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Bio-based hybrid nanomaterials for
theranostic and environmental applications

Abstract

Bio-based nanomaterials are defined as materials of biological origin with one or
more dimensions smaller than 100 nm. At this small scale, exciting properties start
to emerge which leads to materials with a large variety in applications, including
environmental remediation, metal waste recycling and theranostics (combined
therapy and diagnostics). By modifying the surface of these bio-based nanomaterials
it is possible to selectively change the affinity of biomaterials towards different metal
ions and mineral oxide nanoparticles. This allows for the production of tailored bio-
based hybrid materials. Present work is focussing on two key aspects, (1) metal
selectivity and (2) theranostics. One of the aims was in modifying nanocellulose to
produce a material suitable for the separation of late transition metals Nickel and
Cobalt from Rare Earth elements and the mechanism behind this selectivity. Another
track focussed on the introduction of mineral oxide nanoparticles onto cellulose-
based nanomaterials derived from cotton or grown by microorganisms and their
unique properties for their application as wound-dressing materials.

Keywords: Cellulose, Surface functionalization, Drug Delivery, Theranostics, Metal
Sequestration.



Biobaserade hybridnanomaterial for
teranostiska och miljotillampningar

Sammanfattning

Biobaserade nanomaterial definieras som material av biologiskt ursprung med en
eller flera dimensioner som ar mindre dn 100 nm. I denna lilla skala boérjar spdnnande
egenskaper att framtrdda, vilket leder till material med ett stort antal olika
tillimpningar, bland annat milj6sanering, dtervinning av metallavfall och teranostik.
Genom att modifiera ytan pa dessa biobaserade nanomaterial dr det mojligt att
selektivt dndra  biomaterialens affinitet mot olika metalljoner och
mineraloxidnanopartiklar. Detta mojliggér produktion av  skrdddarsydda
biobaserade hybridmaterial. Detta arbete fokuserar pa tva viktiga aspekter, (1)
metallselektivitet och (2) teranostik. Ett av malen var att modifiera nanocellulosa for
att producera ett material lampligt for separation av sena dvergangsmetaller nickel
och kobolt fran sillsynta jordartsmetaller och mekanismen bakom denna selektivitet.
Medan resten fokuserar pd ett annat spar som syftar till att infora
mineraloxidnanopartiklar pa cellulosabaserade nanomaterial som hérrdr fran bomull
eller odlas av mikroorganismer och deras unika egenskaper for tillimpningen som
sarforbandsmaterial.

Nyckelord:  Cellulosa, Ytmodifiering, Lakemedeltransport,  Teranostick,
Metallsekvestrering.



Biogebaseerde hybride nanomaterialen
voor theranostische en milieutoepassingen

Samenvatting

Biogebaseerde nanomaterialen worden gedefinieerd als materialen van biologische
oorsprong met één of meer dimensies kleiner dan 100 nm. Op deze kleine schaal
beginnen spannende eigenschappen te ontstaan die leiden tot materialen met een
grote verscheidenheid aan toepassingen, waaronder milieusanering, recycling van
metaalafval en theranostica (gecombineerde therapie en diagnostiek). Door het
oppervlak van deze biogebaseerde nanomaterialen te modificeren is het mogelijk om
selectief de affiniteit van biomaterialen richting verschillende metaalionen en
mineraaloxide nanodeeltjes te veranderen. Dit maakt de productie van op maat
gemaakte biogebaseerde hybride materialen mogelijk. Het huidige werk richt zich
op twee belangrijke aspecten, (1) metaalselectiviteit en (2) theranostick. Een van de
doelen was het modificeren van nanocellulose om een materiaal te produceren dat
geschikt is voor de scheiding van de overgangsmetalen nikkel en kobalt van
zeldzame aardmetalen en het mechanisme achter deze selectiviteit. Een ander deel
richtte zich op de introductie van mineraaloxide nanodeeltjes op cellulose
gebaseerde nanomaterialen afgeleid van katoen of gekweekt door micro-organismen
en hun unieke eigenschappen voor hun toepassing als wondbedekkende materialen.

Trefwoorden: Cellulose, Oppervlakte functionalizatie, Geneesmiddelenafgifte,
Theranostiek, Metaal sequestratie
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1. Introduction

1.1 Cellulose

1.1.1 Cellulose, structure and sources

Cellulose is the most abundant polymer on earth, representing about
1.5x10"? tons of total annual biomass production.(Klemm et al. 2005). It is a
polymer consisting of -1,4-linked glucose and it is found in the plant cell
wall as a structural polymer (fig. 1). It is commonly found with other matrix
components such as lignin, hemicelluloses, pectin and other components in
varying quantities and can be isolated from this matrix through a series of

treatments.
Microﬁbrils—‘

Amorphous

L

Elementary
fibril

Secundary wall

Figure 1. Hierarchical structure of cellulose derived from plants. Reproduced from John
Rojas et al. (2015)
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Originally described by the French chemist Anselme Payen as a resistant
fibrous solid that remained after treatment of plant tissues with acids, he
determined the molecular formula to be CsHi0Os via elemental analysis
(Payen 1838). In 1883 E. Flechsig claimed that cellulose could be converted
entirely into glucose, however this claim was based on the reducing power
of a complex mixture (Flechsig 1883). Irvine and Soutar more conclusively
demonstrated in 1920 that cellulose consists of poly-glucose anhydride via
acetolysis of cellulose, conversion to a-methyl glucoside and finally to
glucose in a 85% yield (later increasing to 95% yield)(Irvine & Soutar 1920;
Irvine & Hirst 1922). Monier-Williams managed to obtain glucose in a 91%
yield via direct hydrolysis of cellulose with sulfuric acid (Monier-Williams
1921). The methylation of cellulose contributed greatly to the cellulose
—glucose question, with Irvine and Hirst demonstrating that the glucose
moiety only has free hydroxyl groups on the 2,3,6-positions (Irvine & Hirst
1923).

Besides structural information based on chemical modification, the use of
x-rays has been valuable in the study of cellulose. One of the earliest
mentions of x-ray scattering by cellulose was by Herzog and Jancke, later
Freudenberg & Braun presented proof that cellulose consists of long linear
chains of repeating cellobiose units with B-1,4 connected glucose units
(Freudenberg & Braun 1928). Since then many polymorphs of cellulose and
derivatives have been discovered of which cellulose I is found in nature, with
varying ratios of cellulose Ia and Ip (Atalla & VanderHart 1984).

Beyond polymorphism and chemical identity, cellulose is a fascinating
material due to the wide variety of morphologies that may be obtained
depending on the cellulose source and treatment and its bio-renewable nature

(fig. 2).

.-

Cellulose nanocrystals
(cotton)

Bacterial nanocellulose

Reed plant fibers

Figure 2. Example morphologies of various cellulose sources with/without treatment
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1.1.2 Cellulose nanomaterials

Cellulose nanomaterials are highly versatile, and researchers continue to
explore numerous ways of incorporating cellulose into materials for
environmental remediation, biomedical applications and other
interdisciplinary fields. Natural cellulose consists of large fibres which can
be observed with the naked eye. These larger cellulose fibres can easily be
converted into cellulose nanomaterials using a variety of methods, resulting
in cellulose nanofibers (CNFs), cellulose nanocrystals (CNCs) or bacterial
nanocellulose (BNC). The distinction between the three is made based on
their nature, dimensions and extraction methods, as the characteristics of
these materials is highly dependent on their source and the processing
conditions. Chemical characteristics between CNFs, CNCs and BNC are
very similar, being homopolymers of glucose. However, their physical
characteristics are remarkably different. CNCs are typically produced via
controlled acid hydrolysis of cellulose fibres, while CNFs are typically
obtained via mechanical processing (fig. 3). Controlled hydrolysis used to
produce CNCs leads to the formation of narrow, high aspect ratio, rod-like,
crystalline particles due to the hydrolysis of the amorphous domains that
exists around and between crystalline cellulose domains that are more
susceptible to acid hydrolysis. When using sulfuric acid, the hydroxyl groups
present on the surface of CNCs are partially sulfated during hydrolysis,
forming negatively charged particles with increased colloidal stability. In
terms of physical properties, CNCs are crystalline particles with high-
specific strength and modulus, though suffer from relatively poor thermal
stability due to the presence of sulfate groups on the surface. CNFs by
contrast are typically produced via mechanical processes such as
homogenization, grinding and ultrasonic treatment, usually with some form
of pre-treatment. The general idea is to remove undesirable components such
as lignin and hemicelluloses, followed by disaggregating the larger
microfibers to obtain nanofibers of cellulose with very high aspect ratios.
These large nanofibers are prone to form relatively stable hydrogels at lower
concentrations than CNCs.

Bacterial nanocellulose materials are unique, being derived not from
plant materials, but instead grown by bacteria via fermentation in the form
of a hydrogel. BNC has a high native purity, consisting of cellulose,
microbial cells, nutrients and secondary metabolites that can be easily
washed out. It has outstanding physical and mechanical properties due to its
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unique 3D structure. BNC is characterized by narrow 70-150 nm microfibrils
with lengths commonly exceeding 1 pm (Klemm et al. 2005). These fibres
are interwoven with one another to form mechanically stable fibrous mats

with high surface area, elasticity and mechanical flexibility.
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Figure 3. Schematic illustration of glycosidic bond hydrolysis in cellulose in the presence
of sulfuric acid to form cellulose nanocrystals and sulfate half-esters (left) and cellulose
microfibril disaggregation to form cellulose nanofibrils (right).

1.1.3 Chemical modification of cellulose

Cellulose has a very rich and diverse chemistry owing to the presence of
nucleophilic hydroxyl-groups. Chemical modifications of cellulose can
broadly be divided into three categories, namely: modification of reducing
end-groups, homogeneous modification and heterogeneous (surface)
modification (Cumpstey 2013; Heise et al. 2021).

Modification of the reducing end-group of cellulose is limited to the
reducing end of the cellulose chain, which can still undergo ring
opening/closing reactions (mutarotation). Its chemistry is aldehyde specific
and for conventional natural cellulose sources its usefulness is somewhat
limited by the number of reducing end-groups per unit weight/area. With
nanocellulose, this type of end-group modification can encourage assembly
relying on the asymmetric nature of the particles involved (Heise et al. 2021).

Homogeneous modification of cellulose requires dissolution of a
cellulose starting material and modification of the cellulose chain occurs
across the entire cellobiose backbone. Dissolution of cellulose may be
achieved via the use of special solvent systems such as Schweizer’s reagent
(metal ammine complex), DMACc/LiCl, DMSO/TBAF, NMMO,
NaOH/Urea/Water or ILs (Chanzy et al. 1980; McCormick 1981; Burchard
et al. 1994; Zhou & Zhang 2000; Zhu et al. 2006; Kohler & Heinze 2007).
Alternatively, dissolution may be achieved via reactive dissolution, whereby
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the modification reaction is carried out under set conditions and as the
reaction progresses the solubility of cellulose in the chosen solvent system
increases until fully dissolved.

Another approach is heterogeneous (surface) modification. Due to the
difficulty of dissolving cellulose, it is common for reactions carried out to be
at least partially heterogeneous in nature. Heterogeneous synthesis can be a
great benefit as it allows for surface modification without the risk of altering
the existing cellulose structure.

The reactive hydroxyl-groups allow for quite diverse chemistry. For
example, TEMPO oxidation of the surface accessible C6-hydroxyl-groups
leads to the formation of a carboxylic acid (fig. 4), (da Silva Perez et al. 2003)
which itself may be converted into esters, amides, reactive acyl chlorides and
carboxylate salts.
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Figure 4. Schematic representation of TEMPO oxidation of the glucose moiety within
the cellulose-backbone and further conversion into carboxylic acid derivatives.

Periodate oxidation of the C2-C3 carbon-carbon bonds (fig. 5) leads to
the formation of dialdehydes within the cellulose chain, which then allows
for the modification of the resulting aldehyde into imines, alcohols, amines,
carboxylic acids, oximes etc (Kim et al. 2000).
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Figure 5. Schematic representation of periodate oxidation of glucose within the cellulose
backbone to form cellulose-dialdehyde and further conversion into aldehyde derivatives.
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Chlorination or tosylation leads to conversion of a hydroxyl-group into
one that is liable to nucleophilic substitution to form cellulose ethers, amines,
thioethers, azides etc (fig. 6). This is not without its downsides however as
cellulose may start dissolving as the reaction progresses. These reactions are
commonly carried out in aprotic amphiphilic solvents such as DMF or
DMAc, and with the reduction in inter- and intramolecular hydrogen bonding
as the reaction progresses, the probability of reactive dissolution increases
(Labafzadeh et al. 2015).
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Figure 6. Schematic representation of halogenation/tosylation of cellulose and further
conversion via nucleophilic substitution.

The last type of reaction briefly discussed is etherification of cellulose.
Cellulose ethers form an important class of cellulose products with large
scale industrial use. Common forms include: carboxymethyl cellulose, ethyl
cellulose, hydroxypropyl cellulose and many more. They are commonly
produced via Williamson-ether synthesis or Ring-opening reactions with
substituted epoxides (fig. 7). Because of the mild conditions, the use of
substituted epoxides is particularly interesting to introduce “click”-chemistry
suitable functional groups (Liang et al. 2023).
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Figure 7. Schematic representation of etherification of cellulose with either halo-alkane
or epoxide derivatives to form derivatives including sodium carboxymethyl cellulose,
ethylcellulose, hydroxypropyl cellulose and click-sensitive azidohydroxypropyl
cellulose.

1.2 Metal Oxide Nanoparticles

Metal oxide nanoparticles are small (1-100 nm) particles containing
main group or transition metals. Many of these particles are ubiquitous in
nature and one could strongly argue that life has evolved in the presence of
mineral oxide nanoparticles. Oxide nanoparticles can form naturally via
weathering of minerals or synthetically in a lab. Synthetic oxide
nanoparticles can be specifically doped (adding elements other than the main
constituents) to enhance physical or chemical properties (e.g. for catalysis).
These particles, due to their small size have a massive total surface area per
unit mass (i.e. specific surface area), which makes them ideal for many
applications (e.g. catalysis, physi-/chemisorption) as the chemical and
physical properties of nanoparticles are dependent on how the surface
interacts with its surroundings.
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1.2.1 Ferria

Some of the most common natural nanoparticles are derived from iron-
containing minerals such as akaganeite, lepidocrocite, goethite, ferrihydrite
(iron(Il) oxide-hydroxides), hematite, maghemite (iron(IIl) oxides) and
magnetite (mixed valence oxide of Fe(ll) / Fe(Ill)). The latter two
(maghemite and magnetite), displaying Fe(Il)-deficient and inverse spinel
structure respectively, are particularly interesting as they are attracted to
magnets and can be magnetized to become permanent magnets themselves
(e.g. natural lodestone). Synthetically, magnetite is also relatively simple to
produce, for example via co-precipitation from a source of iron(Il) and
iron(IIl) (Massart 1981):

2 FeCly + FeSO, + 8 NH,0H — Fe;0, + 6 NH,Cl + (NH,),S0, + 4 H,0

1.2.2 Titania

Another kind of commonly encountered mineral nanoparticle is
titanium(IV) oxide (TiO,). Titania finds common industrial use as a pigment
(Pigment White 6), photocatalyst and is generally considered affordable with
low toxicity. This low toxicity is a particularly useful trait for medical
applications as oxides form naturally on the surface of most metal implants,
including titanium. Synthetically, titanium dioxide can be accessed via
several processes, however for more specialized applications it is common
to use sol-gel routes that often rely on the controlled hydrolysis of titanium
alkoxides such as Ti(OEt)s. For example, the controlled micro-hydrolysis of
titanium ethoxide with a capping ligand leads to the formation of well-
defined oligonuclear oxo-alkoxide species, which upon further hydrolysis
form a uniform sol of well-defined colloidal nanoparticles (fig. 8, Kessler et
al. 2000).

%ﬂ

Figure 8. Controlled acid hydrolysis of titanium alkoxides, capped with chargeable
ligands leading to MTSAL formation. Produced with crystallographic data from Wright
& Williams 1968; Schmid et al. 1991 and COD 7206075, partially adapted from Kessler
et al. (2008).
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A quite fascinating way to produce well-defined nanoparticles of titania
that does not rely on the controlled hydrolysis of titanium alkoxide species
is via an equilibrium shift of an otherwise water-soluble, stable precursor
such as ammonium oxo-lactato titanate, otherwise known as TIBALDH (fig.
9). This leads to the formation of small, crystalline nanoparticles capped with
lactate ligands (Seisenbaeva et al. 2013).

I

1 ,

Figure 9. Solution equilibrium between a TIBALDH-analogue, Titanium(IV) lactate and
anatase TiO,. Produced with crystallographic data from Fu et al. (2002); Seisenbaeva et
al. (2013) and COD 7206075.

1.2.3 Ceria

A less common metal oxide, derived from the rare-earth element cerium
is cerium(IV) oxide. Like titania it is generally considered bio-compatible
with low toxicity and has interesting redox properties due to its non-
stoichiometric compositions and the ease with which cerium can switch
between the Ce*" and Ce*" oxidation states (Popov et al. 2016).

1.3 Hybrid Materials

1.3.1 Cellulose hybrid materials

Hybrid materials specifically refer here to materials based on cellulose
in combination with a metal (oxide). The material itself being neither entirely
organic, nor inorganic and the smallest dimension being a few nanometres to
tens of nanometres.

1.3.2 Increasing drug retention in hybrid materials via metal oxides

Cellulose itself has a relatively poor affinity for various pharmaceuticals;
primarily derived from hydrogen-bonding and van der Waals interactions.
When placed in an environment with competing interactions, many
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pharmaceuticals will quickly desorb form the surface of cellulose. Metal
oxide derived nanoparticles exhibit a more nuanced behaviour as many
pharmaceuticals form relatively strong inner-/outer sphere complexes with
metal oxide particles. This increases the affinity for pharmaceuticals which
can be exploited to produce materials suitable for controlled drug delivery
applications, by combining cellulose with metal oxide particles. To be
desorbed from the particle surface, a strongly competing ligand will need to
be introduced. Hence desorption will occur in a more controlled manner
(Galkina et al. 2015).

1.4 Characterization techniques

1.4.1 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a high-resolution, non-optical
imaging technique based on the interactions between a sample surface and a
probe tip. Unlike optical- or electron-based imaging techniques (i.e. optical
microscopy or electron microscopy), which rely on interactions of light or
electrons with a sample surface, AFM relies on close-range physical,
electrostatic or magnetic interactions to characterize a sample surface (fig.
10). A relatively simplistic way to describe AFM is that it collects surface
information by feeling the surface with a mechanical probe, which consists
of an extremely thin tip on a cantilever, supported on a chip. The probe is
brought into close proximity to the sample surface and the probe and sample
are moved relative to each other in a rasterized pattern. During this, a
quantity is measured in discreet locations (pixels) via the displacement of the
free end of the cantilever by reflecting a laser off the cantilever into a
segmented photodetector. From this, a pseudo-colour image is created where
the measured quantity is represented via a colour-gradient. Commonly this
measured quantity is height and thus information can be obtained about a
sample’s physical dimensions.

AFM imaging can broadly be divided into contact or non-contact modes
(ignoring more specialized techniques such as magnetic force microscopy).
During contact mode the cantilever is brought towards the surface until the
tip contacts the surface, after which the probe is moved laterally in a
rasterized pattern. Any change in height will cause the cantilever and by
extension the laser to be deflected and by measuring the cantilever deflection
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the sample topography can be plotted as a function of xy. Contact mode
suffers from a major drawback in that the lateral force exerted on the sample
is high, resulting in sample damage or the movement of loosely attached
objects. As such, it has largely been superseded by non-contact mode AFM
whereby the tip is only intermittently brought into contact with the sample
surface, thereby greatly reducing lateral forces. A form of non-contact mode
AFM is PeakForce Tapping™ (proprietary) which relies on non-resonant
oscillations to intermittently bring the tip into contact with the sample surface
and the position of the Z-piezo is modulated by peak force (related to the
cantilever deflection) applied to the cantilever tip.
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Figure 10. Schematic representation of an AFM measuring sample surface morphology
(right) and Force curve information that is obtained via Bruker’s PeakForce Tapping
(left).

1.4.2 Fourier Transform Infrared Spectroscopy

Light interacts with matter, particularly in the vibrational infrared region
(2.5-25 pm). When a molecule absorbs IR light that matches the natural
vibrational frequency for a particular vibration, it is excited to a higher
energy state, increasing vibrational amplitude. However, only bonds with a
changing dipole moment over time can absorb IR light; symmetric bonds like
H; and Cl; cannot. Different functional groups absorb IR light within specific
ranges, typically between 1500-4000 cm™! range. The 400-1500 cm! region,
known as the fingerprint region, contains unique molecule-specific
vibrations, though many inorganic vibrations also occur between 400-1000
cm’!. IR spectroscopy thus provides structural information and a unique
spectral fingerprint for each molecule.
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1.4.3 Photoluminescence

Photoluminescence is a photon-induced process where light is emitted
from matter after the absorption of photons. Absorption of a photon excites
one of the electrons of a molecule to a higher electronic excited state, after
which it returns to a lower energy state upon emission of a photon
(luminescence). This luminescence can give information on the nature of the
emitting excited state and exploited for qualitative or quantitative analysis.
The emission spectra provides information about the nature and energy of
the emitting excited state and is characteristic for the emitting species. Here
a fixed wavelength is used to excite the sample, and the intensity of emitted
radiation is monitored as a function of wavelength. While in an excitation
spectrum, the emission is monitored at a fixed wavelength and the excitation
wavelength is varied (fig. 11).
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Figure 11. Schematic illustration of measuring photoluminescence and an example
spectrum.

1.4.4 Scanning Electron Microscopy

For many years optical microscopy has been the gold standard for
observing the microscopic. However, the size of objects we can observe is

limited by the diffraction limit of light. For visible light in the range of 400-
2 yl

2nsin®  2NA

between 143-268 nm. Which is large compared to many fundamental objects

of natural or synthetic origin. To go beyond the optical diffraction limits,
electrons can be used to indirectly observe objects. Electrons can be seen as
behaving as both a particle and a wave. It has a wavelength dependant on its
kinetic energy according to the de Broglie relation (taking relativity into
account for high voltages):

750 nm, with a numerical aperture of 1.4 (d = ), this limit lies
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Where A is the electron wavelength, my is the rest mass of an electron, c is
the speed of light, /4 is Planck’s constant and E is the acceleration voltage.
From the de Broglie relation we can gather that an increase in acceleration
voltage will lead to a decrease in wavelength.

Scanning electron microscopy (SEM) creates rasterized images of a
sample surface by scanning the surface with a focussed electron beam and
detecting emitted electrons (fig. 12). Tungsten filament systems typically
operate at 5-15 keV acceleration voltage, with the beam focussed by
condenser coils and guided by deflection coils across the surface. Electrons
with deviating paths are filtered out by apertures. The interaction between
beam and surface generates various signals depending on the acceleration
voltage and sample composition. Lower acceleration voltage reduce electron
penetration depth, providing more surface-accurate imaging
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Figure 12. Schematic Illustration of a scanning electron microscope and the electron-
sample interactions with different types of signals generated.

39



1.4.5 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) uses an electron beam to image
samples at the nanometer or sub-nanometer scale. Unlike SEM, which scans
the surface in a rasterized pattern, TEM transmits electrons through the
sample and captures the image via a fluorescent screen, CDD camera or
direct electron detectors (fig. 13). Electron interaction with the sample
depends on the acceleration voltage, typically 100-300 KeV, which allows
for reliable transmission and shorter wavelengths. Sample contrast depends
on the atomic number, heavier elements like tungsten scatter more electrons
and appear darker, while lighter elements scatter very weakly and often
require staining with heavy metals such as osmium tetroxide,
phosphotungstic acid or uranyl acetate. High-resolution TEM enables the
visualization of atomic structures and crystalline order, aiding in phase
identification and electron crystallography. TEM also supports techniques
like EDS to analyse chemical composition, making it essential for nanoscale
characterization.
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Figure 13. Schematic illustration of a transmission electron microscope.
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1.4.6 Energy Dispersive X-ray Spectroscopy

Energy dispersive x-ray spectroscopy (EDS) is technique used to obtain
information on the chemical composition of a material. In principle, it relies
on the interaction of some source of X-ray excitation, such as electrons in
SEM-EDS, with a sample (fig. 14). In EDS, the high kinetic energy of the
electron beam collides with one of the inner shell electrons of an atom,
ejecting it. This results in an electron vacancy in one of the inner electron
shells, which is then filled by an electron from a higher-energy shell and the
energy difference between these shells is emitted as X-ray light. The energy
of the emitted X-rays from a specimen is element specific and thus provides
valuable information on qualitative and quantitative chemical composition
of the sample being measured.
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Figure 14. Principle of Energy Dispersive X-ray spectroscopy.

1.4.7 Thermogravimetric Analysis

Thermogravimetric analysis is a method of thermal analysis whereby the
mass of a sample is measured over time. During this measurement the
temperature may be held constant (isothermal analysis) or the temperature is
changed over time in a linear manner (dynamic). This provides information
not only on the thermal stability of a material but also on oxidative mass loss
and combustion temperature. Oxidative mass loss is useful for determining
the mass of an inorganic (oxide) substance within an organic matrix.
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1.4.8 X-ray Diffraction

Light interacts with matter through vibrational excitation, electronic
excitation or light diffraction. X-rays, with wavelengths under 10 nm (<108
m), undergo elastic scattering by a material’s electrons, resulting in
diffraction. Generally, atoms with higher atomic numbers diffract more X-
ray light because they have more electrons to scatter it; hence, heavy
elements like tungsten and rhenium diffract more light than ones like
hydrogen. Elastic scattering can be visualized like ocean waves hitting a
lighthouse, generating secondary circular waves. Similarly, when X-rays hit
electrons, they produce secondary spherical waves. In a regular array of
atoms, these waves mostly interfere destructively and cancel out, but in
certain directions they interfere constructively (fig. 15). Bragg’s model
describes diffraction as mirror-like reflections from evenly spaced planes
within a crystal.

Constructive
Interference
.........

Destructive
Interference

Figure 15. Bragg diffraction, constructive and deconstructive interference.

Crystal planes, spaced by a distance d, produce constructive interference
when the x-ray incidence angle 0 creates a path difference equal to an integer
multiple n of the wavelength A, described by Bragg’s law: nA = 2d sin 0.
These planes are oriented in space according to Miller indices (h, k, ). Once
the wavelength and scattering angle (20) are known, the space group and unit
cell dimensions can be determined.

In single-crystal X-ray diffraction, molybdenum Ka radiation (A = 0.7107
A), comparable to interatomic distances, is commonly used. A single crystal
is precisely oriented relative to the X-ray beam and detector, producing
sharp, well-defined diffraction peaks (fig. 16). The angles and intensities of
these reflections reveal atomic positions within the lattice. By rotating the
crystal, various diffraction planes are accessed, allowing the molecular
structure to be solved computationally. In powder X-ray diffraction, the
sample consists of randomly oriented microcrystals, producing a ring pattern
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in the diffractogram. This makes structural determination more challenging
without a reference, though models can be refined using Rietveld refinement.
Copper Ka radiation (., = 1.5406 A) is commonly used for powder
diffraction, providing better angular (20) resolution due to its longer
wavelength.

YYYY

YYYY

Figure 16. Diffraction patterns from a single crystal (top) and a nanocrystalline powder
(bottom). With a single crystal, a diffraction pattern with discrete diffraction spots is
obtained due to regular diffraction. For a nanocrystalline material the crystallites are
randomly oriented resulting in a ring pattern.
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2. Materials and Methods

2.1 Synthesis of metal-amine complexes

[Ni(I[)(TAEA)(H20)(NO3)]NOs (1). Ni(I[)(NO3)2-6H,0 (279.8 mg, 1
mmol) was dissolved in 4 mL of miliQ, followed by the addition of 1 mol
equivalent (143 pl) of tris(2-aminoethyl)amine (TAEA) and the solution was
allowed to slowly evaporate at room temperature, yielding violet block-
shaped (prismatic) crystals.

[Co(IT)(TAEA)(H20)(NO3)](NO3)2 (2). Co(II)(NO3)2.6HO (290 mg,
~Immol) was dissolved in 4 ml of MiliQ, followed by the addition 1 mol
equivalent (143 pl) of tris(2-aminoethyl)amine (TAEA) dissolved in 1ml
miliQ, that has previously been acidified to pH 3 using 1M nitric acid. The
solution was allowed to slowly evaporate at room temperature until a glassy
product had formed. Final red plate-shaped crystals were obtained by low
temperature crystallization at -20°C.

[N(C2H4NH3)3](NO3)3 (3) 1 rnmol OfREE(III)(NO3)2'6H20 (REE = Srn,
Dy) was dissolved in 4 mL of miliQ, followed by the addition of 1 mol
equivalent (143 pl) of tris(2-aminoethyl)amine (TAEA), and the solution
was allowed to slowly evaporate at room temperature, yielding colourless
plate-shaped crystals in a gel-like matrix.
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2.2 Surface modification of cellulose materials

2.2.1 Synthesis of cellulose nanocrystals

Cellulose nanocrystals derived from cotton were synthesized via the
common sulfuric acid hydrolysis method (Reid et al. 2017). Briefly, 16
grams of raw surgical cotton was suspended in 280 ml of 64wt% sulfuric
acid at 45°C for 45 minutes. Afterwards the CNC suspension was decanted
into 10-fold excess of water and allowed to settle. The supernatant was
decanted, and the remaining CNC suspension dialysed (MWCO = 12 kDa)
against miliQ until the conductivity remained unchanged. The resulting CNC
suspension was stored as is at 4°C until used.

2.2.2 Chlorination of cellulose nanocrystals

A CNC suspension corresponding to 3.0 grams of CNC (18.3 mmol) by
dry weight was lyophilized and suspended in 60 ml sieve-dried DMF,
forming a 5 wt% CNC suspension in a round-bottom flask. The flask was
fitted with a reflux condenser and drierite-packed drying tube. The
suspension was heated to 80°C and 10.5 ml (145 mmol, 7-8 mol eq.) thionyl
chloride was added dropwise. The suspension was allowed to stir for 4 hours,
after which it was poured into water and neutralized with 3% ammonia until
the pH became neutral. The resulting suspension was homogenized using a
high-shear mixed (13500 min™', 10 minutes) and collected via centrifugation
(10k rpm, 10 minutes). Particles were washed several times with water and
either lyophilized or stored in aqueous media. The approach is summarized
in figure 17.

oH 1.) SOC,, 7.8eq, '
-
HO O, [ 2.) Water, 3% NH R O.
HO R s 1 R, R
Ry=OH/CI

Figure 17. Schematic illustration of the synthesis of chlorinated cellulose
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2.2.3 Amination of chlorinated cellulose nanocrystals

An aqueous suspension of chlorinated cellulose (1.5 gram cellulose) was
collected via centrifugation, water decanted and replaced with 1,4-dioxane.
The suspension was washed with 1,4-dioxane 4 times, after which the
suspension was transferred to a round-bottom flask followed by the addition
of 1.4 ml TAEA (9.3 mmol, 2.2 equivalent based on chlorine). The flask was
fitted with a reflux condenser and refluxed overnight. The product was
collected via centrifugation and washed with water until the conductivity
remained unchanged and lyophilized. Amine content was determined via
conductometric titration. The approach is summarized in figure 18.

HZN\L J/NHZ
N

NH,

cl N HIN
Rlo 0 HNN-NH, R Q
e
HO O, | 1,4-dioxane, reflux, R O-
HO R 18h ! R R

R;=OH/Cl

Figure 18. Schematic illustration of cellulose-TAEA synthesis from chlorinated cellulose

2.2.4 Phosphorylation of bacterial nanocellulose

Bacterial nanocellulose was phosphorylated according to a modified
literature procedure (Ait Benhamou et al. 2021). Briefly, a solution of 450
mg NH4H,PO4, 1.2 gram urea and 10 ml ultrapure was prepared and poured
into a petri dish containing an approximately 10x10 cm dry BCN sheet and
allowed to soak overnight. After soaking the sheet was transferred to a
ceramic plate and placed in pre-heated 160°C oven for 20 minutes. The
approach is summarized in figure 19.

0, OH
OH o “oH
Rio Q NH‘IJHé:O"' Rio Q
HOA—6 rl  ° oS5 R

Figure 19. Schematic illustration of the synthesis of phosphorylated cellulose.
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2.2.5 Introduction of nano-ferria

22 grams of 2.26 wt% carboxymethylated cellulose nanofibrils (500 mg,
C-CNF) was transferred to a 250 ml round-bottom flask and diluted with 200
ml nitrogen purged ultrapure water and vigorously stirred for 30 minutes
under continuous nitrogen flow. Then 324 mg (2 mmol) of anhydrous FeCl;
and 334 (1.2 mmol) Fe(I)SO4 7H,0 was added forming a 1.7:1 Fe**/Fe*"
stoichiometry. The pH was adjusted to pH 5 and stirred for 30 minutes before
dropwise addition of 1.5 M NH4OH until pH 9. The product was allowed to
settle, washed and collected via centrifugation.

2.2.6 Introduction of nano-titania

For functionalization of a bacterial nanocellulose sheet with nano-titania,
an approximately 5x5 cm sheet of bacterial nanocellulose was suspended in
5 ml ultrapure water, followed by the addition of 10 mmol of TIBALDH
50wt% solution per gram of phosphorylated bacterial nanocellulose. The
sheets were allowed to soak overnight under continuous agitation and
thoroughly washed with ultrapure water prior to analysis. For the preparation
of TATT-coated cellulose sheets the same molar ratio of TATT to phosphate
was used, however the sheets were allowed to soak over several days. TATT
was obtained according to Kessler et al. (2008).

2.2.7 Introduction of photoluminescent cations & nano titania

To obtain an Eu(Ill) doped bacterial nanocellulose sheet covered with
TiO, grafted onto the surface, 10 ml of solution containing of 10 mol%
(based on P) Eu(NOs)3;-5H>O was prepared. The europium solution was
added to a petri dish containing a sheet of phosphorylated BCN and
equilibrated on an orbital shaker overnight. The sheet was washed at least 3
times, re-suspended in 10 ml water followed by the addition of 3 mol
equivalent TATT (120 mg/ml, 1.5M) and allowed to equilibrate on an orbital
shaker for one week.
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2.3 Drug adsorption and release of pharmaceuticals

2.3.1  General drug adsorption

To prepare pharmaceutical loaded composites generally 70 mg/L
pharmaceutical of solutions and 0.4-0.8 mg/ml composites were used. The
pharmaceutical solutions were acidified with 0.8-1 mol equivalent of
hydrochloric acid to aid in solubilisation before use. The composite / drug
mixture was heated to 50-55°C overnight and the drug adsorption determined
via UV-VIS at 357 nm for tetracycline and 316 nm for ciprofloxacin.

2.3.2 General drug desorption

An appropriate amount of drug-cellulose composites were placed in a
Duran® bottle together with 0.02M citrate buffer (pH 6.0) to reach a final
maximum concentration of 44 mg/L. desorbed pharmaceutical. Aliquots were
taken in intervals and measured. Samples were prepared and measured in
triplicate.

2.3.3 Desorption media influence on surface structures

To examine the influence of desorption media composition on cellulose-
TiO, hybrid material, sheets of TATT-covered phosphorylated bacterial
nanocellulose were stored for 24 hours in 0.02M citrate media, updated
simulated body fluid with 2 mM lactic acid (Marques et al. 2011) or
simulated human sweat (custom recipe). SBF was chosen as it has an ion
concentration close to human blood plasma, lactic acid was added as human
plasma contains lactic acid (Adeva-Andany et al. 2014) and titania is known
to interact with lactic acid. Simulated human sweat was prepared using a
custom recipe based on concentration values found for urea (22.2 mM,
Huang et al. 2002), lactic acid (25 mM, Kumar et al. 2023), ammonia (7 mM,
Sato 1977), potassium (7 mM, Sato 1977), magnesium (0.55 mM, Montain
et al. 2007), calcium (1 mM, Sato 1977), natrium (120 mM, Sato 1977)
chloride (130 mM, Sato 1977) sulfate (0.084 mM, Cole & Landry 1985) and
phosphate (0.20 mM, Talbert et al. 1933).
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2.4 Chemical analysis and surface characterization

Samples were characterized using a Bruker Dimension FastScan Atomic
Force Microscope (AFM) with a Nanoscope V controller in ScanAsyst mode
using a Fastscan-B AFM probe (Silicon tip, fo:400kHz, k:4 N/m, Tip radius:
5 nm nominally) and a scan rate of 1-3Hz. Data was processed using
Gwyddion 2.56 with align rows-median to remove skipping lines.

Scanning Electron Microscopy (SEM) observations of cellulose
materials were performed using a Hitachi FlexSEM 1000 at an acceleration
voltage of 3-7 keV, spot size 20, and 5-mm working distance. For Energy
Dispersive X-ray Spectroscopy (EDS) an acceleration voltage of 15 keV,
spot size 50 and 10-mm working distance were used. For Cell Adhesion
Assays a JEOL JSM-IT500HR SEM was used, using a working distance of
8 mm and an acceleration voltage of 5 keV. Samples were prepared on
carbon tape without any special treatment.

Transmission Electron Microscopy (TEM) samples were deposited on
holey carbon grids and observed using a Philips CM/12 microscope fitted
with LaB6 and operated at 80 or 100 keV. For sectioning samples were
embedded in LR White resin, dehydrated in ethanol and sectioned using a
Reichert Ultracut E ultramicrotome and collected on copper grids. Sections
were observed unstained or stained with 2% w/v aq. uranyl acetate.

Fourier Transform Infrared (FTIR) analysis was performed on a Perkin
Elmer Spectrum 100 FT-IR Spectrometer using an ATR module or
transmission window.

Titrations were performed using a Metrohm Titrando 888 (2.888.0310),
fitted with an 856 conductivity module (2.856.0010), 800 Dosino
(2.800.0010), 5-ring conductivity measuring cell (¢ = 0.7, 6.0915.100),
using TTAMO Light 2.5 as automation software. Titres were determined
using tris(hydroxymethyl)aminomethane (HCI) and potassium hydrogen
phthalate (NaOH). Amine / phosphate content was determined via
conductometric titration by titration of protonated amine / phosphate.

Powder X-ray Diffraction (PXRD) data was obtained on a Bruker
APEX-II diffractometer equipped with an AXS Smart APEX CCD Area
Detector and graphite-monochromated Mo-Ka (A = 0.71073 A) radiation
source or a Bruker D8 QUEST ECO diffractometer equipped with a Photon
IIT Area Detector and graphite-monochromated Mo-Ka radiation source.
Data was processed with the EVA-12 software package.
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Single-crystal X-ray diffraction data for crystals 1 and 3 were collected
on a Bruker SMART Apex-II diffractometer equipped with a graphite
monochromated sealed-tube Mo-Ka (A = 0.71073 A) radiation source using
omega-scans to obtain full hemisphere data. For crystal 2 the data was
collected using a Bruker D8 Quest ECO diffractometer at room temperature
using a Mo-Ka (0.71073 A) radiation source. The structures were solved
using direct methods.

The specific surface area and pore volume/area were determined from
nitrogen adsorption/desorption isotherms on freeze-dried samples at =196 °C
(Micromeritics ASAP 2020 Surface Area and Porosity Analyser, Norcross,
GA, USA). The samples were degassed at 120 °C for 3 h before the
measurements.

Magnetic measurements were performed using a Lake Shore Cryotronics
Series 7400 vibrating sample magnetometer (VSM). Measurements were
performed at 300 K (26,85 °C) in the magnetic field range +10 kOe with the
magnetic moments normalized using the weight of iron oxide solid phase.

