B) polarized optical
microscopy images of representative areas in the middle, and (C) near the edges of
the laps, and (D) SEM images of representative areas near the edges of the laps. All
scale bars in (A) are 2 mm, in (B) and (C) are 50 um, and in (D) are 10 pm.

Previous work has demonstrated that organized lamellae facilitate intimate contact be-

tween biopolymers and substrates in structural adhesives,[323] leading to increased
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adhesive strength. Here, adhesive laps with small amounts of BSA amyloids show in-
creased lamellar area (the organization extends inwards from the edges of the laps,
evidenced via POM and optical images), versus CNC only laps, which we anticipate is
the main reason for the increased ultimate lap shear adhesion. Although the interplay
between (mainly) capillary and (nominally) Marangoni flows during drying is likely a
leading contributor to the increased lamellar area,[323] we hypothesize that the inter-
actions between BSA amyloids and CNCs during self-assembly also affects the for-
mation of lamellae themselves. As mentioned previously, for CNC only lap shear ad-
hesives, lamellae formation is generated through a fracture initiation process, whereby
the formed lamellae are composed of organized assemblies of CNCs in a chiral ne-
matic regime.[322] Here, due to the depletion interactions between BSA amyloids and
CNCs investigated above, CNCs are compressed within the self-assembling chiral ne-
matic regime while BSA amyloids are preferentially excluded. We hypothesize that
these BSA amyloid-rich regions, which are more likely to undergo Marangoni flow, en-
able increased opportunity for fracture initiation as the evaporation process proceeds
from the edges of the lap inwards. This likely leads to an increased number of lamellae
and thus increased lamellar area and increased overall lap shear adhesion. Further
supporting this hypothesis, as seen in free-standing films, the addition of over 50%
BSA amyloids completely disrupts CNC chiral nematic ordering; consequentially, the
adhesive laps with similar BSA amyloid concentration lack well organized lamellar

structures, and show a much weaker ultimate lap shear load.

Contextually, the synergistic improvements in lap shear adhesion demonstrated here
represent some of the strongest values ever reported for bio-colloidal structural adhe-
sives with glass substrates.[322,323,326,362,363] It should however be mentioned

that an in-depth comparison across different literature examples is challenging for sev-
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eral reasons, including suspension viscosity, substrate physical and chemical proper-
ties, and other differences in experimental set-up and conditions. This is especially
apparent when comparing the mass-normalized lap shear load for BSA in its native
form and CNCs across various literature examples (Figure 8 A). Although the mass-
normalized lap shear load is correlated with areal density, stark differences neverthe-
less exist between samples prepared at similar areal densities. Furthermore, mass-
normalized lap shear load is in itself a flawed comparison metric, due to differences in
adhesive organization greatly affecting the actual load-bearing area of the adhe-
sive.[323] For example, in this work the adhesive area was fixed at 26 x 26 mm, yet
the organized lamellae which are primarily responsible for the adhesive performance
do not cover this entire area; this results in an underestimate of true adhesive perfor-
mance. With these caveats being said, several bio-based structural adhesives pre-
pared at a similar areal density (ca. 0.1 — 0.2 mg/cm?) were compared, as shown in
Figure 8 B. With the curious exception of native BSA,[326,363] the CNC-based struc-
tural adhesives developed in this work demonstrated normalized lap shear loads at the
higher end of all bio-based structural adhesives. Note that several other bio-based
structural adhesives prepared at larger areal densities are summarized in the Support-
ing Information, Table S3. Importantly, regardless of absolute adhesive performance,
the mechanistic advantage of combining BSA amyloids with CNCs to improve adhe-
sive performance is clear, as the 4% BSA hybrid performs better than both pure CNC
(1.25 fold improvement in normalized lap shear load) and pure BSA amyloid (3 fold
improvement in normalized lap shear load) adhesives. Similar synergistic improve-
ments are evidenced for other protein-polysaccharide hybrid adhesives,[323,326] sug-
gesting that the nature-inspired combination of protein and polysaccharide building
blocks can enable the next generation of high-performance bio-based materials for a

variety of applications.
219



A B B Lysozyme (native)
1600 1600 1 B Lysozyme (amyloid)
) . O BSA (native) . @ BSA (native)
£ ] O CNC ] B BSA (amyloid)
E 1400 _ @B Luotonen et al. 1400 - B CNC
- 1 . Roberts et al. . B CNF
T 1200 9 -~ 1200 ~
g ] e @B Tardy et al. ] Bl TOCNF
et ] .. . ] .
— 1000 d O e #8 This work 1000 1 | C.h|t|.n Nanocryst.als
© ] O e ] O Lignin Nanoparticles
& 800 - N 800 B 4% BSA x
o i e . E
8 600 ] + 600 ]
8 ] ]
N 400 -+‘ _________ 400 1
o] i N G SN ]
E 200 ] ? *f ------------- 200 ]
o T - T o i
b - ]
0 1 T T T T T T T O =

