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Nanocellulose Oxidation - Fundamentals and Application in Hydrogels
SAUL LLACER NAVARRO
Department of Chemistry and Chemical Engineering

Chalmers University of Technology

ABSTRACT

The adaptable surface chemistry of cellulose nanocrystals (CNCs) makes them
outstanding; it provides colloidal stability, which is essential for engineering
use, to commercially-available CNCs. Colloidal stability is achieved by the bulky
negatively-charged sulfate half-ester groups on the surface that it manufactures
itself via the use of sulfuric acid. The surface chemistry of CNCs can also be
adapted into dialdehyde cellulose nanocrystals (DAC) by periodate oxidation in
the presence of the sulfate half-ester groups. The oxidation extends the range of
applications of CNCs. The objective of this thesis is to elucidate the role played
by the sulfate half-ester groups on the oxidation reaction, both in the kinetics
and its products. The results demonstrate that the oxidation reaction reduces the
number of sulfate half-ester groups, which impacts on the colloidal stability, the
size of the resulting product properties and, consequently, the DAC applications.
A rheology study and a proof-of-concept demonstration are also performed to
verify whether CNC derivatives could reinforce emulsions solidified by gelatin,
as this could extend the range of CNCs in the field of microwave technology to
be used as a fat phantom. The gelatin emulsions reinforced by CNC derivatives
maintain the storage modulus above the loss modulus at temperatures above 40
°C. The thermal stability of the reinforced emulsions could permit the successful
implementation of these gels in the field of microwave technology. CNCs are pos-
sibly the better candidate than DAC for the reinforcement due to a combination

of the ease of the phantom production and performance.

Keywords: Nanocellulose, cellulose oxidation, sulfate half-ester group, polysac-

charide hydrogels.
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Nomenclature

Chemistry

[P] Periodate concentration (mol/L)
AGU Anhydroglucose unit

CNCs Cellulose nanocrystals

CNF Cellulose nanofibrils

DAC Dialdehyde cellulose

desulfCNC Desulfated CNC

DO Degree of oxidation (%)

DSS Degree of surface substitution (%)
Microwave technology

QA  Quality assurance

Other

f Frequency (Hz)

R Ratio

A Area

AFM Atomic force microscopy

CI Crystallinity index (%)

COD Coefficient of determination

FTIR Fourier transform infrared spectroscopy
G Storage modulus (Pa)

G” Storage modulus (Pa)
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IR  Infrared

L Crystallite size (nm)

NMR Nuclear magnetic resonance
T Temperature (°C)

UV Ultraviolet

WAXS Wide-angle x-ray scattering

XPS X-ray photoelectron spectroscopy

Nomenclature
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1

Introduction

Nanocelluloses are materials that are comprised of nanosized fibrils and rod-like
particles. These materials have outstanding properties, namely high mechani-
cal strength, the ability to form networks in aqueous media, abundant hydroxyl
groups and semi-crystallinity [1]. Moreover, the biodegradability, renewability,
non-toxicity and low density of nanocelluloses are significant assets in, for ex-
ample, composite and medical applications. They have therefore been in the
spotlight of the biomaterials community in the last decade, where many func-
tions, such as viscosity modifiers, membranes and wound dressings, have been

proposed [2, 3]

There are different types of nanocelluloses: bacterial nanocellulose, algal cel-
lulose, cellulose nanofibers (CNF), cellulose nanocrystals (CNCs), and tunicate
CNCs [4]. From them all, commercially-available CNCs are used in the present
study. The CNC properties depend on the source and manufacturing procedure.
CNCs can be produced by various routes, such as acid hydrolysis, oxidation and
enzymatic hydrolysis or produced with ionic liquids or sub-critical water [5]
adding selected functionality on the surface. Most industrially available CNCs
are produced from cellulose by sulfuric acid hydrolysis. The sulfuric acid hydrol-
yses the glycosidic bonds in the less ordered regions of cellulose and esterifies
some hydroxyl groups present on superficial cellulose molecules, leaving highly
crystalline nanoparticles. The surface of the CNCs is composed mainly of hy-

droxyl and some sulfate half-ester groups.

