Dis rtations No. 2292

MUl
Nanocel
COMpPOS

Olof Eskilson

LINKOPING
II.“ UNIVERSITY

tifunct

U

Link@ping Studies in Science and Technology

onal

0SE

(e
Materials






Linkoping Studies in Science and Technology.
Dissertation No. 2292

Multifunctional Nanocellulose
Composite Materials

Olof Eskilson

LINKOPINGS
Il.u UNIVERSITET

Division of Biophysics and Bioengineering (BBIOBIO)
Department of Physics, Chemistry and Biology (IFM)
Linkoping University, SE-581 83 Linkoping, Sweden

Linkoping 2023



Cover: Scanning electron microscopy micrographs of BC-AuNP cross
section (front, bottom right corner) and of BC (front, top left corner).
Back cover shows a light microscopy image of BC-AuNP.

During the course of the research underlying this thesis, Olof Eskilson
was enrolled in Forum Scientium, a multidisciplinary doctoral program
at Linkoping University, Sweden.

© Copyright 2023 Olof Eskilson

This work is licensed under a Creative Commons
Attribution 4.0 International License.

Eskilson, Olof

Multifunctional Nanocellulose Composite Materials
ISBN 978-91-8075-061-5 (print)

ISBN 978-91-8075-062-2 (PDF)
https://doi.org/10.3384/9789180750622

ISSN 0345-7524

Printed in Sweden by LiU-Tryck, 2023









Abstract

Nanoparticles (NPs) are particles with more than one dimension between 1 and 100
nm. Because of their small size, they typically display different physical and chemical
properties than the corresponding bulk materials. NPs have been used in many
different applications, such as in electronics, optics, catalysis, and in biomedicine. Due
to their colloidal nature, NPs are often immobilized on a solid substrate, such as glass
or polymer-based materials, including biopolymers. Nanocellulose is a biopolymer-
based nanomaterial that can be obtained from plants or bacterial biofilms. They can be
processed into thin and highly hydrated films with high mechanical strength and can
serve as a versatile substrate for NPs. Bacterial cellulose (BC) is also an interesting
material for generating wound dressings. The combination of NPs and BC results in
soft and flexible nanocomposites (BC-NPs) that can demonstrate novel properties and
improve the functionality of wound dressings.

BC-NP nanocomposites have previously been obtained by impregnating BC with the
reactants needed for synthesis of the NPs and allowing the reaction to proceed in situ,
inside and on the surface of the BC. This strategy limits the possibilities to control NP
geometry and NP concentration and make synthesis of nanocomposites with more
sophisticated compositions very challenging. In addition, the synthesis conditions
used can potentially have negative effects on the properties of BC.

The work presented in this thesis shows the possibility to produce well-defined,
tunable BC-NP nanocomposites using self-assembly under very benign conditions that
enable functionalization of BC with a wide range of different types of NPs. In addition
to exploring the self-assembly process and the physical properties of these new BC-NP
composites, several different applications were investigated. The functionalization of
BC with gold nanoparticles (AuNPs) of different sizes and geometries was
demonstrated. The resulting materials were used for development of a new sensor
transduction technology, exploiting the optical response upon mechanical
compression to detect biomolecules. BC-AuNP nanocomposites were also developed
for monitoring of protease activity of wound pathogens, for catalysis, and for
fabrication of ultra-black materials with unique absorption and scattering profiles of
light in the visible and near infrared spectral range. In addition, the self-assembly
process could be adopted for generating BC-mesoporous silica nanoparticles (MSNs)
nanocomposite wound dressings. The resulting high surface area materials could be
used as carriers for pH sensitive dyes. The pH-responsive BC-MSNs demonstrated
adequate biocompatibility and allowed for monitoring of wound pH and for
assessment of wound status.

The strategies for functionalization of BC with inorganic NPs that was developed and
explored in this thesis are highly versatile and allow for fabrication of a wide range of
multifunctional nanocomposite materials.
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Popularvetenskaplig sammanfattning

Manniskan har i alla tider forsokt utveckla processer och verktyg for att forbattra sina
livsbetingelser pa jorden. Nu, nir tekniska framsteg har gjort det mojligt att designa
och tillverka material pd nanonivi expanderar mdjligheterna for nya innovationer. Till
exempel gir det att kombinera olika material p& nanonivé till kompositer med flera
funktioner och egenskaper som ar ouppnaeliga med de involverade materialen var f6r
sig. Sddana multifunktionella kompositer har tillampats inom en rad olika omraden
som sjukvard, maitteknik och katalys. Nanopartiklar med olika egenskaper har
uppmirksammats som intressanta kandidater till sddana kompositer. Vanligtvis
anvands de tillsammans med ett strukturmaterial, ofta nagon typ av cellulosa, for att
hélla partiklarna pa plats — négot som underlattar och expanderar majligheterna for
deras anvdndning vid olika tillampningar. Partikeltyperna som anvinds ar flera, till
exempel har metalliska partiklar av guld och silver optiska egenskaper som gor dem
limpade for anvindning i sensorer. Aven keramiska partiklar, som med sin stora
ytarea passar for tillampningar inom vattenrening eller i likemedelsformuleringar, har
anvants.

I denna avhandling presenteras ett nytt sétt att kombinera nanopartiklar med
bakteriell nanocellulosa genom sjdlvorganisation. Sjdlvorganisation innebir att
materialen spontant associerar och bildar nya strukturer och material vid vissa precisa
och vildefinierade betingelser. Detta tillvigagéngssitt tillater stor flexibilitet i
skapandet av nanokompositer och leder till material med férbattrade och nya,
intressanta, egenskaper. Eftersom bakteriell nanocellulosa uppvisat mycket goda
egenskaper i avancerade sérforband har kompositernas egenskaper som funktionella
sarvardsmaterial undersokts. Aven kompositer med nya egenskaper for sensorer,
katalysatorer, och ljusabsorberande material har studerats.

Resultaten visar att koncentrationen av joner vid tillverkningen ar avgorande for
sjalvorganiseringsprocessen. Processen fungerar for nanopartiklar av olika typer:
metalliska guld- och silverpartiklar med olika storlekar och geometriska former; samt
porosa keramiska kiseldioxidpartiklar. Dessutom ger processen god kontroll Gver
partikelkoncentrationen i kompositerna, nigot som anvidndes for att tillverka
kompositer med mycket stort antal partiklar, vilket resulterade i hog ljusabsorptans.
En ny typ av guldpartikel-baserad sensor som reagerar pa tryck har tagits fram och
ytterligare funktionalisering resulterade i en nanokomposit med majligheten att pavisa
forekomsten av bakterier. Detta kan anvidndas for att snabb detektion av infektioner i
sér. For samma dndamal har ett pH-kénsligt material tagits fram genom att kombinera
porosa kiseldioxidpartiklar och bakteriell nanocellulosa. Guldnanopartiklar har goda
katalytiska egenskaper och den stora ytan i forhallande till volym av partiklarna
tenderar att resultera i effektiv katalys. I en kombination med bakteriell nanocellulosa
uppnaddes hog katalytisk effekt, samtidigt som guldnanopartiklarnas kollodial
stabilitet upprattholls. Sammantaget visar avhandlingen att metoden som utvecklats
for tillverkning av nanokompositer adr mycket kraftfull och kan anvidndas for
tillverkning av material med ménga nya egenskaper och anvindningsomraden.
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Introduction

Humans have made deliberate use of nanomaterials for thousands of years. At such an
early time point in human history, the nanoscale nature of the materials was unknown,
but their properties made them attractive for several uses, most often as dyes for
luxurious ceramics and glassware. Ancient civilizations in Mesopotamia and Egypt
learned to synthesize these materials and the Lycurgus cup stands as a famous example
from 4th century Roman era, which uses silver and gold nanoparticles (NPs) for
impressive optical effects.[!] Later, drinkable gold was hailed as an elixir of longevity
and used in medicine for a number of ailments such as leprosy, diarrhea and
epilepsy.[23] Additionally, gold NPs were widely used in rose glass for church windows

from early medieval times up to today.[4]

NPs are defined by the EU commission as “a small piece of matter of defined physical
boundaries” where “one or more external dimensions are in the size range of 1 nm to
100 nm”.[5] NPs of natural origin are common, such as dust created from weathering

of rock, or soot from volcanic eruptions and they are ubiquitous and abundant in our

3



surroundings. Since the start of the industrial era, human made processes have
unintentionally added vast amounts of NPs to our environment through energy

production, mining and from everyday life activities such as driving a car.[6]

It was not until 1856 when Michael Faraday synthesized a gold NP colloid that the color
was identified to be the result of minute pieces of metallic gold.[”] Around half a century
later, Gustav Mie successfully gave a scientific explanation for the vibrant colors of
metallic NPs.[8] There are effects, other than sometimes their striking optical
properties, that arise due to the small size of NPs. When materials are miniaturized,
their surface to volume ratio increases dramatically, and when transitioning from
microscale to nanoscale, surface to volume ratio increases three orders of magnitude

causing surface effects to often dominate nanoscale interactions.[9!