2.5 Wound healing cell studies

2.5.1 Cell viability / indirect cytotoxicity assay

Cytotoxicity assays on functionalized BNC films were performed
according to the ISO 10993-5/10993-12 norm, using the extract dilution
method MTT assay. Human osteoblast-like SaOS-2 cells and L929 murine
fibroblasts cells were obtained from the American Type Culture Collection
(ATCC, VA, USA). Cells were seeded in 96-well plates at 10* cells per well
in 100 pL of DMEM supplemented with 10% FBS and 1% of chlorhexidine.
The cells were incubated at 37 °C in 5% CO, atmosphere for 24 h.
Simultaneously, the extract media from functionalized BNC films were
prepared using 3 ¢cm? of each film into 3 mL of DMEM culture that was
stirred at 37 °C for 24 h. 100 uL of each extract medium was added to each
well. Two different controls were included: culture media only, i.e., no cells
and cells incubated in culture medium alone (survival control). After 24 h of
incubation, the extract media was removed, and the wells were washed with
0.01 M phosphate-buffered saline (PBS). Thereafter, 100 pL. of MTT (1
mg/mL) was added into each well, and the cells were further incubated for 4
h. Finally, the supernatant was removed and 50 pL isopropanol was added
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into each well. The absorbances were measured at a wavelength of 570 nm
and then converted into percentages of cell viability (Mosmann 1983). All
samples were performed in triplicate.

2.5.2 Cell adhesion assay

Cell adhesion studies were performed using the same SaOS-2 / L.929 cell
lines. Cells (5x10* cells/well) were seeded on functionalized BNC films (1
cm?) inserted into a 24-well well-plate and incubated for 72h at 37°C at 5%
CO.. After incubation, the media was removed and cells washed with sterile
filtered 0.01M PBS (pH 7.4). Cells were fixated with 3% glutaraldehyde in
0.01M PBS for 30 minutes and washed with 0.01M PBS. Samples were
progressively dehydrated through ascending ethanol washing (30%, 50%,
70%, 95%, 100% (x2), 3 minutes each). Dry samples were sputter coated
with carbon to produce a 10 nm-carbon layer and observed via SEM.

2.5.3 Pseudo-wound closure

To evaluate pseudo-wound closure, L1929 fibroblast and SaOS-2
osteoblast-like cells were cultured with a density of 1x10° cells/well in a 24-
well plate and incubated at 37°C in 5% CO; atmosphere. Extraction media
was prepared from functionalized BNC films were prepared using 3 cm? of
each film into 3 mL of DMEM culture that was stirred at 37 °C for 24 h. The
wells were washed twice with PBS and a straight line scratched through the
cell-layer using a ruler and a 200 pl pipette tip. The resulting gap was imaged
at 0, 6, 24 and 48 hours using an inverted optical microscope with 10x
objective until the pseudo-wound had fully closed (Cappiello et al. 2018;
Morais et al. 2023). Samples were measured in triplicate and the size of the
pseudo-wound was measured at all time points using imageJ2 (Rueden et al.
2017). The pseudo-wound closure (%) was calculated according to the
following equation, where x corresponds to time of recording:

Area t(0) — Area t(x)
% pseudo — wound closure = Area t(0) x100%
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2.5.4 Immunofluorescence cell culturing

Murine 1929 fibroblasts were cultured in Dulbecco’s Modified Eagle
Medium (DMEM, Gibco®) with 10% fetal bovine serum (FBS, Gibco®)
and 1% ciprofloxacin (Sigma, St. Louis, MO, USA) at 37 °C in a humidified
condition with 5% CO- and 95% air. SAOS-2 osteoblasts were cultured in
McCoy (ThermoFisher™) with 10% FBS and 1% ciprofloxacin at the same
parameters described above. The cells were used after two consecutive
passages.

2.5.5 Fluorescence staining

Cells were seeded onto the 24-well polystyrene cell culture plate, at a
density of 3000-5000 cells/well in a humidified environment with 5% CO-
and 95% air for 48 h. Simultaneously, the eluates from different samples
were prepared using 1cm?/mL and maintained in agitation for 24 h in DMEM
and McCoy with 5% FBS and 1% ciprofloxacin, respectively. Then, the
conventional media was replaced with 500 pL/well of each eluate from
phosphorylated BNC, phosphorylated BNC+TATT, phosphorylated BNC+
TiBALDH and control (cells maintained only with conventional media) for
48 h at the same temperature and CO- level described above. Afterward, the
eluates were removed, and the wells were washed with phosphate saline
buffer (PBS, 1X), and cells were fixed with 3% glutaraldehyde for 30 min at
4°C. The cells were washed again with PBS (three times) and treated with
0.1% Triton X-100 for 5 min at room temperature. After incubation, the wells
were washed with PBS, and the cells were incubated with phalloidin-iFluor
488 in 1% BSA/PBS (1pg/mL) for 1 h at 37 °C. Concomitantly, the wells
were incubated overnight with Rabbit Recombinant Monoclonal Anti-
Collagen I conjugated to Alexa Fluor® 594 (1:200) and Rabbit Recombinant
Monoclonal Anti-Fibronectin conjugated to Alexa Fluor® 555 (1:200) at 4
°C. The cell markers were visualized using a Zeiss LSM800 confocal
microscope equipped with a 40x/1.4 NA objective. Excitation wavelengths
used were: 488 nm for phalloidin-iFluor 488®. 594 nm for Alexa Fluor 594®
(Collagen I) and 555 nm for Alexa Fluor 555® (Fibronectin). Emission
wavelengths: 505-550 nm for phalloidin-iFluor 488%, 610-650 nm for Alexa
fluor 594® and 570-620 nm for Alexa Fluor 555%. Image resolution: 1024 x
1024 pixels with 8-bit depth.
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2.5.6 Quantitative measurement of fluorescence Intensity

Fibroblast and osteoblast cells were initially seeded in 96-well plates at a
density of 5,000 cells per well. The cells were cultured in conventional
medium and incubated at 37°C in a humidified atmosphere with 5% COs.
After 24 hours, the conventional medium was replaced with eluates from
phosphorylated bacterial cellulose (BNC), phosphorylated BNC+TATT, and
phosphorylated BNC+TiBALDH. The culture medium was replaced with
the corresponding eluates every two days for a total culture duration of 7
days. After 7 days, the eluates were carefully removed, and the cells were
washed three times with phosphate-buffered saline (PBS) to remove any
residual media or eluates. The cells were then fixed by incubating with 3%
glutaraldehyde for 30 min at 4°C. Following fixation, cells were
permeabilized using 0.1% Triton X-100 in PBS for 5 minutes. Subsequently,
the cells were incubated with the fluorescence markers following the
protocol described above. The fluorescence intensity was quantified using
the FLUOstar Omega Microplate Reader. Each well was scanned for
fluorescence at the specific excitation and emission wavelengths
corresponding to the fluorophores used. This assay was performed in two
independent experiments.
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3. Results and Discussion

3.1 Cellulose surface modification for sorption of metal
(oxides)

For cellulose to have strong interactions with transition or lanthanide
metals, its chemical structure must be modified in some manner as simple
alcohols only weakly coordinate to these elements. There are various ways
of modifying the glucose backbone of cellulose to increase the affinity
between biopolymer and metal cation. By introducing a coordinating ligand
with high affinity for a particular cation according to HSAB theory (Pearson
1963), this affinity can be tuned.

3.1.1 Chemical modification

There are many ways of modifying the chemical nature of cellulose
towards strong interactions with metal cations or particles, two ways that
were explored more deeply in this work is the introduction of a tripodal
amine and a Lewis basic phosphate group.

Chlorination

To introduce a tripodal amine to the cellulose backbone, cellulose was
chlorinated using thionyl chloride in DMF (illustrated in fig. 17). The
chlorination should occur either via direct interaction of the hydroxyl-group
with thionyl chloride or via a Vilsmeier-Haack type intermediate formed
from the interaction between DMF and thionyl chloride. Via this method
(table 1) a relatively high amount of chlorine (9.99 wt%) can be installed
onto cellulose. An approximate 2.81 + 0.04 mmol g' chlorine can be
measured throughout the sample. Sulfur in this sample has several possible
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sources, such as the formation of sulfate-half esters (RO-SOs") during the
production of cellulose nanocrystals using sulfuric acid (Reid et al. 2017).
Another possible source of sulfur is from thionyl chloride. During
chlorination with thionyl chloride a chlorosulfite intermediate is formed
which can hydrolyse to form a sulfite-ester (RO-SO,’, McCormack & Lawes
2000).

Table 1. Example elemental composition table of cellulose chlorinated with thionyl
chloride

Element Line Series Weight % Weight % o Atomic %
C K Series 46.11 0.69 55.88
o K Series 43.93 0.63 39.96
Cl K Series 8.46 0.17 3.47
S K Series 1.50 0.08 0.68
Total 100.00 100.00
Amination

Chlorination of cellulose leads to the (partial) replacement of hydroxyl
groups across cellulose with chloride, which easily undergoes nucleophilic
substitution to form interesting cellulose-based derivatives. For example, by
reacting with the tripodal amine tris(2-aminoethyl)amine (illustrated in fig.
18). Tris(2-aminoethyl)amine was chosen as it is a tripodal multidentate
ligand which in principle should have high affinity for intermediate Lewis
acidic late transition metal such as Co?**, Ni**, Fe**. The purpose of the
modified cellulose material was separation of Co?"/ Ni** from REE. Via EDS
(table 2) it was observed that the chlorine content was reduced to
approximately 1.76 + 0.06 mmol g after treatment with TAEA. Nitrogen
could be estimated at 1.17 mmol g..

Table 2. Example elemental composition table of chlorinated cellulose after treatment
with TAEA.

Element Line Series Weight % Weight % o Atomic %
C K Series 53.48 1.21 61.57
0] K Series 35.93 0.89 31.05
Cl K Series 4.78 0.14 1.86
S K Series 0.39 0.005 0.17
N K Series 5.42 1.91 5.35
Total 100.00 100.00
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Nitrogen is unfortunately difficult to accurately measure via EDS as it
partially overlaps with carbon and oxygen. The amine content was
additionally evaluated via conductometric titration by conversion to its
protonated form and back-titrating with base, yielding an amine content of
0.84 mmol g'. The difference may be explained by not all amines being
solvent accessible in water.

Phosphorylation

The other functional group that was explored in this work was phosphate.
Phosphorous(V) oxyanions are quite useful as they have a high affinity for
many (particularly hard Lewis acidic) elements, binding via electrostatic
interactions. In this work, phosphate was used to strongly bind to lanthanides
and TiO,. Organophosphates are relatively straightforward to synthesize.
They may be synthesized via alcoholysis of phosphorus oxychloride,
oxidation of organophosphites or via esterification of phosphoric acid. Here
cellulose was phosphorylated via thermal treatment of cellulose with
ammonium dihydrogen phosphate to form cellulose phosphate esters.

The reaction can be followed by EDS, ATR-FTIR or via conductometric
titration of the protonated phosphate against standardized NaOH (fig. 20).
As the reaction progresses the at% of P increases to around 3.3% in EDS,
while for ATR the introduction of phosphate leads to the appearance to
several unique vibrations around 1232 cm™, 925 cm™, 838 cm!, 495 cm.
These were attributed to P=0, P-O(R), P-O(C) and P-O-P/P=0 deformation
respectively (Thomas & Chittenden 1964a; b). As the reaction progresses a
final phosphorous content of 2.7 mmol g"! could be reached after 60 minutes.
However, it was noted that the films became increasingly brittle as the
reaction progressed.
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Figure 20. (left) phosphorylation degree estimated from conductometric titrations.
(right) ATR-FTIR spectra of bacterial nanocellulose as the phosphorylation reaction
progresses.

3.1.2 Morphological change by chemical modification of cellulose

As the cellulose backbone is modified, it is important to note that
morphological changes may occur depending on the reaction conditions.
This was clearly illustrated with the synthesis of tris(2-aminoethyl)amine
modified cellulose. Here the starting product were cellulose nanocrystals
derived from cotton via acid hydrolysis. The original CNCs were
approximately 40 x 150 nm, rod shaped crystals of cellulose, while after
chlorination and amination the morphology has changed to become globular
with dimensions between 90 - 500 nm (fig. 21).
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Figure 21. (left) AFM image of cellulose nanocrystals derived from acid hydrolysis of
cotton. (right) SEM after chlorination and amination with TAEA.

This may appear odd, after all cellulose is recalcitrant to dissolution in
most solvent systems. Taking a closer look at the synthesis conditions
provides a possible explanation as to why the morphology has changed. The
solvent used for chlorination was N, N-dimethylformamide, a polar aprotic
solvent closely related to N, N-dimethylacetamide, which is used to dissolve
cellulose in combination with lithium chloride to disrupt hydrogen-bonding
(Striegel 1997). Cellulose itself is amphiphilic and relies on intra- /
intermolecular hydrogen bonding and van der Waals interactions to keep the
polymer chains together (Lindman et al. 2010). During the initial
chlorination reaction some of the intra-/intermolecular hydrogen bonds are
broken as the hydroxyl-groups are replaced by chlorine and as the reaction
progresses the polymer is increasing solvated, leading to (partial) reactive
dissolution of cellulose. Evidence for this can be observed not only from
AFM/SEM but also from XRD (fig. 22) where a clear change in diffraction
pattern (i.e. packing) can be observed between pristine cotton CNCs and the
chlorinated / aminated products.

Change in morphology is not solely the domain of solvents and reactive
dissolution; surface modification and pH play a remarkable role. Taking as
an example dried bacterial nanocellulose and comparing it to phosphorylated
bacterial nanocellulose, morphological differences between the two may be
observed (fig. 23). The main difference being the spacing between fibres.
Their overall shape remains unchanged, though a minor increase in fibre
thickness from 64.94+13.0 nm (BNC) to 65.7+£12.8 nm (pBNC) was observed.
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Figure 22. Measured powder x-ray diffractograms (left, Mo Ko = 0.71073 A) of cotton
CNCs, chlorinated CNCs and cellulose-TAEA. (right) calculated idealized patterns for

Figure 23. AFM image of dried bacterial nanocellulose (5x5 pm, left) and as prepared
phosphorylated bacterial nanocellulose (3x3 pm, right).

These two celluloses behave differently depending on the solution pH.
Storing dried BNC under neutral aqueous conditions (fig. 23 A & 24 C, D)
led to a minor swelling of the fibres to 70.9+12.4 nm, together with an
increase in the spacing between fibres. For phosphorylated BNC stored under
similar conditions the distance between fibres appeared much greater and the
fibres looked ribbon-like (fig. 25 C, D).
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Figure 24. Dried bacterial nanocellulose stored in 0.1M HCI (A, B), miliQ (C, D) and
0.IM NaOH (E, F).

Storing dried BNC under acidic conditions had the effect of removing
some of the amorphous domains on fibre surface (fig. 24 A, B), thereby
exposing crystalline domains (22.3+5.3 nm) on the surface. The fibres
retained the overall shape, shrinking a little (50.9+13.9 nm). For the
phosphorylated BNC stored under similar conditions, the difference is
significant. No crystalline domains could be observed on the surface of the
fibre and the overall shape was sharply ribbon-like with increased spacing
between fibres (fig. 25 A, B). AFM did not do the increase in fibre spacing
justice; this was better observed via SEM (fig. 26).
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Figure 25. Phosphorylated bacterial nanocellulose stored in 0.1M HCI (A, B), miliQ (C,
D) and 0.1M NaOH (E, F).
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Figure 26. SEM image (5k magnification) of phosphorylated BNC stored in neutral (A)
and acidic (B) conditions.
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Treatment with aqueous base caused some minor globular structures to
appear together with the emergence of ribbon-like fibres and a decrease in
overall fibre thickness to 60+12.4 nm (fig. 24 E, F). Similar but noticeably
more pronounced, domains (44.8+9.1 nm) were observed for phosphorylated
BNC (fig. 25 E, F) when stored under basic conditions. These changes not
only affected the overall morphology but also impacted the molecular
packing as well as observed in the obtained X-ray diffractograms (fig. 27). It
should be noted that the X-ray source used here was a Mo-source (A =
0.71073 nm) instead of the more conventional Cu-source (A=1.54056 nm),
leading to a loss in angular resolution and making it difficult to determine
how the packing had changed. Overall, it was observed that upon swelling in
neutral conditions the crystallite size (determined via Scherrer-equation)
increased in both cases. For BNC this was from 6.3 nm to 12.6 nm, while for
phosphorylated BNC this was from 12 nm to 17 nm.
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Figure 27. X-ray diffractograms of bacterial nanocellulose stored under acidic, neutral or
basic conditions. (left) BNC, (right) phosphorylated BNC.

3.1.3 Metal sorption

One of the potential applications of cellulose nanomaterials is as an
adsorbent material for the hydrometallurgical separation of metals, such as
those found in the recycling of rare-earth based permanent magnets. Thus,
the TAEA-modified cellulose material (0.84 mmol g ligand) was evaluated
for the sorption of Co**, Ni**, Nd*" and Sm**. Langmuir absorption isotherms
(saturation of surface binding sites, fig. 28), indicated that the TAEA-
modified material had a good affinity for late transition metals cobalt and
nickel even at low concentrations. While the material could adsorb REEs, its
adsorption capacity at lower concentration was lower. Overall, the material
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still exhibited high adsorption of REEs. The obtained adsorption capacity for
each metal and the corresponding metal to ligand stoichiometry is presented
in table 3. For each metal, the calculated adsorption capacity was close to the
ligand content indicating that adsorption occurred in a near 1:1 ratio, with
surface adsorption limited by the ligand content.

The produced TAEA-modified material showed very high kinetic
selectivity (fig. 29) for Co*", reaching 53% saturation within one hour and
83% in 6 hours. Followed by Nd** (40% in 6 hours) and Ni** (34% in 6
hours). As Co?" is rapidly adsorbed compared to other tested metals, it may
provide some kinetic selectivity between separation of cobalt from metal
mixtures.
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Figure 28. Langmuir isotherms of late transition metals (A) Ni?*, (B) Co*" and rare earth
elements (C) Nd**, (D) Sm*".

Table 3. Adsorption capacity and metal:ligand stoichiometry of tris(2-aminoethyl)amine
modified cellulose

Metal Adsorption capacity [mmol g'] Metal/ligand stoichiometry
Co* 0.76 0.90
Ni? 0.88 1.04
Nd** 0.79 0.94
Sm** 0.82 0.97
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Figure 29. Adsorption kinetics of (A) Ni**, (B) Co?*, (C) Nd**, (D) Sm’' by tris(2-
aminoethyl)amine modified cellulose in a 24h period.

Table 4. Metal selectivity of tris(2-aminoethyl)amine modified cellulose as determined
by EDS analysis of the adsorbent after equilibrating in equimolar aqueous metal
mixtures.

Metal Mixture Metal ratio
Ni:Co 1:1.1
Nd:Ni 1:5.1
Sm:Co 1:5.7
Sm:Nd 1:1.2

When the material was placed in equimolar mixtures of metals (table 4)
and allowed to equilibrate for 48 hours, the material demonstrated a 5:1
selectivity towards LTMs Ni**/Co?', suitable for separation of LTMs and
REEs. pH dependant desorption experiments (fig. 30) indicated that for most
metals at least 50% recovery was possible, except for cobalt. Cobalt appeared
to be more resilient to acid treatment for recycling of the material.
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TAEA-modified cellulose.

3.1.4 Mechanistic explanation for metal sorption

To better understand the metal adsorption mechanism and potential
surface complexes on TAEA-modified cellulose, X-ray quality crystals were
grown, yielding the structures shown in figure 31. Single crystal X-ray
analysis revealed octahedrally coordinated Co(Ill) and Ni(Il) centers, each
coordinated by four nitrogen atoms from TAEA, one water molecule, and
one inner-sphere nitrate ion. Interestingly, while nickel remained in the +2
oxidation state, cobalt had oxidized to +3, likely stabilized by the coordinated
amines (Greenwood & Earnshaw 1997). This is supported by shorter bond
lengths in the cobalt complex (table 5). For example, the water molecule
bound to nickel has a bond length of 2.201(5) A, considerably longer than in
the cobalt complex (1.970(9) A), which is comparable to the longest primary
amine-cobalt bond.

In both complexes, two primary amines form tight bonds (Table 5, M-N
[I/IV), while the third is weaker (Table 5, M-N II). The tertiary amine atom
in the cobalt complex is tightly bound (1.918(6) A), more so than any
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primary amines, whereas in the nickel complex it is more weakly bound
(2.094(6) A). The nitrate is more strongly bound than the primary amines in
the cobalt complex, but weaker in the nickel complex. Complexation of
cobalt to TAEA caused a visible colour change from pink to dark red,
indicating increased crystal field splitting and a low-spin 3d° configuration.
This suggests strong metal-ligand bonding and a high activation energy for
ligand exchange, potentially limiting cobalt desorption at low pH.

Attempts to crystalize the ligand together with lanthanide metal nitrate
(Sm**, Dy*") lead solely to the crystallization of N(C2HsNH3)3](NOs);. The
obtained structure of which was identical to the structure previously reported
(Bazzicalupi et al. 2009). These structures show that the sorption mechanism
between late transition metals Co/Ni is principally different from that of
lanthanides. The exact mechanism for lanthanide adsorption onto TAEA-
modified cellulose is unknown. However, an argument can be made that the
uptake may involve retention of either the hydrated cations or hydroxide
forms. An additional argument for this was provided in the work of Bhunia
et al. (2013), where the structures of several mixed-ligand complexes of
Ni(II) and REE(III) with TAEA and Schiff base carboxylates were reported.
In a competition between carboxylate and amino ligands the Ni(Il) cations
were binding exclusively to nitrogen atoms in TAEA and REE cations to the
carboxylate oxygen atoms, in line with Pearson’s hard and soft acid-base
theory (Pearson 1963).

Figure 31. Single crystal structure of [Ni(I)(TAEA)(HO)(NOs)][NOs (left),
[Co(IIT)(TAEA)(H,O)(NO5)](NOs), (middle) and [N(C,HsNH;);]J(NOs); (right,
reproduced from Bazzicalupi et al. 2009).

67



Table 5. Metal-coordinate atom bond length table for hydrated Ni/Co-TAEA nitrate
complexes. Where N(I) denoted the tertiary amine, N(II) denotes the back-left primary
amine, increasing count in a clock-wise fashion.

Co Ni

M-N(I, tertiary) 1.919(6) 2.095(6) o N0,

M-N(II, primary) 1.966(9) 2.109(6) |

M-N(IIL, primary) 1.938(10) | 2.072(6) | MNID HNa, ] wNH2 NI
'Mn+

M-N(IV, primary) 1.930(12) | 2.085(6) o yd \NH2 )

M(I)-O(NO3) 1.924(5) 2.101(5) \N/

MI)-O(H20) 1.970(10) 2.201(5) M-N(1)

3.2 Cellulose as a matrix for nanoparticles

Celluloses come in many different shapes and size, depending on their
source and treatment (fig. 32). Each have their own unique physical
properties. Cellulose may be chemically modified for tailored applications
such as metal adsorption or to increase affinity for various nanoparticles.
This allows for many variations of composites to be prepared with tailored
chemical and physical properties. Herein three examples based on
biocompatible metal oxide nanoparticles will be discussed.
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Figure 32. AFM images (not published) of various cellulose morphologies depending on
source and treatment. (A) whatman filter paper (64 wt% H»SO4, 45°C, 45 min), (B)
Cotton regenerated from cupramonium (64 wt% H>SO4, 45°C, 45 min), (C) Cotton (64
wt% H»SOs, 45°C, 45 min), (D) Filter paper regenerated from cupramonium (20%
H,SO4, 70°C, 60 min), (E) Air-dried bacterial nanocellulose, (F) Supercritically dried
bacterial nanocellulose.
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3.2.1 Ceria/CeO2

Many nanoparticles are capable of producing reactive oxygen species
(e.g. TiOa, Fe304, Ag) proposed to contribute to their cytotoxicity (Marano
et al. 2011). Ceria or cerium(IV) oxide is generally considered to be a
biocompatible material with low toxicity (Roberta et al. 2021). It has been
widely used in redox catalysis due to the ability of cerium ions to switch
between Ce*" and Ce*" oxidation states, forming tuneable nonstoichiometric
oxides (Montini et al. 2016). Ceria reacts with biologically relevant reducing
agents and has the ability to quench reactive oxygen species, protecting
against oxidative stress (Karakoti et al. 2010), which make it an interesting
oxide for biological applications.

Ceria nanoparticles were produced via the precipitation from a
cerium(IV) salt in basic media at 80°C, leading to the formation of the
cerianite-ceria with a fluorite crystal structure (fig. 33). Incorporation of
CNC modified with 1,2,3,4-butanetetracarboxylic acid (BTCA) into the
reaction media did not affect the resulting phase of ceria oxide produced. It
did however influence the morphology of the final product. When
incorporating pre-formed, dry ceria particles into a BTCA modified CNC
suspension the product was formed with large ceria aggregates unevenly
distributed over the surface. In-situ formation of ceria nanoparticles, on the
contrary, led to a more even distribution of nanoparticles with a small particle
size of around 30 nm in diameter (fig. 34).
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Figure 33. PXRD diffractograms of ceria produced at 80°C (a) and ceria produced in situ
in a CNC suspension. The asterisk indicates the characteristic diffraction planes of
cerianite-ceria (JCPS 00-034-0394). Reproduced from Gaio et al. 2022.
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Figure 34. (A) SEM image of CNC/PEG_CeO; with 50wt% ceria, (B) AFM image of
ceria produced at 80°C in the presence of CNCs.

X % \
FlexSEM1000'5.00kV. 5.0mm X500 SE \ Y 400um F’IexrsszOO 5.00kV/5.0mm X500k SE-« . (PNE90 opm

FlexSEM1000 5.00kV 5.0mm X500 SE . ' 100um " FlexSEM1000 5.00kV 5.0mm X5.00k SE : "10.0im"

FlexSEM1000'5.00kV 4.5mm X500 SE = ..~ YN " 100um | FlexSEMT090.5.00kV4.4mm X5.00k SE Y 1000im’

Figure 35. SEM images of CNC/PEG/CeO, drug composites containing ampicillin (a,
500x / b 5000x), triclosan (c, 500x / d 5000x) and diclofenac (e, 500x / f, 5000x).
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Interestingly, the morphology and surface roughness of the final product
was affected by the included pharmaceutical (fig. 35). For two of the
pharmaceutical loaded composites (triclosan / diclofenac), the roughness of
the surface had increased compared to a film produced with pristine CNCs
and CeO» nanoparticles (fig 35, C-F). This was attributed to the surface
modification of the CNCs by BTCA and the presence of pharmaceuticals
affecting the formation of ceria nanoparticles inside the material. More
interestingly, some pharmaceuticals like ampicillin (fig. 35, A, B) had a
structure directing effect, effectively modulating the growth of ceria, forming
plate-like microstructures within the composite material.

Many oxide nanoparticles are capable of forming reactive oxygen species
which has been proposed to contribute to their cytotoxicity (Marano et al.
2011). Ceria however can also reduce ROS (Grulke et al. 2014). As the
generation of reactive oxygen species by a wound dressing material is
undesirable, the photocatalytic activity of CeO; produced in the presence of
CNC-BTCA at 80°C and a sample sintered at 600°C were investigated by
following the decomposition of methylene blue under two different light
sources (fig. 36). Low temperature ceria displayed greater methylene blue
degradation compared to the sample sintered at 600°C, which was attributed
to a larger total surface area for the low temperature sample. Typically,
during annealing extensive particle aggregation and crystallite growth
occurs, leading to a reduction of active surface area. The overall methylene
blue degradation was low with close to 90% of the initial methylene blue
remaining after irradiation under a 300W simulated daylight lamp, indicating
limited production of ROS.
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Figure 36. Photocatalytic degradation of methylene blue under a 15W lamp (a) methylene
blue, (c) CeO,_80C, (e) CeO,_600C and under a 300W simulated daylight lamp (b)
methylene blue, (d) CeO,_80C, (f) CeO,_600C. Reproduced from Gaio et al. 2022.

3.2.2 Ferria/ FexOx

Iron oxides are another category of biocompatible metal oxides. They

are common in nature due to the abundance of iron in natural environments.

Magnetite is easily formed by the co-precipitation of a 2:1 mol ratio of

Fe(III) and Fe(Il) by increasing the pH to 9-10, with or without the presence

of a cellulose source, such as carboxymethylated cellulose nanofibrils (fig.

37). Initially it is forming a black dispersion, which slowly turns brown with
time due to partial oxidation.

FeOx (synth)

—— C-CNF FeOx (synth)
Il \iaghemite (JCPDS: 00-039-1346)
I Magnetite (JCPDS 00-019-0629)
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Figure 37. X-ray diffractograms of a synthesized iron oxide — carboxymethylated CNF

composite and synthesized iron oxide nanoparticles, measured using a Mo ka source.

JCPDS reference patterns for magnetite (00-019-0629) and maghemite (00-039-1346)
overlaid.
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The initial X-ray pattern corresponded well to the formation of
magnetite/maghemite which are virtually indistinguishable using a Mo-
source. One relatively intense reflection at 11.8 2@ remained unaccounted
for. It did not belong to cellulose la, Ip or II, as it was also present in the
prepared synthetic magnetite sample (fig. 37). It may belong to the [211]
miller index of maghemite, or more probable to ferrihydrite / hydrous ferric
oxyhydroxide, a product of iron(IlI) precipitation.

The magnetization vs magnetic field for the ferria — C-CNF composite
(fig. 38, A) showed the measured magnetization at an applied field of 10
KOe to be 63 emu/g and 53 emu/g for the samples in powder and liquid form
respectively after 10 months in storage. Both samples exhibited
superparamagnetic behaviour at 300K, with zero remanence and coercivity.
Both measured magnetization values were smaller than expected for
magnetite and maghemite which might be due to partial oxidation that
occurred with time. The samples were stored for 10 months before
measurements and thus revealed remarkable oxidation stability. The material
itself may be processed into magnetic papers, powders or even compressed
K) form a material reminiscent of pencil rubber (fig. 38, B,C)
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Figure 38. (A) Magnetization vs magnetic field for C-CNF:FeOx in powder and liquid
form. (B) C-CNF:FeOx as paper flakes and (C) C-CNF:FeOx compressed and dried.
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Figure 39. AFM images of an iron oxide — carboxymethylated nanofibril composite. Top-
down view at (A) 1x1 um, (B) 500x500 nm, (C) 200x200 nm. 3D view at (D) 1x1 pm
and (F) 200x200 nm.

Examining the nanoscale structures formed when iron oxides were
precipitated in the presence of C-CNFs by AFM (fig. 39) and TEM (fig. 40),
revealed that the reaction could produce long fibre-like structures with iron
oxides decorated along the axis of these fibres. The observed structures had
an average width of 18.55 + 1.66 nm with the length of the fibres ranging
from 70 nm to nearly a micrometer. Examination of the composite by TEM
without negative staining (fig. 40 & 41) showed the iron oxide — C-CNF
network was composed of single fibrils with a cross-section of 3-4.5 nm or
double fibrils of 5.5-8 nm as well as strongly scattering elements of 5.5-8 nm
distributed along the lateral dimensions of the network. Due to the iron oxide
nanoparticles bound to individual carboxymethyl cellulose fibrils, the
sample did not require staining with heavy metals to be visible by TEM, as
is commonly required.

SEM confirmed that the product was not completely homogeneous;
showing some aggregates with iron oxide distributed across the aggregates
according to EDS. Embedding these aggregates in resin, cross-sectioning and
examination by TEM (fig. 42) suggested a relatively homogeneous structure
with some larger iron oxide aggregates precipitated on the surface of the
larger fibre aggregates. Broadly speaking, the iron oxides forms could be
divided into three categories. Self-assembled fibril structures containing
surface-bound iron oxide particles, large iron oxide particles formed on the
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surface of C-CNF aggregates and larger C-CNF iron oxide aggregates
internally containing very small particles. While the surface adsorbed iron
oxide nanoparticles grew into larger size due to Ostwald ripening (5.5-8 nm),
the iron oxide nanoparticles encapsulated within remained in the order of
1.5-2.5 nm. Indicating that carboxymethylated cellulose nanofibrils not only
allow for the formation of C-CNF-iron oxide network clusters, but it is also
effective in retaining iron oxide particle size ranges to a few nanometres.

Figure 40. TEM images of iron-oxide carboxymethylated cellulose nanofibril composite
without staining and at varying magnification.
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Figure 41. Unstained TEM image of an iron oxide — C-CNF composite. Arrows indicate
small iron oxide particles associated with cellulose fibrils and their respective
dimensions.

Figure 42. TEM images of a cross-sectioned, resin-embedded iron oxide C-CNF
composite. Large aggregates are visible on the surface, while smaller particles appear
aligned with the individual fibrils. Inset show particle size distribution in nm.

77



3.2.3 Titania/ TiO2

The third category of biocompatible metal oxide particles applied was
titanium oxide (TiOy), specifically the anatase phase of titania. The particles
in this work were primarily derived from the controlled hydrolysis of a metal
alkoxide precursor capped with an easily charged ligand (fig. 8, section 1.2.2,
referred to as TATT). Other particles were derived from an equilibrium shift
in a water-soluble titania precursor (fig. 9, section 1.2.2, referred to as
TiBALDH). These particles were principally different. TATT particles had
been shown to induce very strong blood coagulation, (Svensson et al. 2021)
which then promotes wound-healing by initiating an immune response
(Seisenbaeva et al. 2017). However, there was no coagulation when
TiBALDH derived particles were used. The proposed reason for this
difference in physiological response related to particle surface capping. In
TATT, an easily desorb-able ligand was used which was leaving in aqueous
media, producing essentially a “bare” surface of hydrated TiO,. TIBALDH-
derived particles, however, were capped by lactate. Introducing these
particles onto a suitable substrate, such as phosphorylated bacterial
nanocellulose (fig. 43), two distinct composites were obtained, with different
surface morphologies.

Directly after phosphorylation, the original bacterial nanocellulose fibres
were around 65.7 + 12.8 nm. Introduction of TATT, which were preformed
particles around 3-4 nm in size, onto the phosphorylated BNC led to
relatively uniform coverage of the cellulose fibres and an increase in fibre
thickness to 71.6 £ 6.6 nm (fig. 43 E, F). This was expected, as the added
colloid consisted of well-defined pre-formed hydrated TiO, nanoparticles,
that coordinated to the surface via the introduced phosphate groups. These
particles might then also aggregate / gelate to form a product with uniform
coverage, without readily distinguishable nanoparticles, though particle
aggregates are present. TIBALDH is a water soluble TiO, precursor which
exists in equilibrium between a tetrameric titanium-oxo species capped by
lactate (fig. 9, section 1.2.2) and anatase TiO, nanoparticles (Seisenbaeva et
al. 2013). This equilibrium can be shifted with the addition of less-polar
solvents or charge-compensating ligands. Adding diluted TiBALDH to
phosphorylated BNC led to the formation of titania crystallites across the
surface (fig. 43 C, D). The surface titania structures were circa 5-10 nm in
height in the smaller range and up to 25 nm in the larger range. Length wise
the structures were variable, ranging between 30-160 nm.
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Figure 43. AFM images of phosphorylated bacterial nanocellulose (A, 3x3 um, B, 1x1
um), covered by TIBALDH (C, 3x3 pum, D, 1x1 um) and TATT (E, 3x3 pm, F, 1x1 pm).

~—— BC-PO4-TiBALDH

—— Phosphorylated BC —— TATT sintered 500C

1 1 —— TIBALDH sintered 500C
—— BC-PO4-TATT N COD 9008213

] N COD 9008213

| F R T "
10 20 30 40 50 60 10
20

Counts(a.u.)
Counts(a.u.)

l | | AT I
20 30 40 50 60
20

Figure 44. X-ray diffractograms of BNC, phosphorylated-BNC, TATT-covered p-BNC

and TiBALDH covered p-BNC (left) and TiO, composites after sintering at 500°C
(right).
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Initial XRD analysis of the films could not detect the presence of titania,
presumably due to the small size of crystalline domains and low titania
content. However, after sintering the samples at 500°C, anatase TiO- could
be detected in both samples (7.5 wt% TiBALDH, 14.5 wt% TATT, fig. 44).

Dried bacterial nanocellulose sheets were produced under static growing
conditions and required no processing other than washing, drying and
sterilization to provide films suitable as wound dressing materials. The
dressings were quite suitable for irregularly shaped wounds as it had high
mechanical strength, enabled efficient management of wound exudates as
well as allowing for visual wound inspection due to its translucency (Wahid
et al. 2021). By modifying the surface of bacterial nanocellulose and
introducing titania, composites could be obtained with excellent wound-
healing and delayed drug release properties.

The obtained composites (table 6) were tested for cytotoxicity, pseudo-
wound healing and cell adhesion. The materials were further examined using
fluorescence staining to examine the development of the actin cytoskeleton,
which plays a central role during cell migration (Le Clainche & Carlier 2008;
Gardel et al. 2010). The development type-I collagen and fibronectin, which
are two critical extracellular matrix (ECM) components that contribute to
wound healing and tissue regeneration, had been examined (Kanta 2015).

Table 6. Samples tested for cytotoxicity, pseudo-wound healing and cell adhesion assays.

Sample Nomenclature
1 BNC-PO4 ~2.7-4 wt%
2 BNC-PO4 ~0.5-1.5 wt%
10 BNC-PO, - TIBALDH
11 BNC-PO4 - TATT
30 BNC-PO, - TIBALDH + tetracycline
31 BNC-PO4 - TATT + tetracycline
32 dry BNC-PO4 - TATT + tetracycline after desorption in citrate
buffer
33 dry BNC-POy - TIBALDH + tetracycline after desorption in
citrate buffer
34 BNC wet membrane + 10 mol % 2:1 TIBALDH: AgNOs
35 Cotton cellulose nanocrystals + 10 mol% 2:1 TIBALDH:AgNO;
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The functionalized BNC films showed no toxicity towards both L929
murine fibroblasts and SaOS-2 osteoblast-like cells, maintaining high cell
viability above 85% (fig. 45). Phosphorylated BNC showed no decrease in
cell viability for L929 Murine Fibroblasts, regardless of phosphate content.
However, high phosphate content (2.7-4 wt%) did contribute to a slight
decrease in cell viability for osteoblast-like SaOS-2 cells. Covering the
phosphorylated BNC with TiO; (either TATT or TIBALDH) maintained cell
viability close to 100%. This indicated that both these base composites were
non-cytotoxic.

Covering TiO; derived from TATT with the broad-spectrum antibiotic
tetracycline led to a decrease in cell viability. Interestingly, the TIBALDH
derived product displayed no such behaviour despite similar drug loading
(41.4 £ 4.8 mg TATT / 46.5 £ 2.2 mg/g TiBALDH). After desorption in
citrate media however, the cell viability for the TIBALDH derived composite
loaded with tetracycline did decrease slightly, while for the TATT derived
composite it remained the same.