Proteins

0 02 04 06 08 1 Polysaccharides

Areal density (mg/cm?2) Bio-based Structural Adhesive

Figure 8: Comparison of bio-based structural adhesives with glass substrates. (a) Ef-
fects of areal density on mass-normalized adhesion for CNC and BSA from different
literature investigations. Lines are linear regressions. (b) Mass-normalized lap shear
load for various protein and polysaccharide-based structural adhesives. Measure-
ments performed in this work are designated with a star. A summary of mass-normal-
ized lap shear load and areal density for these bio-based structural adhesives can be
seen in the Supporting Information, Table S3. Literature values are from refer-
ences.[322,323,326,362,363]

CONCLUSION

In conclusion, the self-assembly of synergistically adhesive polysaccharide-protein
composite structures were enabled by a thorough understanding of the mechanistic
interactions therein. The phase behaviour of negatively charged and non-interacting
CNCs and BSA amyloids was investigated, whereby increasing the BSA amyloid con-
centration resulted in a systematic decrease in the anisotropic regime volume fraction,
an overall broadening of the biphasic regime, and improved the kinetics of self-assem-
bly. We observed a specific partitioning of BSA amyloids into the isotropic fraction,
suggesting that mechanistically, depletion interactions are mainly responsible for the
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observed phase behaviour. Correspondingly, the preparation of structured films via
EISA demonstrated a compression of the chiral nematic pitch and blue-shifting of the
absorbance peak upon increasing BSA amyloid addition; importantly the overall chiral
nematic structure was well-preserved as evidenced by no significant broadening of the
absorbance peak. Finally, CNC — BSA amyloid composite structural adhesives were
demonstrated with adhesive strengths in excess of 500 N/mg, representing some of
the highest ever reported values for biocolloidal adhesives. The synergistic improve-
ments in adhesive strength were attributed to a balance between capillary and Maran-
goni flows within the laps during drying, and depletion of the BSA amyloids resulting in
improved self-assembly of CNCs into lamellar structures, increased fracture genera-
tion and thus increased lamellar area. We anticipate that the knowledge generated
herein will enable significant progress in the development of next-generation sustain-

able structural adhesives for a wide range of practical applications.

EXPERIMENTAL
Materials

Cellulose nanocrystals (CNC, prepared via sulfuric acid hydrolysis of bleached soft-
wood kraft pulp, characterized elsewhere[279,295]), were purchased in freeze-dried
form from CelluForce (Montreal, Canada). CNC were dispersed in distilled water at 2
wt%, probe sonicated in an ice bath (3 x 10 min cycles, 60% amplitude, Digital Sonifier
450, Branson Ultrasonics) and stored at 4 °C prior to further characterization/use. CNC
were concentrated as necessary via ambient evaporation. Bovine serum albumin (BSA,
= 98%) was purchased from Sigma Aldrich as a lyophilized powder and used as re-

ceived. Hydrochloric acid and sodium chloride were purchased from VWR Chemicals
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and used as received. Thioflavin T (ThT) was purchased from Acros Organics and

used as received.

Preparation of BSA amyloids

BSA amyloids were prepared via incubation at pH 2 and elevated temperature follow-
ing an established protocol with minor modifications.[27] Briefly, BSA (monomer) was
dissolved in a falcon tube at 2 wt% in distilled water, and the pH was adjusted to 2
using 1 M HCI. The falcon tube was then placed in a thermomixer (Eppendorf AG), and
mixed at 90 ‘C and 400 rpm for 96 h. The formed BSA amyloids were then dialyzed
against distilled water (100 kDa MWCO membranes, 6 x 12 h cycles) and stored at 4
°C until further use (final concentrations determined gravimetrically). BSA monomer
and as-prepared BSA amyloids were imaged via atomic force microscopy (AFM,
Bruker ICON3) whereby 100 pL of 0.01 mg/mL sample was dropped onto a freshly-
cleaved mica substrate, adsorbed for 1 min, rinsed with 1 mL MilliQ water at pH 2 and
then dried with pressurized air prior to imaging. The average amyloid fiber length was
measured using FiberApp[296] open-source software, whereby 200 individual particles
were analyzed from AFM images (CNC length was also measured using this tech-
nique). Note that branched or overlapping fibers were excluded from the analysis,
which may lead to a slight underestimate in fiber length. The secondary structure
changes during the BSA amyloid conversion were analyzed via FTIR (Bruker Tensor
27 FT-IR spectrometer in attenuated total reflectance mode, spectra recorded between
4000 and 600 cm™ with a resolution of 4 cm™ and 32 scans per sample), and ThT
absorbance measurements (TECAN Spark Multimode Reader operating at 450/488