During the decades following Mie’s discovery, nanosized materials and their
applications gathered increasing interest and the knowledge of how to purposefully
design and synthesize nanomaterials has been rising steadily. This has allowed the
creation of nanocomposites where two or more nanoscale materials have been
combined in order to achieve properties unobtainable by the constituent materials on
their own.[9] Macroscale composites have been used by humans for a long time, for
example by combining straw and mud for bricks, or the more modern use of concrete
and steel to form reinforced concrete for construction. In later years, the use of
nanocomposites based on different types of nanostructures (NS) has been increasing.
NSs such as carbon nanotubes and metallic or ceramic NPs, has found use in a wide
range of applications such as electronics,[10-12] sensing,['3] biomedicine,[14.15] material

reinforcement,[16-18] energy harvesting,[19] packaging,[20] and catalysis.[21-23]

Nanocomposites

Due to their colloidal nature, many applications of NPs benefit from immobilization of
NPs on a solid support. Immobilization, for example, allows for changing the surface
chemistry of NPs without having to worry about maintaining colloidal stability.
Common substrates for immobilization of NPs are glass or polymer-based substrates,

including biopolymers. Bacterial cellulose (BC) is a biopolymer that has been gaining



significant interest as a material for fabrication of nanocomposites due to its nanoscale
fibrillar structure, interesting mechanical properties, and low toxicity. BC has also been
successfully used as a wound dressing material for burns and hard to heal wounds due
to its conformability to skin, permeability to gases and high water content that promote
moist wound healing. Most BC-based nanocomposites have been obtained by synthesis
of NPs in situ through reduction of metal salts, either by BC alone or by addition of
various reducing agents. The resulting materials typically show NPs bound to BC
fibrils. However, in situ synthesis strategies are typically difficult to tailor and provide

limited possibilities to control NP geometry, composition, and NP concentration.

Aim

The aim of the work presented in this thesis was to explore the possibilities of
fabricating multifunctional BC-NP nanocomposites through self-assembly. Both the
factors affecting the self-assembly process and the nature of the interactions between
NPs and BC, as well as the properties of the resulting nanocomposites were
investigated. Moreover, various applications relating to sensing, catalysis, and wound

diagnostics were explored.

Thesis Outline

The thesis is based on five papers, which all include BC-NP nanocomposites. In Paper
I we show the possibility of producing BC-NPs by self-assembly and describe the
underlying forces driving the BC-NP interactions. We show that the strategy applies to
gold NPs (AuNPs) of different geometries as well as spherical silver NPs (AgNPs). The
BC-AuNP nanocomposites were then used for development of a novel
mechanoplasmonic transduction technology. The materials also showed enhanced
refractometric performance in comparison to standard two-dimensional glass
substrates. In Paper II we showed that a similar self-assembly strategy could be used
for ceramic mesoporous silica nanoparticles (MSNs) to create nanocomposites with
very high specific surface area. These materials were then used to adsorb a pH-
responsive dye to create wound dressing sensors that can visually indicate the pH value

in a wound. Wound pH correlates with infections and the pH-responsive wound



dressing can hence potentially be used for wound diagnostics. Paper III also focused
on a sensor for detection of wound infections but instead used proteases as a biomarker
for wound status. A fluorophore-labelled protease substrate (polypeptide) was
immobilized on AuNPs adsorbed in the BC. The short distance between the AuNP and
the fluorophores led to quenching. The cleavage of the polypeptide by proteases from
common wound pathogens resulted in a significant increase in fluorescence. In Paper
IV we exploited the tunable NP self-assembly process to create BC-AuNP
nanocomposites with very high densities of AuNPs for catalysis. A model reaction
based on the reduction of 4-nitrophenol (4NP) by sodium borohydride was used to
study the catalytic properties of the nanocomposites. In Paper V we explored
possibilities to further maximize the amount of AuNPs in the BC-AuNP
nanocomposites to create materials that scatter and absorb electromagnetic radiation
with high efficiency, in a facile and inexpensive synthesis procedure. The materials

retained the flexible properties of BC after functionalization.



Nanoparticles

Surface and size effects

A surface is the boundary of a material and the amount of surface and its properties
play an important role in the behavior of a system. When decreasing the size of a
particle, the surface decreases with r2 while the volume decreases with r3. Since the
volume decreases much faster than the surface area, nano-sized particles will have a

large surface to volume ratio.[24]

For porous materials, understanding the effects of large surface area is of utmost
importance to understand their properties. Porous materials can be made in
macroscopic size but may have nanoscale cavities, pores, to achieve huge specific
surface areas. These materials are classified depending on the size of their pores where
materials with <2 nm diameter pores are called microporous, 2—50 nm mesoporous,

and materials with pores above 50 nm are called macroporous.[25-271 The choice of base
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material is commonly some type of ceramic material with either very well-defined
crystal structures, like naturally occurring microporous zeolite, for instance
aluminosilicate, or materials partially lacking crystal structure, like amorphous
mesoporous silica (SiO2). These materials have found much use in sorption
applications, for example as molecular sieves where pore size and geometry constraints
can cause adsorption of specific molecules in a solution, or for catalysis, either as

catalyst support or active catalysts.[22:28-30]

Furthermore, mesoporous silica can be made into nanoparticles, MSNs, of different
sizes containing pores of roughly 3—12 nm diameter, expanding their potential use.[31]
These have been used in several applications such as drug delivery,[32] catalysis,[33.34]

and gas sensing,.[35:36]

Surface atoms have fewer atom neighbors that bind and stabilize them than bulk
atoms. The number of neighbours an atom interacts with is called coordination
number, and surface atoms therefore have lower coordination number than their bulk
counterparts. Lowest coordinated atoms of NPs are found on sharp corners, followed
by the edge of the NP, the surface, and lastly, bulk atoms, which show the highest
coordination number in the system. The strength and nature of inter-atomic forces of
the material decides the resulting inward force from the bulk atoms on the surface
atoms and give rise to surface tension, or surface energy in the material.[37] Surface
tension has been shown to be lower in systems with lower mean coordination.[38]
Additionally, since the melting point is directly correlated to the amount of energy
required to break the inter-atomic bonds of the material, melting points in low-
coordinated systems are generally lower than for high-coordination systems. However,
at sufficiently small NP sizes, classically defined phase transitions break down and it is

no longer possible to tell one phase from the other.[24]

Low coordination also leaves atomic orbitals unsatisfied, causing surface atoms to
interact with atoms and molecules in their vicinity to which their bulk counterpart
would be inert. Systems with low mean coordination are hence much more reactive

than high coordination systems like macroscopically sized materials, and systems
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containing small NPs have shown great increase in catalytic activity in comparison to

systems with larger NPs.[39-42]

Colloids

Solid particles suspended in a liquid phase form a colloid. Colloids of NPs are often
created through a nucleation of metals salts dissolved in an aqueous phase. Nucleation
is when a concentrated solvent is separating from the solution phase due to
supersaturation, forming a solid phase.[43] The nucleus will successively grow larger as
more and more atoms coalesce to form a particle with a final size dependent on the
amount of solubilized metal ions. The number of particles and their respective size is
hence a result of the total amount of nucleations occurring during synthesis and the
available metal ions. The nucleation can also occur at so-called nucleation sites, such
as at vessel surface defects or at impurities present in the solution.[44-46] This process
is exploited in seed-mediated synthesis where small, well-defined NPs are added to act
as nucleation sites, offering a way to control synthesis parameters, for example growth
direction. The seeds are synthesized via reduction of metal salts.[47-50] The seeds are
then added in a known number to a solution containing metal salts and a reducing
agent and in some cases additional additives to drive growth in a specific direction. The
seeds will be the primary nucleation sites and final NP concentration and shape can
thus be tightly controlled, while the concentration of metal salts will determine the
final size of the NPs.l485152]1 The Turkevich method, which yields relatively
monodisperse NPs using citrate as both reduction agent and stabilizer, is one of the

most widely used techniques for synthesizing AuNPs.[53.54]

After or during synthesis, the NPs are usually dispersed in aqueous media. To prevent
or limit processes that would compromise the performance of the NPs, such as Ostwald
ripening, flocculation, and aggregation, the particles are synthesized in a way that also
provide sufficient colloidal stability.[s5] This can be accomplished by adsorption of
species to, or functionalization of, the NP surface that can provide sufficient repulsion
between NPs to delay or prevent strong NP-NP interactions.[54] Properly stabilized
colloids can remain in suspension for a very long time, sometimes up to hundreds of

years as in the case of some of Faraday’s AuNP colloids, which were made in 1856 and
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are still on display at The Royal Institution, London. Another way of stabilizing NPs is
by functionalizing the surface with a polymer. Polymers can prevent the interparticle
distance from becoming too small through their presence alone, thereby sterically
stabilizing the colloid.[56-581 More commonly, repulsion is created through the
introduction of charges by adsorbing ionic species, for example citrate or charged

surfactants like cetyltrimethylammonium bromide (CTAB) to the metal surface.[51:52.59~
61]

Due to the surface energy of a NP, ions readily adsorb to the metal surface, leading to
a buildup of charge depending on the surface chemistry and available ions. The ions
extend some distance into the bulk where counterions amass to neutralize the adsorbed
ions. The counterions electrostatically further attract ionic species until what is called
a diffuse electric double-layer has formed, with a thickness depending on the colloidal
species, the ionic strength of the medium, the available ions and temperature. The first
layers of ions are strongly attached to the NP and less frequently exchanged, they form
the Stern layer and have water molecules oriented and strongly attached. The size of
the NP and the associated water is sometimes referred to as the hydrodynamic radius

(Figure 2.1).[62]

The potential at the slipping plane is called ¢ (Zeta)-potential. This can be measured
using different techniques and gives an indication of colloidal stability and interaction
with other charges species. Colloids exhibiting large negative (usually around -30 mV
>) or large positive (30 mV <) {-potentials are deemed fairly colloidally stable when
considering charge alone. For this reason, charge stabilized colloids are sensitive to
concentration of ionic species in the colloid medium and may become unstable with
increasing ionic strength. Additionally, since the C-potential of citrate-capped NPs
arises due to carboxyl-groups on the citrate molecule, changes in pH will affect the ¢-
potential and subsequently, the stability. Using this knowledge, it is possible to tune
the colloidal stability by changing ionic strength or pH to selectively adsorb NPs to
substrates while maintaining repulsion and stability between the NPs.[63,64] This can be

used to synthesize NP-composites with control over NP concentration and interparticle
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spacing to tune the resulting composite properties, a phenomenon exploited in Paper
I

_ Stern Layer

> s _ Slipping plane

H*— Surface potential

I
ay
>

.-\ «——— Stern potential

Electric potential

----- \¢———— Zeta potential

>

Distance from surface

Figure 2.1: Schematic representation of the ion distribution surrounding a solid in

aqueous solution.