Cellulose, and consequently CNCs, can be modified chemically either via their
abundant hydroxyl groups or reducing end-groups of the cellulose chain [6]. Pe-

riodate oxidation is a common functionalization for introducing aldehydes to the
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1. Introduction

CNC surface, resulting in dialdehyde cellulose (DAC) or reducing further into al-
cohols and an open ring structure [7]. Periodate oxidation cleaves the C2 - C3
(carbon in Positions 2 and 3) bond in the anhydroglucose unit (AGU) and trans-
forms them both into aldehydes and further hydrated aldehydes in water, such
as hemiacetals or hemiadals [8]. The aldehydes are used to crosslink networks
or to react with other functionalities that increase the uses of the DAC, such as

UV absorbing molecules [9].

Nanocelluloses form entangled networks in the water interacting electrostati-
cally, via hydrogen or covalently (through functionalities), which reinforce three-
dimensional networks [10, 11] and are to form hydrogels. Gelatin is often an
employed partner for preparing hydrogels with nanocelluloses. CNF with car-
boxylic acid functionality mixed with gelatin increased the hardness of the gel
until percolation was achieved at 0.5 wt% CNF content [2]. Moreover, the amine
groups of the gelatin were used to react with the aldehydes of the DAC [12, 13].
The chemical crosslinking resulted in an increase in the modulus and thermal

stability of the gelatin gels [14].

Self-sustaining gels are commonly used in medical applications. In microwave
treatment and diagnostics, many types of gels including gelatin, agarose or car-
rageenan has been used to create materials that mimic tissue for verification,
quality assurance (QA) procedures and dosimetry. In order to mimic the fat tis-
sue, which is the focus of this thesis, gelatin was used in the matrix to enclose
other materials, such as oil in an emulsion [15, 16]. The result is a material
that possesses characteristics equivalent to real tissue that is present in a human

body, such as dielectric equivalences, and is referred to as a “phantom”.

Replicating materials that mimic fat tissue, i.e. fat phantoms, has been chal-
lenging. The dielectric properties of fat tissue require a low content of water,
which is used as matrix. The lack of matrix means, in turn, that the material
will have insufficient structural strength. There is therefore a need for a strong
network that is able to enclose high oil ratios, for which gelatin is an ideal can-
didate. The challenge facing the use of gelatin in therapeutic and diagnostic

systems, however, is often its low melting point (<28 °C); a problem that could
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1. Introduction

be solved by using toxic crosslinkers, such as formaldehyde (Acute oral toxicity
(LCs50): 42 mg/kg (Mouse) [17]) [18].

The work in this thesis contributes to the development of wood nanoscience
and nanotechnology. It is focused on the oxidative modification of CNCs by
periodate to facilitate the network formation that was applied in hydrogel for-
mation, and demonstrated as a matrix in fat phantoms. The general objective
here is to elucidate the variables of oxidation of commercial CNCs that consist
of a substantial amount of (presumably) non-oxidizable sulfate half-ester func-
tionalities. The intrinsic character of the oxidation and resulting product are
presented via physico-chemical characterization of the oxidation reaction. The
hypothesis is that the sulfate half-ester groups not-only affect the oxidation ki-
netics but also the colloidal properties of the product, hence detailed insight
into chemical characteristics of both are essential for any utilization of perio-
date oxidized CNCs. The oxidized CNCs are subsequently applied to be used
as a chemical crosslinking moiety in gelatin networks to circumvent the use of
toxic crosslinkers. The reinforcement of the CNCs in the network formation is

observed and the applicability to fat tissue matrix material is demonstrated.






2

Background

2.1 Cellulose nanocrystals and their surface prop-

erties

The abundant surface hydroxyl groups present on the CNC particles allow func-
tionalization that adapts the surface properties for various targeted applications
[19, 20]. Functionalization with aldehydes on the surface of the CNCs can gen-

erate a versatile portfolio of polysaccharide hierarchies [21].