Previously it was reported that BNC/TiO, composites accelerated wound
closure in an in-vivo model, while pure BNC did not exhibit this behaviour
(Khalid et al. 2017). This was clearly demonstrating that the introduction of
TiO; (and presumably other similar oxides) into these types of composites
could have beneficial effects towards wound healing. To evaluate the
produced composites for their wound-healing capabilities, samples were
prepared and the pseudo-wounds produced. The principle of this method was
based on the creation of a 500 pm gap (i.e. pseudo-wound) on a confluent
cell monolayer, after which the cells at the edge of the artificial wound start
migrating into the cell-free area, forcing cell-cell contacts.
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Figure 45. Cell viability of L929 murine fibroblasts and SaOS-2 osteoblast-like cells
upon contact with eluates from functionalized BNC samples.
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The cell area coverage was determined at different time and compared
to a positive control of simple media (fig. 46). Of the samples tested, the low
phosphate (0.5-1.5 wt% P), TATT-covered, TiBALDH-covered and
TiBALDH-tetracycline covered BNC samples had a positive effect on L929
cell migration. Enabling 100% pseudo-wound closure within 24 hours.
Contrary to this, the TATT-tetracycline sample had a negative effect on cell
migration for L929 murine fibroblasts, which can be associated to its
increased toxicity towards these cells. Similarly, after desorption in citrate
media the TiIBALDH-tetracycline covered sample (table 6, #33) displayed a
negative effect on pseudo-wound closure for L929 murine fibroblasts, which
can be associated to the decrease in cell-viability. For SaOS-2 osteoblast like
cells only the TATT (table 6, #10) and TIBALDH-tetracycline (table 6, #33)
promoted wound-closure within 24-hours.
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Figure 46. Effect of functionalized BNC composites on migration of L929 murine
fibroblasts and SaOS-2 osteoblast like cells by evaluating the pseudo-wound closure at
0, 6, 24 and 48 hours.
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This is quite interesting as covering p-BNC with either TIBALDH (table
6,#10) or TATT (table 6, #11) had a positive effect on L929 cell migration,
indicating that the material is quite beneficial for wound-healing applications
involving these types of cells. For osteoblast-like SaOS-2 cells however,
only the TIBALDH covered sample (table 6, #10) had any beneficial effect.
Covering BNC-TATT with tetracycline (table 6, #31) negatively influenced
pseudo-wound healing, which can be tied to its increase in cell toxicity.
Covering BNC-TiBALDH with tetracycline (table 6, #30) had a positive
effect towards fibroblasts but lost its positive effect towards osteoblasts.
Curiously, allowing the BNC-TiBALDH-Tetracycline sample to desorb in
citrate media (table 6, #33) causes it to exhibit a negative effect on wound
healing for fibroblasts, while simultaneously displaying a positive effect for
osteoblasts once more. The reason for this behaviour is yet unknown and
requires further investigation.

Adhesion is the first response of a cell when it encounters a (bio-)
material. It plays an essential role in the regulation of the subsequent
biological behaviour of the cell. During the cell adhesion process, cells
initially sediment to the surface with their spherical bodies. Then, cells
flatten mostly via nonspecific interaction and if the surface is suitable, cells
spread with focal adhesion maturation and the creation of stable contacts via
actin cytoskeleton reorganization.

In the case of the phosphorylated bacterial nanocellulose (table 6, #1, 2)
and the titania covered nanocelluloses (table 6, #10, 11), SEM imaging for
L1929 murine fibroblasts (fig. 47) and SaOS-2 osteoblast-like cells (fig. 48)
suggested good attachment, adhesion and proliferation for these cells. High
cell spreading and fully developed actin cytoskeletons were also visible.

During cell migration, protrusions are extended from the cell, which
establishes adhesion points. The actin cytoskeleton was previously observed
to play a central role in this process (Le Clainche & Carlier 2008; Gardel et
al. 2010). In addition to actin, type-lI collagen and fibronectin, two
extracellular matrix components, contribute significantly to wound healing
and tissue regeneration (Kanta 2015). Fibronectin is an extracellular matrix
component which plays a pivotal role in controlling cell adhesion, spreading,
migration, proliferation and differentiation (Parisi et al. 2020). Type-I
collagen is the most abundant extracellular matrix component, which
provides a scaffold for protein and proteoglycan binding, facilitating cell
interactions. To investigate the expression of F-actin, collagen type-I and
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fibronectin biomarkers in fibroblast and osteoblast cells, samples were
analysed via confocal immunofluorescence. The biomarkers in question
were observed (fig. 49, 50 & 51) in both cell lines for phosphorylated BNC
(table 6, #2), BNC-TiBALDH (table 6, #10) and BNC-TATT (table 6, #11).

Quantitative fluorescence measurements (fig. 52) demonstrated that
phosphorylated BNC significantly increased F-actin expression in both L929
fibroblast and SaOS-2 osteoblast-like cells. Fibronectin and collagen type-I
expression however were similar between samples. Though it should be
clearly stated that the control sample received 10% Fetal Bovine Serum
(FBS) while the examined samples (table 6, #2, #10, #11) received 5%,
suggesting that TiO, particles derived from TATT or TiBALDH on
phosphorylated BCN, as well as pure phosphorylated BNC positively
influenced the expression of F-Actin, collagen type-I and fibronectin. Further
molecular quantification assays and in-vivo studies would be beneficial to
explore the mechanism by which these composites enhance the expression
of protein and cytoskeletal markers as well as thoroughly establishing their
contribution to tissue regeneration.
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BNC-PO,-TiBALDH BNC-PO,

BNC-PO,-TATT

Figure 47. Murine fibroblast L929 cells adhered on various BNC composites after 72h
of incubation.
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BNC-PO,-TiBALDH

BNC-PO,-TATT

Figure 48. Osteoblast-like SaOS-2 cells adhered on various BNC composites after 72h
of incubation.
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L929

BNC-PO,
BNC-PO,-TATT
BNC-PO,-TiBALDH

Sa0S-2

Figure 49. Confocal imaging of murine L.929 fibroblasts and SaOS-2 osteoblasts: F-actin
(green) was labelled with phalloidin-iFluor 488 (green), and the nuclei (blue)
counterstained with DAPI. Fluorescence staining of the actin cytoskeleton was registered
on fibroblasts and osteoblasts cultured for 7 days with different eluates from BNC-POs,
BNC-POs-TATT and BNC-PO4-TiBALDH. Control cells was maintained with only
conventional media.

BNC-PO,
BNC-PO,-TATT

BNC-PO,-TiBALDH

Figure 50. Confocal imaging of murine L929 fibroblasts and SaOS-2 osteoblasts: Type
I-Collagen (red) was labelled with Rabbit Recombinant Monoclonal anti-Collagen I
conjugated to Alexa Fluor® 594 and nuclei counterstained with DAPI (blue).
Fluorescence staining of collagen Type I was registered on fibroblasts and osteoblasts
cultured for 7 days with different eluates from BNC-PO4, BNC-PO4-TATT and BNC-
PO4-TiBALDH. Control cells were maintained with only conventional media.
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BNC-PO,-TATT
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Figure 51. Confocal imaging of murine L1929 fibroblasts and SaOS-2
osteoblasts: fibronectin (red) was labelled with Rabbit Recombinant Monoclonal anti-
Fibronectin conjugated to Alexa Fluor® 555 and nuclei counterstaining, with DAPI
(blue). Fluorescence staining of fibronectin was registered on fibroblasts and osteoblasts
cultured for 7 days with different eluates from BNC-PO4, BNC-PO4-TATT and BNC-
PO4-TiBALDH. Control cells were maintained with only conventional media.
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Figure 52. Measurement of fluorescence intensity of F-actin, type-I collagen and
fibronectin on L929 fibroblasts and SaOS-2 osteoblasts cultured for 7 days with different
eluates from BC-PO4, BC-PO4TATT and BC-PO4-TiBALDH. Control cells were
maintained with only conventional media.

88



3.2.4 TiOz surface structural changes

In the preceding section two sources of titania were explored to uniformly
cover the surface of bacterial cellulose for biomedical applications. Here we
observed that depending on the source of titania, different surface structures
can be obtained. To steer the functionality of the material from drug delivery
/ wound healing to increasingly theranostic (therapeutic and diagnostic)
applications, a photoluminescent Europium(Ill)-doped composite of
phosphorylated BNC covered by TATT was prepared.

To examine the surface changes brought upon the composite by the
inclusion of Eu*'-cations, it was examined via AFM at various stages (fig.
53). Here it could be seen, as expected, that the inclusion of Eu** (10 mol%
based on P) has no noticeable influence on the morphology of the
phosphorylated fibres (fig. 53 D-F). There was however a noticeable
difference between phosphorylated BNC fibres covered by TATT and those
doped with Eu** before covering with TATT. Solely covering with TATT
led to the uniform covering of the fibres as demonstrated in the preceding
section and visible in figure 53 G-I. When covering Eu**-doped
phosphorylated BNC with TATT there was a noticeable change in surface
morphology (fig. 53 J-L). The inclusion of Eu*" led to the appearance of
16.6+5.0 nm (n=28) TiO, agglomerates on the surface of the fibres, while
retaining an otherwise similar microscale surface structure.
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Figure 53. AFM images of BNC-PO4 (A: 3x3 pm, B, 1x1 um, C: 300x300 nm) , BNC-
POs-Eu (D: 3x3 um, E: 1x1 pm, F: 300x300 nm) , BNC-PO4-TATT (G: 3x3 um, H: 1x1
pm, I: 300x300 nm) and BNC-PO4-Eu-TATT (J: 3x3 pm, K: 1x1 pm, L: 300x300 nm).

Exposing the titania surface to pharmaceuticals had an interesting effect
on the observed surface morphology, which was dependent on the
pharmaceutical used. With the hydrothermal adsorption of ciprofloxacin, a
broad-spectrum antibiotic, the microscale morphology of the fibres remained
largely preserved, though at the nanoscale the previously observed
aggregates were no longer as clearly defined (fig. 54 A-C). The visible
aggregate’s size had increased to 25.2+12.7 nm (n=18), with the fibre width
increased to 86.8£27.8 nm (n=27). This indicated that ciprofloxacin had
largely spread uniformly across the surface, though likely forming local
precipitates along the length of the fibre. A possible mechanism for the initial
coordination to the titania surface involved coordination of the ring carbonyl
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and a carboxylic oxygen to the metal centre (fig. 55), which was a motif
commonly observed in many quinolone-metal complexes, including for
Eu(III) (Turel 2002; Curman et al. 2008). On a metal oxide surface it might
instead involve both oxygen atoms in the carboxylic group and a metal-OH»-
site hydrogen-bonding with the adjacent carbonyl (Paul et al. 2012; Gu et al.
2015). After initial coordination it might then further precipitate via - or
H-bonding interactions. Comparing this then with tetracycline-covered
fibres, it appeared that tetracycline largely precipitated directly on the surface
and obscured the original fibre morphology (fig. 54 D-F). Coordination to
the oxide surface in tetracycline was more complicated, for divalent metal
ions, coordination via the kenolate (C11-C12) could be observed (Palm et
al. 2008) but additional coordination modes are probable, via O1-Oamide, O1-
O for example (Marcial et al. 2011). On titania, the coordination usually
proceeds via phenoxide oxygen atoms connected to C10 and C12, potentially
also C11 (Galkina et al. 2015).
A - 771

A

Figure 54. AFM images of BNC-PO4-Eu-TATT covered by ciprofloxacin (A: 5x5 pm,
B: 3x3 pm, C: 1x1 pm) and tetracycline (D: 5x5 pm, E: 3x3 um, F: 1x1 pm).

N |
Tetracycline

(metal complexation)

Ciprofloxacin
(metal complexation)

Figure 55. Likely surface coordination species formed by ciprofloxacin and tetracycline
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Equilibrating the TATT/drug-covered samples in citrate media at pH 6
had a remarkable, but predictable effect on the surface morphology. As
Titanium (IV) was known to form water soluble complexes with citrate and
lactate which were quite biocompatible (Groenke et al. 2012; Engelberg et
al. 2020). This was important to realise as in both blood (1-2 mM) and sweat
(5-40 mM) lactic acid is a constituent that cannot be ignored (Decker &
Rosenbaum 1942; Baker 2019), nor can citric acid in blood be completely
ignored (50-120uM) (Nielsen & Serensen 1981). Observed in figure 56,
equilibration in citrate media removed part of the titania coating, leading to
the desorption of pharmaceuticals. A similar effect was observed when using
lactic acid. With tetracycline some aggregates remained visible.

Figure 56. AFM images of citrate-desorbed BNC-PO4-Eu-TATT covered by
ciprofloxacin (A: 5x5 pm, B: 3x3 um, C: 1x1 pm) and tetracycline (D: 5x5 pm, E: 3x3
pm, F: 1x1 pum) and citrate-desorbed BNC-PO4-Eu-TATT (G: 5x5 um, H: 3x3 pm, I:
1x1 um).
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Under physiological conditions, other ions and coordinating ligands are
present. In an attempt to simulate such conditions a BNC-Eu-TATT
composite was stored in simulated body fluid, a complex mixture of salts,
with an ion concentration similar to human blood plasma (Marques et al.
2011). SBF was originally developed to mimic surface structural changes
that occurred in vivo in (bio)glass ceramics by formation of a hydroxyapatite
film on the ceramics (Kokubo et al. 1990). Under these conditions, the fibres
were covered by a glassy precipitate, which was likely hydroxyapatite, which
obscured much of the fibre morphology (fig 57 A-C).

As the material was designed as a dermal dressing, a solution was
prepared to mimic human sweat, containing a high amount of lactic acid (25
mM) as well as 1 mM calcium and 0.2 mM phosphate. Under these
conditions, a precipitate will still form on the surface, though much of the
original fibre morphology is maintained, likely due to the presence of lactic
acid (fig 57 D-F).

50.8 nm

Figure 57. AFM images of BC-PO4-Eu-TATT after storing for 24 hours in simulated
body fluid (A: 3x3 pm, B:1x1 pm, C: 1x1 pm) or simulated human sweat (D: 3x3 pm,
E: 1x1 pm, F: 1x1 pm).
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3.3 Controlled release of pharmaceuticals

A purpose in creating cellulose-metal oxide hybrid materials was for the

delayed release of pharmaceuticals, such as antibiotics, in dermal wound-
dressing materials. Nominally, when a source of cellulose, like CNFs, are
mixed with pharmaceuticals there is some expected adsorption onto the
accessible surface area, particularly along the flat face (fig. 58) of a
microfibril for hydrophobic pharmaceuticals. This may find some use when
using essentially elementary fibrils (3.5 nm / ~18 chain) (Lombardo et al.
2018). Using thicker cellulose sources such as BNC (10-50 nm) however
quickly limits the accessible surface area.
Another downside of using pure cellulose is the rapid release of
pharmaceuticals when exposed to a desorption medium due to the poor
affinity of many pharmaceuticals towards cellulose (Lobmann & Svagan
2017). Here, there is a rapid release of pharmaceutical agent into the wound
environment, which may have localized cytotoxic effects as well as limiting
the effect duration. A potential way of reducing drug release rate is via
complexation with metals/metal oxides to form hydrolytically stable
complexes, as shown in the following sections.

200

110

Figure 58. Cross-section of an 18-chain CNF model.
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3.3.1  Controlled release via daylight

Magnetite / maghemite nanoparticles were not only of interest due to
their magnetic properties, but also due to their optical properties. They are
known to display photo-thermal conversion (i.e. light to heat conversion)
which can be exploited for therapeutic and drug delivery purposes (Sadat et
al. 2014; Wang et al. 2014; Estelrich & Busquets 2018; Johnson et al. 2018).

To examine the suitability of the iron-containing CNF composite
(discussed in section 3.2.2) for drug delivery, it was initially allowed to
equilibrate with the broad-spectrum antibiotic tetracycline (fig 59, left). The
adsorption after 72h at room temperature reaching 62 mg/g (139.5 umol/g),
with up to 27 mg/g (60.8 pmol/g) within the first 4 hours, indicating that
tetracycline had affinity towards the iron-containing composite. As the
photo-thermal properties of the composites were of interest to control drug
release, samples were prepared with tetracycline pre-adsorbed and allowed
to desorb in citrate media either in darkness or under the effect of a daylight
lamp. It was apparent that samples under daylight displayed significantly
increased drug desorption rates compared to the composites remaining in the
dark (fig. 59, right). This indicated that the desorption rate of
pharmaceuticals could be directly influenced by light. In this example,
leading to ~2x (21.6 mg/g vs 42.6 mg/g) the amount of drug released in a 20
hour window.
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Figure 59. Adsorption of tetracycline at room temperature (left) and light-controlled
desorption of tetracycline at room temperature (right).
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3.3.2 Gel Diffusion

In the preceding section, sorption of pharmaceuticals was measured
under constant stirring in a low viscosity aqueous system, which principally
should have led to rapid release of pharmaceuticals compared to relying on
diffusion alone. This would be especially true when there were no strong
interactions between composite and adsorbed pharmaceuticals.

From SEM imaging (section 3.2.1 Ceria, fig. 34) it was observed that
ampicillin had a structure directing effect for the formation of ceria particles,
indicating that there was a reasonably strong interaction between ampicillin
and ceria. However, when this composite was placed in isotonic sodium
chloride and constantly stirred, ampicillin desorbed rapidly, reaching 85-
100% desorption in 15 minutes. This highly dynamic system, with constant
stirring led to mechanical washing of the product and weakening of hydrogen
bonding in aqueous media.

In gel diffusion experiments, reduced diffusion of pharmaceuticals was
measured as effectively the diffusion gradient from the point of contact to
the outer edges through a viscous, obstructive media, resembling a skin
patch. To examine the antibacterial properties of the ceria containing
composites, the inhibitory effect of different materials on the growth of E.
coli was measured via disc diffusion experiments (fig. 60, left). CNCs when
mixed with PEG had a negligible antibacterial activity as expected. The
addition of 1,2,3,4-butanetetracarboxylic acid (BTCA) resulted in increased
antibacterial activity due to unbound/hydrolysed BTCA (Gaio et al. 2022).
In-situ growth of CeO; into the preceding product led to a composite with a
substantially lower inhibitory effect, likely due to the adsorption of BTCA
on ceria via its carboxylic acid groups.

Interestingly, there was a significant difference in inhibitory effect
between composites containing the antibacterial agents triclosan and
ampicillin, which could be traced to the antibiotic’s structure. With triclosan
there was a non-significant difference in inhibitory zone, regardless of
whether ceria was present. This was likely due to the limited affinity of the
phenolic group to the ceria surface. In contrast, there was a significant
difference when using ampicillin. Ampicillin appeared tightly bound near the
composite, likely due to the carboxylic acid group having better affinity for
the surface of ceria compared to phenolic-hydroxyl in triclosan.
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Figure 60. Average inhibitory effect of the different materials (left) and structure of
tested antiobiotics (right). CNC/PEG/BTCA/CeO,, CNC/PEG/BTCA/triclosan,
CNC/PEG/BTCA/CeOs/triclosan, CNC/PEG/BTCA/ampicillin and
CNC/PEG/BTCA/CeO,/ampicillin have been abbreviated in the figure as
CNC/BTCA/Ce0O,, CNCl/triclosan, CNC/CeO»/triclosan, CNC/ampicillin and
CNC/CeOy/ampicillin.

3.3.3 Surface Ligand competition and Lanthanide Influence

In section 3.2.3 two titania-containing composites derived from TATT
and TiBALDH respectively, based on phosphorylated bacterial cellulose
were presented. In the view of their different surface capping, any
pharmaceutical that absorbs onto the surface of titania should adsorb easily
on TATT and be in competition with lactate on TIBALDH-derived titania.

There were, however, only minor differences in terms of drug adsorption
when using the broad-spectrum antibiotic tetracycline. The TATT-derived
composite had 46.5£2.2 mg/g (104.6+4.9 umol/g) tetracycline adsorbed
while the TiBALDH-derived composite had 41.4+4.8 mg/g (93.1+10.8
umol/g) adsorbed. Placing the materials into 20 mM citrate buffer led to the
desorption of tetracycline, which was followed by UV-VIS spectroscopy
(fig. 61). In the case of the TATT, 39.4+0.2% tetracycline was released
within 5 hours, reaching up to 61.4+1.7% release after 120 hours. For
TiBALDH a release of 30.842.9% was measured after 5 hours, reaching
53.34£2.9% after 120 hours.
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Comparing then the previously mentioned tetracycline with
ciprofloxacin, another broad-spectrum antibiotic, showed an expected
difference in desorption behaviour (fig. 62). Ciprofloxacin desorbed more
rapidly than tetracycline and interestingly, the desorption rate in both cases
was influenced by the presence of Europium(Ill) coordinated to
phosphorylated bacterial nanocellulose.
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Figure 61. Desorption of the broad-spectrum antibiotic Tetracycline from phosphorylated
bacterial nanocellulose sheets covered by TiO, derived from TIBALDH (left, black) and
colloidal triethanolamine terminated TiO, (right, red).
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Figure 62. Desorption kinetics of the antibiotics Ciprofloxacin (left) and Tetracycline
(right) from TATT-modified bacterial cellulose with (black) and without (red)
Europium(III) doping.
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3.3.4 Photoluminescence

Lanthanides, such as Europium(IIl) not only affected the desorption
behaviour of pharmaceuticals from mineral metal oxide coated composites
as shown in figure 62, they were also useful for as photoluminescent trackers.
They they emit light after being illuminated. Europium(IIl) displayed
characteristic red emission after stimulation with 393 nm light due to the Do
— "F,4 transition, which was sensitive to the chemical environment and
loading (see fig. 63). Covering with TATT led to a reduction in intensity
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Figure 63. (left) The emission spectra of Eu(Ill)-doped BNC-PO4TATT / drug
composites after excitation at 393 nm and (right) decay curves recorded at 393 nm.
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without affecting the photo-decay. Adsorption of ciprofloxacin led to
complete quenching of photoluminescence, while desorption in citrate buffer
led to the re-emergence of photoluminescence. Adsorption of tetracycline led
to very intense luminescence compared to TATT covered BNC, which upon
desorption was significantly reduced.

As the photoluminescence was so sensitive, its emission could be used
as a sensor for pharmaceutical release. In more practical terms this emission
could even be observed with the naked eye upon stimulation with common
UV-light sources. (fig. 64)
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Figure 64. Photoluminescence under UV-irradiation of Eu(IIl)-doped phosphorylated
BNC-Titania composites with tetracycline (left) and ciprofloxacin (right).
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Conclusion and outlook

The work within this thesis was dedicated to the development of new
cellulose-based hybrid materials for environmental and theranostic
applications. For environmental applications cellulose is an attractive
starting material due to its bio-renewable and compatible nature. Herein it’s
application towards the selective separation of rare earth elements from late
transition metals has been demonstrated. Cellulose-metal oxide hybrid
materials were investigated for drug delivery applications, revealing
fascinating properties depending on substrate and metal oxide used. For
magnetite/maghemite, the rate of drug release could be controlled by using
daylight, while the inclusion of the photoluminescent cation Europium(III)
allowed drug release to be followed visually. This can be useful in clinical
settings. Non-cytotoxic metal oxides were demonstrated to enhance cell
migration, adhesion, proliferation and the expression of markers related to
wound-healing. Demonstrating their potential for promoting tissue
regeneration.

I would like to propose several directions for the continuation of this
research. (1) Further studies on the sequestration and separation of metals for
hydrometallurgical and environmental applications. (2) Combining metal
ion-selective cellulose materials with catalysts for environmental
remediation via the combined removal of heavy metal ions and persistent
organic pollutants. (3) Studies on the environmental, ecological and
toxicological impact of the production, use and disposal of cellulose-based
hybrid materials should be considered (4) Further in vivo studies on the
biocompatibility and wound-healing properties of metal-oxide-
nanocellulose based hybrids to assess their long-term safety and
performance. (5) Further investigation into the use of photoluminescent
particles / cations for tracking drug release and studies on biocompatibility.
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The promising potential nanomaterials have for biomedical and
environmental applications relate to their high reactivity, surface structure
and interference with systems at a molecular level. Combining bottom-up
synthesis using well-defined molecular precursors or in-situ formation of
nanostructures with natural biopolymers lead to many new and attractive
material with interesting properties.
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Popular science summary

Nanomaterials are an increasingly important technology for advanced
applications, such as the removal of heavy metals in environmental
applications or to for biomedical applications. The field of nanotechnology
is still quite young, but its potential is great and as such methods to produce
nanomaterials and hybrid nanomaterials continue to be developed and
refined. Within modern society there is an increasingly stronger push
towards environmentally sustainable materials and thus there is an increasing
demand for bio-based materials. These bio-based materials such as the
naturally occurring bio-polymer cellulose have many interesting properties,
such as shape, size and affinity, which can be tuned towards different
applications. Combining these bio-based nanomaterials with bio-compatible
mineral nanoparticles opens new avenues for sustainable, bio-based hybrid
materials. In this work cotton was turned into nano-sized particles whose
surface was modified to selectively separate cobalt/nickel from lanthanides,
thereby creating a bio-based material useful for recycling of rare earth-based
magnets.

Additionally in this work, mineral metal oxide nanoparticles were
produced and incorporated onto cellulose-based nanomaterials to produce
materials suitable for wound dressing. This allows for the sustained release
of pharmaceuticals into the wound environment and surroundings. The rate
of which can be controlled using daylight when using the magnetic mineral
oxides magnetite/maghemite. Introducing a tracer which emits light upon
illumination with a blacklight/UV lamp allows for the release of
pharmaceuticals to be visually inspected. Lastly, the inclusion of titanium
oxide based mineral nanoparticles onto the cellulose-based materials
positively influenced the expression of biomarkers involved in tissue
regeneration and wound-healing process.
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Popularvetenskaplig sammanfattning

Nanomaterial ger upphov till en allt viktigare teknik for avancerade
tillimpningar, t.ex. for att avlidgsna tungmetaller i miljotillimpningar eller
for biomedicinska applikationer. Nanoteknikomradet ar fortfarande ganska
ungt, men dess potential dr stor och dérfor fortsdtter metoderna for att
producera nanomaterial och hybrida nanomaterial att utvecklas och forfinas.
I det moderna samhillet finns en allt starkare strdévan mot miljomassigt
hallbara material och dirmed en 6kande efterfragan pa biobaserade material.
Dessa biobaserade material, t.ex. den naturligt férekommande biopolymeren
cellulosa, har manga intressanta egenskaper, t.ex. form, storlek och affinitet,
som kan anpassas till olika tillimpningar. Genom att kombinera dessa
biobaserade nanomaterial med biokompatibla mineralnanopartiklar 6ppnas
nya mojligheter for hallbara, biobaserade hybridmaterial. 1 detta arbete
omvandlades bomull till partiklar i nanostorlek vars yta modifierades for att
selektivt separera kobolt/nickel fran séllsynta jordartsmetaller och
darigenom skapa ett biobaserat material som dr anvandbart for dtervinning
av magneter baserade pé dessa.

I detta arbete producerades dessutom nanopartiklar av mineral
metalloxid som inforlivades i cellulosabaserade nanomaterial for att
producera kompositer lidmpade for tillverkning av sérforband. Detta
mojliggdrde en langvarig frisittning av ldkemedel i1 s&rmiljon och
omgivningen. Hastigheten kunde kontrolleras med hjilp av dagsljus vid
anvindningen av de magnetiska mineraloxiderna magnetit/maghemit.
Genom att infora ett sparimne som avger ljus vid belysning med en
blacklight/UV-lampa kunde frisittningen av ldkemedel f6ljas visuellt.
Infoérandet av titanoxidbaserade mineralnanopartiklar p& ytan av
cellulosabaserade material paverkade positivt uttrycket av biomarkorer som
var involverade i vivnadsregenerering och sarldkningsprocessen.
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ARTICLE INFO ABSTRACT

Keywords: An environmentally benign synthesis of a magnetically responsive carboxymethylated cellulose nanofibril-based
Nanocellulose material is reported. Applied experimental conditions lead to the in-situ formation of magnetite nanoparticles
Magnetite

with primary particle sizes of 2.0-4.0 nm or secondary particles of 3.6-16.4 nm depending on whether nucle-
ation occurred between individual carboxymethylated cellulose nanofibrils, or on exposed fibril surfaces. The
increase in magnetite particle size on the cellulose fibril surfaces was attributed to Ostwald ripening, while the
small particles formed within the carboxymethyl cellulose aggregates were presumably due to steric interactions.
The magnetite nanoparticles were capable of coordinating to carboxymethylated cellulose nanofibrils to form
large “fibre-like” assemblies. The confinement of small particles within aggregates of reductive cellulose mole-
cules was most likely responsible for excellent conservation of magnetic characteristics on storage of this ma-
terial. The possibility for using the material in drug delivery applications with release rate controlled by daylight

Magnetic composites
Hybrid materials
Photo-induced drug delivery

illumination is presented.

1. Introduction

The UN 2030 agenda for sustainable development, highlights key
areas where the development of sustainably produced materials is ex-
pected to play a crucial role (Transforming Our World: The 2030 Agenda
for Sustainable Development | Department of Economic and Social Affairs, n.
d.). It emphasizes the need for development of innovative solid materials
for key applications, such as smart packaging, advanced adsorbents,
wound healing and tissue engineering scaffolds using environmentally
sustainable raw materials. Major focus today is therefore set on natural
bio-based polymers.

Cellulose is the most abundant renewable polymer on the planet
accounting for multiple teratons of annual biomass production (Klemm
etal., 2005). Cellulose is found in all plant forms where it often forms the
major constituent (e.g. cotton, wood). Historically and currently, these
plant derived forms of cellulose have been used for everyday applica-
tions in the form of fabrics, pulp and paper and wood constructions
(Hon, 1994).

Potentially industrially important forms of cellulose can also be
derived from higher order structures, which have been physically and/
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E-mail address: gulaim.seisenbaeva@slu.se (G.A. Seisenbaeva).
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or chemically treated to produce nano-sized cellulose nanofibrils (CNFs,
nanocellulose) or cellulose nanocrystals (CNCs). The latter can be used
in polymer matrices (Favier et al., 1995; Grunert & Winter, 2002; Oun &
Rhim, 2017) as actuators (Hartings et al., 2018; Kim et al., 2006) and
transistors (Lim et al., 2009), etc. (Arantes et al., 2017; Hu et al., 2009;
Khalilzadeh et al., 2020; Wu et al., 2018). Due to its bio-availability,
biocompatibility, and chemical functionality, cellulose is an attractive
material for use in environmentally benign applications (Klemm et al.,
2005).

One of the major challenges in the development and adaptation of
cellulose-based materials is its relative inertness. In order to expand its
usage beyond that of simple fibres or crystals, cellulose must be chem-
ically modified to not only increase its solubility but also to diversify and
increase the range of possible applications. The development of car-
boxymethyl cellulose (CMC) for example has led to its use in food as well
as more technical applications such as protein purification (Hao et al.,
2021; He et al., 2021) and coatings (Dimic-Misic et al., 2013; Souza
etal., 2019). Properties of nanocellulose-derived materials are related to
size, morphology and surface chemistry of the particles. The nano-
particles can be cellulose nanocrystals (CNC), cellulose nanofibres (CNF)
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or bacterial cellulose fibres (BCF) (Sacui et al., 2014).

A significant number of studies to date involving the use of natural
biopolymers for advanced technical solutions have focussed on the
incorporation of responsive metal oxide materials into, or onto a
biopolymer matrix. By including the spinel-type iron oxides such as
magnetite or iron(Il)-deficient maghemite into biopolymer matrices,
composite materials may be obtained with favourable magnetic and
catalytic properties. These characteristics may be exploited in the
development of materials suitable for applications as Magnetic Reso-
nance Image contrasting agents (Abbasi Pour et al., 2017; Biliuta et al.,
2017), antibacterial agents (Biliuta et al., 2017), in magneto-optical
applications (Chen et al., 2020; Li et al., 2013), protein adsorption
membranes (Wu et al., 2018), metal ion removal (Yu et al., 2012, 2014),
electrochemical sensors (Khalilzadeh et al., 2020) and for medical ap-
plications (Abbasi Pour et al., 2017; Chaabane et al., 2020).

With magnetically responsive cellulose-iron oxide composite mate-
rials, work has focussed on the production of materials either by
incorporating pre-synthesized iron oxide particles into a fibril-matrix or
via the in-situ growth of particles onto pre-formed biopolymer fibrils/
fibres surfaces. Numerous techniques have been developed for produc-
tion of nano-ferria in a broad range of sizes and morphologies. They
include solvothermal synthesis starting from organic precursors or iron
carbonyl, resulting in small uniform well-crystallized particles that are
often rendered hydrophobic by the conditions of synthesis. An alterna-
tive approach is based on co-precipitation in aqueous media. Its draw-
back lies, however, in relatively appreciable solubility of ferria in polar
aqueous media that can result in considerable size variation because of
the Ostwald ripening (Thanh, 2012). The challenge in use of pre-formed
particles lies in the difficulty of their uniform distribution. With the
synthesis of composites, attention has generally been towards in-situ
particle growth on a matrix. For efficient distribution of the inorganic
content, the matrix should be activated via surface oxidation or esteri-
fication. The reactivity of cellulose resembles in this case that of gra-
phene oxide with oxidized surface groups, for example by carboxylation
(Dimic-Misic et al., 2019). To our knowledge, no reports have so far been
made on cellulose based nanocomposite materials where magnetic iron
oxides and nanocellulose self-assemble into large fibre-like structures. In
earlier studies, focus was on the in-situ formation of magnetite nano-
particles on relatively large, unmodified, cellulose nanofibres, resulting
in the formation of magnetite particle decorated nanofibres with metal
oxide particles greater than 10 nm (Galland et al., 2013).

Our hypothesis was that producing magnetic iron oxide in-situ in the
presence of highly functionalized nano cellulose would result in a dense
self-assembled material with:

1) Potentially interesting morphologies;

2) Stable magnetic characteristics (through protection of magnetic
particles within a dense composite through encapsulation in a
reductive matrix); and

3) Capacity for visible light controlled release of adsorbed pharma-
ceuticals, exploiting photo magnetic properties of the obtained
composite material.

2. Materials and methods
2.1. Materials

Carboxymethylated nanocellulose fibrils (C-CNF, derived from
wood, Degree of Substitution (DS) of cellulose surface hydroxyl groups
0.098) was prepared at RISE Bioeconomy and Health according to the
method of Wagberg et al. (2008) as a hydrogel with solid concentration
2.26% by weight. DS is the (average) number of substituent groups
attached per base unit (in the case of condensation polymers) or per
monomeric unit (in the case of addition polymers). The term has been
mainly used in cellulose chemistry. The DS value indicates that
approximately 10% of all hydroxyl groups have been
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carboxymethylated (Wagberg et al., 2008). After carboxymethylation of
a softwood sulphite dissolving pulp (Doms;jo Dissolving Plus), the cel-
lulose material was passed through a homogeniser (Microfluidizer M-
110EH, Microfluidics Corp., USA) at 1700 bar with two serial chambers
of 200- and 100 pm, respectively. The carboxylate content of the
nanocellulose was determined via conductometric titration. The C-CNF
applied here differs in its characteristics from TEMPO oxidized nano
cellulose in that it has a combination of both carboxyl- and carbox-
ymethyl surface functional groups, while TEMPO-CNF has aldehyde and
carboxyl groups (Aaen et al., 2019). In addition, the crystal structure is a
slightly different between the two grades. Furthermore, the mechanical
treatment to delaminate the pulp fibres into fibrils induces variations
and commonly the C-CNF has more residual fibre fragments, unless
extra cleaning and separation steps are performed.

Iron(Il) sulphate heptahydrate (pro analysis), anhydrous iron(III)
chloride, and ammonia (25% based on NH3) were obtained from Sigma-
Aldrich, Sweden AB. All chemicals were used without further purifica-
tion. Water was purified using a Millipore system and purged with ni-
trogen for several hours prior to use. Ammonia solution was prepared
using nitrogen purged water and stored under nitrogen.

2.2. Characterization

Samples were characterized using a Bruker Dimension FastScan
Atomic Force Microscope (AFM) with a Nanoscope V controller in Sca-
nAsyst mode using a Fastscan-B AFM probe (silicon tip, fo: 400 kHz, k:4
N/m, tip radius: 5 nm nominally) and a scan rate of 1-3 Hz. Samples
were prepared on freshly exfoliated mica. Data was processed using
Gwyddion 2.56 with align rows-median to remove skipping lines.

Scanning Electron Microscopy (SEM) observations were conducted
using a Hitachi FlexSEM 1000 at an acceleration voltage of 5 kV, spot
size 20, and 5 mm working distance. Samples were prepared on Cu foil
from aqueous suspensions.

For Transmission Electron Microscopy (TEM), ethanol exchanged
oxides were deposited on holey carbon grids (Pelco® 50 mesh grids:
Pitch 508 pm; hole width 425 pm; bar width 83 pm; transmission 70%)
and observed using a Philips CM/12 microscope (Thermo Fisher Inc.)
fitted with LaB6 and operated at 80 or 100 kV. Oxide treated C-CNFs
were also embedded in LR White resin (London Resin Co., Basingstoke,
UK) following dehydration in ethanol (20-100%, 20% steps, 5 min
each). Ultrathin sections (70-100 nm thickness) were cut using a
Reichert Ultracut E ultramicrotome and collected on copper grids.
Negative TEM films were scanned using an Epson Perfection Pro 750
film scanner. Sections were observed unstained or after post staining
with 2% w/v aq. uranyl acetate (10 min) at 80-100 kV.

Powder X-ray Diffraction (PXRD) data was obtained using lyophi-
lized samples on a Bruker APEX-II diffractometer equipped with an AXS
Smart APEX CCD Area Detector and graphite-monochromated Mo-K, (A
= 0.71073 A) radiation source. Data was processed with the EVA-12
software package.

Fourier Transform Infrared (FTIR) analysis was done on a Perkin
Elmer Spectrum 100 FT-IR Spectrometer using KBr pellets. Thermog-
ravimetric Analysis (TGA) was done using a Perkin Elmer Pyris 1 TGA at
a heating rate of 5 °C/min.

Magnetic measurements were performed using a Lake Shore Cryo-
tronics Series 7400 vibrating sample magnetometer (VSM). Measure-
ments were performed at 300 K (26,85 °C) in the magnetic field range
+10 kOe with the magnetic moments normalized using the weight of
iron oxide solid phase.

2.3. Synthesis

22.089 g of 2.26 wt% C-CNF (499 mg solid C-CNF) was transferred to
a 250 mL round bottom flask equipped with a Teflon coated stirring
bean and nitrogen inlet. C-CNF suspended in 200 mL nitrogen purged
ultrapure water was added and vigorously stirred for 30 min. Then, 327
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mg FeCl; (2.02 mmol) and 328.5 mg (1.18 mmol) FeSO4-7H20 was
added, forming a 1.7:1 stoichiometry between Fe>*/Fe?" and concen-
tration of 9.10 mM Fe*/5.33 mM Fe?* respectively. The pH was
adjusted to pH 5 (according to litmus), using 0.5 mM HCI and the sus-
pension allowed to stir for 30 min at room temperature under a constant
flow of bubbling nitrogen. Then, 1.5 M NH4OH was added dropwise
using a syringe until pH 9 (according to litmus). Stirring was stopped
and the particles allowed to settle for 5 min, before decanting into 50 mL
falcon tubes and washing 4x with Ny-purged ultrapure water and
collection via centrifugation (10 min, 5000 RPM).

2.4. Adsorption experiments

An aliquot equating to ca. 15 mg composite material was removed
and mixed with ca. 3 mg tetracycline, placed in an aluminium-wrapped
falcon tube and diluted to a final volume of 40 mL. This was placed on an
orbital shaker and allowed to shake for several days. Periodically, ali-
quots were taken and the composite collected via a strong magnet. The
supernatant was measured using UV-VIS at 357 nm. Experiments were
repeated in triplicate for reproducibility.

2.5. Desorption experiments

An aliquot equating to ca. 15 mg composite material was taken and
mixed with ca. 3 mg tetracycline in a 50 mL pointed flask fitted with a
stirring bar and diluted to 30 mL. The flask was heated overnight at
50 °C in a darkened fume hood with the setup wrapped in aluminium to
avoid incident light. After stirring overnight, the product was cooled to
room temperature and divided equally into two aluminium wrapped
falcon tubes. The composite material was collected using a strong
magnet, and the supernatant removed and diluted to 17 mL with 0.02 M
citrate buffer (pH 6.0). One of the aluminium jackets was removed and

A A
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both samples placed on an orbital shaker under a daylight lamp. Ali-
quots were periodically removed, the composite collected, and the
tetracycline content in the supernatant determined via UV-VIS at 357
nm. Experiments were repeated in triplicate for reproducibility.