Plasmonic properties of metallic nanoparticles

In 1908 Mie described how metal nanoparticles interact with light by solving the
Maxwell equations for small metallic spheres.[8] His work showed that when materials
are made sufficiently small, nanoscale effects will dominate their physical properties.
When a metal particle is smaller than about half the wavelength (A) of light, the NP
experiences the electric field of the incident light homogeneously over the entire
particle resulting in collective oscillation of the free electrons in the NP metal lattice.
This phenomenon is called localized surface plasmon resonance (LSPR), where
absorbed light induces movement in the electron gas of metallic nanoparticles.
Plasmons are thus density oscillations in the electron gas of a metal and can occur in

metals of any shape or size.[5]
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Unlike surface plasmon resonance (SPR) in macroscopic metal interfaces, where both
energy and momentum of the incident light must match the excited surface plasmon
polariton to incite propagation,[¢6.67] electron movement in NPs is so confined to the
limited geometry that plasmons cannot propagate. This has the effect that simply
matching excitation energy is sufficient to induce localized electron oscillation in
NPs.[68,691 Hence, LSPR requires less sophisticated optics and allows miniaturization

of LSPR-based instruments.[70]

How materials interact with electromagnetic radiation is in large dependent on a
material property called permittivity, denoted ¢. For a spherical metal NP with radius
much smaller than the wavelength of the incident light (2r<<2), the optical cross

section can be expressed as:[7172]

247127"352/2N &)

o) = a0y G () + 2602 T £, (D)2 (2.1)

Where r is the radius of the NP, ¢, is the permittivity of the surrounding medium, ¢,
and ¢; are the real and imaginary parts of the complex permittivity for the bulk metal,
respectively, and N is the electron density. In the timeframe of light propagation, NP
is taken to be stationary and subject to a non-changing, homogeneous electric field
(quasistatic). The NP can therefore be considered an electrical dipole and its
polarizability («) can be described as:

£() —ea(D)

a(/l) = 4ﬂr3m (2.2)

Here, ¢ is the relative permittivity of the metal NP. From this relation, it follows that
maximum polarization is reached when the denominator is as small as possible (i.e.,
when &£(1) = —2¢4(1)). From equation 2.1, maximum absorptive cross section is

reached when this requirement is fulfilled and plasmon resonance arises.

By using the Drude model for calculating the metal permittivity we see that:[73]
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And the resonance frequency is given by:

Wo

4/ 1+ ZEd (2.4)

Wy =

Which shows that the frequency will decrease, and the plasmon resonance redshift, as
the relative permittivity of the surrounding increases. The electrons of the NPs are
displaced upon fulfillment of the resonance criteria and will oscillate similarly to a
damped harmonic oscillator. The restoring force in the case of a metal NP undergoing
plasmon resonance are the stationary, positively charged atomic nuclei, working on the

displaced electrons via Coulombic attraction.[73!

metal spheres

e cloud

T ', r[’

E-field

Figure 2.2: Schematic illustration of EM induced electron movements in AuNPs.

Increasing the size of the NP will increase the distance between the positive nuclei and
the displaced electrons, weakening the Coulombic attraction and redshifting the
resonance peak. Furthermore, the induced fields upon resonance act inside and
outside the NP, and if the field lines pass through an external medium with high

refractive index (RI), the restorative force is weakened and thus also leads to a redshift
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of the resonance peak. The redshift is proportional to the change in RI and can be used
for probing the NP surroundings and the adsorption of molecules to the NP (Figure
2.3). In most biosensing applications, the adsorption or binding of a specific molecule
is of interest. Either to confirm its presence, quantify the concentration, or study the

binding kinetics.[73]

>
»

LSPR signal
LSPR signal

A/nm Anm

Figure 2.3: Schematic illustration of LSPR based RI sensing indicating the redshift of

the LSPR peak as a result of molecular recognition at the nanoparticle surface.

Au is the most commonly used metal for sensing using plasmonic NPs due to the ease
of manufacturing of AuNPs and their high chemical stability. AgNPs displays higher

RI sensitivity than AuNPs but oxidizes readily which complicates their use.[73.741 AuNPs
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show resonance maxima in the visible spectrum allowing their use in colorimetric
assays (Figure 2.4). Well-designed LSPR systems can produce a color change
noticeable by the naked eye upon RI changes in the vicinity of the NPs,[75] however
more commonly, NP aggregation is used to produce large color changes, easily
detectable by the human vision.[7¢] When the distance between two or more NPs is
reduced to about one NP diameter or less, their electron clouds starts to couple,

redshifting the resonance peak.[77]

03l ——AuNPs (g 13 nm)

Extinction (arb. u.)
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Figure 2.4: a) Extinction spectrum of a diluted AuNP (g 13 nm) suspension, and b)
photo of a red stock AuNP (@ 13 nm) suspension.

There are several processes in which the excited electrons relax,[72] for example by
Joule heating caused by electrons moving through the atomic lattice.[’8] This
phenomenon has been utilized for thermal ablation of cancer cells and exploration of
new cancer therapies, for plasmon-assisted nanochemistry,[79] thermoplasmonic

nanoelectrodes,[8°] and for solar energy harvesting.[81]
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Nanoparticles for catalysis

Catalysts are employed in a vast number of industrial processes and over 90% of
chemicals today are produced using catalysis in one or more steps of the production.
They enable such important processes as for example the Haber-Bosch process to
create ammonia for fertilizer used in agriculture all over the world.[82] Some chemical
reactions have high energy barriers requiring high temperature and/or pressure for the
reaction to occur. Catalysts are compounds that lower the energy barrier for specific
chemical reactions simply by being present in the reaction, and without being

consumed in the process.

Catalysis can be divided into homogeneous and heterogeneous catalysis where
homogeneous catalysis happens with reactants and catalysts being in the same phase,
for example by enzymes or metal complexes, in an aqueous solution.[83:84]
Heterogeneous catalysis is conversely where reactants and catalysts are in different
phases, such as the conversion of gaseous CO to CO- via adsorbing to a catalytic metal
surface.[85:86] The metals used for catalysis are from the groups 8—-11 of the periodic
table who have favorable electronic composition. These include Fe, Ag, Cu and Pt. Au
has previously been excluded from this list due to its highly inert nature,[87] and it was
not until quite recently that the catalytic properties of Au were elucidated. A study by
Galvagno et al. in 1978 displayed catalytic reduction of NO to N> by Au on a solid
support.[88] Catalytic activity of AuNPs on solid supports of different types were further
studied by Haruta et al. in 1989, showing excellent activity when placed on transition
metal oxides, which was hypothesized to be the result of substrate electron

transfer.[85,89,90]

Atomic Au has high reactivity with concurrent high catalytic activity, and as the
number of atoms increase, Au clusters are formed which show catalytic activity,
especially when constructed by a carefully chosen number of atoms. The difference in
catalytic activity between clusters that may be differing in only a few atoms, are due to
changes in the bonding and anti-bonding orbitals that heavily influences the ability to

adsorb different chemical species.[85] For heterogeneous catalysis to occur, at least one
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reactant must adsorb at the solid-liquid interface. The miniaturization of Au changes
the surface structure and increases the number of ridges, facets and surface defects
that are present in the system. These places are hotspots for low coordination atoms
with unsatisfied orbitals, which allows adsorption to NP through previously mentioned
bonding orbitals. The bonding orbitals associated with the metal surface interacts with
the adsorbent and weakens its molecular chemical bond, in turn lowering the energy

barrier for a chemical reaction to occur.[85]

However, the harsh synthesis conditions of metal-oxide supported AuNP catalysts
limits control over AuNP geometry and requires low sustainability materials such as
Co, Ni, Fe, Ce, etc.[90.91] Exchanging metal-oxides for soft supports allows the use of
more sustainable materials, and facilitates recovery of the catalyst for reuse.[92] In an
article by Kuroda et al., poly(methyl methacrylate) (PMMA) was used as a soft
substrate after synthesizing AuNPs in situ through reduction of gold salt by sodium
borohydride (NaBH,), a commonly used reducing agent for synthesis of AuNPs.[21] The
resulting materials was then used for catalyzing the reduction of 4-nitrophenol (4NP)
to 4-aminophenol by NaBH,. This reaction has become a model reaction for probing
the catalytic efficiency of different catalysts and was used in Paper IV to study the

catalytic performance of BC-NP composites.[93]
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Substrates for nanoparticle immobilization

Two-dimensional substrates

As discussed in chapter 2, adsorbing NPs on a solid substrate can simplify the handing
of the NPs and can enable new applications. If the interactions between the NPs and
the substrate are sufficiently strong, the issues relating to colloidal stability typically
encountered with NPs in suspension can largely be ignored. For catalysis, for example,
the NPs can be used in applications where the conditions, including reactants,
products, or solvents, that would otherwise interfere with colloidal stability. In
addition, when immobilized on a substrate, the retrieval of NPs from a reaction vessel
is facilitated, allowing the reuse of the catalysts. Similarly, the potential applications of
plasmonic metal NPs are expanded when immobilized on solid supports. The use of
plasmonic NPs in RI biosensing has garnered much attention in the last decades.
Specific analyte recognition requires the functionalization of NPs with ligands as well

as molecules that can prevent unspecific binding of other compounds to the NP
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surface. However, both the surface chemistry, analyte binding, and sample matrices
can have large and often negative effects on the colloidal stability. The immobilization
of NPs on solid supports circumvents these issues which substantially simplifies their
use in several applications,[6994.951 and enables their use in for example real-time

monitoring of biomolecular interactions.[96!]