nm excitation/emission with a Greiner 96-well plate, samples tested in quintuplicate
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and 30 accumulations per well). BSA amyloid aggregate-to-monomer ratio was deter-
mined by measuring the UV-absorbance at 280 nm (Cary 1E spectrophotometer) of
dialyzed suspensions versus their filtrate after centrifuge filtration (10 min, 4,000 g)
through a 100 kDa MWCO centrifuge filter. The Beer-Lambert Law (equation 1) was
then used to estimate and compare protein concentration in both the as-prepared am-

yloid and filtrate suspensions:
Equation 1: A=¢LC
Where A is the measured UV-vis absorbance at 280 nm, ¢ is the molar extinction co-

efficient for BSA at 280 nm (~ 43,824 M1 cm™), L is the optical path length (thickness

of the cuvette), and C is the calculated protein concentration.

Preparation and characterization of dilute CNC-BSA amyloid suspensions

CNC were mixed with BSA amyloids to a final concentration of 1 wt% CNC and up to
1 wt% BSA (i.e., 50% with respect to total solids content, or 1:1 with respect to CNC).
Suspensions (including pure BSA monomer, pure BSA amyloid, and pure CNC) were
characterized via dynamic light scattering (DLS, 0.025 wt% in water) and Zeta potential,
(0.25 wt% in 10 mM NacCl; 2.5 wt% in 10 mM NaCl for BSA monomer) using a Malvern
ZetaSizer Nano ZS. For all mixed suspensions, AFM images were captured using 0.01
mg/mL of CNC deposited onto freshly cleaved (3-Aminopropyl)triethoxysilane (APTES)

coated mica substrates.

Investigation of phase behaviour and BSA partitioning

CNC suspensions were slowly up-concentrated via ambient evaporation in order to

avoid any significant particle aggregation. Concentrated CNC suspensions (8 wt%)
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were then mixed with BSA amyloids to a final concentration of 5.5 wt% CNC and be-
tween 0 and 4% BSA amyloids with respect to CNC content. These mixed suspensions
were then serial diluted down to 2.2 wt% and loaded into glass capillary tubes sealed
with parafilm. Optical photographs were taken of the suspensions between cross po-
larizers over time (up to 42 weeks post-preparation) in order to investigate the kinetics
of formation of the isotropic and anisotropic regimes; the height of these regimes were
measured in ImageJ in order to build phase diagrams. Linear regression analysis was
performed on each sample after 42 weeks in order to determine theoretical CNC wt%
at the end of the biphasic regime (100% anisotropic phase). To further investigate re-
gime formation kinetics, three CNC concentrations in the middle of the biphasic regime
for all samples were chosen (4.0 wt%, 4.3 wt%, and 4.9 wt%) and the rate of change
in the anisotropic regime percent was calculated up to 42 weeks of storage. To inves-
tigate BSA partitioning, 4.0 wt% CNC suspensions with varying concentration of BSA
amyloids were allowed to phase separate over a period of 2 months. The top isotropic
phase was then carefully decanted to isolate the two regimes. FTIR, AFM, and UV-
absorbance measurements (all as described above) were then performed separately

on the isolated isotropic and anisotropic regimes.

Preparation and characterization of CNC-BSA amyloid self-assembled films

Films were prepared by depositing 10 mL of the above-described dilute suspensions
(1 wt% CNC and between 0 and 1 wt% BSA) into a polystyrene petri dish, which were
then allowed to evaporate under ambient conditions. Note that pure BSA amyloid films
were too delicate to handle, and thus could not be fully characterized. Film composition
was analyzed via FTIR as described above. Optical properties were investigated via

UV/Vis (UV3600 UV-vis NIR Spectrophotometer, Shimadzu). The “half-bandwidth” (V2
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band) was calculated by plotting the derivative around the minimum peak reflectance
wavelength (dT/dA) against A — Amin for each film. Film morphology was investigated
via scanning electron microscopy (SEM),[364] whereby individual films were freeze-
fractured by bending after submersion in liquid nitrogen, and loaded in sample holders
to view the fracture cross-section. Samples were coated with a thin layer of platinum
(~ 2 nm) before imaging (5.0mm working distance, 5.0 kV accelerating voltage, Fei
Nova NanoSEM 230). For all characterizations performed, care was taken to use sec-
tions of film from the center of each sample in order to avoid inhomogeneous areas,

which may arise from edge/other effects during drying.