3. Results and discussion

3.1. Production of iron oxide in the presence of carboxymethylated
nanocellulose fibrils

Magnetite is an easily produced magnetic metal oxide with an in-
verse spinel structured metal oxide consisting of iron(III) and iron(II) in
a 1:2 stoichiometry which may be produced by co-precipitation in the
presence of ammonia in the following reaction:

2Fe" Cly + Fe" SO, + 8 NH,OH—Fe3 04 + 6NH,Cl + NH SO, + 4H,0

Dissolution of Fe(II) and Fe(III) salts in the presence of C-CNFs fol-
lowed by the slow addition of ammonia lead to the formation of a slight
orange hued suspension, with the suspension darkening to a reddish-
brown and then black as the pH increased. When the final pH was
achieved, a black precipitate was present which slowly turned reddish-
brown over time in the presence of ambient air due to the oxidation of
Fe?" to Fe**. Thermogravimetric analysis (SI Fig. S3) of the resulting
sample showed a thermal decomposition temperature of 256-257 °C
with a residual mass of 31.8 wt%.

3.2. Characterization of (bulk) composite material

3.2.1. XRD patterns of nanocomposite material

To determine which iron oxide phase is formed during the co-
precipitation reaction of iron(II/IIl) in the presence of C-CNF, the
powder X-ray pattern was measured and compared with certified

c) °

—— Powder Sample
Liquid Sample

40

20

T.%

T.%

= "
627 cm',viFe-0), 565 cm,v,(F, )

50 y-Fe,0, Fe,0,
—— C-CNF - Iron Oxide Composite — C-CNF - Iron Oxide Composite
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Fig. 1. A) PXRD pattern of a synthesized iron oxide — carboxymethylated cellulose nanofibril composite and iron oxide, measured using a Mo ka X-ray source.
Maghemite (00-039-1346) and magnetite (00-019-0629) reference patterns overlaid. B) and D) Measured FTIR spectra of synthesized iron oxide—carboxymethylated
cellulose nanofibril composite, magnetite and (sodium) carboxymethylated cellulose nanofibrils, NIST is the reference spectra. C) Magnetization vs magnetic field for

powder and liquid samples.
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patterns for both magnetite and the iron(Il) deficient maghemite
(Fig. 1A and SI Fig. S2). It was proven that the primary phase of the iron
oxide formed in the presence of C-CNFs nanofibrils was magnetite,
maghemite or a mixture of the two oxides. However, with the current
setup it was impossible to differentiate between the two iron oxides.
Scherrer analysis of the crystallite size was made applying the formula t
= KA / (B - cos©) and showed that the average size of freshly produced
pure ferria under the applied conditions was 3.7 nm, while for the
composite it was 3.4 nm. This shows that composite formation
contributed to the preservation of smaller particles.

3.2.2. Fourier Transform Infrared spectroscopy (FTIR)

In an attempt to distinguish between the magnetite and maghemite
iron oxides, the product was examined using FTIR. It should be noted
however, that infrared spectroscopic results of magnetite/maghemite
mixtures are not absolute due to a strong overlap of the most charac-
teristics bands of iron oxides (Ellid et al., 2003). The iron oxide produced
via in-situ precipitation of iron(III) chloride and iron(II) sulphate by
ammonia is shown in Fig. 1B. The product obtained exhibits strong
absorption bands at 627 and 576 cm ™, with a minor adsorption band in
the region of 446 cm ™. Ishii et al. (1972) assigned the IR band at 565
em ™! to the v1(F1,) vibration mode in magnetite, while a small shift to a
higher wave number may be attributed to sub-stoichiometric magnetite
(Ellid et al., 2003). The peak at 627 cm ™! can be assigned to the Fe—O
vibration in the iron(Il) deficient maghemite, which has formed due to
oxidation (Klotz et al., 1999). The additional peaks at 1128, 1043, 975
em™! may be attributed to the presence of bound sulphate groups pre-
sent in the sample (Music et al., 2000). Finally, the peak observed at
1624 cm™! and the broad peak at 3400 cm™! can be attributed to
moisture.

The produced iron oxide-C-CNF composite material exhibited similar
absorption bands in the range 580-620 cm ™! with a smaller, less well-
pronounced peak at 665 cm ™!, which is slightly shifted, compared to
the synthesized magnetite sample. This may be attributed to the
magnetite formed in the sample, being coordinated to carboxylate
groups present in C-CNF with some maghemite having formed due to
oxidation in air. Additional absorption bands appear at 2890, 1597,
1426, 1373, 1318, 1200, 1160, 1110, 1060, 1022, 897 cm ™! which are
primarily attributed to the various absorption bands present within C-
CNF.

3.2.3. Magnetic characterization

Fig. 1C shows the magnetization versus magnetic field for the pow-
der and liquid samples. The measured magnetizations at an applied field
of 10 kOe are 63 emu/g and 53 emu/g for the powder and liquid sam-
ples, respectively. Both values are somewhat smaller than expected for
magnetite and maghemite, which may be explained by spin disorder and
spin canting for surface spins in iron oxide nanoparticles. Moreover, as
expected, the nanoparticles exhibit superparamagnetic behaviour at
300 K (26,85 °C) and hence zero remanence and coercivity. A plausible
explanation for the minor drop in magnetization of the sample dispersed
in ethanol is that partial oxidation has occurred with time, but only to
rather low extent. The samples were stored for 10 months before mea-
surements and thus revealed considerable stability against oxidation.
Bulk magnetic properties are demonstrated in SI Fig. S4 and in a Sup-
plementary video. The major volume of ferria was kept in the form of
non-aggregated primary particles bound within the formed self-
assembly fibres. This precludes both diffusion of oxygen and release of
ions from the coordination-saturated surface of the particles. As a result
- no apparent oxidation occurs on storage.

3.3. Morphological investigation of iron oxide composite materials
3.3.1. Atomic force microscopy

To examine the nanoscale structures formed when iron oxide is
precipitated in the presence of C-CNFs, the sample was examined using
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AFM where it was apparent that the reaction is capable of producing a
composite consisting of “fibre-like” structures (Fig. 2). Observations
along the axis of these fibre-like structures showed random increases in
surface height, likely attributed to the presence of iron oxide formed
during the co-precipitation reaction.

The fibre-like structures observed had an average width of 18.55 +
1.66 nm with lengths ranging from 70 nm to nearly a micrometer in
longitudinal direction. However, the measured widths do not take tip
convolution into account, which increases the observed widths
compared to actual widths. By decreasing the measuring area to 200 x
200 nm (Fig. 2C, E), spherical to ellipsoidal particles were observed
which appear surrounded by a C-CNF network.

The presence of multiple spherical to ellipsoidal particles across the
longitudinal direction of the fibre-like structures (Fig. 2C, E) indicate
that the iron oxide particles formed during the precipitation of iron(II)
and iron(Ill) interact with the C-CNFs to form a composite material that
self-assembled into fibre-like domains. This interesting property that
should be exploited in future applications. However, it was impossible to
determine from measured AFM data whether the particles were
distributed on the actual surface of the network or within the C-CNF
network itself without more detailed examination.

3.3.2. Electron microscopy

To supplement the AFM data, samples were prepared for SEM and
TEM as described in the method section (Fig. 3). SEM confirmed that the
fibre-like structures were not completely homogeneous showing aggre-
gates along the surface of the individual fibre networks (Fig. 3A).
Energy-dispersive X-ray analysis across the aggregates showed iron and
oxygen, indicating the metal oxide was distributed homogeneously
within the aggregate structure (Fig. 3A). Cross sections of these aggre-
gates shown with TEM further suggest a homogeneous structure (Fig. 5).

Examination of the composite by TEM without negative staining
(Fig. 4, SI Fig. S1) showed the iron-C-CNF network was composed of
single fibrils having a cross section of 3-4.5 nm or double fibrils in the
range of 5.5-8 nm (SI Fig. S1) and as well as strongly scattering elements
in the order of 5.5-8 nm, distributed along the lateral dimensions of the
network. Under normal circumstances, cellulose-based samples require
staining with uranyl acetate or similar heavy metal stains to be visible.
However, in the present case, the composite fibre structure was visible
due to the presence of iron oxide nanoparticles bound to individual
carboxymethyl cellulose fibrils.

Based on the presence of iron oxide in both the aggregates and fibril-
like structures within the sample, it would seem feasible that initially the
metal salts hydrolyse to form hydrated species, which then coordinate
with partially deprotonated C-CNFs. The addition of base leads to
further deprotonation of the C-CNFs and production of iron hydroxide
species that nucleate to form magnetite at high pH (Seisenbaeva and
Kessler, 2014), with the surface remaining iron coordinated to the car-
boxymethylated cellulose nanofibrils. However, this does not explain
the formation of both the “fibre-like” assemblies and larger aggregates.
Using electron microscopy and AFM, our investigation revealed three
distinct composite structures. This included self-assembled fibril struc-
tures containing surface-bound iron oxide nanoparticles, larger C-CNF
aggregates with iron oxide nanoparticles in the range of a few nano-
meters, and large iron oxide particles that formed on the surface of fibril
aggregates, the latter stimulated by Ostwald ripening. The larger parti-
cles may result from both aggregation and Ostwald ripening, although
the larger crystal domain size for the composite indicates domination of
the Ostwald ripening phenomenon. It is assumed however, that the
source of C-CNFs will play a significant role in the formation of the
observed structures. In this study, the C-CNFs were derived from wood
and had uniform particle sizes in the range of 3-4.5 nm for single fibrils
according to TEM.

To determine whether the iron oxides are precipitated along the
outer regions of the large C-CNFs network, or were incorporated within
the bulk of the aggregates, samples were embedded, sectioned and



T.C. Breijaert et al.

450 m

460m

46mm| (35
00mm,

00

Carbohydrate Polymers 291 (2022) 119560

4t4nm 3020m

000
1nm 30nm

4.1nm

0.0 nm
30nm

0.0nm

00

Fig. 2. Scanasyst AFM images of an Iron-oxide carboxymethyl cellulose composite. Top down view at 512 px resolution and A) 1 x 1 pm, B) 500 x 500 nm, C) 200 x
200 nm scan sizes. 3D view a composite at D) 1 x 1 pm, E) 500 x 500 nm and F) 200 x 200 nm.
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Fig. 3. A) SEM-EDS image of a large aggregate showing the presence and distribution of carbon, oxygen and iron, attributed to carboxymethylated cellulose
nanofibrils and iron oxide respectively. B) SEM image of the iron oxide — C-CNF. C) TEM image without staining of iron oxide-C-CNF.

examined by TEM to provide additional information on the ultrastruc-
tural nature of the composite material.

As shown in Figs. 3-5 and S1, Fig. S1, the iron oxides were present in
three major forms, including, iron oxide aggregates, inclusion of iron
oxides within the C-CNF aggregate structure, and adsorption onto the C-
CNF fibril surfaces. While the surface adsorbed iron oxide nanoparticles
grew into large sizes due to Ostwald ripening (i.e. ca. 5,5-8 nm), the iron

oxide nanoparticles encapsulated within the C-CNF structure remained
in the order of 1,5-2,5 nm. This observation is in good agreement with
calculations of the average size of crystalline domain applying the
Scherrer formula. It indicates that carboxymethylated cellulose nano-
fibrils not only allow for the formation of C-CNF-iron oxide network
clusters, it is also effective in retaining the iron oxide particle size range
to a few nanometers, so long as the particles are encapsulated by
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Fig. 5. TEM images of a cross-sectioned resin embedded iron oxide — C-CNFs. Large aggregates are visible on the surface (inset shows the particle size distribution in
nm) and open structure of the iron-cellulose composite, while smaller particles appear aligned with individual fibrils (inset shows the particle size distribution in nm).
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cellulose fibrils and not present on the surface where Ostwald ripening
can occur. Ostwald ripening otherwise sometimes called isothermal
distillation is a phenomenon associated with minimization of the surface
energy in a precipitate, which results in dissolution of smaller particles
and simultaneous growth of the larger ones in the system (Voorhees,
1985). Whether the formation of these large composite aggregates is
caused by the formation of small iron oxide particles after bonding of
ionic iron to C-CNF or by the intercalation of the iron oxide particles
within the C-CNF after metal oxide formation remains unknown. TEM
suggests the iron oxides associate with the outer regions of the nano-
sized C-CNFs, following the orientation of the individual cellulose fi-
brils (Figs. 5, S, S1). The statistic distribution of sizes for single-domain
particles according to TEM (see Fig. 5) shows that it is clearly smaller
inside the fibres 2.0-4.0 nm compared to that on their surface 3.6-16.4
nm, indicating that it was in the first hand Ostwald ripening that pro-
duced the larger particles on the surface.

3.4. Drug adsorption and desorption

Fe304 NPs are of interest not only for their magnetic properties but
also for their optical properties, as they are known to display photo-
thermal conversion which may be exploited for therapy and drug de-
livery (Estelrich & Busquets, 2018; Johnson et al., 2018; Sadat et al.,
2014; Wang et al., 2014). In order to examine the potential of the
composite material as a drug delivery vehicle, we tested the adsorption
and desorption of tetracycline, a broad-spectrum antibiotic. After 72
hour contact time, tetracycline showed a maximum drug adsorption of
62 pg/mg (79%) at room temperature with up to 27 pg/mg (35%) within
the first 240 min indicating that the initial adsorption is fast and
thereafter slows down (Fig. 6A).

To test the viability of the composite for drug delivery and the in-
fluence daylight plays on the release of tetracycline, samples were pre-
pared in batches and split equally. One part was exposed to a daylight
lamp during desorption, and the other kept dark by wrapping in foil.
Citrate buffer was added and release of tetracycline followed by UV-VIS
(Fig. 6B). Initial drug release was relatively slow with an approximate
11% release in the absence of light and 20% release in light after 3 h.
This increases to 33 and 85% with- and without light respectively, after
2 days indicating that the release desorption rate of tetracycline was
strongly influenced by daylight.
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4. Conclusions

In this work, we demonstrated the synthesis of a magnetically
responsive composite material based on carboxymethyl cellulose and in-
situ synthesized magnetite, that self-assembled into fibre-like nano-
structures which were characterized by AFM, SEM, TEM, FTIR, TGA and
PXRD. The material displayed stable magnetic characteristics on stor-
age, both in solid state and in solution. In addition, the novel material
was studied in solution state as a potential drug vehicle for the delivery
of tetracycline. Thus, the main hypothesis of this work was proved valid.

Carboxymethylated cellulose nanofibrils derived from wood were
successfully decorated with iron oxide particles in an in situ process so
that magnetic iron oxide particles were of relative uniform size and
assembled into larger composite structures together with cellulose.
These structures could be divided into three broad categories: i) Large C-
CNF aggregates where the iron oxide nanoparticle size was small with
growth limited by the C-CNF structure; ii) large iron oxide particles that
form on the surface of the fibre aggregates, where particle growth is
stimulated by Ostwald ripening, and iii) cellulose-iron oxides forming
long fibre networks comprising iron oxide and cellulose with longitu-
dinal dimensions far exceeding that of the initial components. For the
fibre-like networks, it is highly likely that the morphology and pH
response of both the metal oxide and C-CNF play a crucial role in its
formation. Variations in cellulose source and synthetic conditions may
have significant influence on the overall structures formed. The phase of
iron oxide synthesized in this method is the magnetically responsive
magnetite, which will oxidize to iron(II)-deficient maghemite with time
in the presence of oxygen. This method is simple and cost-effective,
which can lead to the development of further magnetically relevant
materials. However, the synthesis of the “fibre-like” structures remains
difficult with subtle changes in synthetic conditions having a profound
effect on the structures obtained.

Electronic supporting information includes additional details on
TEM, XRD and TGA studies, and demonstration of magnetic properties
of obtained materials (as photo and video evidence). Supplementary
data to this article can be found online at https://doi.org/10.1016/j.
carbpol.2022.119560.
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Transmission electron microscopy

Figure S1. TEM image of carboxymethylated cellulose nanofiber - iron oxide composite. Arrows show the small
iron oxide particles associated with the cellulose fibrils and their respective dimensions.
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Figure S2. Reference Patterns for a) Hematite (00-033-0664), b) Maghemite (00-039-1346), c) Geothite (00-029-
0713) and e) Cellulose (00-050-2241) overlaid over the synthesized iron oxide and CMC iron oxide composite.

Thermogravimetric Analysis

Thermogravimetric analysis of a freeze-dried sample of the iron-C-CNF composite material. Under
oxygen atmosphere and at a heating rate of 5 °C /min, the composite shows a weight loss of 5.15%
between 20-100 °C which is associated with adsorbed water. Between 100-200 °C the composite is
quite stable losing up to 1.68% mass. Increasing the temperature leads to thermal decomposition of
the material at 256.63 °C, accounting for a 65.96% total weight reduction. A further increase to 442
°C leads to a 4.25 wt% reduction, beyond which the sample remains stable until approximately 700
°C, beyond which a gradual increase of 1.57 wt% is measured. The final residual mass is 31.83 wt%
which is associated with the iron oxide.
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Figure S3. Thermogravimetric analysis of a FeOx-cellulose composite material.



Figure S4. An illustrative composite image showcasing the retention of magnetic properties after storage for 10
months in air with A/B) showing an ethanol-exchanged, oven dried sample, ground into a course flakey powder
and C/D) showing an ethanol-exchanged centrifuged (compressed) sample.
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The demand for new renewable energy sources, improved energy storage and exhaust-free transportation
requires the use of large quantities of rare earth (REE) and late transition (LTM, group 8-12) elements. In
order to achieve sustainability in their use, an efficient green recycling technology is required. Here, an
approach, a synthetic route and an evaluation of the designed bio-based material are reported. Cotton-
derived nano cellulose particles were functionalized with a polyamino ligand, tris(2-aminoethyl) amine
(TAEA), achieving ligand content of up to ca. 0.8 mmol g~*. The morphology and structure of the pro-
duced adsorbent were revealed by PXRD, SEM-EDS, AFM and FTIR techniques. The adsorption capacity
and kinetics of REE and LTM were investigated by conductometric photometric titrations, revealing quick
uptake, high adsorption capacity and pronounced selectivity for LTM compared to REE. Molecular insights
into the mode of action of the adsorbent were obtained via the investigation of the molecular structure of
the Ni(1)-TAEA complex by an X-ray single crystal study. The bio-based adsorbent nanomaterial demon-
strated in this work opens up a perspective for tailoring specific adsorbents in the sequestration of REE

rsc.li/dalton

Introduction

Rare earth elements (REE) are critical elements for the devel-
opment of modern technology and industries."”> Their appli-
cation in energy production and storage® in the form of mag-
netic materials, permanent magnets®® and as components in
NiMH batteries®” has resulted in an increased demand for
these materials.” This has resulted in an increase in an
acquisition by mining, which is inherently unsustainable. In
that regard, recycling the existing REE-containing materials
such as common REE-based magnets needs to be
promoted.®™® However, both mining and recycling require
the use of extraction and separation techniques involving
large amounts of hazardous reagents and solvents.””'" The
most common technology for REE separation is acidic leach-
ing with various acidic leaching agents, using several precipi-
tation steps to remove unwanted components, after which
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and LTM for their sustainable recycling.

the product can be calcined and re-dissolved.>'>™* However,
most established methods require repeated steps to obtain the
desired metal purity as it is difficult to separate REE from late
transition metals (LTM, groups 8-12), which are commonly
found with REEs in REE-containing recyclable materials.'>™"’
An alternative to the use of liquid-phase extraction and
separation of REEs from late transition metals is the use of
solid adsorbent materials for the extraction of metals from
solution.’® Today a wide range of adsorbent materials are
available that can remove metals from solution, ranging from
inorganic materials such as fly ash,' steel slag materials,>®
olivine and zeolites*" to organic materials such as tree
bark,?® chitin/chitosan,”®2* jon exchange resins, poly-
mers,”®*”  protein-based adsorbents,”®*?  lignocellulosic
sources®® and peat.*" With purely inorganic materials, it can
be difficult to tune metal adsorption capacity and selectivity
beyond what is inherent to the material but in some cases, at
least with silicate materials**>® and metal oxides,>”"® it is
possible to graft the surface with organic ligands to improve
metal uptake and selectivity. Organic adsorbents naturally
contain reactive groups on the surface onto which ligands
may be grafted. By choosing an appropriate type of coordinat-
ing ligand, it is possible to increase the adsorption capacity
of the adsorbent materials and selectivity and therefore sep-
arate LTM from REE.**?7 Creating a tailored ligand mono-
layer on the surface of the adsorbent opens up the possibility

This journal is © The Royal Society of Chemistry 2022
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to adjust it specifically for selective adsorption of target
metal species, realizing the so-called molecular recognition
approach.**™*!

Natural bio-based polymer materials are especially suitable
from an environmental point of view as they are considered
renewable resources.*>™** Cellulose, for example, is the most
abundant, renewable polymer on the planet, accounting for
several terra tons of annual biomass production.”” It is found
in plants as a major constituent, serving as a structural
polymer, but it can also be produced by bacteria with the
morphology depending on the source.*>*® In addition,
varying the original morphology depending on the source,
cellulose can be processed in order to form more advanced
structures such as networks, gels and fibres. In terms of the
chemical structure, it consists of polymeric p-1,4-linked
p-glucose which self-assembles into higher-order structures
which can be chemically modified for specific
applications.””*® The wide availability of cellulosic materials
in nature combined with its renewable nature and low cost
makes cellulose a very promising raw material for the prepa-
ration of advanced adsorbent materials.”*” ! By grafting the
surface of cellulose with ligands that have high affinity to
specific metals and preferentially binding them, the recycling
and separation of magnetic and battery materials can be
made more environmentally sustainable.”™*' Amines, for
example, are well known to strongly bind to late transition
metals via the formation of coordinate covalent bonds while
specific coordination geometries are known to stabilize
certain metal cations. An example of such a ligand is tris(2-
aminoethyl)amine, which contains four amino functions,
three of which are located in freely rotating amine-containing
arms and the ligand is known to form stable complexes with
transition metals.**">®

In this study, we present the development and characteriz-
ation of a cellulose-based nanoadsorbent material containing
tris(2-aminoethyl)Jamine as a ligand that can rapidly form
stable complexes with transition metals. Additionally, the
mode of surface binding and possibility of ion exchange pro-
cesses have been demonstrated by the single-crystal X-ray
study of the model compound. The adsorption capacity, kine-
tics and metal uptake selectivity of REE and LTM and the pH-
dependent desorption of metals from the produced cellulosic
material have been studied.
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Materials and methods
Synthetic procedures

Synthesis of cellulose nanocrystals. Cellulose nanocrystals
(CNCs) were synthesized according to the literature pro-
cedure.”® In short, 16 g of raw cotton was suspended in
140 mL of 64 wt% sulphuric acid at 45 °C for 45 minutes, after
which it was poured into 10-fold excess water and allowed to
settle. The supernatant was decanted and CNC suspension
was poured into dialysis bags (MCWO = 12 kDa) and dialyzed
against miliQ until the conductivity remained unchanged.

Synthesis of chlorinated nanocellulose. A CNC suspension
corresponding to 3.0 g of CNCs (18.3 mmol AGU) was lyophi-
lized and suspended in 60 mL of sieve-dried N,N'-dimethyl-
formamide (DMF, 5 wt%) in a round-bottom flask and fitted
with a reflux condenser and drierite-packed drying tube. The
mixture was heated to 80 °C before adding 10.5 mL of thionyl
chloride (145 mmol, 7-8 eq. based on AGU) dropwise over
15-20 minutes. The reaction was allowed to stir for 4 hours
and the cellulose precipitated out in water, then it was neutral-
ized with 3% ammonia solution until the pH became neutral.
The resulting suspension was homogenized using a high-shear
mixer (13 500 min™', 10 minutes). The particles were collected
via centrifugation (10 min, 10k rpm) and washed several times
with miliQ, re-suspending between each washing cycle. The
sample was lyophilized for further analysis.

Synthesis of tris(2-aminoethyl)amine-cellulose. An aqueous,
chlorinated cellulose suspension (1.5 g) was centrifuged, water
was replaced with 1,4-dioxane, and washed 4 times. Particles
were allowed to stand for some time before each washing
cycle. Afterwards, the CI-CNC suspension was transferred to a
round-bottom flask, followed by the addition of 1.4 mL of tris
(2-aminoethyl)amine (TAEA, 9.3 mmol, 2.2 eq. based on Cl
content as determined by EDS), fitted with a reflux condenser
and refluxed overnight. The product was collected via centrifu-
gation, washed until the conductivity was similar to that of
miliQ and lyophilized. The amine content was determined via
conductometric titration. The approach is summarized in
Scheme 1.

Synthesis of single crystals of model compounds

[Ni(u)(TAEA)(H,O)(NO3)INO; (1). Ni()(NO;),-6H,O (279.8 mg,
1 mmol) was dissolved in 4 mL of miliQ, followed by the
addition of 1 molar equivalent (143 pl) of the ligand and the

NH,
NH, N~
OH Cl \N HNJ .
SOCl, 7.8eq o HaN">N~""NH, o
RO . DMF, 80C, 4h (RO 1,4-Dioxanereflux,18h [RO
HO OR R R OR
OH R h R
n
R=0H/CI R =0H/Cl / TAEA

Scheme 1 Preparation route to the synthesis of tris(2-aminoethyl)amine modified cellulose.
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solutions were allowed to slowly evaporate at room tempera-
ture, yielding violet block-shaped (prismatic) crystals.

[N(C,H,;NH3)3](NO3); (2). 1 mmol of REE(m)(NO;),-6H,0
(REE = Sm, Dy) was dissolved in 4 mL of miliQ, followed by the
addition of 1 molar equivalent (143 ul) of the ligand, and the
solutions were allowed to slowly evaporate at room tempera-
ture, yielding colorless plate-shaped crystals in a gel-like
matrix.

Characterization

Scanning electron microscopy/energy dispersive X-ray scat-
tering. Scanning electron microscopy (SEM) observations were
conducted using a Hitachi FlexSEM 1000 at an acceleration
voltage of 5 kV, a spot size of 20, and a working distance of
5 mm. For energy dispersive X-ray scattering (EDS), an accel-
eration voltage of 20 kV, a spot size of 50, and a working dis-
tance of 10 mm were used.

Atomic force microscopy. Samples were characterized using
a Bruker Dimension FastScan Atomic Force Microscope (AFM)
with a Nanoscope V controller in ScanAsyst mode using a
Fastscan-B AFM probe (silicon tip, fo: 400 kHz, k: 4 N m™, tip
radius: 5 nm nominally) and a scan rate of 1-3 Hz. Data were
processed using Gwyddion 2.56 with an aligned row median to
remove skipping lines.

Fourier transform infrared spectroscopy. Fourier transform
infrared (FTIR) analysis was performed with a Perkin-Elmer
Spectrum 100 FT-IR spectrometer using KBr pellets.

Powder X-ray diffraction. Powder X-ray diffraction
(PXRD) data were obtained on a Bruker D8 QUEST ECO diffr-
actometer equipped with a proton area detector and graphite
monochromated sealed-tube Mo-K, (4 = 0.71073 A) radiation
source.

Single-crystal X-ray diffraction. Data collection was carried
out with a Bruker SMART Apex-1I diffractometer equipped with
a graphite monochromated sealed-tube Mo-Ka (4 = 0.71073 A)
radiation source using omega-scans to obtain full hemisphere
data down to 1.0 A resolution (2theta — 50.05°). CgH,oNgNiO5,
mol. wt = 346.97 Da, monoclinic, space group P2(1)/c, a =
8.3129(6), b = 8.3129(6), ¢ = 8.3129(6) A, § = 91.8660(10)°, V =
1400.15(18) A, and Z = 4. The structure was solved by direct
methods. The coordinates of the majority of the non-hydrogen
atoms were found from the initial solution and those for the
residual non-hydrogen atoms and the hydrogen atoms of the
water molecule attached to the nickel atom were determined
in the subsequent difference Fourier syntheses. The coordi-
nates of other hydrogen atoms were calculated using opti-
mized geometric approximation. All non-hydrogen atoms were
refined first in isotropic and then in anisotropic approxi-
mation. Hydrogen atoms attached to carbon atoms were
refined isotropically, while for the H-atoms in the hydrating
water molecules, only the coordinates were refined while the
thermal deviation parameters were assumed to be equal to
1.500 times the atomic deviation parameters of the corres-
ponding oxygen atom. The refinement converged at
R, = 0.0836 and wR, = 0.1990 for 2049 observed reflections
(I> 26(1)).
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Nitrogen adsorption/desorption isotherms. The specific
surface area and pore volume/area were determined from
nitrogen adsorption/desorption isotherms on freeze-dried
samples at —196 °C (Micromeritics ASAP 2020 Surface Area
and Porosity Analyser, Norcross, GA, USA). The samples were
degassed at 120 °C for 3 h before the measurements.

Conductometric titration. Titrations were performed using a
Metrohm Titrando 888 (2.888.0310), fitted with an 856 conduc-
tivity module (2.856.0010), 800 Dosino (2.800.0010), 5-ring
conductivity measuring cell (¢ = 0.7, 6.0915.100), using TIAMO
Light 2.5 as automation software. Titers were determined
using tris(hydroxymethyl)aminomethane (HCl) and potassium
hydrogen phthalate (NaOH). Amine content was determined
via conductometric titration by the back titration of protonated
amine.

Photometric titrations. Metal sequestering titrations were
performed by photometric titration using 5 mM ethylenedia-
mine tetraacetic acid (EDTA). Prior to use, EDTA was standar-
dized against calcium carbonate using eriochrome-T and
ammonia buffer. Photometric titrations were performed in
either acetate buffer with Xylenol Orange (Ln*") or ammonia
buffer (pH 9) with murexide (Ni**and Co").

Adsorption isotherms. For adsorption experiments, ami-
nated samples were suspended in miliQ and the mass content
was determined gravimetrically. 20 mg of cellulose was trans-
ferred to a 50 mL Falcon tube, followed by the addition of
20 mL of an appropriate metal stock (0.5, 1, 2, 3, 4, and
10 mM). Samples were left to equilibrate for 48 hours before
collecting the particles via centrifugation and titrating the
supernatant with 5 mM EDTA.

Adsorption kinetics. For adsorption kinetics experiments,
40 mg of an aminated cellulose sample was suspended in
40 mL of 10 mM of metal solution and samples were taken
and titrated against 5 mM EDTA at predetermined intervals
(15 min, 30 min, 1 h, 3 h, 6 h, 18 h, and 24 h).

pH-Dependent desorption. For pH-dependent desorption,
10 mg of the sample was suspended in 10 mL of 10 mM metal
solution and allowed to equilibrate for 48 hours. The sample
was centrifuged down and the metal solution was replaced
with solutions of nitric acid with a predetermined pH and
allowed to equilibrate for another 24 hours before centrifuging
the particles and the supernatant was collected and titrated
against 5 mM EDTA.5.

Results and discussion
Physical characterization of the adsorbent

Powder X-ray diffraction. The synthesis of tris-(2-aminoethyl)
amine (TAEA) modified cellulose was performed by following a
straightforward procedure. First, the substrate was made sus-
ceptible to nucleophilic substitution by chlorination with
thionyl chloride in N,N-dimethylformamide. During the
chlorination step, the accessible hydroxyl groups present on
the AGU of cellulose were converted into chlorine ones,
which then undergo nucleophilic substitution using one of

This journal is © The Royal Society of Chemistry 2022
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the amine groups present on TAEA to form the desired
product.

One potential issue, depending on the application, with
this approach, however, is that the chlorination of cellulose
leads to a reduction of hydrogen-bonding along the solvent-
accessible surface, which in turn allows the outer regions to
dissolve in DMF. This will then precipitate out when exchan-
ging solvent during washing or workup, leading to a change in
morphology and crystallinity of the cellulose samples. The
change in the cellulose structure as a result of reactive dis-
solution was clearly observed by pXRD (Fig. S17). Here, we see
a change in crystallinity and phase between pristine cellulose
nanocrystals, composed of the Cellulose I phase, and the
chlorinated product as a result of the reactive dissolution and
subsequent regeneration of cellulose by precipitation in water.
Further reaction of the chlorinated material with tris(2-amino-
ethyl)amine leads to a certain increase in crystallinity.
X-ray patterns of modified products, as expected for a modified
less crystalline polymer, showed essentially one broad peak
with a slight shift to larger 2Theta due to the compression of
hydrogen bonding as a result of the substitution of hydroxyl
groups.

Textural characteristics of the cellulose-TAEA sample were
investigated (Fig. S31). Thus, the Brunauer-Emmett-Teller
specific surface area (Sggr) was determined from the low-temp-
erature nitrogen adsorption/desorption isotherms and found
to be 11 m? g~'. The shape of the isotherm confirms the non-
porous or macroporous surface of the material.”” The pore-size
distribution by volume and area was obtained using the
Barret-Joyner-Halenda (BJH) method®® by the desorption
branch of the isotherms for the cellulose-TAEA sample. The
BJH cumulative surface area and volume of pores between
1.7 nm and 300 nm were found to be 10.3 m* g™' and
0.025 cm® g™, whereas the BJH average pore width was
9.63 nm. Determination of the nano cellulose surface by nitro-
gen sorption is challenging because this material collapses,
losing porosity even on freeze-drying that was applied. The
data indicate that the surface of nano cellulose is not an active
player in the adsorption process as the uptake seems to be
related firsthand to the content of the functional ligand.

Fourier transform infrared spectroscopy (FTIR). In pristine
cellulose nanocrystals derived from cotton by sulphuric acid
hydrolysis, we can observe a strong broad peak at 3340 cm™"
(Fig. 1) which was attributed to OH stretch from hydroxyl
present in cellulose and partly to moisture. Additionally, we
observed several partly overlapping strong vibrations around
2910 em™" which were attributed to C-H stretching vibrations
in the anhydroglucose backbone of the cellulose nanocrystals.

The relative position of most observed vibrations in the
3000-2800 cm™' window remains essentially unchanged
except for their transmission intensity, which may be attribu-
ted to the regeneration of the cellulose matrix observed via
PXRD (Fig. S1f). After chlorination, a distinctly new peak
appeared around 1725 cm™', which disappeared after amin-
ation. In addition, a small shift from 1650 to 1665 cm™" was
observed which may be attributed to N-H bend vibrations,
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Fig. 1 FTIR spectrum of pristine cellulose nanocrystals derived from
cotton by sulfuric acid hydrolysis (black), chlorinated CNCs from SOCl,
in DMF (red) and TAEA-modified cellulose (blue).

indicating the successful grafting of tris(2-aminoethyl)amine
onto the cellulose matrix.

Scanning electron microscopy (SEM)/energy dispersive X-ray
scattering (EDS). This change in morphology observed by
PXRD is further corroborated by AFM and SEM (Fig. 2A-F), in
which we observed clear morphological changes between pris-
tine CNCs derived from cotton and the final aminated
product. In the original pristine CNCs, the rod-shaped CNCs
(~40 x 150 nm, AFM, Fig. 2A and B) form ordered films with
the cellulose self-assembling along the longitudinal direction
of the crystal (Fig. 2A). Chlorination of the pristine CNCs by
thionyl chloride in N,N-dimethylformamide leads to a change
in morphology where the product undergoes a transformation
from rod-shaped CNCs into global cellulose nanoparticles as a
result of reactive dissolution, followed by precipitation and

Height Se

Fig. 2 AFM images of pristine CNCs derived from cotton by acid hydro-
lysis (A and B), and scanning electron microscopy images of chlorinated
CNC derived from cotton CNCs in DMF (C and D) and TAEA-aminated
cellulose (E and F).
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high-shear mixing. Energy dispersive X-ray scattering (EDS)
was used to analyse the surface composition of the materials.
EDS analysis of the intermediate chlorinated product showed
an appreciable chlorine content of approximately 2.81 + 0.04
mmol g~ for the chlorinated product. In an attempt to
maintain the original CNC structure, we attempted to chlori-
nate lyophilized CNCs in dry toluene instead; however, this
resulted in only very minor amounts of chlorine within the
sample, in the range of 0.05 + 0.02 mmol g™

The resulting chlorinated product was aminated and after
Iyophilisation of the sample; the final product appeared to
consist of globular nanoparticles in the 150-250 nm range.
EDS analysis of the resulting aminated product showed an
appreciable amine content of approximately 4.67 + 1.55 mol
¢~" nitrogen, corresponding to 1.17 + 0.39 mmol g~" amine.
The resulting material still contains 1.76 + 0.06 mmol g™
chlorine and 0.12 + 0.02 mmol g~" sulphur in addition to the
newly installed amine. The remaining chlorine in the sample
may be attributed in part to the reaction being incomplete and
in addition, partly attributed to the internalization of chlorine-
containing cellulose chains, making it inaccessible for the sub-
sequent amination step. For metal selectivity experiments, it is
important to note the presence of elements not associated
with the ligand as these may in turn interact with metal
cations by coordinative covalent bonds or electrostatic inter-
actions. Conductometric titration of the final aminated
product leads to an amine content of 0.84 mmol g~ (Fig. S21).
The discrepancy between EDS and conductometric titrations
may be explained by the surface availability of the amine in
aqueous media after lyophilisation, requiring a longer equili-
bration time.
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Metal sequestration characterization

Adsorption characteristics. In order the evaluate the suit-
ability of the material for metal sequestering in the recycling
of REE-based materials, adsorption isotherms for the
materials were measured using REE neodymium, samarium
and the LTMs nickel and cobalt as these are commonly found
in REE-based permanent magnets. The results showed that
with the increasing initial metal concentration, the adsorption
from solution increases until a maximum is reached due to
the saturation of available surface binding sites (Fig. 3). The
maximum adsorption capacities and the corresponding ligand
stoichiometries can be found in Table 1.

Based on these results, the TAEA-modified cellulose
material is promising for metal sequestering, obtaining near
1:1 ligand to metal stoichiometry, indicating that the adsorp-
tion capacity of the material is inherently tied to the ligand
grafting, ie. higher ligand grafting will increase the metal
adsorption capacity.

To evaluate the rate at which metals are removed from solu-
tion, the adsorption kinetics were studied (see Fig. 4), which
showed that for cobalt(u), the adsorption occurs rapidly, reach-
ing 53% within an hour and 83% within 6 hours. The next
metal with the highest rate of adsorption is neodymium,
showing 40% adsorption in 6 hours, followed by nickel(n) at
34% in 6 hours. Samarium in comparison is rather slow to
adsorb, reaching 61% adsorption in a 24-hour window. As
cobalt(n) is rapidly adsorbed by TAEA-functionalized cellulose,
it may provide some kinetic selectivity between the separation
of cobalt from samarium in CoSm magnets and materials with
similar compositions. The separation between nickel and neo-
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Fig. 3 Langmuir isotherms of late transition metals (A) Ni and (B) Co and rare earth elements (C) Nd and (D) Sm.
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Table 1 Adsorption capacity and metal ligand stoichiometry of tris(2-
aminoethyl)amine modified-cellulose

View Article Online
Paper
Table 2 Metal selectivity by tris(2-aminoethyl)lamine modified-cell-

ulose as determined by EDS analysis of the adsorbent after equilibrating
in equimolar aqueous metal mixtures

Adsorption capacity Metal/ligand
Metal [mmol g™"] stoichiometry ~ Metal mixture Ratio
Co 0.76 0.90 Ni: Co 1:1.1
Ni 0.88 1.04 Nd : Ni 1:5.1
Nd 0.79 0.94 Sm: Co 1:5.7
Sm 0.82 0.97 Sm: Nd 1:1.2

dymium in comparison, however, does not yield any signifi-
cant kinetic selectivity.