Two-dimensional (2D) (i.e. flat) substrates, such as glass, silicon, or polypropylene,
have been widely used for immobilization of plasmonic NPs for biosensor
applications.[68:71.97-1021 Numerous techniques and surface chemistries have been
developed to control and optimize the NP immobilization process on such

substrates.[103]

However, in addition to being mechanically stiff and thus not suitable for e.g., wearable
biosensors, the maximum surface density of NPs is highly limited on 2D substrates.
Too high NP surface density results in optical coupling between the NPs and a
broadening of the LSPR band, which decreases the figure of merit (FOM) value and
thus the sensor performance. The number of particles that can be immobilized on a
substrate before NP coupling occurs depend on the total available surface area of the
substrate, which is typically low for flat substrates. The low NP number can be
especially problematic for RI biosensors, where the signal-to-noise ratio improves with
increasing NP surface density. The use of soft three-dimensional (3D) substrates allows
for immobilization of larger number of NPs on mechanically flexible materials, which
opens up for development of new sensor concepts and applications. Moreover, the
possibilities to use flexible 3D substrates that can incorporate large number of NPs
while maintaining a surface density that does not cause NP coupling, can enable design

of materials with previously unknown properties.

Bacterial cellulose

Biopolymers are polymeric materials of natural origin. Examples of biopolymers
include alginatel104]] chitin and chitosan,[105106] and cellulose, which have been used
and explored in a wide range of biomedical applications, such as 3D cell culture,107]

tissue engineering,[108] drug delivery,[109] and as advanced wound dressings.[07]
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Cellulose is the most abundant biopolymer on earth and is a fundamental part of plant
cells, residing in the cell wall, providing structural strength to the cell. Cellulose has
been used throughout human history as a source of heat, building material, and for
clothing. Wood pulp is the most common source of cellulose and is used in a variety of
products such as paper and cardboard, textile for Lyocell, as additive in

pharmaceuticals, foods, and cosmetics.[110.111]

— —N

Figure 3.1: Schematic illustration of the molecular structure of one cellulose repeat

unit.

Cellulose is a carbohydrate and consists of repeating units of D-glucose, covalently
linked into long chains through a glycosidic bond between the C4 and the C1 carbon
(Figure 3.1). Cellulose polymers in wood pulp can comprise a couple of hundred up to
slightly above one thousand glucose units while cellulose from other plant fiber chains

can have as many as 10 000 monomers.[110]

There is substantial evidence for intra-molecular hydrogen bonding between hydroxyl
groups at C3 and O5 leading to a flat cellulose chain conformation. Furthermore, it is
likely that hydroxyl groups at C2 and C6 also form intra-molecular hydrogen bonds
that add to the high axial stiffness of the cellulose chain. Moreover, these hydroxyl

groups seemingly interact with neighboring cellulose in-plane (side by side), whereas
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the level of hydrogen bonding between stacked chains is more uncertain. Instead,
cellulose chain stacking interactions seem to be dominated by van der Waals-forces,
which could explain the difficulty of dissolving cellulose in water, despite the
hydrophilic nature of the cellulose chain.[110.12-114] S]ight differences between cellulose
chain packing lead to several types if crystalline cellulose. Type I cellulose is the type
found in nature and can be converted to other crystal structures through chemical and
mechanical processes. These other crystal structures, II, IIT and IV display varying
kinds of stability with type II showing greatest stability of the technically relevant

crystal structures.[110.111]

Larger cellulose structures such as fibers, fibrils and sheets contain crystalline and
amorphous regions to a varying degree depending on cellulose source and processing.
The amorphous regions constitute disorganized cellulose chains and gives the
structure its flexibility due to weaker interchain bonding. These amorphous regions are
more easily permeated by additives and chemicals and the degree of crystallinity
therefore influences the ease with which it is possible to chemically hydrolyze the
cellulose structure or modify the cellulose molecules. Acid hydrolyzation is utilized to
remove amorphous sections and create cellulose nanocrystals (CNC) with high
cellulose content, high crystallinity, and high aspect ratio (3—70 nm in width and 25—
3000 nm in length) that have been frequently used in combination different polymers

for making nanocomposites.[115]

CNC in water, together with BC, show birefringent properties as a result of the
anisotropic structure of cellulose at most length scales.[110.115] In the last decades, BC
films with very high transparency have been reported by Nogi et al.[116] for use in high-
performance optical applications. However, cellulose-based materials such as paper
consist of larger subunits (thick fibers or fibrils), which results in extensive scattering

of light in the visible wavelength region, giving them a white appearance.

As previously mentioned however, there are non-plant sources of cellulose. Bacterial
cellulose is produced by several different species of bacteria, for example

Komagataeibacter xylinus, which under aerobic conditions converts different types of
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simple carbohydrates to cellulose. BC’s function for bacteria is hypothesized to be
similar to other types of extracellular polymeric substances (bacterial biofilms), that is
to protect the bacteria from external threats like desiccation and predators, and to form

pockets of nutrients which facilitates growth.[111,117]

Unprocessed pieces of BC appear translucent if pellet thickness is low (Figure 3.2), but
can be opaque with increasing pellet thickness. As with plant cellulose, this
phenomenon is due to light scattering which is a result of nanoparticle/fibril size and
RI contrast between solvent/medium and BC fibrils, and can be reduced if immersed
in a material of similar RI as shown by Yano et al.,.[''8] They successfully produced a
BC nanofibril/epoxy resin composite with the excellent light transmittance properties
of epoxy resin and enhanced mechanical stability in comparison to neat resin, due to
the incorporation of BC nanofibrils. This has made BC an interesting material for

providing composites for optical applications.[119]
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Figure 3.2: a) Photo of hydrated BC (scale bar: 1 cm). b) Transmittance spectrum of
hydrated BC.

To purify plant cellulose, several processes are undertaken in order to remove
hemicellulose and lignin. Lignin and hemicellulose are tightly connected to the

cellulose and are thus very difficult to remove. Bacteria do not produce hemicellulose
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or lignin and BC is therefore very pure, requiring only washing in alkali solutions to
remove bacteria and metabolites that may be present.[120.1211 Without additional
processing, BC has a high degree of crystal structure (type I) with fibril diameters of
70-100 nm and roughly a micron in length. Due to the high degree of crystallinity,
chemical modifications of BC happen mostly at the fibril surface. Several different
types of strategies have been developed to tune the functionality of BC through
modifications of surface chemistry, such as acetylation,[*22] sulfonation,[*23] and
TEMPO-oxidation.[124.125] TEMPO-oxidation results in carboxylic groups on the BC
fibril surface which can be further functionalized using e.g., carbodiimide chemistry
(EDC/NHS). Other surface functionalization protocols also exists where compounds
have been physisorbed to the surface of the fibrils or trapped in the fibrillar network.
On example that has been trapped in BC is silver sulfadiazine,'26:127] a drug for
treatment of infections in burn wounds. Silver has a bactericidal effects, presumably
through the interactions between silver ions and for example, the microbial DNA, the
cell membrane and other vital cellular structures, and has been widely used in different
formulations to treat wound infections.[:28] Furthermore, AgNPs have through
different means been in situ-synthesized on BC fibrils to form antimicrobial BC-AgNP

composites for advanced wound care.[120-131]

Bacterial cellulose as a wound dressing material

BC has several useful qualities for development of wound dressings. BC is a hydrogel
and retains moisture very well, which is beneficial for wound healing. The hydrogel is
highly flexible which makes it suitable for placement on joints and flexing body parts.
Additionally, the flexibility allows the BC wound dressing to conform well to tissues,
efficiently covering the wound bed and reducing pain through close contact with
exposed nerve endings.[132] The high degree of natural cross-linking makes the
hydrated fibrillar network in BC durable, which facilitates handling of the dressings.
The nanoporous, fibrillar BC network is also permeable to gases, while preventing
bacteria from entering the wound. Furthermore, BC shows exceptionally low toxicity
to human cells and clinical studies on BC have shown good results. In a study by Santi

et al., burn wounds were covered with BC and showed excellent healing for all five
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participants after less than 40 days.[:33] Diabetic leg ulcers, which are notoriously
difficult to heal, often lasting months or years without healing and causing immense
suffering for the patient,[134.135] have also been successfully healed when treated with
BC wound dressings.[136] In a study by Sivlér et al., where BC dressings were evaluated
for treatment of chronic ulcers, most patients did not require a single dressing change
until the wound had healed. In comparison, other advanced wound dressing materials
would typically require one or two dressing changes per week.[137] Changing a wound
dressing damages the wound bed and retards or disrupts healing. BC wound dressings
simply incorporate into the produced scab and falls or peels off after the wound is

completely healed.