Preparation and characterization of CNC-BSA amyloid structural adhesives

Suspensions of CNC and BSA amyloids were used at 1.6 wt % for preparing adhesive
laps. All suspensions were thoroughly vortex mixed for ca. 1 min prior to deposition
on standard glass microscope slides (76 x 26 x 1 mm; VWR), whereby 40 uL of sus-
pension was deposited onto the end of one slide and subsequently covered with a
second slide such that an overlap area of ca. 26 x 26 mm was formed. The upper glass
slides were supported on the free end by another glass slide so as to ensure uniform
drying/evaporation and contact between the two slides. All laps were dried under am-
bient conditions, remaining untouched for ca. 60 h prior to handling/testing. Masking
tape was then wrapped around the free ends of the formed laps to increase the friction
with the clamps used for tensile testing (Zwick Z005 AllroundLine equipped with a 5
kN load cell and using a strain rate of 1 mm min'). Tensile testing was repeated on
between 8 and 12 samples for each condition, and the maximum force achieved prior

to shear breakage was recorded. Laps were imaged using a digital camera and via
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polarized optical microscopy (Zeiss Axioplan microscope equipped with cross-polariz-
ing filters and first order retardation plate), with the illumination, exposure and gain
settings held constant for all samples. Scanning electron microscopy images of adhe-
sive bond areas were gathered using a Fei Nova NanoSEM 230 Instrument operating
at 5.0 mm working distance and 5.0 kV accelerating voltage. Samples were coated

with a thin layer of platinum (~2 nm) before imaging.
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Figure S1. Normalized FTIR absorbance of BSA monomer and amyloid fibers.
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Figure S2. Z-average diameter (nm) and Zeta potential (mV) of BSA monomer and
amyloid fibers.
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Figure S3. AFM images of CNC — BSA amyloid fiber mixed suspensions containing
varying percent BSA. All scale bars are 1 um. Suspensions were drop-cast onto
APTES-coated mica substrates at a CNC concentration of ~ 10 g/L prior to imaging.
The pure BSA amyloid suspension was cast at a similar concentration. Box plots of
fiber length are shown for pure CNC and pure BSA amyloid, whereby 200 particles
were analyzed per sample using FiberApp open-source software.
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Figure S4. Z-average diameter (nm) and Zeta potential (mV) of CNC — BSA amyloid
fiber mixed suspensions containing varying percent BSA.

Table S1. Linear regression analysis of the biphasic regime, where ¢; corresponds to
the CNC wit% at the onset on of chiral nematic phase formation, and ¢a corresponds
to the CNC wt% at total anisotropic/chiral nematic organization.

Sample Linear Regression R? Pa ¢a— i
CNC Only y =22.29x — 36.72 0.951 6.13 4.01
1% BSA y = 20.60x - 40.92 0.979 6.84 4.85
2% BSA y = 22.84x - 58.26 0.986 6.93 4.38
4% BSA y = 20.40x - 59.51 0.974 7.82 4.90

231



PN -~ = CNClso
’ \
’ \ ———CNC Aniso
’ \
— U \ — — 2%BSAlso
s / \
© ) \ ———29% BSA Aniso
@
Q
c
@
o
2
o
172
o
<
o
@
N
©
E
E
5]
z
~
~
N
~
T T T .
1700 1650 1600 1550 1500

Wavenumber (cm-)