As the intended purpose of the material is to selectively
remove one class of metal (LTM/REE) from solution, the
adsorption selectivity between equimolar mixtures of different
metal ions by the material at a solution equilibrium was
studied by EDS spectroscopy. By looking at the elemental
ratios between metals on different spots we can estimate the
average selectivity of the material. The result of EDS analysis
can be viewed in Table 2. Briefly, when presented with an equi-
molar mixture between a lanthanide and a late transition
metal, the TAEA functionalized material has a 5:1 preference
towards the adsorption of late transition metals (Fig. S4 and
S51). When presented with an equimolar mixture of cobalt (i)
and nickel(u), the product shows negligible selectivity towards
cobalt (Fig. S67). Similarly for a samarium(m)/neodymium(ir)
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mixture, there is a negligible preference towards neodymium
(Fig. S77), indicating that the material is suitable for selectively
adsorbing late transition metals over lanthanides from
solution.

The difference between the adsorption kinetics of Sm(i)
and Nd(m) is difficult to explain. It might originate from
different features in the nucleation and growth of the corres-
ponding hydroxides formed on the interaction of the ions with
a local basic medium in the proximity of poly-amino ligands
(please see below).

In addition, desorption tests were performed at pH values
0,1, 2, 3, 4 and 5 using nitric acid in 50 mL Falcon tubes. After
the samples were equilibrated for 48 hours, the samples were
centrifuged and the pH was adjusted to predetermined values.

The samples were placed on an orbital shaker for 24 hours,
after which the nanoparticles were separated by centrifugation
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Fig. 4 Adsorption kinetics of (A) Ni, (B) Co, (C) Nd, and (D) Sm by cell-TAEA in a 24 h period.
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(5500 rpm, 10 min), the supernatant was collected and the pH
was adjusted with a base and titrated against EDTA to deter-
mine the desorbed metal amount. The results of the desorp-
tion experiments can be seen in Fig. 5 and are summarized in
Table TS1.T For most metals at least 50% recovery is possible,
expect for cobalt, which appears to be more resilient to acid
treatment for recycling of the material.

Single-crystal X-ray diffraction. Aiming to get insights into
possible metal complexes that may form on the surface of the
modified cellulose in the presence of TAEA, attempts were
made to grow X-ray-quality single crystals. In order to achieve
this, solutions of the corresponding metals as nitrate salts were
prepared in miliQ water, followed by the addition of 1 molar
equivalent of the ligand and the solutions were allowed to
slowly evaporate at room temperature in ca. 50% humidity, pro-
duced in the case of Ni(u) violet block-shaped crystals. The crys-
tallization residue had a very uniform appearance, indicating
complete conversion into a single complex form.

The single crystal X-ray study revealed a molecular structure
(see Fig. 6), where the Ni(u) cation is octahedrally coordinated
with the coordination sphere composed of the four nitrogen
atoms of the TAEA ligand, one oxygen atom of the coordinated
water molecule and one more oxygen atom from the inner-
sphere coordinated nitrate ion. The bond lengths are essen-
tially equivalent for all the Ni-N contacts (Ni(1)-N(2) 2.085(6),
Ni(1)-N(3) 2.109(6), Ni(1)-N(4) 2.072(6), and Ni(1)-N(5)
2.095(6) A) and the coordinated nitrate oxygen atom (Ni(1)-O(1)
2.101(5) A). The bond to hydrating the water molecule is con-
siderably longer, Ni(1)-O(1B) 2.201(5) A, which is a commonly
observed feature. Bonding within the Ni(TAEA) fragment is
comparable with that observed earlier in the structures
of Ni(n) with this ligand such as Ni(TAEA)(NO;),* and
[Ni3(TAEA),(H,0),(TMEDA),|Cl.”° In these latter structures,
the nature of bonding was very analogous with essentially
equal bonds to the five neighbours, four N-atoms of the TAEA
ligands in both cases (Ni-N 2.055-2.095 and 2.080-2.117 A
respectively) and one more atom - either an O-atom in one of
the nitrate ligands or a N-atom of the additional TMEDA
ligand (2.075 A in both cases). The sixth bond is much longer
and stays for bonding either to an oxygen atom in an
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Fig. 5 pH-Dependent desorption of (A) Ni, (B) Co, (C) Nd and (D) Sm
from cell TAEA.
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Fig. 6 Molecular structure of [Ni(TAEA)(H,O)(NO3)I(NO3) (1).

additional nitrate ion or to that in a water molecule.
Observation of this manner of bonding actually is rather
peculiar, indicating the most probable Jahn-Teller effect in the
3d® configuration of the Ni(u) cation, resulting in the weaken-
ing of one bond in the octahedral coordination sphere permit-
ting facile ligand exchange between the hydrating water and
the nitrate ligand (Table 3).

Crystallization in a more humid environment in this case
led to a structure with the water molecule included in the
coordination sphere and “free” nitrate ion. The late transition
metal cations (an analogous Co(u) structure has been reported
with two nitrite ligands bound in the coordination sphere via
N-atoms, Co(TAEA)(NO,),"* - all bonds essentially equal in
length) are apparently forming stable complexes with the che-
lating TAEA ligand, which explains the stronger selectivity of
bonding towards Ni(un) and Co(u) compared to REE of the
reported adsorbent.

In the case of REE, the product of mass crystallization
from an equimolar mixture of metal nitrate and TAEA ligand

Table 3 Details of data collection and refinement for compound 1

Compound 1

Chemical composition CeH,oNgNiO5
Formula weight 347.09
Crystal system Monoclinic
Space group P2(1)/c (14)
Ry 0.0836

WR, 0.1990
a[A] 8.3129(6)
b[A] 14.3595(11)
c[A] 11.7358(9)
al°] 90

BI°) 91.8660(10)
71 %

V[A3] 1400.15(18)
T[K] 296(2)

Z 4

No. of obs. independent refl., I > 26(1) 2364
Residual electron density max 1.635

This journal is © The Royal Society of Chemistry 2022
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turned out to be solely [N(C,H4NH;);](NO3); (2). The nature of
the obtained product was the same for both Dy(m) and Sm(ur)
as indicated by unit cell parameter determination for multiple
single crystals from the reaction mixture (see Table TS2 and
Fig. S8%). The obtained structure is identical to that described
by Bianchi et al.®® This shows that the sorption mechanism of
REE is supposedly principally different from that for LTM and
is not involving inner sphere complexation with the grafted
poly-amino ligand. The REE sorption may involve retention of
either the hydrated cations or hydroxide forms. An additional
argument for this option is provided by the work of Roesky
et al,® where the structures of several mixed-ligand com-
plexes of Ni(u) and REE(ur) with TAEA and Schiff base carboxy-
late were reported. In the competition between ligands, the Ni
(1) cations were binding exclusively to nitrogen atoms in TAEA
and REE - to the carboxylate oxygen atoms (see Fig. S97).
Such behavior is well in line with Pearson’s hard and soft
acid-base theory® as Ni(u) is a soft acid binding to a soft
amino ligand, while REE cations are typically hard acids
binding to hard oxygen donor bases.

Conclusions

The possibility of grafting a specific ligand permitting
sequestration and separation of REE and LTM on a bio-based
adsorbent matrix of nano cellulose has been demonstrated.
Tris(2-aminoethyl)Jamine was attached to cellulose nanocrys-
tals via a two-step route involving chlorination and amination
steps. The morphology and crystallinity of the matrix were
preserved, as demonstrated by PXRD and microscopy tech-
niques. The produced adsorbent showed relatively quick
adsorption kinetics at room temperature and pH = 6 for
LTM, especially for Co(u), and considerably slower for REE.
The adsorption capacity achieved values of ca. 0.8 mmol g™,
corresponding to the functional ligand content and thus
demonstrating the formation of surface complexes with 1:1
composition for all studied cations. The adsorbent revealed
pronounced selectivity towards LTM compared to REE. The
desorption of target cations was investigated as a function of
pH, demonstrating comparably stronger retention of LTM
compared to REE. The X-ray single crystal studies of mole-
cular model compounds, [Ni(TAEA)(H,0)(NO;)](NOs) (1) and
[N(C,H,4NH3);](NO;); (2), gave insights into the possible
mode of action of the adsorbent and its cation and anion
exchange processes.
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Figure S1. X-ray powder diffraction patterns of Pristine nanocellulose derived from cotton via sulfuric
acid hydrolysis (black) — Cellulose I, Monoclinic, Space group P2;,a=0.778 nm, b=0.820 nm, c =
1.038 nm, gamma = 96.51 deg,5>52 Cellulose chlorinated in SOCIl, in DMF (red) and tris(2-
aminoethyl)amine modified cellulose.
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Figure S2. Conductometric titration of acidified tris(2-aminoethyl)amine modified cellulose
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Figure S3. The nitrogen adsorption/desorption isotherm for the Cellulose-TAEA sample
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Figure S4. EDS map sum spectrum of cellulose-TAEA in the present of a equimolar mixture of
Nickel(ll) and Neodynium (Il1). (ca. 2at% Ni, 0.5at% Nd)
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Figure S5. EDS map sum spectrum of cellulose-TAEA in the present of a equimolar mixture of
Cobalt(l1) and Samarium (lil). (ca. 0.3 at% Co, 0.07at% Sm)
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Figure $6. EDS map sum spectrum of cellulose-TAEA in the present of a equimolar mixture of
Cobalt(11) and Nickel (11). (0.44 at% Co, 0.43 at% Ni).
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Figure S7. EDS map sum spectrum of cellulose-TAEA in the present of a equimolar mixture of
Neodynium(lll) and Samarium (I11). (0.23 at% Nd, 0.19at% Sm).

Figure $8. Molecular structure of [N(C,H,NH;);](NO3);, compound (2), generated by CCDC Mercury
program using the data of ref. 52.



Figure S9. Molecular structure of REE{Ni(TAEA](H2L)}(NOs)s, generated by CCDC Mercury program
using the data of ref. 53.



Table TS1. pH-dependent desorption of Co, Ni, Sm, Nd from Tris(2-aminoethyl)amine modified-
cellulose

Co Ni Sm Nd
pHO 42% 69% 51% 52%
pH1 34% 63% 49% 54%
pH 2 29% 59% 29% 47%
pH3 20% 29% 14% 12%
pH 4 4% 7% 15% 4%

pH 5 0% 0% 0% 0%



Table TS2. Unit cell determination of the [N(C,H;NH3)3](NOs); compound (2).
FILEID SAINT V8.40B 4.00 09/28/22 12:28:09 SmMTAEA_220928
SITEID BrukerAXS SLU

TITLE Integration of SMTAEA_220928

SMAP 10000000

CHEM C6H12N709

CELL  8.7590 12.0758 14.5403 90.0000 90.7867 90.0000 1537.803
CELLSD 0.0010 0.0013 0.0017 0.0000 0.0024 0.0000 0.504
ORT1 1.8510969e-002 5.0215017e-002 -5.3385638e-002

ORT2 -4.7877077e-002 6.2643699e-002 3.4123499e-002

ORT3 1.0199036e-001 2.0292787e-002 2.6765097e-002

ZEROS 0.0000000 -0.0346542 0.0247405 -0.6903 0.5199 0.1307
SOURCE MO 0.71076 0.70930 0.71359 2.00000 50.00 20.00
LIMITS 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MORPH PLATE

ADPAR  385.3068 256.2824 4.9330 512 768

ADCOR 0.0257 0.0059 0.0067 -0.2582 0.5173 0.0329
BRAVAIS Monoclinic(b-unique) P

MOSAIC 0.441.78

SAINTD 0 0.0000 0.0000 0 0 0.00000

SAINOV 4672 3249 25.3408 0.901206 0 O O

SAINOV 4672 3249 25.3408 0.901206 1 0 O

SAINOV 4672 3249 25.3408 0.901206 1 1 1

SAINGL 1647 2.8732 254107 0 0 O

SAINGL 1647 2.8732 254107 1 0 O

SAINGL 1647 2.8732 254107 1 1 1

SAINMC 0 0 0 0.0000 0.0000 1 1 1
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A novel nanoceria—nanocellulose hybrid material has been developed and evaluated as a potential
drug delivery system. Crystalline nanoceria was synthesized in situ in the nanocellulose to obtain a
homogenous distribution without extensive particle aggregation. The hybrid materials were loaded with
two antibiotic drugs, triclosan and ampicillin, and one anti-infammatory drug, diclofenac. The
bacteriostatic effect on the gram-negative bacteria Escherichia coli was evaluated for the hybrid
materials containing triclosan and ampicillin. The nanoceria—nanocellulose hybrid displayed a better
retention of ampicillin than triclosan in the disc diffusion test, which is likely due to the presence of the
carboxylic acid group in ampicillin that has better affinity for ceria compared to the phenolic group in
triclosan. However, drug release studies in solution revealed rapid release of ampicillin and diclofenac,
indicative of outer-sphere complexes between ceria and the drugs.
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Introduction

Wound management is critical in preventing infections and in
facilitating healing processes. Traditional wound-dressings
only act as a physical barrier to provide physical protection
and prevent infection by microorganisms but they neither
provide antibacterial properties nor do they promote the healing
processes. These are called passive wound-dressings." Recently,
with the emergence of nanotechnology, a new type of wound-
dressing has been the focus of a lot of research, the so called
active wound-dressings. These active wound-dressings facilitate
healing of the wound by exhibiting antibacterial properties
and/or stimulate tissue regrowth.>’ For example, nanoparticles
have been reported to improve wound healing by promoting
immune responses.”® Nanocellulose has been under intense
investigation for use as a new bandage material, owing to
numerous beneficial properties such as gas permeability, exu-
date removal, moist environment, ease of removal, possible
templating effect for tissue regrowth, and pain relief.® There are
three major classes of nanocellulose: crystalline nanocellulose

Department of Molecular Sciences, Biocentrum, Swedish University of Agricultural
Sciences, Almas Allé 5, SE-756 51 Uppsala, Sweden. E-mail: vadim.kessler@slu.se

T Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2ma00471b

# These authors contributed equally.

§ Present address: Department of Materials Science and Engineering, The
Angstrom Laboratory, Uppsala University, Ligerhyddsvigen 1, SE-75103 Uppsala,
Sweden.

7228 | Mater. Adv., 2022, 3, 7228-7234

(CNC), cellulose nanofibrills (CNFs), and bacterial cellulose
(BC). CNC has dimensions of 5-20 nm x 100-500 nm and high
crystallinity. CNFs are fibrous with a high aspect ratio and
lengths up to ca. 1 pm. BC is synthesized by some bacteria and,
like CNFs, the fibres are about 1 pm long.” The major drawback
of all cellulose based materials, however, is the lack of anti-
bacterial activity which means the wound could easily be
infected. In efforts to overcome this, antibacterial agents have
been added to the nanocellulose. For example, Volova et al.®
produced bacterial cellulose-silver nanoparticle composites
which demonstrated antibacterial effect via the release of silver
ions. In other studies, drug release from chemically unmodified
nanocellulose has been investigated.”® In one study, Basu and
co-workers'® cross-linked CNFs with Ca** and Cu®** ions. They
found that Ca** appeared to inhibit biofilm production and Cu*"
ions had a negative effect on bacterial proliferation. Nanocellu-
lose has low retention for antibiotics and there is a risk that a
very quick release may have toxic effects. Several articles have
reported the use of nanotitania-nanocellulose hybrid materials
for controlled drug delivery,"*™* where the good affinity of many
common functional groups to the titania surface was exploited.
Titania has for a long time been considered biocompatible with
low toxicity. Lately, however, it has been demonstrated that
titania induces very strong blood coagulation®'*'*> which also
can promote wound-healing by initiating immune responses.”
For some applications, however, a strong coagulative response
might be undesirable. Thus, we were interested in substituting
nanotitania with nanoceria as a drug carrier in nanocellulose

© 2022 The Author(s). Published by the Royal Society of Chemistry
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based wound-dressings. Cerium(iv) oxide (ceria, CeO,) is gener-
ally considered a good biocompatible material with low toxicity
and antioxidative properties owing to its non-stoichiometric
composition.'®'” The inherent ability to produce reactive oxygen
species (ROS) of many nanoparticles (e.g. TiO,, Ag, and Fe;0,)
has been proposed to contribute to their cytotoxicity.'® Ceria has
been subjected to numerous and diverse biomedical studies."’
For instance, Bellio and co-workers* used CeO, nanoparticles as
adjuvants in combination with several antibiotics against multi-
resistant Klebsiella pneumonia. They found an increased anti-
bacterial activity from the antibiotics which is ascribed to
disruptive interactions between the cell membrane and the
CeO, nanoparticles. In another study, ceria nanosheets were
found to have a higher antibacterial activity compared to ceria
nanoparticles, which was ascribed to the higher surface area of
the nanosheets.*! Popov and co-workers'® demonstrated a radio-
protective effect of citrate-coated ceria nanoparticles. This effect
was explained by the effective clearance of the formed hydrogen
peroxide and hydroxyl radicals. The intake of citrate-capped ceria
had a positive effect on the survival of mice exposed to X-ray
radiation. Furthermore, drug delivery systems including ceria
have been reported, for instance CeO,-silicate composites.”***
However, to the best of the authors’ knowledge, drug delivery
from nanoceria-nanocellulose hybrid materials has yet not been
reported. The aim of the current work was to investigate nano-
ceria-nanocellulose hybrid materials as a potential drug delivery
system for two different antibiotics, ampicillin and triclosan,
and the anti-inflammatory drug, diclofenac. Release rates were
studied in vitro for ampicillin and diclofenac, while the bacterio-
static effect of the hybrid material containing triclosan and
ampicillin was tested against a model bacterium, the gram-
negative E. coli.

Materials and methods
Materials synthesis

Synthesis of CNC. In a typical procedure, 4 grams of raw
cotton was suspended in 100 mL of ca. 64 weight% sulfuric acid
at 50 °C under stirring for 1 hour to produce nanocrystalline
nanocellulose (CNC). Then, the CNC slurry was immediately
poured into 1 L of deionized (DI) water to quench the reaction.
Once sedimented, the CNC was collected and concentrated by
centrifugation. The CNC was transferred to a dialysis tube and
stored in a large beaker with 4 L of deionized (DI) H,O to
increase the pH to approximately neutral by acid removal. The
dry weight was then determined in the final CNC product by
weighing the CNC slurry and CNC dried in an oven until
constant weight. The as-synthesized CNC slurry was stored in
tightly sealed containers prior to use.

Synthesis of ceria nanoparticles. Ceria nanoparticles were
synthesized according to a modified literature procedure.*®
Cerium(wv) sulfate tetrahydrate (Merck, 98%) was dissolved in
DI H,0 and added to the CNC suspension. The pH was then
increased to ca. 9 by a drop-wise addition of 2 M NaOH. There-
after the reaction mixture (RM) was stirred at 80 °C for 1 hour.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The RM was repeatedly washed with DI H,O and centrifuged
until approximately neutral pH was reached followed by washing
two times with ethanol (Solveco, 99.7%). The obtained powder
was dried at 60 °C to obtain the low-temperature ceria (CeO,_80),
similar to the in situ synthesis of ceria in the CNC suspension.
Some of this powder was annealed at 600 °C for 2 hours to obtain
high-temperature ceria (CeO,_600).

Modification of CNC/PEG with BTCA. The CNC was mod-
ified with 1,2,3,4-butanetetracarboxylic acid (BTCA, Aldrich,
99%) to act as an anchor for the metal oxide.”® Briefly, for 1 g
of CNC, 10 mmol BTCA and 10 mmol sodium hypophosphite
(SHP, Aldrich, 99% (catalyst)) were dissolved in 1 mL 1 w%
polyethylene glycol (PEG, Aldrich, 35000 Da) and the RM was
then stirred at 85 °C for 1 hour.

Modification of CNC/PEG/BTCA with CeO,. To obtain a
homogenous material with small ceria particles an in situ
synthesis of ceria in the BTCA-modified CNC was performed.
First, the pH of the CNC was increased to ca. 9 by the addition
of ammonium hydroxide. Then, an appropriate amount of
cerium(wv) sulfate hydrate was added to yield a final amount
of 20 w% ceria. The RM was stirred at 80 °C for 30 min and was
then poured into a Petri dish and placed in an oven at 60 °C
until dry.

Modification with antibiotics. To modify the hybrid materials
with the drugs, ampicillin (Sigma, >96%), triclosan (Sigma,
>97%), or diclofenac (Sigma, >98%) dissolved in ethanol was
added to the RM of CNC/BTCA or CNC/BTCA/CeO, under
stirring. The suspensions were poured into Petri dishes and
dried at 60 °C until dry. Pieces of hybrid material of 0.5 cm x
0.5 cm were produced (containing 0.2 mmol antibiotics per
0.25 cm? assuming homogenous distribution). For the chemical
structure of the applied antibiotics, please, see Scheme 1.

Statistical tests. Significant differences between biological
treatments were evaluated by Welch’s two-sample ¢-test using R
statistical software (version 3.4.3).>° A p-value smaller than
0.05 was assumed to signify a statistically significant difference.

Materials characterization

Scanning electron microscopy. The morphology and homo-
geneity of all hybrid materials were studied by scanning
electron microscopy (SEM, Hitachi TM1000 and Hitachi Flex-
SEM10001I, Tokyo, Japan) coupled with energy-dispersive X-ray

<] OH
/©/ O\©\
<] cl

Triclosan

NH,
H
N, S,
SR P
. OH
Ampicillin o

Scheme 1 Chemical structures of ampicillin and triclosan.
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spectroscopy (EDS, Oxford Instruments, Abingdon, UK). Dry
samples were mounted on carbon tape.

Nanoparticle tracking analysis. The particle size in the
solution of the unmodified CNC was investigated using a
Malvern Nanosight NS300 (Malvern, UK). CNC was diluted in
DI H,O and analyzed at an infusion rate of 100 pL in 20 s,
recording fours series per sample.

Zeta-potential. A Malvern Zetasizer Nano (Worcestershire,
UK) was used for dynamic light scattering (DLS) and zeta-
potential measurements of pure CNC. 3 series of 30 measure-
ments per sample were performed.

Atomic force microscopy. Measurements were done on a
Bruker Dimension Fastscan AFM (Billerica, USA) in the ScanA-
syst mode using Fastscan-B cantilevers at a scan rate of 3 Hz
and 1024 samples per line. The data were processed using
Gwyddion version 2.56, with align rows-median.

Powder X-ray diffraction. The crystallinity of the in situ
synthesized ceria and CeO,_80 and CeO,_600 was investigated
by powder X-ray diffraction. The ceria-containing material was
freeze-dried and powdered and then put into glass capillaries
with a diameter of 1 mm. X-Ray data collection was performed
on a Bruker D8 SMART Apex II CCD diffractometer (Billerica,
USA) with A(Mo-Ko) = 0.71073 A and a graphite monochromator.
The Shelx97 program suite and EVA v12 were used for data
treatment and analysis.

Fourier transform infrared spectrometry. The different
materials were powdered by immersion in liquid nitrogen
followed by grinding. The powders were milled in anhydrous
KBr and pressed into pellets that were analysed by FTIR. The
spectra were recorded using a PerkinElmer FTIR 100 spectro-
meter (Waltham, USA) between 4000 cm™" to 400 cm™" with
8 scans and 1 cm ™' resolution.

Photocatalytic studies. 10 mg of ceria nanoparticles,
Ce0,_600 and CeO,_80, were added to 1.5 mL of diluted
methylene blue solution in plastic tubes. This was done in
triplicate. These were kept in the dark for ca. 30 min to achieve
adsorption-equilibrium. Then, the suspensions were centri-
fuged and absorbance was measured at 663 nm to obtain an
initial absorbance using a Shimadzu UV-1800 spectrophoto-
meter (Kyoto, Japan). After this, the solutions were subjected
both to 300 W simulated sunlight (Osram) and a 15 W visible
lamp (Garland) for periods of 15 min under gentle stirring.
Subsequently, the solutions were centrifuged to sediment the
ceria and then absorbance was measured. This was repeated
three times for both treatments for a total of 45 minutes of
irradiation time. The decomposition of MB was followed as the
fraction of the initial absorbance.

Microbiological studies. Agar plates were prepared using
Mueller Hinton broth powder (Sigma-Aldrich) at a concen-
tration of 21 g L™ in DI H,O containing 1.5 w% agar (Sigma-
Aldrich) powder, followed by autoclaving. Escherichia coli
(E. coli, strain LMG8223) was grown in liquid Mueller Hinton
medium overnight at 37 °C in the dark. An aliquot of the liquid
bacteria culture was diluted 100 times in isotonic NaCl and
subsequently spread on the agar plates. Then, a piece of hybrid
material (0.5 x 0.5 cm) was placed in the centre of the agar

7230 | Mater. Adv, 2022, 3, 7228-7234

View Article Online

Paper

plate. The agar plates were then incubated at 37 °C in the dark
for 18 h to allow the bacteria to grow. The sizes of the inhibitory
zones were then measured.

pH-Measurement of ampicillin addition to nanoceria-
nanocellulose. For the pH-experiment was used a Metro
Titrando 888 system, running TIAMO 2.5 control software,
equipped with an 801 stirring unit and an Ecotrode Plus
combined pH electrode. The combined pH electrode was
calibrated using Sigma-Aldrich certified buffers prior to use. A
sample of a CeO, composite material was produced as previously
described until the addition of ampicillin. Afterwards the composite
was transferred to a suitable vessel equipped with a stirring bar,
placed on the stirring unit, fitted with a thoroughly rinsed pH
electrode, and allowed to equilibrate with stirring for 1 minute prior
to starting the measurement. Under stirring the sample was then
allowed to equilibrate for 120 seconds, measuring at 2 second
intervals before the addition of ampicillin after which the change of
pH was recorded for a total of 900 seconds at 2 second intervals.

Results and discussion

The aim of the current study was to investigate the nanocellulose-
nanoceria hybrid as potential new materials for controlled drug
delivery in wound-dressings, where nanoceria was evaluated as a
substitute for nanotitania as a drug-carrier.

CNC synthesis

CNC was synthesized via acid hydrolysis from raw cotton. The
average fiber sizes of the unmodified CNC were determined by
AFM and NTA.

Atomic force microscopy

Diluted suspensions of unmodified CNC were analyzed by AFM to
determine particle size and morphology (Fig. 1 and Fig. S2-54,
ESIt). As shown in Fig. 1, the CNC fibers have rod-like morphology,
with a calculated average length of 112 nm (standard deviation
36 nm) and an average width of 48 nm (standard deviation 13 nm).

NTA and zeta-potential

Dilute suspensions of unmodified CNC were analysed by NTA
(Fig. 2). The average particle size in solution was 113 nm, which
is in good agreement with the AFM results. There are pieces of
evidence for aggregation in solution. The zeta-potential of
unmodified CNC was determined to be 2.44 + 0.85 mV.

CNC modification

Polyethylene glycol (PEG) was added to CNC to increase the
strength of the final material. To get better retention of
the ceria nanoparticles, the CNC was modified by BTCA to
introduce carboxylic functions to which the ceria nanoparticles
can attach. Transmission FTIR spectra were recorded for freeze-
dried powdered materials (Fig. 3). An absorption band around
1160 cm™ " is assigned to the C-O-C bonds in the CNC. With
the introduction of BTCA a vibration from the carbonyl groups
appears at 1712 cm ™. When ceria is added the carbonyl band is

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a) 2D AFM micrograph of the unmodified CNC and (b) 3D micro-
graph of unmodified CNC fibres.

Fig. 2 NTA measurements of diluted aqueous suspension of CNC, show-
ing size distributions. The four different trial analyses have shown a mean
CNC particle size of 113 nm with a standard deviation of 97 nm.

slightly shifted to 1708 ecm™', indicating interaction between

CeO, and the carboxylic group. Additionally, two bands assigned
to Ce-O vibrations emerged at 465 cm™ " and 617 cm ™%’

SEM imaging of the hybrid materials

The morphologies of the hybrid materials were visualized by
SEM analysis. The hybrid materials had increased surface
roughness (Fig. 4) compared to the unmodified CNC/PEG,
which have a very smooth surface (Fig. S1a, ESIT). This increase

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FTIR spectra of powdered CNC/PEG, CNC/PEG/BTCA, and CNC/
PEG/BTCA/CeOs,. Key absorption bands are highlighted.

in roughness is explained by the modification of BTCA and
formation of ceria nanoparticles inside the materials. The
addition of pre-synthesized ceria nanoparticles to the CNC/
PEG suspension resulted in large aggregates of ceria unevenly
distributed over the surface (Fig. S1b, ESIt). Instead, changing
to an in situ synthesis of nanoceria in the CNC/PEG/BTCA
resulted in a very good dispersion of the nanoparticles, without
any visible aggregates, as clearly seen in Fig. 4.

Characterization of the nanoceria

To obtain a material of higher homogeneity and with smaller
ceria particles an in situ low-temperature synthesis of ceria from
cerium(wv) sulfate in the modified nanocellulose suspension
was employed. The formation of nanocrystalline cerianite-CeO,
in the CNC was confirmed by PXRD analysis of the hybrids.
Fig. 5a shows the PXRD diffractogram of low-temperature ceria
and Fig. 5b shows the diffractogram of ceria synthesized in
BTCA-modified CNC. The size of low-temperature ceria was
investigated by AFM, revealing a rather homogenous size dis-
tribution with particles of about 30 nm in diameter (Fig. 6 and
Fig. S5 through S7, ESI}).

Photocatalytic studies

It is desirable to use in the wound dressings a metal oxide with
low ROS production to avoid potential cell damage from the
wound dressings. Thus, the photocatalytic activities of low-
temperature ceria and ceria annealed at 600 °C were investigated
by following the decomposition of methylene blue (MB) under
two different light sources, 300 W simulated sunlight and a 15 W
lamp (Fig. 7). MB solutions without catalyst powder were used as
the control. It was found that the overall degradation of MB was
very small for all treatments, with more than 90% of the initial
concentration remaining after 45 min of irradiation. The degra-
dation of MB was slightly larger for the low-temperature ceria
which could be explained by a larger total active surface area

Mater. Adv., 2022, 3, 7228-7234 | 7231
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Fig. 4 SEM micrographs of CNC/PEG/BTCA/CeO,/ampicillin at 500x (a)
and 5000x (b) magnification, CNC/PEG/BTCA/CeO,/triclosan at 500x (c)
and 5000x (d) magnification, and CNC/PEG/BTCA/CeO,/diclofenac at
500x (e) and 5000x (f) magnification.

(a) ry (b)

50000 * 50000 |

40000 40000
z z
g g
§ 3000 £ 30000

20000 20000 *

.
10000 10000 .
/\/"\/ \/ 1o
[ 0
10 2 30 40 50

20
2Thela degree 2Theta degree

Fig. 5 PXRD diffractogram of (a) low-temperature ceria and (b) ceria
synthesized in situ in CNC. The asterisk indicates characteristic diffraction
planes of ceria (JCPDS 00-034-0394). Diffractions at 13.08°, 21.42°, 25.14°,
30.24°, 33.54°, 37.74°, 39.84°, and 45.84° represent the (111), (22 0), (311),
(400),(331),(422),and (511) planes, respectively, of cerianite-CeO,. Two
characteristic diffractions of cellulose are present, where | represents the (2 0 0)
plane of cellulose-1 and Il represents the (1 0 —1) plane of cellulose-I1.*2

compared to the ceria annealed at 600 °C, as extensive particle
aggregation and crystallite growth occur during annealing at high
temperatures. In the current study, the photocatalytic activities of
both the low-temperature and the high-temperature ceria were
very low and this suggests ROS production in the nanoceria—
nanocellulose hybrid should be negligible.

Release studies of ampicillin and diclofenac

Release of ampicillin and diclofenac from CNC/PEG and CNC/
PEG/BTCA/CeO, was studied. The two drugs were almost
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Fig. 6 (a) AFM micrograph of low-temperature nanoceria (CeO,_80), and
(b) high magnification micrograph of low-temperature nanoceria (CeO,_80).
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Fig. 7 Photocatalytic decomposition of methylene blue under a 15 W
lamp: MB (a), CeO,_80 (c), and CeO,_600 (e) and 300 W simulated
sunlight: MB (b), CeO,_80 (d), and CeO,_600 (f). The diagrams show
the fraction of remaining MB after 45 min of irradiation time. Error bars
represent standard deviation.

completely released within 15 minutes (Table 1) for both
materials, indicating they were not strongly interacting with
the ceria nanoparticles. This is in sharp contrast to diclofenac
adsorbed to nanotitania-nanocellulose composites in which
only 50% released after 16 hours or 28% after 15 hours,
depending on the preparation method, as a result of strong
complexation with the titania surface.'”

This is further supported by the pH-measurements where
upon addition of ampicillin a small, temporary downward shift

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Release data for diclofenac and ampicillin from CNC/PEG and
CNC/PEG/CeO,

CNC/PEG CNC/PEG/CeO,
Diclofenac drug loading  15.95 mg g " 11.7mgg "
Diclofenac drug release 85-90% in 15 min 75-85% in 15 min
Ampicillin drug loading ~ 15.98 mg g~* 8.9mgg*

Ampicillin drug release 85-100% in 15 min  85-100% in 15 min

in pH is measured after which the pH equilibrates to the
previously measured value. This indicates that ampicillin is
quickly transformed into the anionic form and consequently
the interaction between the drug and ceria would be via the
formation of an outer-sphere complex.

Microbiological studies

The inhibitory effect on the growth of E. coli was tested for the
different materials via the disc diffusion test. The distance
between the edge of the film and the end of the inhibitory
zone was measured. CNC/PEG had negligible activity. The BTCA
modified CNC had a certain antibacterial effect, which has been
noticed previously for our CNC-TiO, system, originating from
unbound/hydrolyzed BTCA."> CNC/PEG/BTCA/CeO, has sub-
stantially a lower antibacterial activity compared to CNC/PEG/
BTCA. This is likely due to the adsorption of BTCA on the ceria
nanoparticles via its carboxylic groups. Thus, the influence of
BTCA on the antibacterial activity in the ceria containing materi-
als should be small. Modification with two different antibiotics,
triclosan and ampicillin, was then tested. There were clear
differences in the retention capacity between them, where
ampicillin was released much more slowly in comparison to

o -
© [=]
! !

Inhibitory distance (cm)
o
®

Fig. 8 Average inhibitory effect of the different materials. Error bars
represent standard error of mean. At least eight replicates were made
for each material. CNC/PEG/BTCA/CeO, CNC/PEG/BTCA/triclosan,
CNC/PEG/BTCA/CeO/triclosan, CNC/PEG/BTCA/ampicillin, and CNC/
PEG/BTCA/CeO,/ampicillin have been abbreviated in the figure as CNC/
BTCA/CeO,, CNC/triclosan, CNC/CeO,/triclosan, CNC/ampicillin, and
CNC/CeO,/ampicillin.
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triclosan in gel diffusion on a Petri dish (Fig. 8 and Fig. S9, ESIY).
The inhibitory zone of CNC/PEG/CeO,/ampicillin was signifi-
cantly smaller (p « 0.05) compared to that of CNC/PEG/ampi-
cillin while the difference between CNC/PEG/BTCA/triclosan and
CNC/PEG/BTCA/CeO,/triclosan was non-significant. This is
likely explained by the presence of a carboxylic acid group in
ampicillin which has better affinity for the ceria surface com-
pared to the hydroxyl group in triclosan. This is also supported
by the adsorption of BTCA on ceria. The release of ampicillin
and diclofenac in 0.9% NaCl solution was studied by UV-
spectrometry. Almost a 100% release was observed after ca.
15 minutes. The difference in retention of ampicillin in solution
and in gel experiments can be supposedly attributed to the
combination of the weakening of hydrogen bonding in the
excess of aqueous medium and the mechanical washing. Com-
plexation between ceria and the ligands appears to proceed in
the form of outer-sphere complexes in contrast to complexation
with titania, where inner-sphere surface complexes were easily
traceable by FTIR and the release was rather apparently pro-
longed in time also in solution.'>"? It should be noted, however,
that gel diffusion is more relevant as a model for drug delivery
on skin and thus the developed material can be considered
promising.

Conclusions

In this work we have developed a novel nanocellulose-nano-
ceria hybrid material and evaluated it for drug delivery for two
different antibiotics, ampicillin and triclosan, against E. coli.
It was found that ampicillin was released much slower than
triclosan in the gel diffusion experiment, which was attributed
to the strong interaction between its carboxylic group and
nanoceria. However, rapid and almost complete release of
ampicillin and diclofenac within 15 minutes in solution indi-
cate weaker electrostatic interaction between the drugs and
nanoceria, as compared to nanotitania where the drugs bond to
the surfaces. No appreciable photocatalytic activity was found
from the ceria nanoparticles under different visible light radia-
tion sources, which suggests that production of harmful ROS is
limited.
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1. SEM micrographs

Supplementary Figure S1. SEM micrographs of (a) CNC/PEG and CNC/PEG_CeO, with 50 w% ceria.

2. AFM micrographs
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Supplementary Figure S6. 3D AFM micrograph of low-temperature ceria (CeO;_80).

500 nm
500 nm



7.1 nm

Height Sensor
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4. Optical photos
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Recycling of magnetic materials based on Rare Earth Elements (REE) is of major interest in the view of growing
clean energy production and transportation. One of the major challenges in its realization is the need to separate
smaller amounts of Late Transition Metals (LTM) from REE. Hybrid adsorbents are very attractive in finding such
a solution. Here, novel silica-based nanoadsorbents were synthesized by grafting the surface of dense silica
nanoparticles with a diamino functional ligand grafted via an arene linker to improve selectivity towards LTM.
The produced adsorbent materials were characterized using SEM, TEM, AFM, XPS, FTIR, and TGA in its pure
form and by DLS in suspension, and tested for the adsorption and separation of LTM (Co®" and Ni**) and REE
(Sm®* and Nd**) in single and mixed solutions. Prepared organo-silica material showed rapid uptake of all tested
cations with higher affinity towards LTM. Adsorption capacities reached values of 1.18-1.45 mmol/g for Co*"
and Ni%*, respectively, with a 1:1 metal-to-ligand stoichiometry for Ni cations. Investigation of reusability
demonstrated the potential of the prepared materials as an environmentally friendly alternative in specific
separation of LTM to conventional separation techniques. Investigations of the molecular structures of the Ni2*
complex with the selected molecular function and of Co>* with a closely related tris-aminoethyl amine ligand in
combination with XPS data for corresponding surface complexes helped explaining the molecular mechanisms
for adsorption and desorption of the LTM cations.

1. Introduction Scarce REE and LTM, especially copper, nickel, cobalt, platinum, and

silver, are predicted to face market pressure as the production of green

Rapid population growth and accelerated advances in industriali-
zation and urbanization and overconsumption of fossil fuels are coupled
with increase emissions of climate-changing greenhouse gases [1,2].
The rise of green (low-carbon) technology with smart electrical grid
programs substituting fossil-driven vehicle parks, and vehicle-to-grid
technology are among the new tools for successful decarbonization
and preventing further global temperature rises. Many of these fast-
growing technologies, in particular, wind turbines and electric vehi-
cles, utilize rare earth elements (REE) sourced via mining from a
monopolized supply chain where there is increased demand [3-7].
Principal components in these applications are permanent magnets, i.e.,
FeNdB and CoSm magnets, where REE, neodymium (Nd) and samarium
(Sm) are represented together with late transition metals (LTM) [8].

energy technologies intensifies [9,10]. To solve the supply issue and to
meet future demands, there is a need to exploit recycling schemes for the
recovery of REE from secondary resources with an emphasis on their
selective separation from LTM, as a green alternative to mining and
processing of solid REE [11-13]. In the recycling, the separation of REE
from LTM represents thus a principal challenge. While iron can easily be
separated by controlled increase in pH, separation of Co, Ni and Cu re-
quires application of advanced approaches including fractional crystal-
lization [14], solvent extraction [15-16] or use of solid adsorbents [17].
The drawback of the crystallization approach is the need in multi-step
procedures. The solvent extraction uses large amounts of organic sol-
vents and hazardous extractants. The solid adsorption is generally
considered as a greener alternative.
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Fig. 1. Ligand N-(aminoethylaminomethyl)phenethyltrimethoxysilane.