The usefulness of BC as a wound dressing material has spurred interest in
functionalization of BC to achieve functional wound dressing materials for advanced
wound care. For instance, treating wound infections by incorporation of silver
containing compounds, e.g. AgNPs, as previously mentioned.[126.1271 Additional routes
for resolving wound infections have been investigated, for example by immersing dried
BC in antibiotics or other antimicrobial compounds that will be released in the wound
to reduce occurrence or severity of infections.[138] In addition, sensors for detection of
infections have also been developed using BC as a scaffold for the sensor transduction
mechanism. Integrating the sensor in the wound dressing reduces the need to remove
the dressing to assess wound status, and also enables close contact between the sensor

and the wound tissue.[139]

Wound pH is an indicator of healing progression and can become elevated during
infections and chronification of wounds.[140,141] For this reason, pH sensors featuring
different pH-responsive modalities that can give information on wound pH without
the use of elaborate measuring technologies can allow patients or healthcare personnel
to detect early signs of infection. Such sensors are often based on colorimetry and have
been combined with a number of different wound dressing materials.[142-145]
Possibilities to monitor wound pH may significantly improve the outcome of wound
infections since the pH changes commonly manifest before clinical symptoms have
appeared, giving a chance to diagnose and treat the infection at an early stage, reducing
risk of complications such as sepsis. There are however other types of sensors that can
help diagnose wound infections based on sophisticated sensor designs. For instance,

colorimetric,[146] potentiometric and fluorometric pH sensors.[147:148] The fluorometric
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sensor by Jankowska et al. was also able to measure glucose levels in the wound.
Furthermore, temperature sensors based on electrical and optical transduction

mechanisms have also been developed, with potential use for advanced wound

care.[149,150]

In addition, nanoplasmonic based sensors have also been studied for advanced wound
care. Belushkin et al., devised a procalcitonin and c-reactive protein sensor for
diagnosing sepsis through the use of an plasmonic microarray enhanced with
AuNPs.[29] As mentioned in the previous chapter, AuNPs have been used for
refractometric sensing for a few decades and has recently been combined with a

number of different biopolymers, including BC, for different sensing applications.

Wound healing is a complex process involving formation of new tissue and remodeling
of already existing tissue. Proteases are a class of proteins that are heavily involved in
tissue remodeling due to their enzymatic activity towards proteins and peptides.
Excessive proteolytic activity may disrupt the normal healing process and delay wound
healing, potentially leading to the chronification of wounds.[1511 Bacteria excrete
proteases to break down surrounding tissue in order to access nutrients needed for
their growth and proliferation. In addition, some bacteria can activate enzymes
endogenous to the human host, matrix metalloproteinases (MMPs), which further
increases proteolytic activity.[152] Bacterial infections in wounds therefore increase the
total proteolytic activity which can be used as a biomarker for bacterial infections, a
concept that has been used for development of lateral flow devices and microfluidic
chips for infected wound fluid.['53.1541 Developing a sensor for proteolytic activity was

also the aim of Paper III.
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Synthesis and application of
BC-nanoparticle composites

State of the art

Similar to the incorporation of AgNPs in BC for their antimicrobial effect, AuNPs have
been immobilized in BC using comparable techniques, i.e., by direct reduction of gold
salt in the presence of BC fibrils. BC combined with plasmonic NPs have gathered a lot
of attention due to the multitude of applications of such NPs when combined with the
interesting material properties of BC as a three-dimensional substrate. For example,
BC functionalized with plasmonic NPs can be utilized for development of sensors,
facilitated by the relatively good transparency of thin BC sheets to light in the visible
wavelength range. AuNPs are more frequently used in plasmonic sensors than AgNPs

due to their better chemical stability.

AuNPs have been synthesized in BC from HAuCl, without any additional reduction

agents as described by Morales-Narvaez et al.[155] Here, the reduction by BC alone (and
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potentially other organic species remaining from the BC production) was sufficient to
form AuNPs in less than 2 hours at boiling temperature. The resulting composite
material was explored in an aggregation assay for detection of thiourea and cyanide by
monitoring the spectral changes of the NPs. Similarly, Pinto et al., successfully
performed reduction of HAuCl, using only BC as a reducing agent, although they also
investigated a sodium citrate route which likewise resulted in BC-AuNP

composites.[156]

Another strategy to produce BC-AuNP composites was described by Chen et al., where
AuNPs were synthesized directly in BC using surface modified BC.[93!1 The BC fibrils
were functionalized with amidoxime groups that sequestered the Au ions, resulting in

AuNPs of roughly 13 - 16 nm diameter for use in catalysis.

BC surface modifications using non-covalent interactions, such as electrostatic
adsorption of the  polyelectrolytes  polyethyleneimine (PED), and
poly(diallyldimethylammonium chloride) (PDDA) in a layer-by-layer (LbL) fashion
was used by Pinto et all's6] NP adsorption via LbL uses oppositely charged
polyelectrolytes applied consecutively to precisely control layer thickness and to
achieve positive surface charge, and has been utilized to achieve homogeneous
adsorption of citrate stabilized AuNPs to e.g. 2D glass substrates since the late

90’s.[74:96,98.1571 Pinto et al., used the technique on a 3D substrate.

PEI adsorbed to BC fibrils can also be used as a reduction agent, leading to the
formation of relatively monodispersed AuNPs in high concentrations as demonstrated
by Zhang et al.l58] Interestingly, they showed that synthesis of AuNPs in different
solutions containing halide salts of different types, NaF, NaCl, NaBr and Nal, heavily
affected the number of AuNPs at the BC fibrils. They subsequently discussed how the
affinity between BC and Au could be higher for heavier members of the halide group
and that the heavier halide ions diminished the repulsive interactions between
particles or Au+ ions and BC by electrostatic screening, which allowed for smaller

interparticle distances between Au species BC fibril surface.

None of the in situ synthesis methods provide AuNPs with sufficiently high uniformity
for use in refractometric sensing. As discussed in chapter 2, refractometric sensing

measures small shifts in the position of the LSPR peak caused by changes in RI close
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to, or at the NP surface. RI changes happen when for example an analyte binds to a
ligand at the NP surface or due to physicochemical changes, such as buffer content,
ionic strength, or changes in temperature. To facilitate the quantification of the peak
shift, a sharp LSPR peak and a large signal-to-noise ratio (S/N) is of high importance.
Sharp peaks are a feature of monodisperse, small NPs with little to no plasmonic
coupling, whereas large S/N is a result of good instrumentation and a high number of
particles. Furthermore, the lack of control of interparticle distance between
immobilized AuNPs often leads to plasmonic coupling and subsequent broadening of

the resonance peak.

The hitherto known examples of colloidal NPs immobilized in BC through means of
self-assembly are found in two articles from 2016 by Tian et al., who achieved loading
of a high number of gold nanorods (AuNRs) through electrostatic interactions between
positively charged surfactants, CTAB, on the AuNRs and the negatively charged BC
surface.[59:1591 While their resulting biofoam appeared opaque due to the large number
of immobilized AuNRs, UV-vis measurements showed little plasmonic coupling
between NPs and retained peak sharpness from colloidal AuNRs. CTAB, and similar
surfactants are highly cytotoxic and are thus not well-suited for applications in
biological systems.[160.1611 While washing may alleviate most of the toxicity for
AuNRs, [162:163] spherical AuNPs with CTAB still exhibit some cytotoxicity.[164] Overall,
citrate stabilized NPs have a more favorable toxicity profile and are preferable in
several applications. Additionally, CTAB interaction with NPs is very strong, which

complicates further functionalization and modification of the NP surface.

Self-assembly of citrate stabilized AuNPs to BC

As previously mentioned, the self-assembly of citrate stabilized AuNPs to BC is more
complex than CTAB stabilized NPs since both citrate stabilized AuNPs and BC are
negatively charged. Citrate stabilized AuNPs can, however, adsorb to BC fibrils under
special conditions as shown in Paper I. The assembly process is hypothesized to be
due to attractive van der Waals interactions between the NP and the BC fibril. All
surfaces can interact via van der Waals forces, which are very short-range forces,

decaying with 1/r6 and therefore requires short distances between the NP and the fibril
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surface to bind with sufficient strength. However, for NPs to get close enough for van
der Waals forces of any significance to arise, the repulsive interaction between the
electric double layers at the respective interfaces must be overcome. We modelled the
interaction between a particle and a negative BC halfspace (Figure 4.1a), showing that
the potential barrier (V/ksT) arising from the surfaces respective electric double layer
decreases as the buffer ionic strength increases (Figure 4.1b). At some ionic strength,
here modified using a monovalent halide salt, NaCl, the potential V/ksT becomes

negative and the self-assembly is spontaneous at RT (Figure 4.1c¢).