Figure S5. FTIR Spectra of isotropic and anisotropic fractions for CNC suspensions
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Figure S6. AFM images of isotropic and anisotropic fractions for CNC suspensions
containing 0 and 2 wt% BSA amyloids.
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Figure S7. Phase behaviour kinetics of aqueous CNC suspensions containing
varying amounts of BSA amyloid fibers.
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Figure S8. Percent change over time in the anisotropic volume fraction of aqueous
CNC suspensions (4.0, 4.3, and 4.9 wt% CNC) containing varying amounts of BSA
amyloid fibers. Lines are Power-law fits generated via Excel (to be used as guides for
the eye).
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Figure S10. Analysis of the minimum peak reflectance wavelength via UV-vis for

self-assembled CNC films containing BSA amyloids, showing the derivative around
this minimum peak reflectance wavelength. The “half-bandwidth” (Y2 band), giving a

measure between the peak reflection wavelength and closest half-maxima, is also

indicated.
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Figure S11. Cross-sectional SEM images of self-assembled CNC films containing
BSA amyloids. All scale bars are 1 pm.
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Figure S12. Lower magnification cross-sectional SEM images of self-assembled
CNC films containing BSA amyloids. All scale bars are 5 um.
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Table S2. Ultimate lap shear load and load per adesive mass for CNC — BSA
amyloid composite assemblies with varying BSA amyloid content. Data shows the
average * standard deviation for between 8 and 12 samples per condition.

Sample Ultimate Lap Shear Load (N) Load per Adhesive Mass
(N/mg)

CNC Only 267 + 63 417 £ 99
4% BSA 336 £ 114 525 + 177
10% BSA 316 £ 94 493 + 147
20% BSA 312 £ 93 488 + 145
50% BSA 163 £ 65 255 £ 102
100% BSA 112 + 59 175+ 92
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Figure S13. Structural morphology of CNC — BSA amyloid lap adhesives formed via
c-EISA. (A) Optical images of the formed laps between glass slides, (B) polarized
optical microscopy images of representative areas in the middle, and (C) near the
edges of the laps, and (D) SEM images of representative areas near the edges of the
laps. All scale bars in (A) are 2 mm, in (B) and (C) are 50 um, and in (D) are 100 pm.

Table S3. Mass-normalized ultimate lap shear load and areal density for a variety of
bio-based structural adhesives from this work and from the recent literature.
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Normalized Ultimate
Lap Shear Load Areal density

Sample (N/mg) (mg/cm?) Reference
749 + 184 1.14 Roberts et
BSA (Native) al.
8957 0.57 Roberts et
BSA (Native) al.’
1026 + 425 0.19 Roberts et
BSA (Native) al.’
1380 + 200 0.20 Luotonen et
) BSA (Native) al. 2
@ | BSA (Amyloid) 175 + 92 0.09 This work
o
o 136 + 110 0.44 Luotonen et
Lysozyme (Native) al.?
Lysozyme (Native) 333 +135 0.13 Greca et al. 3
Lysozyme (Amyloid) 123 + 35 0.13 Greca et al.?
552 + 103 1.14 Roberts et
Spider Silk (pH 8) al.’
317 + 108 1.14 Roberts et
Spider Silk (pH 5.5) al.’
Chitin Nanocrystals 361 + 84 0.13 Greca et al. 3
CNC 131 + 23 1.66 Tardy et al. *
CNC 270 + 55 0.83 Tardy et al. 4
CNC 245 + 90 0.41 Tardy et al.
CNC 375+ 193 0.18 Tardy et al. 4
w 218 + 44 0.88 Luotonen et
o | CNC al.?
=)
® 277 + 56 0.44 Luotonen et
'§ CNC al.2
B 590 + 85 0.20 Luotonen et
2 |CNC al.?
% |cne 417 + 99 0.09 This work
675+ 180 0.16 Luotonen et
CNF al.?
25+10 0.16 Luotonen et
TOCNF al.?
773 +£98 0.44 Luotonen et
HPC al.?
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331 + 149 0.44 Luotonen et
CMC al.?
Lignin Nanopatrticles 81 +27 0.15 Beisl et al. ®
450 + 24 0.44 Luotonen et
10% HPC al.?
391 + 29 0.44 Luotonen et
10% CMC al.?
273 + 38 0.44 Luotonen et
10% CNF al.?
% 282 + 43 0.44 Luotonen et
2 10% TOCNF al.?
S | 10% Lysozyme 359 + 40 0.44 Luotonen et
° (Native) al.?
:E 10% Lysozyme 33375 0.13 Greca et al.?
£ | (Native)**
10% Lysozyme 441 £ 98 0.13 Greca et al. 3
(Amyloid)**
630 £ 61 0.20 Luotonen et
10% BSA (Native) al.?
10% BSA 493 + 147 0.09 This work
(Amyloid)

** Hybrid is with Chitin Nanocrystals, not CNC

CNF = cellulose nanofibers, TOCNF = tempo-oxidized CNF, HPC = hydroxypropyl

cellulose, CMC = carboxymethyl cellulose
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