Current hydrometallurgical recycling techniques for permanent
magnets include acid leaching using inorganic acid (HCI, HSO4, or
HNOj3) and subsequent separation methods, such as several precipita-
tion steps or liquid phase extraction (solvent extraction processes, ionic
liquid extraction) [18]. Liquid phase extraction uses large volumes of
reagents and solvents that can release volatile organic compounds
(VOCQ), produce toxic and flammable wastes, and requires repetition of
cycles to achieve appropriate metal purity due to the difficulties of REE
separation from LTM. Additional disadvantages are poor contact be-
tween the extractant and desired elements and the formation of an un-
wanted third (heavy organic) phase due to the splitting of the organic
phase into two layers, which can affect the efficiency of the extraction
process, requiring additional separation steps before the extraction can
be considered complete [19,20]. Solid-liquid extraction using adsor-
bents compensate for these disadvantages [21] and enables rapid uptake
of the aqueous metals and easy separation of the treated solution from
the solid sorbent [11]. In this context, adsorption represents an envi-
ronmental, eco-friendly, and non-expensive alternative to the use of
liquid phase extraction and meets the requirements of “Circular econ-
omy schemes” proposed by the European Union for resource recovery
from solid waste or wastewater to solve scarce resource problematics,
realizing the “waste to product” concept [22].

Next-generation adsorbents - nanoadsorbents with high adsorption
capacity and selectivity - have gained the science community’s interest
[23-32]. These properties arise from the increased surface area and
reactivity of nanoadsorbents compared to their bulk counterparts. A
further important characteristic is their possibility for surface func-
tionalization allowing the grafting of ligands targeting specific metal
cations or contaminants. In addition to these characteristics, superior
nanoadsorbents are easily dispersed in liquid media, chemically stable,
uniform in size, cheap and reusable [33-37].

In our search for separation between REE and LTM, we turned to the
application of polyamino ligands. It is well-known that such ligands
have high affinity for LTM cations, forming stable complexes in neutral
and basic medium that potentially can be destroyed at rather low pH,
releasing hydrated LTM cations [38]. At the same time, it is well known
that complexation between REE and polyamino ligands can be followed
only in non-aqueous medium and not in water [39]. In our recent
studies, we demonstrated that tris(aminoethyl)-amine, an example of
polyamino ligand displayed different mechanisms in interacting with
LTM and REE cations respectively. While complexation was observed
with LTM in a pH-neutral medium, REE produced hydroxides as result of
hydrolysis of their cations with precipitation of hydroxides and the
formation of protonated ammonium salts [40]. This difference could be
traced in lower adsorption of REE cations compared to LTM, on a
biopolymer adsorbent grafted with tris(2-aminoethyl)-amine as well as
easier desorption.

In the present work, we aimed to further increase selectivity of the
interaction, and opted for introduction of an aromatic ring in direct
proximity to a diamino function. This could result, either in improved
control of hydrophilicity/hydrophobicity of the surface via ligand self-
organization through n-stacking, or create more specific coordination
surrounding for LTM with ability to distinguish between Ni** and Co?*

via possibility of dx -pn contribution. In the current study, the synthesis
and characterization of hybrid silica nanoadsorbents, prepared by sur-
face grafting of dense silica nanoparticles of an approximate size of 100
nm, with the commercially available ligand (aminoethylaminomethyl)-
phenethyltrimethoxysilane (AEAM-PTMS), featuring the desired struc-
ture are presented. To the best of our knowledge, this is the first use of
this ligand for selective metal uptake and adsorption. The difference in
reactivity of Ni2* and Co?* was revealed via structural studies of mo-
lecular model compounds.

2. Experimental methods
2.1. Reagents

Tetraethyl orthosilicate (TEOS, 99 %, CAS No. 78-10-4), ethanol
(99.7 %, CAS No. 64-17-5), ammonium hydroxide solution (25 %, CAS
No. 1336-21-6), nickel(I) nitrate hexahydrate (94.5-105.5 % (EDTA
titration), CAS No.13478-00-7), cobalt(Il) nitrate hexahydrate (98 %,
CAS No. 10026-22-9), neodymium(IIl) nitrate hexahydrate (99.9 %,
CAS No. 16454-60-7), samarium(III) nitrate hexahydrate (99.9 %, CAS
No. 13759-83-6), toluene (>99.5 %, CAS No. 108-88-3), murexide (>95
%, CAS No. 3051-09-0), Xylenol orange tetrasodium salt (>95 %, CAS
No. 3618-43-7), ammonium chloride (>99.5 %, CAS No. 12125-02-9),
acetic acid (>99.7 %, CAS No. 6444-19-7), N-Benzylethylenediamine
(97 %, CAS No. 4152-09-4), and Tris(2-aminoethyl) amine (96%, CAS
No. 4097-89-6) were purchased from Merck. Nitric acid (65 %, CAS No.
7697-37-2) was purchased from Riedel-de Haén, sodium acetate trihy-
drate (>99.0 %, CAS No. 6131-90-4) was purchased from VWR, ethyl-
enediaminetetraacetic acid tetrasodium salt dihydrate (EDTA, 99 %,
CAS No. 10378-23-1) was purchased from AppliChem, and amino-
ethylaminomethyl)phenethyltrimethoxysilane (AEAM-PTMS, 80 %,
CAS No: 74113-77-2) was purchased from Gelest.

All chemicals, except toluene, were used as received without further
purification. Toluene was dried via a distillation process. For the prep-
aration of all aqueous solutions, Milli-Q water was used.

2.2. Synthesis and characterization of nanoadsorbents

2.2.1. Synthesis of dense silica particles

Dense SiO, nanoparticles (NPs) were synthesized using a modified
Stober method as described earlier [41]. Hydrolysis of precursor TEOS
was performed in an alcoholic solution using ammonium hydroxide as a
catalyst. The reaction mixture consisted of 200 mL 96% ethanol, 35 mL
Milli-Q water, and 7.5 mL of 25 % ammonium hydroxide solution and
was mixed in a reaction flask at 70 °C and under the nitrogen atmo-
sphere. 11.16 mL of TEOS was added dropwise with a PET syringe
supplied with a stainless steel 0.80x80mm needle, stirring the reaction
mixture for 2 h. When the reaction stopped, the SiO2 NPs were centri-
fuged (12000 rpm, 10 min), washed twice with ethanol (95 %) and three
times with Milli-Q water. Particles were dried under nitrogen before
further use.
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2.2.2. Grafting of silica particles

Prior to the grafting step, dry silica particles were pre-treated with 1
M HNOg to enhance the surface grafting onto surface silanol groups
[42,17]. 500 mg of dry and acid-pretreated silica particles were
dispersed in 20 mL of dry toluene. 1 mL of ligand N-(amino-
ethylaminomethyl)phenethyltrimethoxysilane (AEAM-PTMS) was then
added (see Fig. 1), and the components mixture was kept in a reaction
flask equipped with a reflux condenser for 24 h at 80 °C and under ni-
trogen flow.

2.3. Synthesis of model compounds

To reveal the molecular structure of metal complexes on the surface
of prepared nanoadsorbent, we attempted crystallization of the com-
plexes between Ni(Il) nitrate and N-aminoethyl aminomethyl benzene
ligand in 1: 1, 1: 2 and 1: 3 M ratios and Co(II) nitrate with both N-
aminoethyl-aminomethyl benzene and with tris(aminoethyl) amine li-
gands in in 1: 1 M ratio. Light violet (lilac) coloured crystals were iso-
lated in all cases where Ni?* cation salts were used and proved as the
same crystalline material of compound 1. In the case of Co?* cations, the
color of solution turned in all cases greenish brown with formation of a
glassy product. The color indicated oxidation of Co(II) into Co(III) with
formation of hydroxo complexes. Thus, to avoid hydrolysis of Co(III)
species, the pH of the solution was adjusted to 3.0 by addition of nitric
acid. The solutions then turned bright red. In the case of N-aminoethyl
aminomethyl benzene, only a glassy solid could be isolated, while in the
case of tris(aminoethyl) amine, massive crystallization of a single crys-
talline product compound 2 was observed.

2.4. Physical characterization of obtained adsorbent material

Scanning electron (SEM) micrographs of prepared adsorbent mate-
rial were obtained using an Hitachi FlexSEM 1000II with acceleration
voltage of 5 kV, a spot size 20, and a working distance of 5 mm. For
Transmission Electron Microscopy (TEM) experiments, dispersions of
adsorbent particles were deposited on holey carbon grids (Pelco® 50
mesh grids: Pitch 508 pm; hole width 425 pm; bar width 83 pm; trans-
mission 70%) and observed using a Philips CM/12 microscope (Thermo
Fisher Inc.) fitted with LaBg and operated at 100 kV.

Nanoadsorbent’s selectivity to metals was characterized by
elemental analysis of surfaces using energy-dispersive X-ray spectros-
copy (EDS). EDS spectra were obtained using an acceleration voltage of
20 kV, a spot size of 40 and a working distance of 10 mm on the Hitachi
FlexSEM 1000II microscope.

Atomic Force Microscope (AFM) images were taken with a Bruker
Dimension FastScan instrument using a FastScan-B probe with a nomi-
nal tip radius of 5 nm and a scan rate of 1-3 Hz. Gwyddion 2.56 software
was used for data processing.

The thermogravimetric analysis (TGA) of samples was carried out
using a PerkinElmer Pyris 1 instrument in an air atmosphere at a heating
rate of 5°/min in the 25-800 °C interval.

Fourier-transform infrared (FTIR) spectra were recorded as KBr

pellets on a PerkinElmer Spectrum 100 instrument from 4000 to 400
cm .
Dynamic Light Scattering (DLS) measurements for determination of
the particle size and charge (zeta-potential) were carried out with a
Malvern Zeta-Sizer Instrument in aqueous dispersions produced by
ultrasonication.

X-ray structure determinations. Single-crystal X-Ray Diffraction anal-
ysis was performed using a Bruker D8 Quest ECO diffractometer. The
data were collected at room temperature in the 2-50.05 2theta range for
a full hemisphere using MoKa radiation (A = 0.71073 f\). Compound 1.
C18H2gNgNiOg, MW = 515.17 Da, Monoclinic, Space group P2(1)/c,a =
10.206(2), b = 11.324(2), ¢ = 10.377(2) A, p = 95.145(4)°, V = 1194.4
4 A3, Z = 2. The structure was solved by direct methods, obtaining
coordinates of the majority of non-hydrogen atoms from the initial
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solution. The coordinates of the rest of the non-hydrogen atoms were
obtained from difference Fourier syntheses. All non-hydrogen atoms
were refined first in isotropic and then in anisotropic approximation.
The coordinates of hydrogen atoms at the carbon atoms and the terminal
nitrogen atom N(1) were obtained by geometric calculation, while those
on the solvating water molecule were located in difference Fourier
syntheses. All hydrogen atoms were refined in riding approximation
bound to corresponding non-hydrogen atoms using temperature factors
of these atoms to define the isotropic temperature factors of the
hydrogen atoms defined as 1.200 Ueq for H-atoms located at C or N
atoms and 1.500 Ueq for those in the solvating water molecule. The final
discrepancy factors were R1 = 0.0951, wR2 = 0.22183 for 1554
observed reflections [I > 2sigma(I)], and R1 = 0.1193 and wR2 =
0.2291 for all 2096 data.

Compound 2. CgH14CoN7010, MW = 403.17 Da, Orthorhombic, Space
group Pna2(1), a = 25.6816(11), b = 7.2953(3), c = 7.9417(3) A, Z = 4.
The structure was solved by direct methods, obtaining coordinates of the
non-hydrogen atoms connected to the cobalt cation from the initial so-
lution. Coordinates of nitrogen and oxygen atoms belonging to the ni-
trate counterions were located in subsequent difference Fourier
syntheses. All non-hydrogen atoms were refined first in isotropic and
then in anisotropic approximation. The coordinates of hydrogen atoms
at the carbon atoms and the terminal nitrogen atoms N(2), N(3) and N
(4) were obtained by geometric calculation, while those on the solvating
water molecule were identified in subsequent difference Fourier syn-
theses. All hydrogen atoms were refined in riding approximation bound
to corresponding non-hydrogen atoms using temperature factors of
these atoms to define the isotropic temperature factors of the hydrogen
atoms defined as 1.200 Ueq for H-atoms located at C or N atoms and
1.500 Ugq for those in the solvating water molecule. The final discrep-
ancy factors were R1 = 0.0683, wR2 = 0.1904 for 2372 observed re-
flections [I > 2sigma(I)], and R1 = 0.0727, wR2 = 0.1972 for all 2528
data.

Full details of data collection and structure solution and refinement
are available free-of-charge from the Cambridge Crystallographic Data
Centre (CCDC) at https://www.ccde.cam.ac.uk citing the deposition
number 2,239,325 for compound 1 and 2,260,061 for compound 2.

X-ray Photoelectron spectroscopy (XPS) was performed using a
Quantera II Scanning XPS Microscope from Physical Electronics equip-
ped with an Al Ka source. For charge compensation a low-energy flood-
gun, set at 1.0 V and 20.0 pA, was employed. The survey spectra were
recorded using a pass energy of 224 eV and a resolution of 0.8 eV, and
for the high-resolution spectra a pass energy of 55 eV and 0.1 eV reso-
lution were employed. The samples were suspended in deionized water,
dropped on glass slides, and dried under a desktop lamp. The binding
energy was calibrated against the C 1 s peak of adventitious carbon at
284.8 eV from a reference sample. The data was treated in the CASA XPS
software [43]. The spectra were smoothed using a Savitzky-Golay al-
gorithm with either a 5 or 9-point window.

2.5. Functional characterization of the adsorbent material

2.5.1. Adsorption isotherms

For adsorption experiments, 20 mg of nanoadsorbent was added to a
50 mL falcon tube, followed by the addition of 20 mL of an appropriate
metal stock solution with concentrations of 0.5, 1, 2, 3, 4, and 10 mM.
After adding NaNOs solution to retain a constant ionic strength, the
samples were left to equilibrate for 48 h before collecting the particles
via centrifugation. The pH of initial solution was 7.5 apparently due to
protonation of the ligand amino functions. The amount of metal uptake
was determined by complexometric titration of the supernatant with 5
mM EDTA. Xylenol orange indicator and 1 M acetate buffer were used
for REE (Sm, Nd) determination, and murexide and 1 M ammonia buffer
were used for LTM (Co, Ni) determination. The titrations were repeated
in triplicates for each sample, and the average value was calculated. The
relation between the adsorbed metal and adsorbent mass at a fixed
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Fig. 2. SEM (A) and AFM (B & C) images of prepared pristine dense silica nanoparticles, and TEM images of D, E: SiO,-AEAM-PTMS; F, G: SiO,-AEAM-PTMS + Ni.

temperature are presented as adsorption isotherms. The shape of ob-
tained isotherms provides considerable data regarding the nature of the
adsorption process. Adsorption isotherms generally show a plateau at
high metal concentrations, corresponding to the saturation of the
adsorbent surface. To rationalize the shape of an adsorption isotherm,
Langmuir and Freundlich isotherm models are used [44-46].

The Langmuir adsorption isotherm proposes that metal uptake oc-
curs on a homogeneous adsorbent surface by monolayer sorption
without interactions between adsorbed molecules. Eq. (1) presents
linear and Eq. (2) nonlinear forms of Langmuir isotherm:

Cade 1 Cade

= )
Gade  Gmax X KL Guax

Ki X qmax X Cade
— - fmar T dde 2
Gad.e 1+ K, X Cage )
Reversible and multilayer adsorption on a heterogeneous adsorbent
surface is proposed by the Freundlich adsorption isotherm, where the
adsorbed amount increases with the concentration in accordance with
the following nonlinear (Eq. (3)) and linear equations (Eq. (4)).

Gude = Ky X Cuge 3)
1
Inquq. = InKy +; X InCpye (€)]

Cad,e denotes the equilibrium concentration of metal ions (mg/L), qad,c is
the amount of metal adsorbed per specific amount of adsorbent (mg/g),
Qmax is the maximum adsorption capacity of adsorbent (mg/g), and Ky, is
an equilibrium constant that reflects the affinity between the adsorbent
and adsorbate (L/mg). The values of gyqy and Kj, were calculated by both
linear (from the slope and intercept of the linear plot of Cqd/qad,e Versus
Cqq) and non-linear (by OriginPro 9) methods.

2.5.2. Adsorption kinetics

Adsorption kinetics control the adsorption rate, determining the time
required to reach equilibrium for the adsorption process. For adsorption
kinetic experiments, 20 mg of grafted silica nanoparticles was suspended
in 20 mL of 10 mM metal solution and shaken at RT. Samples were taken
at predetermined intervals of 15 min, 30 min, 1 h, 3h, 6 h, 18 h, and 24
h, and titrated against 5 mM EDTA.

Kinetic models can give information regarding adsorption pathways

and probable mechanism involved [47,48]. The tested kinetic models
were pseudo-first order, given by Eq. (5), and pseudo-second order,
given by Eq. (6):

Gads = Gade ¥ (1 —€™7) ®

ky X g2y, Xt

—_— 6
1 +ky X qage X 1 ©

Gadr =

Gad,¢ denotes the adsorption capacity in given time (mg/g), qaq, is the
equilibrium adsorption capacity (mg/g), t is the adsorption time (h), k;
is the constant of pseudo-first-order model (1/min), and k is the con-
stant of pseudo-second-order model (g/mgmin).

2.5.3. Metal selectivity

10 mg of dry particles were equilibrated for 24 h in 10 mL of equi-
molar (5 mM) aqueous metal mixtures on a shaker at RT. The metal
release was done using 1 M HNOj for 24 h at RT. The samples were dried
under an Ny atmosphere before metal mapping using EDS.

2.5.4. Desorption and reusability studies

For the desorption test, we studied two different desorption media,
HNOj3 with three different concentrations and pH values (pH 0, pH 1,
and pH 3) and 10 mM EDTA with pH 4.9. Desorption efficiencies were
studied in an equimolar mixture of two (Co/Sm, Ni/Nd, Ni/Co, and Sm/
Nd) or with all four tested metals. Reusability studies were carried out
by three successive adsorption and desorption steps, using one metal
solution (20 mM) in the adsorption step and 1 M HNOj as the desorption
media. Desorption was carried out for 24 h, mixing the samples on the
shaker. Afterwards, the samples were centrifuged (10000 rpm, 10 min),
the supernatant collected, neutralized with ammonia to a pH value of
6.5, and titrated with 5 mM EDTA to calculate the amount of desorbed
metal.

3. Results and discussion
3.1. Preparation of nanoadsorbents
The morphology of the synthesized material was analyzed by SEM,

TEM and AFM techniques, proving the formation of highly uniform
spherical particles with an average particle size of 100 nm preserved on
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Fig. 3. FTIR spectra of synthesized control and AEAM-PTMS grafted silica particles.

all further steps of treatment, both on ligand grafting and with subse-
quent adsorption of metal cations (see Fig. 2).

The material produced by ligand grafting contained the required
amounts of organics corresponding to monolayer formation. According
to the TGA study (see Fig. S1 in Supplementary material), the first step of
weight loss corresponding to approximately 3 % was observed at
25-120 °C and occurred due to dehydration of the silica surface and
evaporation of the residual organic solvent (dry toluene). Above 120 °C,
16.7 % weight loss was observed until 500 °C, attributed to decompo-
sition of the surface grafted ligand. The losses above 500 °C were related
to the carbonization of organic residues on SiO NPs and combustion of
the residual carbon. The calculated amount of grafted ligand AEAM-
PTMS was estimated from TGA data as 1.47 mmol/g.

The chemical nature of grafting of the ligand was revealed by FTIR
(see Fig. 3). The spectra of surface grafted SiO, NPs showed character-
istic peaks of SiO, around 1090 cm’l, 800 cm’l, and 460 cm™! corre-
sponding to &(Si—0—Si), v(Si—0—Si) and vas(Si—O—Si) vibrations.
Bands at 1640 cm ™! and 950 cm ™! confirmed the presence of residual
hydroxyl functions 8(0—H) and vas(Si—OH), respectively. Peaks at the
app. 3300 em !, 2935 cm !, and 1610 cm ! corresponded to v(N—H),
0,5(CH2-NHy), and 8(N—H and NHy) vibrations, respectively [49,50],
and confirmed successful functionalization of the silica nanoparticles
with the amino-containing ligand AEAM-PTMS.

The surface properties of the particles were changed strongly at each
step of surface transformation as revealed by surface charge changes
(zeta-potential values) obtained from DLS experiments. The pristine
silica nanospheres at pH = 6.5 had a highly negative zeta-potential of —
50.6 mV (+1.18 mV), typical for a hydroxyl-terminated silica. Grafting
of a ligand monolayer resulted in recharging of the surface with positive
zeta-potential + 9.27 mV (+1.15 mV), emerging apparently due to
protonation of the amino functions with formation of positively charged
ammonium centers on the surface. Adsorption of Ni2* cations led to
recharging with a final negative zeta-potential of — 9.6 mV (+0.369
mV). The positive charge was apparently removed due to complexation
of the cations with chelating ligands and formation of close ion pairs as
demonstrated by the investigated molecular models (please see part
3.3.1 below for details).

3.2. Adsorption equilibrium isotherms and adsorption kinetics

Fitting of the adsorption data was carried out following Langmuir,
Classical Freundlich and Extended Classical Freundlisch, and D-R
models [44-46] (see Fig. 4A and S5). The comparison demonstrated that
the adsorption isotherms followed the Langmuir model over the con-
centration range studied for all metals (Fig. 4A), indicating that the
adsorption sites were homogeneous and that adsorption of the metal
cations proceeded with formation of a monolayer of adsorbate on the
uniform material surface with no interactions between adsorbed mole-
cules [51-54]. The AEAM-PTMS ligand as expected, showed affinity
towards LTM, due to the existence of two amino donor sites in its
structure [55]. Nevertheless, the adsorption capacity for REE was also
pronounced. The prepared nanoadsorbent had the highest affinity to-
wards Ni (1.45 mmol/g) and Co (1.18 mmol/g), followed by Sm and Nd
(0.56 and 0.47 mmol/g, respectively). Maximum adsorption capacity
and metal/ligand stoichiometry results are presented in Table 1. Based
on these results, it is possible to conclude that the prepared material,
silica grafted with AEAM-PTMS ligand, offered a promising nano-
adsorbent for LTM sequestering, obtaining near 1:1 metal to ligand
stoichiometry (0.99 for Ni, and 0.80 for Co).

Adsorption kinetics were rapid for all tested metals. The kinetic
curves reached equilibrium in 6 h, as seen in Fig. 4B. The adsorption
kinetics showed that most of the uptake (70-90 %) occurred within the
first 3 h of the interaction of metals with grafted silica nanoparticles. All
the kinetics followed pseudo-second-order, which assumes that the
metal uptake process is controlled by the adsorption reaction at the
liquid/solid interface in the adsorbent and not by diffusion. Comparison
of the fitting of pseudo-1st and pseudo-2nd order models [47,48] is
presented in Fig. S6.

The mechanism behind metal adsorption onto the surface of the
adsorbent is a complex phenomenon and dependent on various factors,
such as physico-chemical properties of the metal cations and electro-
static attractions, ionic exchange or complexation (Lewis acid-base
interaction) between positively charged metals and negatively charged
surfaces of the adsorbent as well as pH of the microenvironment
[56-58]. The adsorption isotherm study proved the formation of a
monolayer on the surface of the nanoadsorbent and can indicate the
chemisorption of targeted metals onto surface functional moieties/
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Fig. 4. Adsorption isotherms fitted with Langmuir model (A) and adsorption
kinetics fitted with the pseudo-2nd order model (B) of prepared nano-
adsorbent material.

Table 1
Maximum adsorption capacities of prepared nanoadsorbent and obtained metal/
ligand stoichiometry.

Metal Maximum adsorption capacities (mmol/g) Metal/ligand stoichiometry

Co 1.18 0.80

Ni 1.45 0.99

Sm 0.56 0.38

Nd 0.47 0.32
Table 2

Selectivity of prepared nanoadsorbent material.

Metal mixture Atomic metal ratio

Ni/Co 1/1

Ni/Nd 8.6/1
Co/Sm 3.2/1
Sm/Nd 1.4/1
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Fig. 5. Molecular structure of the complex [Ni(n2-
HoNC,H4NHCH,C6Hs)2(H20)2](NO3),. Only one hydrogen bonded nitrate
anion is displayed for clarity.

active sites. Prepared model molecular compounds of metals and ligand
in the form of single X-ray quality crystals gave molecular insights into
metal complexation (described under 3.3.1).

3.3. Nanoadsorbent selectivity

EDS analysis was used to study average nanoadsorbent selectivity
after metal uptake by determining the elemental ratios between metals
on different areas of the adsorbents. The results are presented in Table 2.
When the adsorbent was used in the mixture of LTM and REE, Ni/Nd,
and Co/Sm, the selectivity was 8.6/1 and 3.2/1, respectively. When the
adsorbent was tested in an equimolar mixture of two LTMs, the adsor-
bent did not show selectivity towards Co or Ni. In the case of the equi-
molar mixture of REE, the adsorbent showed slightly higher selectivity
towards Sm. The results show an adsorbent preference to preferentially
bind LTM over REE.

Fig. 6. The packing of [Ni(n2-HoNC;H4sNHCHCgHs)2(H20)2]1(NO3), structural
units displayed along the a-axis.
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Fig. 7. Molecular structure of the complex [Co(H,NCyH4)3sN(H20)(NOs)]
(NO3)2 (2).

3.4. Molecular insights into selective action — Crystallographic models

In order to gain better understanding of the observed selective action
of the absorbents, we investigated the complex formation between the
ligand function, N-aminoethyl-aminomethyl benzene and metal cations.
Independent of the applied ratio of reagents, the product turned to be a
salt containing a centrosymmetric “propeller-like” cationic unit [Ni(n2-
H2NC2H4NHCH2C6H5)2(HZO)Z]2Jr with two ligand molecules attached
to the metal cation, along with two nitrate anions connected to the
complex via short hydrogen bonding (see Fig. 5). Formation of the
complexes with Ni: L = 1: 2 ratio has been reported earlier by Patel et al.
[55], but no structural characterization has been provided. Coordination
of the nickel cation is octahedral with four nitrogen atoms in the
equatorial plane and two hydrating water molecules in the axial posi-
tions. The square planar arrangement in this case is apparently not
associated with low-spin coordination of Ni(II) or any Jahn-Teller
distortion, as the bond length to the nitrogen atoms 2.076(2) and
2.130(2) A are apparently comparable with the bond length to the sol-
vating water molecules, 2.107(2) A.

In the crystal structure of the compound, the molecules are aligned
with each other as seen from the packing motif (see Fig. 6), but are
situated too far from each other for manifestation of r-n stacking — the
distance between parallel benzene ring planes being equal to the length
of the unit cell parameter, i.e. ca. 10 A.

The absence of n-r stacking is also revealed via the apparent flipping
movement of the benzene rings (see Fig. S2 and S3). In non-restricted
refinement, the thermal ellipsoids of carbon atoms in the ring are
characteristically elongated. Any attempt of splitting the ring atoms into
separate positions for explanation through positional disorder were
unsuccessful, making refinement unstable.

In the surface layer, the attachment of Ni%" cations to the ligands
should follow the same pattern of chelation, but only one ligand can be
bound to the metal centre due to steric reasons. This explains the
observed 1: 1 cation-to-ligand stoichiometry. The density of ligand
grafting is close to maximum coverage of a smooth silica surface,
implying that the separation in space between the ligand molecules
should be in the range 6.3-6.8 A [59]. It should allow better alignment
of benzene rings, but is too long for orbital interactions requiring at
maximum about 4.4 A distance between the centroids [60].

No single crystals could be isolated from the Co?" solutions with N-
aminoethyl-aminomethyl benzene as ligand, but the color changes (see
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Fig S4.) indicated rapid oxidation into Co>" species. Since analogous
behavior has been observed earlier with a related tris(aminoethyl)
amine ligand [40], an attempt to crystallize the cobalt derivative was
carried out and successful, resulting in a quantitative yield of the related
complex [Co(HaNC3H4)3N(H20)(NO3)I(NO3)z (2) (see Fig. 7). The
Chemistry of Co?* cations in interaction with chelating amino-ligands is
discussed in detail in N.N. Greenwood and A. Earnshaw [61], where
both the analogies in reactivity and specific stability of 3d® electronic
configuration are described and explained.The coordination of the Co>*
cation is octahedral with 4 positions occupied by the nitrogen atoms of
the ligand, where N(1) provides for the tertiary amino function and N
(2), N(3) and N(4) - for the primary amino functions. The residual two
places in the inner coordination sphere are occupied by a solvating
water molecule O(1) and an oxygen atom of directly bound nitrate anion
0O(11). An important feature is that all the bonding distances are much
shorter compared to Ni2* and are very close to each other except for a
considerably longer bond to the solvating water molecule: Co(1)-N(1)
1.919(6), Co(1)-0(11) 1.924(5), Co(1)-N(3) 1.930(12), Co(1)-N(2)
1.938(10), Co(1)-N(4) 1.966(9), and Co(1)-0(1) 1.970(10) A. This in-
dicates formation of the low-spin 3d® electron configuration, charac-
terized by strong metal-ligand bonding and high activation energy of
ligand exchange — a potential hinder for Cos + cation desorption at low
pH.

Chelating inner sphere complexation of the polyamino ligands with
LTM explains the observed affinity of the functionalized adsorbent and
hindered desorption of the Co-cations. REE, as demonstrated recently,
do not bind to amino functional ligands, but instead can form thin layer
deposits of hydroxides [40], making the adsorbent much less efficient to
REE compared to LTM.

3.5. Molecular insights into selective action — XPS spectroscopy data

The hybrid adsorbents, as prepared and after uptake of Co, Ni, and
Nd, were analyzed by XPS (see Fig. 8). For the Co, Ni, and Nd containing
samples, two shifts for N 1 s binding energies were seen, one major at
about 400 eV and one minor between 406.2 and 407.3 eV. The minor
shift is characteristic of NO3, originating from the NaNO3 used for
maintaining the ionic strength during adsorption [62]. The major shift at
398.5 eV for the adsorbent not bearing metal cations (Fig. 8, bottom)
corresponds to a protonated amino group [63]. After adsorption of the
metal cations, the major N 1 s signal is slightly upshifted with about 1
eV, in good agreement with previous reports of these metal ions in
complexation with nitrogen containing ligands [64-66].

High resolution XPS spectra were recorded for all three metal cat-
ions. In the case of cobalt cations, as indicated by both the color change
on their adsorption and seen from the molecular structure model
(Fig. 7), their uptake was associated with oxidation of Co®" into Co®*,
and the observed signal at 781 eV corresponded well to the literature
data on octahedrally coordinated Co>" cations [67]. In the nickel
spectrum, the observed signals at 872.4 and 854.9 eV corresponded well
to octahedrally coordinated Ni** cations [68], which also correlated
with the investigated molecular model (Fig. 5). The spectrum of neo-
dymium showed a split peak for Nd>*, indicating potential variety in its
coordination. This was expected due to a combination of the surface
complexation with the growth of a hydroxide layer caused by the local
PH rise via protonation of the amino functions.

3.6. Desorption and reusability study

We tested the desorption efficiency after metal uptake from equi-
molar metal mixtures of two or four metals. Results were obtained by
EDS mapping after samples were shaken for 24 h using four different
desorption solutions, HNO3 with 3 different pH values, and 10 mM
EDTA.

Results of metal release after uptake from an equimolar mixture of
REE and LTM metal are presented in Fig. 9A for Co/Sm and Fig. 9B for



M. Lakic et al.

Separation and Purification Technology 323 (2023) 124487

7863 781
Satellite

L ; ‘W-‘I} !
k" M Y,

™ ot ms m T

Co3+

Co2p1/2
Co2p3/2

|

407.3 400.1

N

O1s ’

1000 800 600 400 200 0
Binding energy, eV
872.4 854.9 406.2 399.7
satellite
Ni2* I wN

e we ws ma ws w0

Ni2p1/2
Ti 2p3/2

1000 800 600 400 200 0
Binding energy, eV
982 406.3 399.8
Nd3+ o / N
/
)W, }
Nd 3d3/2 S
Nd 3d5/2 . MfJ
| 000 995 90 ses om0 s7s a7 T I TS A

T T T

1000 800 600

Binding energy, eV

sizs SiZe

1000 800 600

400 200 0

Binding energy, eV

Fig. 8. XPS spectra of the hybrid adsorbent (below) and the adsorbent after uptake of Co, Ni and Nd cations respectively.

Ni/Nd mixture. HNO3, with the lowest pH value (pH 0), exhibited the
highest removal rate of adsorbed Co, while all desorption media
removed almost all adsorbed Sm (98-100 %). When the desorption step
was repeated using acid with pH 1, the removal rate for Co rose from
52.5 to 75 %. In the case of the Ni/Nd equimolar mixture, the desorption
efficiency was high for all metals, varying from 90.5 % (Nd at pH 1) to
100 % (Ni at pH 1). Overall, HNO3 with pH 0 had the best desorption
efficiency. Results of metal release after uptake from an equimolar

mixture of LTM cations are presented in Fig. 9C and for the release of
REE cations in Fig. 9D. Typically, the Co cations appeared more resilient
to acid treatment, as described earlier by our group [40]. This was
apparently due to kinetic hinders caused by the crystal field activation
energy for the formed Co®* cations with 3d® electron configuration.
Characteristically, the desorption efficiency for Ni cations decreases
when we try to remove them after uptake from Ni/Co mixtures
compared with removal after uptake from mixtures of Ni/Nd. When we



M. Laki¢ et al.

Desorption efficiency after uptake from Co/Sm
equimolar mixture solution
99 98 100 98.1

80 69.6
65.2
m I 1 |:| i IIH I
. I I
0

[E HNO;3 pHO @ HNO; pH1 O HNO; pH3 B 10 mM EDTA

Desorption efficiency [%] >

C Desorption efficiency after uptake from Ni/Co
— equimolar mixture solution

X

> 85 saq *17 875

g . 759 73
2

S w

&

z 40

]

= 0

3

o o L2 e —-—
3

o Ni

EHNO; pHO @ HNO; pH1 O HNO; pH3 B 10 mM EDTA

Separation and Purification Technology 323 (2023) 124487

Desorption efficiency after uptake from Ni/Nd
equimolar mixture solution

99.8 100 99.3
96.2 96.1

" 95.5
% 91 90 5
- Wil
84
Ni

EHNO; pHO EHNO; pH1 O HNO; pH3 B 10 mM EDTA

Desorption efficiency [%] T3

Desorption efficiency after uptake from Sm/Nd
equimolar mixture solution

100
. 7.2 981 98.8 98.8

95.2
%
» 90-7 g3
w
84
80

EHNO; pHO B HNO; pH1 O HNO; pH3 B 10 mM EDTA

Desorption efficiency [%] O

Fig. 9. Desorption efficiency after uptake from two metal equimolar solutions: (A) Co/Sm; (B) Ni/Nd, (C) Ni/Co, and (D) Sm/Nd.

Desorption efficiency after uptake from 4-metals mixture solution

110

Desorption efficiency [%]

97.5 100
92.6
87.5

- 83.3
70
s

l | I | ‘30.4 l
30 I
10

94.6 g5 5 94.3

|| | 875875

Sm Nd

EHNO; pHO EHNO3; pH1 DOHNO;pH3 B 10 mMEDTA

Fig. 10. Desorption efficiency after uptake from a four metal equimolar solution.

Table 3
Nanoadsorbent reusability test study, where A stands for the adsorption step and
D for the desorption step.

Metal 1st cycle 2nd cycle 3rd cycle
A D A D A D
(mmol/g) (%) (mmol/g) (%) (mmol/g) (%)
Co 0.750 81.3 0.662 46.2 0.574 67.6
Ni 1.144 100 1.144 92.1 1.100 90
Sm 0.517 97.9 0.474 94.8 0.474 85.6
Nd 0.484 94.1 0.484 100 0.430 90

tried to release the REE cations from Sm/Nd mixtures, the desorption
media with higher pH values (i.e. 10 mM EDTA and HNO3 pH 3)
exhibited slightly higher desorption efficiency.

When the desorption efficiency study was carried out after uptake
using a four metal mixture, the desorption efficiency was highest using
HNO3 with pH 0 for all metals except for Co (see Fig. 10).

Table 3 shows the possibility of nanoadsorbent reusability. We can
observe that samples showed good desorption rates in each cycle
ranging between 70—100 %. A decrease in adsorption rates was noted
after the first and second desorption cycles for Co. However, the nano-
adsorbent had good adsorption/desorption rates even after three cycles
for all other metals.
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Table 4
Comparison of stability and selectivity between major classes of solid adsorbents with potential capacity to separate LTM from REE.
Matrix Ligands Uptake capacity, mmol/g (cation) Selectivity LTM/ References
REE
Silica Ethylenediamino alkyl 1.83 (Co), 1.86(Ni), 1.10(Sm), 0.83(Nd)0.66(Co), Ni/Nd =5.1/1, [17]
Pyridine thioalkyl 0.55(Ni), 0.56(Sm), 0.50 Co/Sm = 1/1.65
Thiocyanate (Nd)0.75(Co), 0.58 Ni/Nd = 1/1.78
Isothiocyanate (Ni)0.66(Sm), 0.67 Co/Sm = 1/12
(Nd)0.67(Co), 0.57 Ni/Nd = 1/1
(N)0.77(Sm), 0.44 Co/Sm = 1/18
(Nd) Ni/Nd = 1.33/1
Co/Sm = 1/18
Chitosan&silica EDTA 0.22(Co), 0.26(Ni) N/A [69]
Silica gel Ni imprinted 0.35(Ni) N/A [70]
Zr phosphate Surface hydrophosphate 0.28-0.56(Eu) N/A [71]
ZIF-8/U6N MOF Ui066-NH, 1.45(Nd) Co/Nd = 1/2 [72]
composite
ZnBDC MOF Graphene oxide 2.39(REE general) N/A [73]
ZnO ZnBTC MOF 2.08(REE general) N/A [74]
COF 1,3,5-Triformylphloroglucinol (Tp) co-condensed with p- 0.59(La) N/A [75]
phenylenediamine
(Pa)
SBA-15 mesoporous Triethylene pentamine 0.89(Pd) — as potential analog of Ni N/A [76]
silica
SBA-15 mesoporous EDTA & alkylphosphonic acid 1.1(Nd) Ni/Nd = 261.5 [771
silica
Silica Ethylenediamino benzene alkyl 1.18(Co), 1.45(Ni), 0.56(Sm), 0.47(Nd) Ni/Nd = 8.6/1 This work
Co/Sm = 3.2/1

3.7. Comparison with earlier reported adsorbents

The task of separating REE and LTM with focus on LTM separation is
of great importance for developing approaches to recycling of magnetic
materials, but still remains a relatively scarcely addressed challenge.
High selectivity has been proven for mesoporous silica based materials
(see Table 4), but they are rather costly and suffer from hinders in
desorption of adsorbed components. This emphasizes the need for un-
derstanding the principles of constructing adsorbents featuring higher
selectivity towards LTM compared to REE. The material reported in the
present work combines good adsorption capacity and quick desorption
kinetics with pronounced selectivity towards LTM and even consider-
able difference in behavior between Co and Ni species, which opens new
possibilities for many other potential applications.