30



Electrolyte b
80 .
+ 0.1 mM NaCl
2 B * 0.3 mM NaCl
60 * © 1.0mMNaCl 1
+ o 3.0 mM NaCl
: 40 A 10.0 mM NaCl
okt + 1
) o "
X x
S20f ooo, . U,
] ®
o » +*
oo o x +
0 uAAAZZ:A“AEMo“Q o *xxt+
A
-20 0 1 2 3
10 10 10 10

Cellulose

hikg

&

metal nanoparticles

L0 ® @
L ]
[ J . ¢ [ .
| AT a
o ° @ ® bacterial
) cellulose
lse!f—assembly
Tea- 00"
Y o ®e o

(1
¢ L e &

Figure 4.1: Self-assembly of AuNPs to BC. a) Gold sphere interacting with a flat
cellulose halfspace in an electrolyte (monovalent). b) Simulated potential of interaction
as a function of distance between gold sphere and cellulose. ¢) Schematic of self-
assembly of NPs to BC. d) BC incubation in aqueous AuNP (@ 50 nm) suspension before

(left) and after complete depletion of suspended AuNPs (right).

However, decreasing the V/ksT, by increasing the ionic strength, simultaneously
decreases the potential barrier between NPs, risking irreversible NP aggregation. It
was found that using 10 mM NacCl buffer did not work for citrate stabilized AuNPs
of -66 mV (-potential due to extensive NP aggregation, however 5 mM NaCl was
sufficient to achieve high adsorption of AuNPs to BC (¢-potential = -46 mV) (Figure
4.1d).
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The absorbance of the resulting BC-AuNP, which is correlated to the number of
particles in the measuring path, was increased 6-fold when compared to a 2D substrate
(Figure 4.2a), enabled by the 3D fibrous structure of BC, while leaving the FWHM
unchanged (Figure 4.2b).
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Figure 4.2: Optical properties of BC-AuNP (g 50 nm). a) Extinction spectra of BC-
AuNP (3D) and glass (2D). b) Normalized extinction spectra of BC-AuNP and glass.

Refractometric sensing often relies on detection of very small (<10 nm) LSPR peak
shifts. The large increase in signal strength concurrently increases the signal-to-noise
ratio (S/N). Reducing noise is a good way to achieve a high S/N, however reducing
noise beyond a point becomes tedious, expensive, and even impossible. Boosting the
signal strength is therefore a good way to improve S/N and thereby sensor
performance. [731 Analysis techniques like polynomial fitting are useful to find the
correct peak position from discrete data points. The accuracy with which the peak can
be determined is highly impacted by the S/N which can be understood from comparing
the data quality of the peak for different S/N systems (Figure 4.3). In Paper I we show
that BC-AuNP composites were able to discriminate between peak shifts a factor 2.3

times smaller than using the conventional glass substrates.
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Figure 4.3: Zoom in of the LSPR band for a high (a) and low (b) S/N system.

Mechano- and thermoplasmonic properties

The hydrated 3D BC matrix consists of well-separated fibrils and is soft and pliable.
The AuNPs present in BC after adsorption of a moderate amount are well-dispersed on
fibrils throughout the BC matrix. If sufficient pressure is applied to BC, water is
evacuated from the structure and the distance between fibrils is decreased. If NPs are
present on the fibrils, the distance between these will also decrease. As mentioned in
chapter 2, when the particles are brought in close proximity, near-field interactions
cause spectral changes dependent on interparticle distance (Figure 4.4a).[77:165-1671 The
spectral changes due to BC-AuNP compression could be seen as a redshift of the LSPR
maximum concurrent with a pronounced broadening of the LSPR maxima presented
as a shoulder at around 600 nm (Figure 4.4b). Near-field interactions increased with
increasing pressure and was shown to be irreversible. However, the slight redshift was
mostly reversed upon relieving pressure. Interestingly, adsorbing a protein, bovine
serum albumin (BSA), to the BC-AuNP by immersing the composite in a high
concentration solution of 10 mg/mL for 2 hours almost completely inhibited the
occurrence of near-field interactions for the same level of compression. The redshift of
the LSPR maximum was obtained also in this case but was similarly reversed upon
reducing pressure. The capability of BSA to prevent near-field interactions formed a
rudimentary biosensor where adsorbed species can modulate the changes in optical

properties upon compression. The biosensor was subsequently tried for different

33



concentrations of BSA and was able to distinguish between 10 and 100 nM BSA (Paper
I).
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Figure 4.4: a) Schematic illustration of the mechanoplasmonic behavior in BC-AuNP
and the resulting color shift upon compression. b) Spectral changes in BC-AuNP due

to compression.

The compression of BC-AuNPs and the resulting change in optical properties affected
the absorbance cross section of the composite (Figure 4.5a). The AuNP aggregates
formed when AuNPs are brought in close proximity upon compression of the BC-AuNP
composite effectively act as a larger NP. As evident from equation 2.1, absorption cross
section is dependent on the size of the NPs. Higher cross sections lead to higher light-
heat conversion upon illumination.[7879] This made it possible to modulate the

thermoplasmonic properties of BC-AuNP through compression (Figure 4.5b)
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Figure 4.5: a) Transmittance of BC-AuNP loaded with two different concentrations
of AuNPs prior to and after compression. b) Heat generation due to plasmonic heating
when irradiated with two laser diodes (808 and 1064 nm). “M”, and “L” indicate
medium and low AuNP concentration respectively, while subscript “u” and “c”

corresponds to uncompressed and compressed, respectively.

Broadband adsorbing properties of self-assembled BC-AuNP
composites

Evidently, the change in surface potential upon adsorption of AuNPs is not large
enough to prevent subsequent NP adsorption. Highly concentrated AuNP suspensions
will, given sufficient time, form BC-AuNP composites with huge amounts of particles,
where interparticle distance is very low or zero, forming AuNP aggregates on the BC
surface. Likely, adsorbed NPs retain a higher ¢-potential than the surrounding BC,
leading to repulsive forces strong enough to space AuNPs somewhat homogeneously

over the surface before starting to aggregate.

35



Figure 4.6: a) SEM micrograph and photo (inset) of BC-AuNP incubated in a high

concentration AuNP suspension. Scale bar: 500 nm.

The large amounts of NPs and NP aggregates (Figure 4.6a) lead to a very high
extinction in the visible spectrum, resulting in a profoundly black appearance (Figure
4.6a inset), in part due to the composite surface structure. Material surface structure
is very important for the absorptive properties of a material as shown by McCoy et
al.[1%8] They showed how structure in some bird species feathers allows much deeper
black colors than feathers achieving black features by molecular absorption (pigments)
alone. The black appearance was retained even after the feathers were coated in a
highly reflective metal coating.['68] Ridges and other surface structures are
hypothesized to be able to trap electromagnetic radiation of different wavelengths
depending on the length scale of the existing surface roughness. This was further
shown by Tao et al., who converted a highly reflective Al surface to highly absorptive
by introducing surface roughness via laser filament processing.[:09] The grooves and
pillars exhibited plasmonic behavior which led to a large absorption cross section.
Together with iterative reflections inside the structure, the high absorption cross
section only allowed for a few photons from the incident light to escape, resulting in a
very black appearance. Plasmonic AuNPs and other Au-based structures have been
used for creating broadband, ultra-black materials.['70.171] For instance in black Au-
based films for solar-harvesting applications.[81 The 3D structure of BC may similarly
affect the absorptive properties of BC-AuNP which we studied in Paper V. Like many
of the ultra-black materials, one of the main reasons for the highly absorptive

properties of hydrated BC-AuNP is the limited reflection from the material.[168,170,172,173]
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Substrates with a sharp change in RI will have higher reflectance than lower RI
substrates in the same medium. In accordance with this reasoning, we found that air-
drying BC-AuNP, a process which compacts the BC structure, resulted in higher
reflectance than freeze-drying, which to a higher degree conserves the fluffy, porous
structure of hydrated BC-AuNP. The low density of freeze-dried BC-AuNP likely leads
to a more diffuse RI transition and thus a lower reflectance. The hydrated BC has the
same low-density structure as freeze-dried BC-AuNP with the added layer of water (n
~ 1.3330) between air (n = 1) and cellulose (n = 1.49 at 700 nm) and NP interfaces,

adding to the stepwise decrease and further lowering the reflectance.[174:175]

Catalytic properties of self-assembled BC-NP composites

Using substrates for catalysts is beneficial for reasons previously discussed, such as
catalyst recyclability and a possibility to disregard NP colloidal stability. Since the
AuNPs are the catalytically active components it is preferable to maximize the number
of AuNPs per volume or weight unit substrate. In Paper IV, we studied the effect of
loading large numbers of AuNPs, PtNPs and AgNPs to BC on catalytic rate of a model
reaction, namely the reduction of 4NP to 4-aminophenol by NaBH,4. BC-PtNP showed
higher catalytic rate than AuNPs and AgNPs which is not surprising for NPs of roughly
10-13 nm. Although the structure of BC is highly porous, diffusion is slow in
comparison to the catalytic rate, which meant that diffusion is limiting the reaction
speed. Additionally, the H. gas that was released during the reaction formed gas
bubbles that was trapped in pockets in the fibrillar mesh, blocking the flow of reagents
through the BC structure. To avoid this, BC was processed with ultrasonication to
disrupt the membrane integrity. The imploding cavitations caused by the ultrasound
waves carries enough energy to cut amorphous regions in the BC fibrils, dissociating
and shortening the fibrils. Since BC has a high crystallinity, and the crystalline regions
are largely stable enough to withstand mild sonication procedures, the sonication
process leaves a fuzzy, disentangled structure mostly consisting of crystalline BC
fibrils.[176.177] Dissociation of pre-formed BC-AuNP composites via ultrasonication
could be successfully achieved with NPs still attached to BC fibrils. However,

ultrasonicating BC before mixing with AuNP suspension resulted in almost

37



instantaneous adsorption of AuNPs to BC (D.BC-AuNP). The very fast adsorption is
likely due to removing the mass transport limitations by having individual suspended
fibrils. Additionally, ultrasonication may affect the ¢-potential of BC fibrils to allow
more favorable NP-fibril interaction.[64] Both the dissociated pre-formed BC-AuNP
(dis. BC-AuNP) and D.BC-AuNP displayed similar catalytic properties as BC-AuNP
composites but showed a much higher catalytic rate as compared to intact BC
membranes (Figure 4.7), in line with the improvements in mass transfer of reactants

to the NP surface.
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Figure 4.7: Time-resolved UV-vis spectra of 0.5 mg/mL a) BC-AuNP and b)
dissociated BC-AuNP. c¢) Catalytic activity vs AuNP content for BC-AuNP and
dissociated BC-AuNP.

BC-NP composites for advanced wound care

Paper II and III drew inspiration from BC’s excellent wound dressing material
characteristics and combined BC with NPs for added functionality for advanced wound
care. In Paper II BC was incubated in a suspension of MSNs, ~400 nm in width with
~10 nm diameter pores. Like the citrate stabilized NPs, MSNs also showed adsorption
to BC fibrils, despite their size (Figure 4.8). The MSNs probably interact with several
fibrils at once to bind sufficiently strong not to desorb. As seen from the SEM
micrographs in Figure 4.8, BC-MSN are aggregated or clustered in the BC matrix. It is
not unlikely that the MSNs are in a semi-aggregated state already in the loading
suspension, although they may also aggregate on the BC surface similar to citrate
stabilized AuNPs, given enough time. Increased aggregation due to the drying process
in preparation for imaging is also possible. In contrast to colloidal AuNPs, MSNs are

in a dry state before resuspension, and ultrasonication is used to disperse and
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resuspend the MSN aggregates prior to use. As such, it is possible that the
ultrasonication procedure is insufficient to produce individual MSNs, and that the

loading suspension is comprised of MSN aggregates of different sizes.

Figure 4.8: SEM micrographs of BC-MSN, showing aggregated and individual MSN
attached to BC fibrils. Scale bar: a) 1 um, b) 200 nm.

As previously mentioned, MSNs have pores which gives them a large specific surface
area that make them suitable carriers for molecules for added functionality or drugs in
drug-delivery applications. Here, we were interested in detecting the pH of a wound
and thus encapsulated a pH-responsive dye, bromothymol blue (BTB). BTB retained
its pH-responsiveness after being adsorbed in the BC-MSN composite (Figure
4.9a,b,c). By following the relative peak intensities of BTB functionalized BC-MSN it
was possible to distinguish between different pH values optically (Figure 4.9d).

Upon infection, the wound pH commonly increases and becomes alkaline,[140.1411 where
BTB displays a deep blue color. Blue is among the few colors usually not present in
wound tissue, neither in infected nor healthy wounds. MSN-BTB functionalized wound
dressings will consequently show good contrast to the wound at alkaline pH values,
giving a clear indication of infection to healthcare professionals without the need for

complex instrumentation for sensor readout.

39



The mechanical properties of the dressing were largely intact and even enhanced upon
MSN functionalization, since the MSN decreased the stress relaxation rate which
makes the BC-MSN more resistant to moderate pressure levels (~12 kPa). They may
hence perform better when applied at e.g., joints compared to native BC. Moreover, the
change in pH was reversible and fast (< 10 minutes) and could therefore potentially be

used for studying the effect of treatments on wound infection in a spatiotemporal

fashion.
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Figure 4.9: a) UV-vis spectra of BTB in buffers with different pH values. b) Photo of
BC-MSN functionalized with BTB after immersion in buffers with different pH. c) UV-
vis spectra of BTB functionalized BC-MSN composites. d) Relative peak intensity of
BC-MSN composites in (c).

In Paper III we also aimed to detect wound infections but used protease activity
instead of pH as an indicator for bacterial infection. Plasmonic NPs have been used to
probe the activity of bacterial proteases refractometrically as described by Svird et
al.i78] Proteolytic activity has been identified as a biomarker for wound infections as
discussed in chapter 3. We designed a BC-AuNP composite functionalized with a
fluorescent dye, Cy3, conjugated to protease substrates (casein) adsorbed to the AuNP
surface. The positioning of Cy3 in the vicinity of AuNP quenched the fluorescent signal
and resulted in a very low fluorescent signal. The little fluorescence that could be
measured was likely due to Cy3 conjugated to casein that was not bound to an AuNP
but adsorbed directly to a BC fibril. When adding a model protease, trypsin, the casein-
Cy3 was cleaved to smaller fragments, free to diffuse away from the AuNP. Since AuNP-
Cy3 quenching is heavily distance dependent, diffusing just a short distance from the
AuNP led to a fluorescence recovery that could be measured in a microplate reader. To

acquire higher specificity towards wound relevant proteases, we synthesized a short

40



peptide, CPI2, with a thiol containing amino acid, cysteine, in one end, and a Cy3 dye
in the other end. The thiol group can bind covalently to gold, adding specificity also in
the functionalization of the composite, resulting in lower background fluorescence.
The CPI2-Cy3 was successfully quenched when bound to the BC-AuNP composite and
showed no fluorescence increase when incubated with trypsin. However, after
incubation in a solution containing collagenase I (Col-1), a proteinase of bacterial

origin, a large fluorescence increase was observed (Figure 4.10a).

The BC-AuNP-CPI2 system was subsequently tried with two different species of
bacteria, Pseudomonas Aeruginosa and Staphylococcus Aureus, which are both
relevant wound infection pathogens. Live bacteria were added to the BC-AuNP-CPI2
sensor and incubated for 20 h and a large, time-dependent, fluorescence recovery was

observed (Figure 4.10Db).
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Figure 4.10: a) Fluorescence emission intensity at 581 nm after incubation of BC-
AuNP-CPI2 in protease solution for 9o min. b) Fluorescence emission intensity at 581
nm after BC-AuNP-CPI2 was incubated in suspensions of live bacteria for 20 h. Error

bars show standard deviations.

41



42



Summary of papers

This thesis includes five papers, one published and four manuscripts intended for

publication. This chapter contains a summary of the included papers.
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Paper |

Self-assembly of Mechanoplasmonic Bacterial Cellulose-Metal
Nanoparticle Composites

Eskilson O., Lindstrém S.B., Sepulveda B., Shahjamali M.M., Giiell-Grau P., Sivlér P.,
Skog M., Aronsson C., Bjork E.M., Nyberg N., Khalaf H., Bengtsson T., James J.,
Ericson M.B., Martinsson E., Selegdrd R., and Aili D.

Advanced Functional Materials, 2020, 30, 2004766

In this paper, the self-assembly process of metal NPs to BC was described and
optimized. The interactions between citrate stabilized NPs and BC fibrils were
elucidated and modelled, and it was shown that the process allows NPs of different
geometries and compositions to be immobilized. The resulting BC-NP composites were
studied for use in different applications. BC-AgNP showed antimicrobial effects. AuNP
(s 50 nm) adsorbed to BC retained sharp LSPR maximum necessary for refractometric
sensing and the performance of BC-AuNP (@ 50 nm) were compared to standard glass
substrates, showing large increase in signal-to-noise ratio. BC-AuNP (g 13 nm) were
used for a proof-of-concept mechanoplasmonic biosensor utilizing the tendency for
near-field interactions between closely separated metal NPs. BC with large amounts of
AuNP (g 13 nm) showed significant photothermal heating due to the high absorption
of light by the immobilized NPs. The heating was further increased by compression of
the composites due to increasing near-field interactions resulting in enhanced light
absorbance. Additionally, BC-AuNP (¢ 13 nm) was investigated using far-field
multiphoton laser scanning microscopy showing compression induced multiphoton-

induced luminescence.
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Paper I

Nanocellulose Composite Wound Dressings for Real-Time pH
Wound Monitoring

Eskilson O.%, Zattarin E.*, Berglund L., Oksman K., Hanna K., Rakar J., Sivlér P.,
Skog M., Rinklake I., Shamasha R., Sotra Z., Starkenberg A., Odén M., Wiman E.,
Khalaf H., Bengtsson T., Junker J.P.E., Selegdrd R., Bjork E.M., and Aili D.

* Equal contribution

Submitted (2023)

The aim of this paper was to design a pH-responsive wound dressing for real-time
monitoring of wound pH and early detection of wound infections. The dressings were
based on pure high-quality bacterial nanocellulose (BC) that was functionalized with
mesoporous silica nanoparticles (MSNs) using a unique self-assembly strategy.
Concentrations of adsorbed MSNs was investigated and optimized, and the specific
surface area of resulting composites was analyzed using nitrogen physisorption,
showing a large increase in specific surface area after the addition of MSNs. A strategy
for encapsulating a pH-responsive dye, BTB, in the MSNs was developed, yielding pH-
responsive wound dressings that allowed for high contrast naked-eye monitoring of
wound pH with spatiotemporal resolution. Adsorption of MSNs and subsequent BTB
functionalization did not have any negative effects on the function of the materials for
wound dressing applications, including water vapor transmission rate and tensile
strength. Compression relaxation decay was shown to decrease after adsorption of
MSNs in BC, which may allow BC-MSN composites to better withstand joint
compression compared to native BC. Cytocompatibility was investigated in vitro using
human primary keratinocytes and dermal fibroblasts. Finally, in vivo function was

successfully demonstrated in non-infected and infected porcine wounds.
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Paper Il

Bacterial Cellulose—Gold Nanoparticle Composite Wound
Dressings for Protease Activity Monitoring

Eskilson O., Wiman E., Reustle N., Sotra Z., Svird A., Junker J.P.E., Khalaf H.,
Bengtsson T., Selegard R., and Aili D.