4. Conclusions

We demonstrated a one-step grafting synthesis of hybrid SiOg
nanoadsorbents permitting sequestration and separation of REE and
LTM - a new and highly requested area of applications. The prepared
material was characterized and tested for its adsorption, separation, and
reusability properties in single or mixed equimolar metal solutions.

The produced adsorbent showed relatively rapid adsorption kinetics
for LTM and REE at room temperature. Adsorption capacity achieved
higher values for LTM, demonstrating the formation of surface com-
plexes with 1:1 composition for studied Ni cations. The adsorbent
revealed pronounced selectivity towards LTM compared to REE. Mo-
lecular insights into the origin of selective action were obtained through
studies of the complex formation between the Ni(II) and the N-benzyl-
ethylenediamine ligand function and Co(III) with tris(aminoethyl)amine
ligand, showing chelation as a principal factor guiding LTM adsorption
and desorption. Relatively dense packing of ligands on the silica surface
was shown to have potential effects on their ordering permitting high
adsorption capacity, resulting in 1:1 cation-to-ligand stoichiometry. The
insights obtained from the model molecular structures were supported
by the results of the XPS studies.

The desorption of target cations was investigated after uptake from a
single metal solution and an equimolar mixture of 2 or 4 metals. The
prepared nanoadsorbent exhibits high desorption rates even after three
cycles of adsorption and desorption.

To summarize, this work proposes that the evaluated sorbents have
potential as an environmentally friendly alternative to the conventional
liquid phase separation techniques for LTM separation from REE.
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Fig. S1: TGA of prepared nanoadsorbent material.
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Fig. S2. Molecular structure of the Ni(HoNC;HsNyCH2C¢Hs)2(H20)2(NO3), complex, demonstrating
resolved disorder for the C(3) atom and restricted motion for C(1), C(2), C(5), (C6), C7 and C(8) atoms.
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Fig. S3. Molecular structure of the Ni(HoNC;HsNuCH2C¢Hs)2(H20)2(NO3), complex, demonstrating
resolved disorder for the C(3) atom and free ligand motion, resulting in thermal disorder of especially
the “flipping” benzene ring of the ligand. Please, note the drastic decrease in the discrepancy factor for
such refinement.



Fig. S4. Color change in the adsorbent bearing Co-ions: a) 15 min after addition of the adsorbent, b) 18
hours after addition of the adsorbent.
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Keywords:
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Wound dressing

Bacterial nanocellulose is a fascinating biopolymer with immense application potential, including as a wound
dressing material. It is highly biocompatible and capable of keeping humidity needed for wound healing.
However, it lacks specific affinity to pharmaceuticals to be delivered in a controlled fashion in a topical appli-

EI:SSp:;zl:m" cation, urged by the necessity to decrease the release of medicines to the environment. Solving this problem
Titaiia o requires tailoring of the material functionality by chemical modification. In this work, a two-step strategy

applying first phosphorylation and then introduction of biocompatible mineral particles was applied. Surface
modification of commercially available wound dressing material based on dried bacterial nanocellulose led to
phosphate grafting of 1.5-1.8 mmol/g and then uniform coverage of individual fibers (colloidal TiO3) or for-
mation of aggregated platelets (TIBALDH®) on the surface (with Ti:P element ratios 0.45-0.80). To the titania
functionalized dressing the broad spectrum antibiotic Tetracycline was bound (41-45 mg g'!) with its release
delayed over several hours / days (over 50 % in 120 h for both nanocarriers). Biological essays indicated
excellent biocompatibility and improved cell adhesion, offering a path to accelerated wound closure, promising
for diverse tissue engineering applications. This study demonstrated a strategy in approach to dressing materials
with delayed drug release properties exploiting the affinity of pharmaceuticals to mineral nanoparticles.

1. Introduction The emergence of nanotechnology has opened up avenues for the
production of active wound-dressing materials, which facilitate wound
healing, exert antibacterial properties and/or stimulate tissue regrowth

(Moritz et al., 2014; Li et al., 2020). Inorganic nanoparticles for

Materials for wound treatment are highly requested and attract
continuous attention of researchers. A paramount aim in wound man-

agement is preventing bacterial infection. Commonly used wound
dressing materials function by providing a physical barrier against
infection caused by microorganisms, passively protecting against
infection (Stoica, Chircov & Grumezescu, 2020). Therefore, antibiotics
are often prescribed per-orally for systemic treatment. This results in
consuming large quantities of antibiotics and their distribution into
wastewater streams through excretion, leading to water streams
becoming increasingly polluted by residual pharmaceuticals (Malnes
et al., 2022). Exposed to increasing background concentrations of anti-
biotics, bacteria are becoming increasingly resistant against them,
which has led to augmented interest in alternatives such as local, topical
application of antibiotics for wound management.

* Corresponding author.

example, have been reported to improve wound healing (Seisenbaeva
et al., 2017; Paladini & Pollini, 2019) and they have been proven to
facilitate controlled release of antibiotics (Galkina et al., 2015a; 2015b).
Combining the attractive properties of inorganic nanoparticles with
natural polymers, allows for the creation of hybrid materials with
unique properties, which can be used for drug delivery.

Bio-based polymers such as cellulose have increasingly been
addressed as matrices for active inorganic components. Cellulose is the
most abundant natural polymer on the planet, accounting for 1.5 x 10'2
tons of annual biomass production (Klemm, Heublein, Fink & Bohn,
2005). It is a linear homopolymer comprised of p—1,4-linked glyco-
pyranose (O’Sullivan, 1997; Marchessault & Sundararajan, 1983). It is

E-mail addresses: hsbarud@uniara.edu.br (H.S. Barud), gulaim.seisenbaeva@slu.se (G.A. Seisenbaeva).

https://doi.org/10.1016/j.carpta.2025.100756

Available online 14 March 2025

2666-8939/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).



T.C. Breijaert et al.

found in the cell wall of plants, in seaweed, and in fungi. In addition, it is
produced by some species of bacteria, such as Komagateibacter Xylinus
(formerly Acetobacter and Gluconacetobacter) which forms a biofilm
comprised of cellulose (Brown, 1886). Cellulose and its derivatives have
a long history in the pharmaceutical industry in various types of for-
mulations as it is biodegradable, non-toxic, non-carcinogenic and
biocompatible (Thoorens et al., 2014). Nanocellulose for biomedical
applications can be produced from many different sources such as wood,
cotton or even fruit peel waste (Datta et al., 2024).

Bacterial nanocellulose (BNC) is a type of cellulose with major ad-
vantages over vegetal (plant) cellulose, owing to its unique native purity
(Klemm, Schumann, Udhardt & Marsch, 2001). It is produced by
fermentation and only contains microbial cells, nutrients and secondary
metabolites, which can easily be removed to produce highly pure cel-
lulose. By comparison, vegetal cellulose contains by-products such as
lignin, pectin and hemicellulose (Klemm, Heublein, Fink & Bohn, 2005).
BNC has outstanding physical and mechanical properties, which emerge
from its unique 3D structure. BNC aggregates to form long aggregated
microfibrils with a width of 70-150 nm in a reticular network which
provides the material with high surface area, elasticity and flexibility
(Klemm, Heublein, Fink & Bohn, 2005; Fink, Purz, Bohn & Kunze,
1997). BNC has many intrinsic characteristics that make it an ideal
wound dressing material, especially for burn wounds, temporary skin
substitutes or tissue regeneration as it has the capacity to absorb exu-
dates from injured tissue and accelerate granulation (Khalid et al., 2017;
Li et al., 2015). A major drawback in using BNC and other celluloses for
wound dressing applications however, is a lack of antibacterial activity
intrinsic to the material, meaning that wounds can easily become
infected if not properly managed.

In order to overcome this challenge, antibacterial agents such as
silver nanoparticles have been added to cellulose materials in order to
grant it antibacterial properties (Barud et al., 2011; Volova et al., 2018).
Silver nanoparticles though have been shown to be cytotoxic due to the
generation of ROS by the particles itself or through the release of silver
ions (Liao, Li & Tjong, 2019; Tripathi & Goshisht, 2022). An alternative
approach is loading cellulose materials with antibiotics. However, cel-
lulose itself has a low retention for many drugs and there is a risk that
rapid release of drugs may have toxic effects (Horue et al., 2023).

BNC benefits from having a highly porous structure in its native
state, which has been used to imbue the material with antibacterial
properties by loading metal/metal-oxide nanoparticles with antibacte-
rial properties (Khalid et al., 2017; Volova et al., 2018; Li et al., 2017) or
loading pharmaceuticals for delayed drug release (Moritz et al., 2014).
Nanosized TiOy in particular has been garnering attention as it is
considered biocompatible with low toxicity. It has been demonstrated
that depending on the surface chemistry involved, titania induces blood
coagulation (Seisenbaeva et al.,, 2017; Svensson et al., 2021;
Ekstrand-Hammarstrom et al., 2015), which promotes wound-healing
by initiating an immune response (Seisenbaeva et al., 2017). Titania
derived from ammonium oxo-lactato titanate by comparison has been
shown to cause minimal coagulation activation, which makes it suitable
for applications where coagulation is undersired (Svensson et al., 2021).
Frequently reported methodology for imbuing BNC with antibacterial
properties often relies on impregnating the material with nanoparticles
and/or pharmaceuticals within the porous substrate, without the for-
mation of a chemical bond, followed by lyophilizing or supercritical
drying of the material, potentially leading to the release of nanoparticles
into the wound environment with all consequences that entails.

Another specific limitation of using BNC is its limited swelling ca-
pacity post-drying (Klemm, Heublein, Fink & Bohn, 2005), requiring the
material to be impregnated before drying. Thus, this strategy would find
limited use for materials like dry BNC sheets that currently are available
as wound dressing material. In the past several articles have reported the
use of chemically bonded metal oxide-cellulose hybrid materials for
controlled drug delivery (Galkina et al., 2015a; Galkina et al., 2015b;
Gaio et al., 2022; Breijaert et al., 2022). To the best our knowledge,
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nanocomposites of dry BNC wound dressing with chemically grafted
metal oxides onto the surface for enhanced uptake and controlled
release of pharmaceuticals have not been reported. The aim of the
current work was to produce a bacterial nanocellulose based material
loaded with antibiotics for controlled release. Improved retention of
antibiotic drug was achieved through surface grafting of inorganic
functional components such as nano titania. Two types of very uniform
TiO2 nanoparticles about 3.5 nm developed in our previous studies — the
triethanol ammonium terminated titania (TATT) (Seisenbaeva et al.,
2017; Kessler, Seisenbaeva, Hakansson & Unell, 2008), easily desorbing
the capping ligands and highly active in blood coagulation, and the
particles generated by an equilibrium described for “Dihydroxybis
(ammonium lactato)titanium(IV)” (TiBALDH®), which are strongly
surface capped by lactate ligands and not producing blood coagulation
effects (Seisenbaeva et al., 2017; Seisenbaeva, Daniel, Nedelec & Kess-
ler, 2013). Insights were gained into how this material would behave in
tissue regeneration applications testing biocompatibility, cell adhesion
and pseudo wound closure effects.

2. Materials and methods
2.1. Materials

“Dihydroxybis(ammonium lactato)titanium(IV)” (TiBALDH®) 50wt
% aqueous solutions (~2.08 M Ti) were obtained from Fischer Scientific.
It contains highly crystalline anatase nanoparticles terminated by lactate
ligand, 3.5 nm in diameter. Triethanol ammonium terminated titania
(TATT) was obtained according to literature, i.e., titanium ethoxide was
first modified with triethanolamine and then the product was hydro-
lysed by diluted nitric acid solution in water-ethanol medium (Kessler,
Seisenbaeva, Hakansson & Unell, 2008). The product has been charac-
terized by multitude of techniques as anatase nanoparticles with an
amorphous shell, 3.5 nm in diameter. Ammonium hydrogenphosphate
was obtained from Kebo Lab AB, Urea was obtained from Sigma-Aldrich.
Dry Bacterial nanocellulose sheets were obtained from BioSmart
Nanotechnology LTDA, Araraquara, Brazil. Phalloidin-iFluor 488
(ab176753) was obtained from Abcam Ltda. Rabbit Recombinant
Monoclonal anti-Collagen I conjugated to Alexa Fluor® 594 and Rabbit
Recombinant Monoclonal anti-Fibronectin conjugated to Alexa Fluor®
555 also were obtained from Abcam Ltda. All chemicals were used
without further purification. Water was purified using a Millipore
system.

2.2. Synthesis

2.2.1. Bacterial nanocellulose

Bacteria cultures were manipulated inside a laminar flow hood,
using sterilized lab ware. Bacterial nanocellulose sheets were grown by
culturing Komagataeibacter Rhaeticus (AF-1) (Machado et al., 2016)
bacteria onto Hestrin-Schramm agar, containg p-glucose, yeast extract,
peptone, disodium hydrogen phosphate, citric acid, agar and deionized
water. The resulting innoculated HS agar plates were incubated in an air
circulating oven for 72 h at 28 °C. The K. rhaeticus colonies were
transferred to liquid Hestrin-Schramm medium and incubated for a
further 72 h at 28 °C. After this period, a BNC pellicle had formed at the
air-liquid interface, indicating the culture medium showed the appro-
priate conditions to produce a large bacterial nanocellulose sheet. The
liquid culture media was transferred to trays together with fresh HS
liquid media and cultured for 96 h at 28 °C. The produced hydrated
bacterial nanocellulose pellicles were washed with distilled water to get
rid of excess growth media, placed in 0.1 % aqueous NaOH and heated to
70 °C to remove bacteria. The wet BNC membranes were compressed
and dried.

2.2.2. Phosphorylated bacterial nanocellulose
The general procedure by Ait Benhamou et al. (Ait Benhamou et al.,
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2021) was modified for use with large aspect ratio bacterial nano-
cellulose sheets. In order to phosphorylated bacterial nanocellulose
sheets a solution of 450 mg (3.91 mmol) NH4H2POy4, 1.2 g (19.98 mmol)
urea, 10 ml ultrapure water was prepared. In a petridish was placed 10 x
10 cm of a dry bacterial nanocellulose sheet material and allowed to
soak overnight at room temperature under continuous agitation. After
soaking overnight, the sheet was transferred to a wide ceramic plate and
placed in a 160 °C oven for variable amounts of time (0-60 min). For the
preparation of a phosphorylated bacterial sheet used for functionaliza-
tion with drug and nano titania, the soaked bacterial nanocellulose sheet
was placed at 160 °C for 20 min.

2.2.2.1. TiOz functionalized phosphorylated bacterial nanocellulose. For
functionalization of a bacterial nanocellulose sheet, an approximately 5
x 5 cm sheet of bacterial nanocellulose was suspended in 5 ml ultrapure
water, followed by the addition of 10 mmol of TIBALDH 50wt% solution
per gram of bacterial nanocellulose. The sheets were allowed to soak
overnight under continuous agitation and thoroughly washed with ul-
trapure water prior to analysis. For the preparation of TATT-coated
cellulose sheets the same molar ratio of TATT to phosphate was used,
however the sheets were allowed to soak over several days.

2.3. Characterization

Samples were characterized using a Bruker Dimension FastScan Bio
Atomic Force Microscope (AFM) with a Nanoscope V controller in Sca-
nAsyst mode using a Fastscan-B AFM probe (Silicon tip, f,:400 kHz, k:4
N/m, Tip radius: 5 nm nominally) and a scan rate of 1-3 Hz. Data was
processed using Gwyddion 2.56 with align rows-median to remove
skipping lines.

Scanning Electron Microscopy (SEM) observations of bacterial
nanocellulose were conducted using a Hitachi FlexSEM 1000 at an ac-
celeration voltage of 3-7 kV, spot size 20, and 5 mm working distance.
For Energy Dispersive X-ray Spectroscopy (EDS) an acceleration voltage
of 15 kv, spot size 50 and 10 mm working distance were used.

The Thermogravimetric analyzes (TGA) were performed to deter-
mine the thermal degradation, mass loss, thermal stability, degradation
temperature (Tonset) and maximum degradation temperature (Tmax) of
membranes. TG curves were obtained in an equipment TGA-SDT Q600/
TA Instruments. The samples were heated at 25 to 600 °C at 10 °C min™!
under a nitrogen atmosphere. The experimental parameters’ adjust-
ments were made in OriginPro 9.0 software.

Solid-state 3C NMR spectra were recorded on a Bruker Avance IIT
HD 300 spectrometer (Germany) operating at a magnetic field strength
of 7.04 T and a Larmor frequency of 75.00 MHz. The analyses were
conducted using a 4 mm MAS probe with ZrO: rotors (and Kel-F covers)
at a spinning rate of 9000 Hz. A relaxation time of 1 s and a 90° pulse of
2.6 ps were applied, utilizing magic-angle spinning and cross-
polarization techniques. The chemical shifts were indirectly standard-
ized through a sample of glycine, with carbonyl sign at 176.00 ppm in
relation to the TMS which is the primary standard.

The degree of polymerization (DP) of bacterial nanocellulose (BNC)
was determined by viscometry using an Ostwald viscometer according
to Brazilian technical standard NBR7730.

For Cell Adhesion Assays a JEOL JSM-ITS00HR SEM was used, using
a working distance of 8 mm and an acceleration voltage of 5 kV
(Paschoalin et al., 2017). Samples were prepared on carbon tape without
any special treatment.

Fourier Transform Infrared (FTIR) analysis was done on a Perkin
Elmer Spectrum 100 FT-IR Spectrometer using an ATR module or a
window.

Titrations were performed using a Metrohm Titrando 888
(2.888.0310), fitted with a 856 conductivity module (2.856.0010), 800
Dosino (2.800.0010), 5-ring conductivity measuring cell (¢ = 0.7,
6.0915.100), using TIAMO Light 2.5 as automation software. Titres were
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determined using tris(hydroxymethyl)aminomethane (HCI) and potas-
sium hydrogen phthalate (NaOH). Phosphate content was determined
via conductometric titration by titration of protonated phosphate.

Immunofluorescence images were acquired using the Zeiss LSM800
Confocal Fluorescence Microscope.

Powder X-ray Diffraction (PXRD) data was obtained on a Bruker D8
QUEST ECO diffractometer equipped with a Proton III Area Detector and
graphite-monochromated Mo-Ka (A = 0.71073 A) radiation source. Data
was processed with the EVA-12 software package. As a Mo-source (Ka =
0.7093 ;\) is used instead of the standard Cu-source (Ka = 1.5406 ;X)
there is a loss in angular resolution as short wavelengths contract the
diffraction pattern towards low Bragg angles. In order to compare cel-
lulose samples, idealized cellulose structures (French, 2014) were used
to simulate a powder diffraction patterns for cellulose I, If and cellulose
1I. Powder diffraction patterns were simulated between 5 and 50 20
using Mercury software with Molybdenum as a source (Ka = 0.7093 A)
and FWHM: 1.5 as this closely resembles the angular resolution of the
x-ray machine available and can be found in the supporting information
(Sup. Fig. S10). Scherrer equation is exploiting full width of an intence
X-ray peak at its half hight to determine the size of a diffracting domain.
Crystallite sizes were calculated using the Scherrer equation.

2.4. Tetracycline adsorption and desorption

In order to prepare a tetracycline loaded TiO»-Bacterial nano-
cellulose composite, a sheet containing TiO, was placed in a 100 mL
Duran bottle together with a 70 mg/L tetracycline solution and sealed.
The drug was allowed to adsorb at 55 °C overnight, drug loading was
calculated by measuring the concentration before and after adsorption.
For desorption experiments the sheet was placed in a 100 mL Duran
bottle, followed by the addition of 50 ml citrate buffer (0.02 M, pH 6)
and continuously stirred for the entire duration. Periodically 1 mL ali-
quots were taken for UV-Vis measurement and returned. Desorption was
measured over a period of 130 h / 5-6 days.

2.5. Indirect cytotoxicity assay

To assess the cytocompatibility of the functionalized BNC compos-
ites, cytotoxicity test was performed according to the International Or-
ganization for Standardization (ISO 10,993-5/10,993-12) norms, using
the extract dilution method MTT assay. L929 murine fibroblasts cells
and human osteoblast-like SaOS-2 cells were obtained from the Amer-
ican Type Culture Collection (ATCC, VA, USA). For detailed protocol see
supplementary materials.

2.6. Evaluation of pseudo-wound closure

Fibroblast (L929) and osteoblasts (Sa0S-2) cells were cultured at a
density of 1 x 10° cells/well in a 24-well plate, respecting the same
conditions of temperature and percentage of CO5. The extraction media
(treatments) were prepared following the same procedure described in
Section 2.5. Subsequently, the confluent monolayer was confirmed
24 hours later, and then the wells were washed twice with PBS and the
scratching of the cell layer was performed using a 200 pL pipette tip. To
achieve straight scratches a ruler was used as a guiding device, as
elucidated in Supplementary materials Fig. S1.

The cell free gaps were imaged in an inverted optical microscope
(Nikon®) with a 10x objective. To ensure that pictures were always
taken at the same position, a black line on the lower outside of the wells
was made using a pen. The micrographs were taken above the black line
at 0, 6, 24 and 48 hours until full closure of pseudo-wounds. The size of
the pseudo-wounds was measured at all time points using ImageJ2
(Rueden et al., 2017). All samples were performed in triplicate. The
closure (%) of the pseudo-wounds was calculated according to Equation
1 (Morais et al., 2023; Cappiello, Casciaro & Mangoni, 2018):
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Area t (0) — Area t (x)

Areat (0) x 100

% pseudo — wound closure :
Where (x) corresponds to the time each micrograph was recorded.
2.7. Cell adhesion assay

For the cell adhesion studies, the same cell lines (Sa0S-2 and L929)
previously described were used. First, cells (5 x 10* cells/well) were
seeded on functionalized BNC films (1 cm3) inserted into the 24-well
plate and grown for 72 h at 37 °C with 5 % CO,. At the end of incuba-
tion, the media was removed, and cells were washed with sterile filtered
0.01 M PBS at pH 7.4. Next, the cells were fixed with 3 % glutaraldehyde
in 0.01 M PBS for 0.5 h at room temperature. After washing with 0.01 M
PBS, samples were dehydrated through an ascending ethanol series (30
%, 50 %, 70 % and 95 %, 3 min each) with a final incubation in 100 %
ethanol for 3 min (repeated 2 times). Dry samples were sputter coating
to generate a 10-nm carbon layer and observed via SEM.

2.8. Immunofiuorescence cell culturing

Murine L929 fibroblasts and SAOS-2 osteoblasts were cultured in
DMEM, Gibco® with 10 % FBS, Gibco® and 1 % ciprofloxacin (Sigma,
St. Louis, MO, USA) at 37 °C in a humidified condition with 5 % CO, and
95 % air. The cells were used after two consecutive passages.

2.9. Fluorescence staining

Cells were seeded onto the 24-well polystyrene cell culture plate, at a
density of 5 x 10> cells/well in a humidified condition with 5 % CO and
95 % air for 48 h. Simultaneously, the eluates from different samples
were prepared using 1cm?/mL and maintained in agitation for 24 h in
DMEM with 5 % FBS and 1 % ciprofloxacin, respectively. Then, the
conventional media was replaced with 500 uL/well of each eluate from
phosphorylated BC, phosphorylated BC + TATT, phosphorylated BC +
TiBALDH and control (cells maintained only with conventional media)
for 48 h at the same temperature and CO, described above. Afterward,
the eluates were removed and the wells were washed with 0.01 M PBS
(300 uL/well) and then cells were fixed with 3 % glutaraldehyde (300
uL/well) for 30 min at 4 °C. The cells were washed again with 0.01 M
PBS (three times) and treated with 0.1 % Triton X-100 (300 pL/well) for
5 min at room temperature. After incubation, the wells were washed
again, and the cells were incubated with phalloidin-iFluor 488 (1 pg/
mL) in 0.01 M PBS and 1 % of Bovine Serum Albumin (BSA) for 1 h at 37
°C. Simultaneously the wells were incubated overnight with Rabbit
Recombinant Monoclonal anti-Collagen I conjugated to Alexa Fluor®
594 (1:200) and Rabbit Recombinant Monoclonal anti-Fibronectin
conjugated to Alexa Fluor® 555 (1:200) at 4 °C using the same diluent
solution (0.01 M PBS/1 % BSA). Finally, the wells were washed again
(three times) and maintained in a solution of 0.01 M PBS and 1 % BSA.
Immunofluorescence images were acquired using the Zeiss LSM800
Confocal Fluorescence Microscope. Objective lens: 40x/1.4 NA. Excita-
tion wavelengths: 488 nm for phalloidin-iFluor 488, 594 nm for Alexa
Fluor® 594 (Collagen I), and 555 nm for Alexa Fluor® 555 (Fibro-
nectin). Emission wavelengths: 505-550 nm for phalloidin-iFluor 488,
610-650 nm for Alexa Fluor® 594, and 570-620 nm for Alexa Fluor®
555. Image resolution: 1024 x 1024 pixels with 8-bit depth to ensure
high image quality.

2.10. Quantitative measurement of fluorescence intensity

Fibroblast and osteoblast cells were initially seeded in 96-well plates
at a density of 5 x 10> cells. The cells were cultured in DMEM with 5 %
FBS and 1 % ciprofloxacin and incubated at 37 °C in a humidified at-
mosphere with 5 % CO2. After 24 h, the conventional medium was
replaced with eluates from phosphorylated BC, phosphorylated BC +
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TATT, and phosphorylated BC + TiBALDH. The culture medium was
replaced with the corresponding eluates every two days for a total cul-
ture duration of 7 days. After 7 days, the eluates were carefully removed,
and the cells were washed three times with 0.01 M PBS/1 % BSA) to
remove any residual media or eluates. The cells were then fixed by
incubating with 3 % glutaraldehyde for 30 min at 4 °C. Following fix-
ation, the cells were washed again and permeabilized using 0.1 % Triton
X-100 in PBS/1 % BSA for 5 min. Subsequently, the cells were incubated
with the fluorescence markers, phalloidin-iFluor 488 (1 pg/mL) for 1 h
at 37 °C, and Rabbit Recombinant Monoclonal anti-Collagen I conju-
gated to Alexa Fluor® 594 (1:200) and Rabbit Recombinant Monoclonal
anti-Fibronectin conjugated to Alexa Fluor® 555 (1:200) overnight at 4
°C, following the protocol described above. The fluorescence intensity
was quantified using the FLUOstar Omega Microplate Reader. Each well
was scanned for fluorescence at the specific excitation and emission
wavelengths corresponding to the fluorophores used. This assay was
performed in two independent experiments.

3. Results
3.1. Bacterial nanocellulose

The original BNC was proved to be a chemically and thermally robust
material. For its morphological characterization of BNC by AFM and
surface roughness, please see Fig. $2-S5. The degradation profile of the
BNC membranes by TGA showed three mass-loss steps (see Fig. S16).
The first thermal stage that constituted a mass loss of 10.8 % was
associated with water release between 30 and 100 °C. The second step
was more pronounced and occurred in Tonset = 240 °C with 12 % mass
loss and Tmax = 328 °C, could be attributed to cellulose degradation,
including depolymerization and decomposition of glucose units. The
third step represented the degradation of carbonaceous residues that
extends from 400 to 600 °C with a percentage of residual at 600 °C
determined was 8.6 %. These results are in good agreement with
generally observed thermal behavior of nanocellulose (Gan, Sam,
Abdullah & Omar, 2020).

The solid state 1>C NMR spectra showed in Fig. S17 reveal distinct
signals corresponding to the carbon atoms within the carbohydrate
segment of the cellulose structure. Specifically, the signal at & 104.91
ppm is attributed to carbon C1, while the signal at § 88.86 ppm corre-
sponds to carbon C4. The region between 84 -71 ppm (83.50, 74.31
and 71.38) encompasses signals from carbons C2, C3, and C5, and the
signal at & 65.08 ppm represents carbon C6 (for details, please, see
Supplementary materials). The degree of polymerization (DP) of BNC
determined through viscometry was found to be 2800 (Supplementary
materials Table S4), corresponding to an average molecular weight of
453.600 g mol™.

3.2. Phosphorylation

We confirmed the surface of dried BNC was succesfully phosphory-
lated using a combination of Energy Dispersive X-ray scattering (EDS),
conductometric titration and attenuated total reflection fourier trans-
form infrared spectroscopy (ATR-FTIR). In EDS an increase in At% P
could be measured as the reaction progresses, to around 3.3 At% P after
40 min. Using ATR-FTIR we could observe the evolution of several peaks
with time (Fig. 1, right, Fig. S12), most notably around 825 cm?, 930
em and 1230 em™. Additional peaks that may be related to the intro-
duction of phosphorus appeared around 500cm™ and very diffused
around 2700-2750 cm’! (Thomas & Chittenden, 1964a; Thomas &
Chittenden, 1964b). To quantify the phosphate content conductometric
titrations were performed under the assumption that only the
monophosphate-cellulose ester (Cell-O-PO3H5) had formed. Under this
assumption the reaction order appears to be pseudo-first order with a
rate of 0.057 min! with a final phosphorylated degree of 2.7 mmol/g
(Fig. 1, left). Due to the brittle nature of the BNC membranes after
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Fig. 1. Phosphorylation degree in mmol/g as a function of time for Dry Bacterial nanocellulose () (Left) ATR-FTIR spectra of the evolution of phosphorus related
IR-peaks as a function of time. Pristine BNC (black), 5 min (red), 10 min (blue), 20 min (green) and 40 min (purple).

prolonged heating, subsequant samples were prepared using 20 min as a
time point, yielding 1.5-1.8 mmol/g of phosphate.

3.3. Fiber morphology

3.3.1. Pristine dried bacterial nanocellulose

The provided dried BNC exhibits a surface morphology (Fig. 2A)
consisting of long (>1pm), thin (64.9 + 13.0 nm) twisted fibres of
several micrometres in length with a large aspect ratio, which in many
places are interwoven to form a fibrous mat. Allowing the sheet to swell
in ultrapure water for seven days (Fig. S3 C,D) the fibres swell to 70.9 +
12.4 nm, a 9 % increase. Treating the dried BNC with 0.1 M HCI over
seven days changes the morpholgy, smaller crystallites appear on the
surface with the overal fibre outline being maintained (Fig. S3 A,B). The
fibre outline itself reduces in size to an approximate 50.9 + 13.9 nm,
with the smaller crystallites present on the surface having an approxi-
mate width of 22.3 + 5.3 nm. When treated with 0.1 M NaOH, much of
the original fibre structure is retained, with a decrease in fibre size to 60

+ 12.4 nm (Fig. S3 E,F).

3.2.2. Phosphorylation of dried bacterial nanocellulose

After phosphorylation of dried BNC the surface becomes more
porous on the microscale compared to pristine bacterial nanocellulose
(Fig. 2B). Treatment with urea had a limited effect on surface
morphology (Fig. S9). After phosphorylation the fibres retain much of
their original shape and size, consisting of fibres twisted together with a
minor increase in fibre diameter to 65.7 + 12.8 nm. When stored for
seven days in ultrapure water (Fig, S7, C,D), the distance between fibres
increases, opening up the surface of the material. A closer examination
show that the fibre morphology itself has changed, appearing notably
more ribbon-like than freshly prepared phosphorylated BNC, with an
average width of 68.9 & 14.2 nm on the thinner edge of the fibres
(Fig. S4, A,B). Storing the phosphorylated sheets under very acidic
conditions in 0.1 M HCl resulted in the distance between fibres
increasing compared to ultrapure water (Fig. S6, A,B). Opening up the

Fig. 2. AFM images of Bacterial nanocellulose Sheet as is (A 5 x 5 pm), phosphorylated BNC (B, 3 x 3 pm), phosphorylated BNC coated with pre-formed colloidal
TATT (C, 3 x 3 pm), phosphorylated BNC- modified by TiO, derived from TiBALDH® (D 3 x 3 pm).
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structure to such an extent as to be reminded of supercritically dried
BNC (Fig. S8) The phosphorous content decreased from 2.2 At% P in
ultrapure water to 1.0 At% when stored under very acidic conditions.
The HCl treated phosphorylated sample (Fig. S4, A,B) exhibits a ribbon-
like structure with the fibre width decreasing to 63.5 + 17.8 nm. Storing
under basic conditions in 0.1 M NaOH, resulted in the formation of large
several micrometer gaps between well resolved fibres while more
commonly fibre clusts appear so dense as to be poorly resolved (Fig. S7,
E,F). Making it difficult to differentiate between individual fibres by
SEM. Using AFM the general outline of the original fibres can be seen,
with the actual fibre surface containing many globular structures with
an approximate dimension of 44.8 + 9.1 nm (Fig. S4, E,F). Similar to the
samples stored under acidic condition, basic conditions also lead to a
decrease in phosphorous content. According to EDS the phosphorous
content decreased to 1.3 At%.

3.4. Introduction of nano-TiO2

Treating phosphorylated bacterial nanocellulose with stoichiometric
excess of TiBALDH at room temperature results in a loss of the previ-
ously observed open surface structure of phosphorylated BNC, in favour
of the formation of titania crystallites across the surface. The TIBALDH
derived product contains relatively large, aggregated and angular
structures of titania across the surface (Fig. 2D, Fig. S5, E,F). The surface
titania structures formed by TiBALDH are ca. 5-10 nm in height in the
smaller range and up to 25 nm in the larger range. Length wise the
particles are variable with some as small as 30 nm, while others are up to
160 nm depending on surface orientation, averaging around 75.4 + 40.7
nm. EDS data (Fig. S7) confirms the successful introduction of Titania
with 1.1 At% Ti and a P:Ti ratio of: 1: 0.45. Treating the phosphorylated
bacterial nanocellulose with stoichiometric excess of colloidal TATT
lead to uniform coverage of BCN fibres, increasing the fibre thickness
from 65.7 & 12.8 nm in phosphorylated BNC to 71.6 + 6.6 nm in TATT-
covered phosphorylated BNC (Fig. 2C, Fig. S4, G, H). This is to be ex-
pected, as the colloid consists of pre-formed hydrated TiOy particles,
which in principle coordinate to the surface via the introduced phos-
phate group but may also aggregate or gelate. EDS data (Fig. S8) con-
firms the successful introduction of Titanium with 1.1 At% Ti and a P:Ti
ratio of 1:0.8. Both phosphorylation and introduction of oxide nano-
particles are well reproducible under identified conditions facilitating
potential up-scaling and therapeutic use of the material.

3.5. X-ray diffraction

The provided source of cellulose starting material (Fig. S11) was
crystalline, presumably largely consisting of cellulose Iat (Wada, Okano
& Sugiyama, 2001) based on peak shape between 6.5-8 20. The
calculated crystallinity was 49.6 % based on peak height and crystallite
size of 6.3 nm based on the Scherrer equation. Hydrating pristine dry
bacterial nanocellulose in ultrapure water increased the Scherrer crys-
tallite size to 12.6 nm and decreased measured crystallinity to 34.3 %.
Hydration of BNC in 0.1 M NaOH resulted in a loss of crystallinity to
26.9 % and an increase in diffraction intensity around 5-6 20. Which
corresponds to the calculated 1-10 miller index in cellulose II. Hydrating
pristine BNC in 0.1 M HCI increased the crystallinity to 34.8 %. The
diffraction pattern of as-synthesized phosphorylated BNC (Fig. S11) is
similair to pristine BNC, with a higher calculated crystallinity of 58.9 %
and a Scherrer crystallite size of 12 nm. In ultrapure water phosphory-
lated BNC behaves similairly to pristine BNC, losing some crystallinity
(to 33.5 %) and increasing the Scherrer crystalite size to 17 nm. Main-
tained degree of crystallinity is in favor of unchanged mechanical
properties such as brittleness, crucial for up-scaling and futher practical
use of the material. When placed in either 0.1 NaOH or HCI, there is a
large change in peak ratio between 6.5-8 and 10.4 20. Due to the
overlap between the most intense diffraction peaks of cellulose and
anatase titania samples were sintered to confirm the presence of TiO2
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(Fig. S12). After sintering at 600 °C only 7.5 wt% white residue remains
of the TIBALDH modified material and 14.5 wt% white residue remains
for the TATT modified material. Sintering the material at 500 °C in-
dicates the presence of anatase titania (Fig. S12) together with some
residue (turning the material brown). The remaining residue had
Scherrer crystallite sizes of 19.8 nm for TIBALDH and 32.2 nm for TATT.

3.6. Tetracycline desorption

The nanocomposite derived from TiBALDH displayed adsorption of
41.4 + 4.8 mg of tetracycline per g of cellulose dressing. The appearance
of two additional shoulder peaks at 1600 cm™ and 1580 cm™ in trans-
mission FTIR (Fig. S13) can be attributed to the inclusion of chemically
bound tetracycline (Myers, Tochon-Danguy & Baud, 1983). The nano-
composite material released 30.8 + 2.9 % tetracycline after 5 h,
reaching 53.3 + 2.9 % tetracycline release after 120 h. The TATT
derived composite had 46.5 + 2.2 mg g! tetracycline absorbed per g of
cellulose dressing. The TATT nanocomposite released 39.4 + 0.2 %
tetracycline after 5 h in desorption medium, reaching up to 61.4 + 1.7 %
after 120 h (Fig. 3)

3.7. Cell assays

As the surface modification of the BCN is intended for use in wound
dressing materials, it is of paramount importance to test the cytotoxicity.
In addition, pseudo-wound healing and cell adhesion assays provide
additional insight into the suitability of the material and subsequent
modifications for wound healing. The samples in Table 1 were
evaluated.

3.7.1. Cytotoxicity assay

Given the worldwide concerns regarding nanotoxicity in bio-
materials, the potential cytotoxic effects of TiO, nanoparticles covered
BNC was investigated. Most functionalized BNC films showed atoxicity
for both cell lines, maintaining cell viability above 85 % (Fig. 4, Table 1).
Both high (1) and low (2) phosphate content BNC samples showed no
decrease in cell viability for L929 Murine Fibroblasts. High phosphate
content BNC did slightly decrease in cell viability for SaOS-2 osteoblastic
cells. After covering phosphorylated BNC with TiO5, both “bare” (11)
and lactacte covered (10) TiO, maintained cell viability close to 100 %
for both fibroblasts and osteoblastic cells. Covering the TiO2 with anti-
biotic tetracycline induced a decrease in cell viability for TATT covered
(31) BNC, but not TiBALDH (30). After desorption of tetracycline in
citrate buffer, cell viability for TiBALDH covered (33) BNC decreased
slightly. Cell viability for TATT covered BNC (32) remained the same
after desorption. In contrast to the previous samples, BNC/TIBALDH/
AgNOj3 (34) showed cytotoxicity effect with a significant decrease in
fibroblast (below 65 %), while the viability of osteoblastic cells reduced
drastically, reaching 100 % cell death against samples 34 and 35 (cotton
nanocrystals/TIBALDH/AgNO3).