In Manuscript (2023)

In this paper we designed wound dressings with integrated protease activity sensing
capabilities for detection of wound infections. AuNPs self-assembled in BC was
functionalized with fluorophore (Cy3) labeled protease substrates. The short
separation between the AuNP and Cy3 resulted in fluorescence quenching. First, casein
was investigated as a substrate. Addition of trypsin or collagenase type 1 resulted in an
increase in fluorescence intensity due to the cleavage of casein. The increase was more
pronounced for trypsin compared to Col-1. To improve the relative fluorescence
increase we further explored the use of a cysteine terminated Cy3-labled polypeptide
(Cy3-CPI2-C). CP12 is cleaved by a range of matrix metalloproteinases and bacterial
proteases and was immobilized on the AuNPs via the thiol in the Cys residue. Exposure
to Col-1 resulted in fluorescence turn-on. The CPI2 functionalized dressings were
subsequently exposed to both culture supernatants from S. aureus and P. aeruginosa
as well as live bacteria. Both of these common wound pathogens triggered a significant
increase in fluorescence from the wound dressings, indicting possibilities to use these

protease responsive wound dressings for rapid detection of wound infections.
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Paper IV

Self-Assembled Nanocellulose—Metal Nanoparticle Composites
for Catalysis

Eskilson O., Kollenchery Ramanathan S., Selegérd R., and Aili D.

In Manuscript (2023)

This work examined the catalytic properties of BC functionalized with metal NPs. The
adsorption to BC circumvented issued with colloidal stability while the large effective
surface area of BC allowed for large numbers of NPs to be immobilized. As a model
reaction, the oxidation of 4-nitrophenol by sodium borohydride was investigated using
different catalytic metal NPs. Citrate stabilized AuNP, AgNPs and PtNPs were
immobilized to BC and their respective catalytic efficiency was examined. In addition,
the BC was dissociated to generate dispersed nanocellulose fibrils to increase
accessibility to the NPs and avoid diffusion limitations. BC-AuNP composites were
dissociated through ultrasonication. The improvements in mass-transfer resulted in a
large increase in catalytic activity compared to intact BC-AuNP. Moreover, when BC
was dissociated prior addition of AuNPs, the adsorption of the NPs to the BC fibrils
turned out the be extremely fast (minutes instead of days). The catalytic rate was,
however, similar when using AuNPs adsorbed to BC prior dissociation, thus revealing

a new method to generate BC stabilized and highly efficient metal NP-based catalysts.

47



Paper V

Ultra-black Nanocellulose—Gold Nanoparticle Composites

Eskilson O., Silander J., Hallberg T.S., Akerlind C., Jirrendahl K., Selegérd R. and
Aili D.

In Manuscript (2023)

In this work we utilized the capacity of BC to adsorb huge amounts of AuNPs through
self-assembly. The large effective surface area of nanofibrillar BC and the additional
NPs formed by the adsorbed AuNPs combined with their large extinction coefficients,
resulted in composite materials with very high absorptance of light over a broad
wavelength range. To assess the importance of BC surface structure on the interaction
of the composites with light, two different drying methods (lyophilization and air
drying) of the materials were investigated and compared to hydrated BC-AuNP
composites. Air-drying resulted in a very flat material with virtually zero transmittance
between 250—2500 nm. Lyophilization resulted in a more porous structure where
average interparticle distance was larger and consequently a slightly higher
transmittance. Hydrated composites showed very high absorptance in the visible
spectrum (>97%) but was rather transparent for 1> 1500 nm, whereas lyophilized and
air-dried composites showed slightly lower absorptance but less transmittance. This
study shows the possibility to tune optical properties of BC-AuNP composites by using
the correct drying method, allowing for simple fabrication of soft and flexible broad

band light absorbers.
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Conclusions and future outlook

The exploration of the astonishing versatility of nanostructures, nanosystems, and
nanofabrication to influence virtually every aspect of materials science has likely only
started. “There is plenty of room at the bottom” was the title of Richard Feynman’s
famous lecture held in 1959 on the future of nanofabrication and its implications, and
even more than sixty years later, the enterprise of science still has a lot to discover in

this domain.

As we enter an era where the Earth’s resources are looked upon as the finite resources
they are, development of sustainable materials are becoming an increasingly large
point of focus for materials science. Among such materials, cellulose may well be
considered the pinnacle of sustainability due to its abundance, ease of harvesting,
biodegradability, low toxicity, and high versatility. The natural and synthetic
permutations of cellulose are many and they result in an impressive range of properties
that will be, and are, useful for a great span of applications, a span which can surely be

extended as research on cellulose is continuing. Unfortunately, many of the more
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advanced applications of cellulose so far require purification of cellulose that involves
harsh chemicals. Until cellulose processing has progressed to a stage where such
chemicals can be excluded or minimized, BC offers a way to produce cellulose of high
purity. Although BC production is miniscule in comparison to the production of pulp-
based cellulose, the coming decades may see a large increase in BC production and a

significant decrease in BC production costs.

Nanoparticles show properties that are useful in a vast number of applications, some
of which have been mentioned in this thesis. The use of nanostructures may lead to
reduced material consumption when replacing macroscale counterparts, not seldom
with a concurrent increased efficiency (per weight unit), and sometimes resulting in

new properties altogether.

The work presented in this thesis expands on the work on nanocellulose-NP
composites by introducing a new and improved way to synthesize BC-AuNP
composites in a facile fashion where control over NP morphology and composition is
intact, and where NP concentration can be easily tuned. The resulting BC-NP
composites have been used to improve on, or enable, materials used for such different

areas as biosensing, biomedicine and catalysis, among others.

Paper 1

Before commercial or research applications based on mechanoplasmonics can be
realized, some fundamental aspects need to be elucidated. For instance, the way
adsorbed molecules prevent near-field interactions between AuNPs needs to be better
understood to be able to design a biosensor with any type of specificity. A study in
which molecules of different sizes, charge, etc. are adsorbed and the resulting
mechanoplasmonic response measured would be a good step forward. Furthermore,
while BC has many properties useful for mechanoplasmonic sensors, it is possible that
using a more homogeneous and isotropic substrate may help in understanding the
underlying mechanisms of suppression of near-field interactions. Perhaps, with a
highly reproducible composite, it may be possible to probe mechanical properties of

adsorbed species using a mechanoplasmonic transduction strategy.

The miniaturization that is possible due to the use of LSPR based refractometric

sensors in contrast to SPR based sensors, allows for the development of point-of-care
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devices. In the instances that these will be optically measured using more rudimentary
spectrometers, perhaps on sites where advanced laboratory instrument may be
unavailable, the increase in S/N that can be accomplished by using BC-AuNP

composites could be crucial for achieving a reliable signal.

Paper I1

MSNss are used in drug delivery, in part due to their high specific surface area. A natural
next step for BC-MSN composites could be to use MSNs for this purpose by delivering
antimicrobial compounds directly to the wound site by incorporating them into the BC-
MSN wound dressing. Moreover, MSNs have applications not pertaining to
biomedicine that would be interesting to study in combination with BC, like adsorption

of CO: for carbon capture technology, or water filtration.

Paper 111

The capability of the sensor synthesized in Paper III to successfully report on bacterial
protease activity in vitro was demonstrated. However, the in vivo function of the
sensor still needs to be tested. Due to the complexity of the wound microenvironment
and presence of proteases also in healthy wounds, it is possible that the design needs
to be adjusted to successfully be able to distinguish between proteolytic activity in a
healthy and an infected wound. This could involve further optimization of the peptide

sequence used for protease recognition.

The tendency of proteases and proteinases to cleave a multitude of protein and peptide
sequences is a problem when trying to design a highly specific protease sensor.
However, the ease with which AuNPs can be functionalized may allow for the
functionalization of AuNPs with an array of different polypeptide sequences
conjugated with reporting molecules with different fluorescence emission spectra.
With this method, it may be possible to pinpoint a specific fluorescence fingerprint to
a specific species of bacteria, based on the cleaving efficiency of their proteinases, and

thereby circumventing the problem of polypeptide specificity.
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Paper IV

The increased NP content per unit weight of substrate that self-assembly of NPs to BC
allow, can potentially lead to the development of more efficient catalytic materials.
Additionally, hydrogels have been converted to aerogels or composites with
maintained 3D structure after removing the solvent by different drying techniques.
Such processing could enable catalysis of different gaseous compounds by directing a

flow of gas through a BC-AuNP membrane.

Paper V

Broad band absorbing materials are often constructed via nanofabrication to achieve
control of the material structure which is very delicate. It is likely that the structure of
BC-AuNP composites can be optimized with relatively little effort by better controlling
e.g., the drying techniques. Another interesting route would be to use dissociated BC-
AuNP and see if it can be reassembled into a broad band absorbing material. Mixed
with the proper binding material, it is possible that the dissociated BC-AuNP could be

used similar to a regular paint.
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