3.7.2. Evaluation of pseudo-wound closure

Previous studies have demonstrated that BC exhibits remarkable
wound healing properties due to its unique physicochemical and bio-
logical characteristics. The 3D-dimensional network structure of BC
effectively allows normal gas and liquids exchange, which is essential for
proper wound treatment. BC also serves as an ideal carrier for the slow
release of drugs, further enhancing wound healing and promoting skin
tissue regeneration. Its high water absorption and retention capabilities
enable efficient management of wound exudates, while its mechanical
strength provides skin protection. Additionally, makes it suitable for
dressing irregularly shaped wounds, as well as allows easy wound in-
spection due its transluency property (Wahid et al., 2021). Khalid et al.
(Khalid et al., 2017) reported that BNC/TiO> biocomposites notably
accelerated wound closure by in vivo model, with wound area reduction
observed from 289 mm? on day O to 86 mm? on day 15 in the treated
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Fig. 3. Desorption of the broad-spectrum antibiotic Tetracycline from phosphorylated bacterial nanocellulose sheets covered by TiO2 derived from TiBALDH (left,
black) and colloidal triethanolamine terminated TiO, (right, red). Fitted with non-linear 2nd order fitting in origin.

Table 1
Samples tested for cytotoxicity, pseudo-wound healing and cell adhesion assays.
Sample Nomenclature
number
1 BNC-PO4 ~2.7-4 Wt%
2 BNC-PO4 ~0.5-1.5 wt%
10 BNC-PO, - TIBALDH
11 BNC-PO4 - TATT
30 BNC-PO, - TiBALDH + tetracycline
31 BNC-PO, - TATT + tetracycline
32 dry BNC-PO, - TATT + tetracycline after desorption in citrate
buffer
33 dry BNC-PO, - TiBALDH + tetracycline after desorption in citrate
buffer
34 BNC wet membrane + 10 mol % 2:1 TIBALDH: AgNO3
35 Cotton cellulose nanocrystals + 10 mol% 2:1 TIBALDH:AgNO3

group. In comparison, wounds treated with pure BC or a negative con-
trol showed significantly slower closure rates. These findings suggest
that the incorporation of TiOz nanoparticles in BC significantly enhances
its healing potential, likely by supporting fibroblast function and tissue
remodeling in the wound area. Similarly, phosphate-crosslinked
BC-based hydrogels also play a vital role in osteogenic as shown by
Suneetha and collaborators (Suneetha, Kim & Han, 2024).

In this work (Fig. 5) the samples 2, 10, 11 and 30 had a positive
effect on L929 cell migration, enabling 100 % pseudo-wound closure
within 24 h as well as the positive control (only culture media) Samples
31, 33 and 34 demonstrated a negative effect on cell migration for L929
cells. For Sa0S-2 cells, samples 10 and 33 promoted pseudo-wound
closure within 24 h as well as the positive control. Sample 34 had a
negative effect, preventing pseudo-wound closure within the analysis
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timeframe. The micrographs showing the closure of the pseudo-wounds
over 48 h can be observed in Fig. S2.

3.7.3. Cell adhesion assay

Data indicate that all tested samples of BNC-PO4 (samples 1,2) and
BNC-PO4-TiOy composites (samples 10, 11) analyzed supported the
attachment, cell adhesion, and proliferation of both cell lines (Figs. 6
and 7). Moreover, high cell spreading and a fully developed cytoskeleton
were visible. Similar results were reported by Khan et al. (Khan et al.,
2015), who demonstrated that regenerated BC (RBC)-TiOz nano-
composites exhibited excellent cell adhesion and proliferation capabil-
ities with animal fibroblast cells, without showing any toxic effects.

3.7.4. Fluorescence staining

During cell migration, the cell initially extends protrusions, such as
lamellipodia and filopodia, establishes adhesion points, and ultimately
retracts its tail. The actin cytoskeleton plays a central role in this process
(Le Clainche & Carlier, 2008; Gardel, Schneider, Aratyn-Schaus &
Waterman, 2010). Moreover, type-I collagen and fibronectin are two
critical extracellular matrix (ECM) components that significantly
contribute to healing and tissue regeneration (Kanta, 2015). Type-I
collagen, the most abundant ECM component provides a scaffold that
binds other proteins and proteoglycans, facilitating cell interaction.
Additionally, fibronectin plays a pivotal role in controlling cell adhe-
sion, spreading, migration, proliferation, and differentiation, further
highlighting its importance in tissue repair and regeneration (Parisi
et al., 2020).

In the present study, confocal immunofluorescence analysis was used
to visualize the F-actin, type I collagen and fibronectin biomarkers in
fibroblast and osteoblast cells of different treatment group. Our findings
indicated that biomarkers expression was observed in both cell lines
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Fig. 4. Viability of L929 and Sa0S-2 cells upon contact with eluates from the functionalized BNC samples.
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Fig. 5. Effect of different functionalized BNC composites on migration of L929 and SaOS-2 cell lines by evaluation the pseudo-wound closure at times of 0, 6, 24 and

48 h.

L929

Fig. 6. L929 cells adhered on different functionalized BNC composites after 72
h of incubation.

following exposure to BNC-PO4 composites for 7 days as shown in
Figs. 8-10.

3.7.5. Quantitative measurement of fluorescence intensity

Our results involving fluorescence intensity quantification showed a
significant increase in F-actin expression in L929 fibroblasts and Sa0S-2
osteoblasts treated with the BNC-PO4 group compared to BNC-PO4-
TATT, BNC-PO4-TiBALDH and control (Fig. S15). The expression of
fibronectin was significantly higher than type-I collagen, although no
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Fig. 7. Sa0S-2 cells adhered on different functionalized BNC composites after
72 h of incubation.

significant difference in their expression were observed between the
different experimental groups. It is important to mention that both cell
lines treated with eluates from BNC-PO4 composites were exposed to a
culture medium containing only 5 % FBS, while the control cells
received 10 % FBS. This suggests that TiO3 nanoparticles (TiBALDH and
TATT) positively influenced the expression of biomarkers investigated.
Nevertheless, further molecular quantification assays and in vivo model
studies would be beneficial to confirm the relevance of these inorganic
particles in enhancing the expression of protein and cytoskeletal
markers and their contribution to tissue regeneration.
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Fig. 8. Confocal imaging of murine 1929 fibroblasts and SaOS-2 osteoblasts: F-actin (green) was labeled with phalloidin-iFluor 488 (green), and the nuclei (blue)

counterstaining with DAPI. Fluorescence staining of the actin cytoskeleton was registered on fibroblasts and osteoblasts cultured for 7 days with different eluates
from BNC-PO4, BNC-PO4-TATT and BNC-PO4-TiBALDH. Control cells was maintained with only conventional media.

Fig. 9. Confocal imaging of murine L929 fibroblasts and SaOS-2 osteoblasts: Type I-Collagen (red) was labeled with Rabbit Recombinant Monoclonal anti-Collagen I
conjugated to Alexa Fluor® 594 and nuclei counterstaining with DAPI (blue). Fluorescence staining of collagen Type I was registered on fibroblasts and osteoblasts
cultured for 7 days with different eluates from BNC-PO,4, BNC-PO,4-TATT and BNC-PO,4-TiBALDH. Control cells was maintained with only conventional media.
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Fig. 10. Confocal imaging of murine L929 fibroblasts and SaOS-2 osteoblasts: fibronectin (red) was labeled with Rabbit Recombinant Monoclonal anti-Fibronectin
conjugated to Alexa Fluor® 555 and nuclei counterstaining, with DAPI (blue). Fluorescence staining of fibronectin was registered on fibroblasts and osteoblasts
cultured for 7 days with different eluates from BNC-PO4, BNC-PO4-TATT and BNC-PO,4-TiBALDH. Control cells was maintained with only conventional media.
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4. Discussion
4.1. Phosphorylation

Phosphorylation of cellulose is an ester-forming reaction, which the
surface cellulose molecules easily undergo in acidic medium (Inagaki,
Nakamura, Asai & Katsuura, 1976). It forms a C—O-P bond on the
surface polymer molecule, leaving 3 oxygen atoms bound to phosphorus
for potential surface complexation to metal oxide nanoparticles. Titania
nanoparticles should be strongly bound to such modified matrix,
otherwise titania is washable due to the poor affinity between titania
and cellulose, leading to the release of nanoparticles in the wound
environment. As titania has excellent affinity for phosphate, forming a
hydrolytically stable M-O-P bond, we decided to introduce phosphate
onto the surface. As described in Section 3.1, phosphorylation was
confirmed a variety of techniques, however the aforementioned EDS (on
carbon tape) and FTIR analysis were difficult to quantify reliably and so
the BNC surface phosphorylation degree was determined conducto-
metrically by measuring the equivalent base consumption of the mate-
rial after converting to the acid form. A large increase in hydroxide
consumption was observed with increase in reaction time, corroborating
EDS and FTIR results regarding successful phosphorylation. The reaction
itself proceeded smoothly, though the amount of phosphate present has
been noted to vary between experiments depending on the remaining
surface-adhered liquid and shape of crucible used, with wider crucibles
being favoured. Presumably because the increase surface area promotes
evaporation of water, allowing adequate reaction temperatures to be
reached more readily. It should be noted that the bacterial nanocellulose
films became increasingly brittle with increase of reaction duration. Due
to the increased brittleness, an intermediate time point of 20 min was
chosen for subsequant samples as a compromise between material
flexibility and phosphorylation degree.

4.2. Fiber morphology

4.2.1. Pristine dried bacterial nanocellulose

Bacterial nanocellulose (BNC) differs considerably from other types
on nanocellulose. It is set apart from other cellulose sources such as
vegetal cellulose by the long, interwoven microfibrils, which can be
produced without the need for extensive mechanical or chemical
treatment in order to obtain high-purity cellulose. It is naturally pro-
duced as a biofilm by bacteria with minimal side products, and as such,
it retains most of the original morphology after purification. When
freshly produced it exists as a hydrogel which can be treated further or
like the commercial wound dressing used here, it can be compressed and
dried as a film. Presented in its dried state, this particular cellulose
source appeared to consist of long twisted fibres of several micrometres
in length, forming a fibrous mat of cellulose. The constituent BNC fibres
swell up after several days in water. Storage under very acidic conditions
made small crystallites appear on the surface together with a reduction
in fiber thickness. This is expected as cellulose, in particular the amor-
phous regions of cellulose present on the surface, is known to hydrolyse
in acidic enviroment. The fibres maintained much of their original
structure when treated with lye, though a small decrease in fibre width
was noted. This may be due to partial base hydrolysis of cellulose, minor
surface regeneration or due to selection bias as only fibres with clearly
demarcated borders are chosen. It is noted that some regions on base-
treated dried bacterial nanocellulose appear more globular compared
to the original bacterial nanocellulose, supporting the notion that the
cellulose surface packing has changed to some extent.

4.2.2. Phosphorylation of dried bacterial nanocellulose

Surface charge, charge repulsion / hydrogen bonding between fibres
plays an important role in the overarching morphology of materials and
it was observed that the morphological changes may be attributed to the
introduction of the phosphate group. As seen in Section 3.2.2, the
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observed surface structure of phosphorylated BNC strongly depended on
PH storage conditions. Hydrating the materials for a prolonged period of
time in ultrapure water changed the appearance of the fibres to become
noticibly more ribbon-like. These ribbon-like fibres appeared at least
partly folded, which made it difficult to measure an accurate width.
When comparing the HCI treated phosphorylated BNC and HCI treated
pristine BNC there is a noticeable difference in surface structure. In
pristine BNC there are clearly observable small nanocrystalline domains
distributed across the fibre surface, which are not present on phos-
phorylated BNC. Storage under basic conditions led to the formation of
globular structures on the surface of the previously observed smooth
ribbons. This could be due to cellulose regeneration, the negative sur-
face charge of the phosphate group under strongly high alkaline con-
ditions or another mechanism. The observed decrease in phosphorus
content upon treatment with acid or base indicate that the that the
cellulose-O-phosphate bond is liable to (partial) hydrolysis, being more
sensitive to acidic conditions. The morphological changes of the mate-
rial upon phosphorylation and pH treatment are notable; comparing the
pristine BNC sheets with phosphorylated BCN, the surface becomes
more porous upon phosphorylation and strongly influenced by pH with
different morphologies present depending on storage conditions
(Patoary, Farooq, Zaarour & Liu, 2021). Dried phosphorylated cellulose
is a brittle material, which may pose difficulties in up-scaling of the
phosphorylation process. However, if then the ready composite is kept in
humid conditions this challenge can be avoided in therapeutic
applications.

4.3. Introduction of nano-TiO2

Nanosized titanium dioxide is an easily produced and up-scaled
material. It is generally considered to be biocompatible and antibacte-
rial. Depending on the surface chemistry of the TiO, nanoparticles
involved, it may induce blood coagulation however, which may be un-
desirable for some applications (Svensson et al., 2021). To test the
viability of the material, two versions of BNC-PO4 — Titania composites
were prepared using TiBALDH and TATT respectively. TiBALDH is a
water-soluble precursor to nano-sized titania. It exists in solution equi-
librium with ammonium tris-lactato-titanate (NH4)2[Ti(Lactate)s] and
uniform, crystalline, anatase titania which is stabilized by
surface-capping with lactate (Groenke et al., 2012). This equilibrium can
be shifted by change in solvent polarity, addition of salts or as used here,
a strongly competing ligand, which shifts the equilibrium towards
lactate-capped nano-Titania. TATT by comparison is a colloidal sus-
pension of anatase titania, with an amorphous hydrated surface and
crystalline anatase core. TATT is made via the controlled hydrolysis of a
titanium alkoxide precursor in the presence of a surface capping agent
(Kessler, Seisenbaeva, Hikansson & Unell, 2008). The introduction of a
chelating ligand to the metal alkoxide sol leads to the formation of
self-assembled micellar aggregates during hydrolysis/polycondensation.
These micelles templated by self-assembly of ligands (MTSALs) are
covered by residual ligands (Kessler et al., 2006), which in the case of
TATT has been charged under acidic conditions to provide a charge
stabilized colloid with particles in the range of 3-4 nm (Kessler, Sei-
senbaeva, Hakansson & Unell, 2008). In aqueous media the capping
agent is hydrolysed to form a basic suspension of negatively charged
colloidal, bare TiO, which binds to the surface via coordination with the
introduced phosphate group. With TATT, there is a noticeable difference
in surface morphology compared to TiBALDH. This can readily be
observed as the original fibre morphology appeared to be largely pre-
served. The increase in observed fibre thickness corresponds to the size
of two particles, indicating full coverage of the phosphorylated BNC fi-
bres by TATT. The difference in P:Ti ratio observed here is most likely
due to the alkaline hydrolysis of phosphate which was previously
observed with phosphorylated BNC.
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4.4. X-ray diffraction

It should be clearly noted the instrument used a Mo-source (Ka =
0.7093 A) instead of a Cu-source (Ko = 1.5406 f\). Leading to a loss in
angular resolution due to contraction of the diffraction pattern towards
lower Bragg angles. Due to the lower angular resolution, idealized
powder pattern only have a 69.5CI% based on peak height. Thus, CI% in
Section 3.4 would be underreported. The observed decrease in crystal-
linity and increase in Scherrer crystallite size for pristine BNC was
presumably due to the swelling and hydration of the cellulose fibres. In
ultrapure water BNC-PO4 behaves similar to the pristine material, with a
loss in crystallinity and increase in Scherrer crystallite size. Placing the
material in either acidic or basic environment causes a change in peak
ratio between the diffraction at 6.5-8 and 10.4 20, indicating that the
packing of the material has changed. This implies that the pH not only
affects the overall morphology of BNC-PO,4 as mentioned in 4.2.2 but the
crystal packing of the cellulose fibres itself is also influenced by pH after
phosphorylation.

4.5. Tetracycline desorption

Environmental effects of presently used paradigm of systemic anti-
biotic drug treatment are associated with release of residual medicines
not consumed by the body into the wastewater. This leads to dangerous
increase in antibiotic pollution in ground waters and water bodies,
resulting in emerging multi-resistant pathogens (Larsson & Flach, 2022).
An alternative to the systemic treatment is the topical one is permitting
to safely dispose the residual pharmaceutical bound to an applied carrier
material. The release of many pharmaceuticals from nanocrystalline
cellulose and derived composites is, however, quite rapid. Thus, to delay
drug release, cellulose has been modified as described in Section
4.1-4.2.3 and nano-sized titania (TiBALDH / TATT) introduced onto the
surface. The surface chemistry between titania sources is notably
different, TiBALDH-derived titania is presumed to have a surface
capping of lactate, which coordinates quite strongly to titania via che-
lation with both lactate hydroxide and carboxylate groups (Groenke
et al., 2012). Thus, any pharmaceutical that is to be chemisorbed onto
the surface will be competing against surface bound lactate. TATT by
comparison contains a surface capping which in theory hydrolyses in
water to provide a bare titania surface. Thus, pharmaceuticals should be
able to be chemisorbed onto the surface without any direct competition
with other ligands. For drug ad-/desorption studies the drug tetracycline
was chosen as it is a broad-spectrum antibiotic with oral and topical
applications. In addition, it is a drug, which can be readily measured by
UV-VIS due to its characteristic absorption in the range of 300-400 nm.
For both sources of titania, when measuring tetracycline desorption, the
nanocomposite materials appeared to release tetracycline quite slowly,
which is beneficial for sustained drug release. The TATT derived com-
posite had a slightly greater amount of tetracycline adsorbed. This is
presumably due to the greater TiO; content in the TATT derived com-
posite (7.5 wt% vs 14.5 wt%). The kinetics behind tetracycline desorp-
tion from both composites appeared to follow 2nd order kinetics.
Indicating that the release of tetracycline is most likely dependent on the
concentration of two reactants. Assuming TiO in the solid state doesn’t
play a significant role one can assume the desorption in part relies on the
concentration of desorption media itself, which in this case citrate
buffer. The other component would naturaly be the concentration of
tetracycline in solution.

4.6. Cell assays

4.6.1. Cytotoxicity assay

A preliminary cytotoxicity assay is one of the most important eval-
uations of the biological properties of the biomaterials prior to in vivo
assessment. According to the ISO 10,993-5, if the cell viability is greater
than 70 %, then the material is considered as non-cytotoxic. Cell
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viability of 1929 and Sa0S-2 was assessed in section 3.6.3 by MTT assay.
It was found that of the examined pristine, phosphorylated and TiO2
covered materials, none of the functionalized BC films showed cyto-
toxicity for both cell lines.

However, while the cytotoxicity assay indicated no significant
toxicity for the materials in vitro (See Table S5) it is important to high-
light the potential risks TiOz nanoparticles, particularly regarding their
cytotoxicity and effects in vivo (Ayorinde & Sayes, 2023; Skocaj, Filipic,
Petkovic & Novak, 2011; Zhangjian Chen et al., 2020). While some
studies highlight their antimicrobial and anti-inflammatory properties
in scaffolds and wound dressings, their potential to induce oxidative
stress cannot be overlooked, as this biological effect can lead to DNA
damage and mitochondrial dysfunction. Toxicological studies on
nano-TiOz, encompassing acute, subacute, subchronic, and chronic oral
exposure, provide critical insights into their safety profile. Although
acute toxicity studies generally indicate low toxicity, prolonged expo-
sure can elicit significant biological effects, influenced not only by
nanoparticle size but also by surface charge and aggregation state.
Subacute and subchronic studies have reported potential bio-
accumulation, oxidative stress, and inflammatory responses, particu-
larly in the liver, kidneys, and gastrointestinal tract. Chronic exposure
raises concerns regarding long-term systemic effects, including meta-
bolic disturbances and potential carcinogenicity (Zhangjian Chen et al.,
2020).

Nevertheless, several studies, including the present one, have
focused on functionalization and doping strategies to mitigate these
adverse effects while maintaining well-established biological properties.
A deeper understanding of the mechanisms underlying nano-TiO=
cytotoxicity, incorporating advanced molecular and omics-based ap-
proaches, is crucial for defining safe exposure limits in medical and in-
dustrial applications (Zhangjian Chen et al., 2020).

4.6.2. Evaluation of pseudo-wound closure and cell adhesion assay

Cell migration is a rate-limiting event during the wound-healing
process to re-establish the integrity and normal function of tissue
layers after injury. The principle of the method used is based on the
creation of a 500 pm gap (pseudo-wound) on a confluent cell monolayer.
The cells at the edge of the artificial "wounded" field will start migrating
into the cell-free area, forming new cell-cell contacts. For both cell lines
(murine fibroblasts and osteoblasts), high phosphate content on BNC
(3.6, sample 1) didn’t promote migration, however decreasing the
phosphate content (3.6, sample 2) had a positive effect on murine fi-
broblasts. Covering BNC-PO4 with either TIBALDH (3.6, sample 10) or
TATT (3.6, sample 11) had a positive effect on L929 cell migration,
enabling full pseudo-wound closure within 24 h, indicating that the
material is quite beneficial for wound healing. In contrast, BNC-TATT
with tetracycline (3.6, sample 31) appeared to negatively influence
wound healing, presumably due to the decrease in fibroblast cell
viability observed in section 3.6.1. For osteoblastic SaOS-2 cells, only
the TiBALDH-covered BNC (sample 10) provided a positive effect on cell
migration, while the other materials, including those containing TATT
(sample 11) or BNC-TiBALDH with tetracycline (3.6, sample 31), lost
their positive wound-healing effect on osteoblastic cells. Curiously, after
tetracycline desorption in citrate buffer, BNC-TiBALDH (3.6, sample 33)
displayed a negative effect on wound healing for fibroblasts but a pos-
itive effect on osteoblastic cells. Full statistical analysis is provided in
Supplementary materials Tables S6-S9.

Adhesion is the first response of the cell when it comes into contact
with a biomaterial, and plays an essential role in regulation of the
subsequent biological behavior of cells. In the course of the cell adhesion
process, cells initially “sediment” to the surface with their spherical
bodies. Then, cells “flatten” mostly by nonspecific interactions. If the
surface is suitable, cells “fully spread” with focal adhesion maturation
and create stable contacts via actin skeleton reorganization to reach
their maximum spreading area. Data in section 3.6.3 indicated that all
samples analyzed (Section 3.6, samples 1,2, 10, 11) supported the
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attachment, cell adhesion, and proliferation for both cell lines. More-
over, high cell spreading and a fully developed cytoskeleton were
visible. On the whole, the positive biological outcomes observed for
phosphorylated and TiO» functionalized-samples indicate promising
prospects for diverse applications in tissue engineering.

Similar to established BNC-based dressings such as Membracel®,
Nexfill®, Bionext®, and Suprasorb® X + PHMB, which facilitate wound
closure by promoting cell migration, tissue regeneration, as well as
antimicrobial activity due to the presence of polyhexanide in its
composition (Rasouli, Soleimani, Hosseinzadeh & Ranjbari, 2023; Choi
et al.,, 2022, Zahel et al., 2022), the phosphorylated and TiO: function-
alized BNC also exhibited remarkable potential in promoting murine
fibroblast migration, as well as enhancing the spreading, adhesion, and
proliferation of both osteoblastic and fibroblastic cells, as indicated by
its performance in vitro studies. Although further experiments are
necessary to confirm these findings in vivo models, such as the rat
calvaria and skin excision wound models, its inherent antimicrobial,
antioxidant, and anti-inflammatory properties, attributed to the incor-
poration of TiO- nanoparticles, emphasize its potential for advanced
wound dressings that meet the evolving demands of modern wound care
technologies.

4.6.3. Fluorescence staining and quantitative measurement of fluorescence
intensity

Functionalized biomaterials incorporating inorganic compounds,
such as phosphate groups and titanium oxide nanoparticles, have shown
promising effects on the expression of extracellular matrix (ECM) and
cytoskeletal biomarkers. These strategies may enhance cellular adhe-
sion, migration, proliferation, and differentiation due to the unique
properties of the inorganic particles. Given their range of sizes and high
surface area, TiO2 nanoparticles have been shown to modify the
topography and roughness of biomaterials (Calabrese et al., 2021; Kubo
et al., 2009). Furthermore, BNC has gained attention as a vehicle/scaf-
fold for such inorganic particles in tissue engineering field. Its high
mechanical strength, large surface area, and capacity for surface modi-
fications make BNC an ideal candidate for development robust and
biocompatible scaffolds (He et al., 2021). By combining BNC with
inorganic components, novel researchers aim to develop advanced
biomaterials that can support ECM synthesis and promote the structural
and biochemical signals needed for effective skin and bone tissue
regeneration.

In this study, we investigated the expression of three key biomarkers
involved in cellular events related to tissue regeneration. We found that
BNC-POy significantly influenced F-actin expression in both fibroblast
and osteoblast cells. Although type I collagen and fibronectin expression
were also observed, no group showed increased expression compared to
the control.

4.6.4. Clinical implications of the biological assays

The findings of this study suggest that phosphorylated BNC com-
bined with TiOz nanoparticles could offer significant clinical benefits for
advanced wound healing and tissue regeneration. The materials
demonstrated enhanced cell migration, adhesion, and proliferation in
both fibroblasts and osteoblasts, indicating their potential for promoting
dermal and bone tissue regeneration. These properties are particularly
relevant for treating chronic wounds, such as diabetic ulcers, and post-
surgical wounds.

In vitro cytotoxicity testing revealed no significant toxicity, sup-
porting the safety of these materials for clinical use. However, given the
oxidative stress potential of TiO2 nanoparticles, further in vivo studies
are needed to assess their long-term safety and performance in animal
models.

Additionally, the antimicrobial and anti-inflammatory properties of
TiOz functionalized BNC films further support their potential as
advanced wound dressings. These multifunctional materials could pro-
vide effective, safe, and accelerated wound healing, addressing both
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tissue regeneration and infection control in clinical settings. Further
research will be critical to confirm these promising results in vivo.

5. Conclusion

Dry bacterial nanocellulose is a versatile material. Depending on
storage conditions it retains most of its original surface morphology,
although prolonged storage under acidic conditions does lead to some
hydrolysis of the surface regions and thus exposing crystalline domains.
Phosphorylation of the surface occurs readily with simple reagents
allowing for cost effective surface modification, though bacterial
nanocellulose appears to lose some of its mechanical properties
becoming more brittle in the process. The overall surface morphology of
phosphorylated bacterial nanocellulose strongly depends on the storage
conditions, ranging from globular surface structures patterned in the
overall shape of the starting fibres when stored under basic conditions to
ribbon-like cellulose fibres when stored under acidic or neutral condi-
tions for a prolonged period of time. Thus combined phosphorylation,
hydration and pH-treatment of surface-dense bacterial nanocellulose
may serve as a way to alter the surface of dry bacterial nanocellulose for
subsequent use. The introduction of phosphate onto the fibre surface
allows for the introduction of nanosized titania with both lactate
covered titania and triethanolamine terminated colloidal titania being
successfully introduced. Titania in this system has been utilized to
adsorb and desorb the broad-spectrum antibiotic tetracycline, with
desorption taking place in a delayed manner over the course of several
hours to several days. Providing a way to functionally introduce anti-
biotics onto commercial dry bacteria cellulose sheets. Biological assays
indicated that phosphorylation and introduction of nano-sized TiO; via
TiBALDH or TATT has promising prospects in tissue engineering via
improved cell adhesion and wound closure, confirming our initial hy-
pothesis. The steps in the proposed process in creation of functional
composite are highly reproducible permitting successful up-scaling. This
study provides a foundation for the future development of a broad range
of BNC nanocomposites for therapeutic applications specifically in
wound healing and tissue regeneration.

Hypothesis statement

Phosphorylation of bacterial nanocellulose dressing material im-
proves its performance in wound closure due to strong interaction of
epitelium cells to phosphate functions. It offers an opportunity to
incorporate biocompatible mineral particles binding both phosphate
ligands and pharmaceuticals, which permits slow release of the latter.
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Indirect Cytotoxicity Assay

L929 murine fibroblasts cells and human osteoblast-like SaOS-2 cells were obtained from the
American Type Culture Collection (ATCC, VA, USA). Cells were seeded in 96-well plates at
10* cells per well in 100 pL of DMEM (Dulbecco’s Modified eagle Medium, Gibco®)
supplemented with 10% FBS (Fetal Bovine Serum, Gibco®) and 1% of ciprofloxacin (Sigma,
St. Louis, MO, USA), and incubated at 37 °C in 5% CO. atmosphere for 24 h. Simultaneously,
the extract media from functionalized BNC composites were prepared using 3 cm? of each
sample into 3 mL of DMEM culture that was stirred at 37 °C for 24 h. Then 100 L of each
extract medium was added to each well. Two different controls were included: culture media
only, i.e., no cells; (2) cells incubated in culture medium alone (survival control). After 24 h of
incubation, the extract media were removed and the wells were washed with 0.01 M
phosphate-buffered saline (PBS). Thereafter, 100 pyL of MTT (1 mg/mL) was added into each
well, and the cells were further incubated for 4 h. Finally, the supernatant was removed and
50 pL isopropanol was added into each well. The absorbances were measured at a wavelength
of 570 nm and then converted into percentages of cell viability.[1] All samples were performed
in triplicate.

Pseudo-Wound Healing

Figure S1. Preparation of Pseudo-wound closure samples

Sample |
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Sample 2 Sample 10 Sample 11 Sample 30 Sample 31 Sample 33 Sample 34




Sa0s-2
Sample 1 Sample2 Sample 10 Sample 11 Sample 30 Sample 31 Sample 33 Sample 34

Figure S2. Micrographs of the pseudo-wound healing assay using murine fibroblast and osteoblast
cell lines over 48 hours of testing, with eluates derived from different BNC samples.
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Figure S3. Atomic Force Microscope images showcasing the effect pH has on the surface structure of a dried
bacterial cellulose sheet after 7 days in 0.1M HCI (A,B), ultrapure water (C, D) and 0.1M NaOH (E, F)
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Figure S4. Atomic Force Microscope images showcasing the effect pH has on the surface structure of a
phosphorylated dried bacterial cellulose sheet after 7 days in 0.1M HCI (A,B), ultrapure water (C, D) and 0.1M
NaOH (E, F)

Table S1. Fiber dimensions and RMS surface roughness of pH treated bacterial cellulose materials

Fiber Dimensions (n=20) Surface Roughness (RMS,
3x3um, n=1)
BC-HCl treated 7 days 50.9£13.9 nm / 23.12 nm
(22.34£5.3nm crystals)
BC-Ultrapure water 7 days 70.9+12.4 16.44 nm
BC-NaOH treated 7 days 60.0£12.5 21.04 nm
BC-PO4-HCl treated 7 days 63.5+£17.8 58.54 nm
BC-PO4-Ultrapure water 7 days 68.9+14.2 28.95 nm
BC-PO4-NaOH treated 7 days 44.849.1 10.58 nm
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Flgure S5. Atomic Force Microscope images showcasing the physical surface structure of (A,B) Dry Bacterial
Cellulose, (C,D) Phosphorylated Bacterial Cellulose after synthesis, (E,F) Phosphorylated Bacterial Cellulose
treated with 10 eq TiBALDH and (G,H) Phosphorylated Bacterial Cellulose treated with TATT.
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Figure S6. Atomic Force Microscope images (3D projection) showcasing the physical surface structure of (A)
Dry Bacterial Cellulose, (B) Phosphorylated Bacterial Cellulose after synthesis, (C) Phosphorylated Bacterial
Cellulose treated with 10 eq TIBALDH and (D) Phosphorylated Bacterial Cellulose treated with TATT.

Table S2. Fiber dimensions and RMS surface roughness determined by AFM of (un-)functionalized bacterial
cellulose materials

| Fiber Dimensions |  Surface Roughness (RMS)
BC-Dry sheet 64.9 £ 13.0 nm 29.3 nm
BC-PO4 (as-synth) 65.7+12.8 nm 28.4 nm
BC-PO4-TiBALDH 27.5 nm

BC-PO4-TATT 71.6 £ 6.6 nm 50.3 nm



Scanning Electron Microscopy
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Figure S7. SEM images showcasing the different surface morphology of phosphorylated bacterial cellulose after
7 days in 0.1M HCI (A,B), ultrapure water (C,D) and 0.1M NaOH (E, F)
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Figure S8. SEM images showcasing the microscale surface morphological differences between TIBALDH
modified and TATT modified bacterial cellulose.
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Figure S9. Urea-treated dried sheet bacterial cellulose after treatment at 160°C (left) and supercritically dried
native bacterial cellulose (right)
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Figure S10. SEM (without coating images of Bacterial nanocellulose Sheet as is (A, SE, 20K, B 5x5pm),
phosphorylated BNC (C, SE, 5K, D, 3x3um), phosphorylated BNC- modified by TiO» derived from
TiBALDH® (E, 6K, BSE, F, 3x3um), phosphorylated bacterial nanocellulose coated with pre-formed colloidal
TATT (G, SE, 5K, H, 3x3um



X-ray Diffraction of cellulose films
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Figure S11. XRD patterns of (top left) ageous treated BNC films as delivered (black), 7 days in ultrapure water

(green), 7 days in 0.1M NaOH (b

lue) and 7 days in 0.1M HCI (red). (top right) XRD patterns of aqeous treated

phosphorylated BNC films as synthesized (black), 7 days in ultrapure water (green), 7 days in 0.1M NaOH
(blue) and 7 days in 0.1M HCI (red). (bottom) simulated patterns (using idealized diffraction patterns[2] and

Mercury, A=0.7093 A, FWHM=1

.5) ) of cellulose Ia, Ip and cellulose II.
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Figure S12. XRD patterns for (L

eft): Phosphorylated BNC (Red) TiBALDH covered BNC (blue), TATT

covered BNC (green), reference pattern for anatase TiO,. (Right) sintered BNC with TATT (blue), TIBALDH
(red) and COD 9008213 anatase TiO, reference
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Figure S13. Attentuated Total Reflectance-FTIR spectra of the evolution of phosphorus related IR-peaks as a
function of time. Pristine BC (black), 5 minutes (red), 10 minutes (blue), 20 minutes (green) and 40 minutes
(purple)
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Figure S14. (left) Overlay of transmission FTIR spectra of pristine bacterial cellulose (black), phosphorylated
bacterial cellulose (red), TIBALDH modified phosphorylated bacterial cellulose (blue), Tetracycline adsorbed
TiBALDH-PO4-cellulose (purple) and TATT modified phosphorylated bacterial cellulose (green). (right)
transmission spectra between 1500-1800 cm!, marking the appearance of the P(=0)-O combination vibration
(1705 cm) after phosphorylation[3] and the appearance of two shoulder peaks at 1580cm™ and 1600 cm™ after
the introduction of tetracycline attributed to C=0 vibrations in tetracycline.[4]
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Figure S15. Measurement of fluorescence intensity of F-actin, type-I collagen and fibronectin on L929
fibroblasts and SaOS-2 osteoblasts cultured for 7 days with different eluates from BC-PO4, BC-PO4-TATT and
BC-PO4-TiBALDH. Control cells was maintained with only conventional media.

Table S3. Maximum thermal degradation temperature (Tyeax) and mass loss data for BNC membrane
obtained from thermogram (for interpretation, please, see [5-6]).

Mass loss 1 o Mass loss 2 o Mass loss  Tpeak3
Sample %) Tpeakl (°C) %) Tpeak2 (°C) 3 (%) ©C)
BNC 10.8 100 12.0 240 45.1 328
5o 3
S &
5 =
A a
<
=
0-—— T T T T T T T .

T T
100 200 300 400 500 600

Temperature (°C)
Figure S16. TG/DTG thermogram of the BNC.

The solid state '*C NMR spectra showed in Figure S16 reveal distinct signals corresponding to
the carbon atoms within the carbohydrate segment of the cellulose structure. Specifically, the signal at
8 105 ppm is attributed to carbon C1, while the signal at & 89 ppm corresponds to carbon C4. The region



between & 74-71 ppm encompasses signals from carbons C2, C3, and C5, and the signal at 6 65 ppm
represents carbon C6 [7, 8].
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Figure S17. '°C NMR spectra of pristine BNC.

The degree of polymerization (DP) of BNC determined through viscometry was found to be
2800 (Table S4), corresponding to an average molecular weight of 453.600 g/mol [9, 10].

Table S4. Degree of polymerization obtained from viscosity measurement.

Sample DP
BNC 2800




Table S5. The statistical analysis of cell viability percentage among different groups against to the
Sa0S-2 cell line was performed using a Two-way ANOVA followed by Tukey's multiple comparisons
test. Statistically significant values are presented as (¥****) p < 0.0001.

Samples p value
1vs.34 okl
1vs.35 ok kK
2 vs. 34 HoAkE
2 vs. 35 il
10 vs. 34 ok kK
10 vs. 35 HoAkE
11vs. 34 i
11 vs.35 il
30 vs. 34 kK
30 vs. 35 HokkE
31vs. 34 kol
31 vs. 35 kK
32 vs. 34 HohkE
32 vs. 35 okl
33 vs. 34 okl
33 vs.35 Hokkok




Pseudo-Wound Healing — Statistical Analysis

Table S6. The statistical analysis of the pseudo-wound healing assay in the SaOS-2 cell line was
performed using a Two-way ANOVA followed by Tukey's multiple comparisons test. The analysis
was conducted between different time points within the same group. Statistically significant values are
presented as (*) p < 0.05; (¥**%) p <0.01; (***) p <0.001; (****) p <0.0001.

Sample Time
Ohvs6h Ohws. 24 h Ohvs 48 h Ghvs. 24h Ghws. 48 h 24hws 48
h
1 b i b b b ns
2 PP sena P sees PP P
ene e . Py ns
10 b
11 - - b b Al ns
30 b b b b bt b
31 b b i b b bk
33 b b i b b ns
Posiive b b b b bt ns

control



Table S7. The statistical analysis of the pseudo-wound healing assay in the SaOS-2 cell line was
performed using a Two-way ANOVA followed by Tukey's multiple comparisons test. The analysis
was conducted between different time points among different groups. Statistically significant values
are presented as (*) p < 0.05; (**) p < 0.01; (**%) p <0.001; (****) p < 0.0001.

Time 1ve 1 ve 2ve 10 vs. 11 vz 30 wve Il EERTY
30 Positive Positive Positive 30 Positive Positive  Positive
control confrol Control control control control
fh s s i EEEE % EEEE s R

Time 1wvs. lwvs. 2wz 2w 10 10 11 11 0 30 0w, 3l 3l ws
30 il 30 3 Vs, Vs, Vs, vs. vs. vs, DPositive vs.  Positive
30 31 30 3l 3 33 contmol 33 control
24h T =TT EEEEEET o Frre Frre
Time 10v=. 51 11vs 51 31ws 33 31 vs. Positive control

430 * * = *




Table S8. The statistical analysis of the pseudo-wound healing assay in the L929 cell line was
performed using a Two-way ANOVA followed by Tukey's multiple comparisons test. The analysis
was conducted between different time points within the same group. Statistically significant values are
presented as (*) p < 0.05; (**) p < 0.01; (***) p <0.001; (****) p <0.0001.

Sample Time
Ohvs&h Ohvs. 24 h Ohvs. 48 h Ghvs. 24h Ghvs. 48 h 24hvs. 48

h
1 b b - - - ns
2 b b bt b b ns
10 i b b b b ns
11 b b bt b b ns
30 b b b b b s
31 b b A i i ns
33 b b bt b b s

Posiive eee ees . cees
b ns

control



Table S9. The statistical analysis of the pseudo-wound healing assay in the L929 cell line was
performed using a Two-way ANOVA followed by Tukey's multiple comparisons test. The analysis
was conducted between different time points among different groups. Statistically significant values
are presented as (*) p < 0.05; (**) p < 0.01; (**%) p <0.001; (****) p < 0.0001.

Time 1 vz. Pozitive 2= 33 2 vz Pozitive control EIES 30 v=. Po= five contml
contrel 33
6 h EX] E] £ EE) EEEE]
Time 1vs 33 2ws, 10 vs. 33 11 vs. 30wvs 33 31ws 33 33 vs.Posifive
33 33 Conitrol
24h 3 EEE EEEE e FEE % EEE
Time 1ve 33 Qws 10vs 33 11 v 30w= 33 31w= 33 33 vz Poszitive
33 33 Control
_18 h EEE) R EEE) EEE) EX) EEE) B
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