Periodate oxidation and further reduction/oxidation leads to alcohol and car-
boxyl derivatives [7, 22, 23, 24] which are used for modifying the thermal and
mechanical properties of cellulose materials [25, 26]. The periodate oxidation of
crystalline cellulose typically leads to degradation occurring simultaneously with
chemical modification [19]. It has been reported that the crystallinity of cellu-
lose decreases with oxidation [27]. Temperature accelerates oxidation, leading
not only to an increase in reaction rate but also to accelerated degradation [27].
It has been proposed that degradation of the crystalline regions takes place het-
erogeneously, leading to oxidized clusters [28]. Peeling off of the surface layer
has been demonstrated as being a result of the oxidation, as evidenced by altered
CNC dimensions [29] and in Nuclear Magnetic Resonance (NMR) spectroscopy
analysis [30]. The overall crystallinity has been found to be a determining factor
of the oxidation rate [31], although the crystallinity of the starting materials also
plays a role [32]. Oxidation of crystalline cellulose has been reported to proceed
heterogeneously, leading to local loss of order and isolated oxidized domains.
Indeed, the highly-ordered regions in cellulose are reported to be affected al-

ready at a low degree of oxidation (DO) [33, 34].
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It is often the case that the hydroxyl groups dominate when the properties and
modification of cellulose and CNCs are considered. However, the production of
CNCs also introduces a sulfate half-ester group on the surface: a group that is
comprised of one sulfur atom and four oxygen atoms. The functional group has
the structure R-O-SO5, where two of the oxygen atoms are double bonded to
sulfur and another single oxygen is bonded to an organic chain. In the case of
cellulose, the group is bonded to the C6 which is the most reactive carbon in the

molecule [35].

The amount of sulfate half-ester groups can be controlled. On the one hand,
the amount of the functional group can be increased by adding sulfuric acid and
heating it for 2 h at 40 °C [36] and on the other hand, the amount of the sulfate
half-ester groups can be decreased via hydrochloric acid-catalyzed desulfation

by adding hydrochloric acid at 80 °C with constant stirring for 2.5 h.

The sulfate half-ester group provides a net negative charge in pH 2 > provid-
ing colloidal stability. Colloidal stability is essential in engineering applications
to disperse them in water and to prevent aggregation. The sulfate half-ester
groups can be used to react with azetidinium salts increasing the hydrophobicity
[37]. Azetidinium conjugation could fine-tune some material properties since

azetidinium ions can be designed in many varieties [37].

2.2 CNC-gelatin networks

Gelatin forms a random coil conformation in hot water; upon cooling, a self-
standing gel is created through the formation of rigid triple helices connected
by flexible links [38, 14]. Periodate oxidized CNCs with aldehyde functionality
have been used to crosslink or graft with gelatin via the Schiff base reaction [39]
which is favored at pH 4 [40] and used by Dash et al. [12].
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2.2.1 Microwave treatment and diagnostics

In this work, CNC-gelatin networks were employed as "phantoms" used during
verification procedures of medical devices in microwave treatment and diagnos-
tics. Microwave diagnostics and treatments use microwave devices that have the
advantages of being cost-effective, compact and portable while providing fast
acquisition. The most clinically utilized application of microwave technology
is hyperthermia cancer treatment, in which the temperature of the tumor is in-
creased to a therapeutic level between 40 - 44 °C. This increasing in temperature
kills the tumor cells and/or make them vulnerable to other treatment modalities,
such as radiotherapy and chemotherapy [41, 42, 43, 44]. Another application of
microwave technology in the medical field is the rapid diagnosis of breast can-
cer, stroke and traumas [45, 46]. Microwave diagnostics utilize the difference
between the dielectric properties of healthy and malignant tissues, which allow

a fast recognition of health problems.

The development and verification of both the diagnostic and treatment sys-
tems require standarized tissue-mimicking materials, i.e. phantoms. A phantom
is a physical material that imitates the characteristics of biological tissue in terms
of either electromagnetic (EM) wave propagation or the thermal redistribution
of heat. It is designed in such way that it provides the same response as real tis-
sue, which is then used to characterize the performance of a device or a method
under test. The interaction of EM fields with biological tissue can be predicted by
either quantifying the specific absorption rate distributions in the solid phantom
or estimating the propagation of the electromagnetic field in a phantom via the
measurement of scattering parameters [47, 46]. Although the characteristics de-
sired of the phantom material vary slightly between applications, they often/al-
ways include non-toxicity, a simple easy procedure that allows their being made
in clinics, being easy to handle and stability. In general, biological tissues, and
thus the phantoms, can be identified as belonging to a high water-content or a
low water-content group. There are numerous phantoms available that mimic
high water-content tissues, such as muscle or brain, while those for low water-
content tissues, such as fat or bones, are still lacking. The fat phantom recipes

in the literature either used toxic formaldehyde to increase thermal stability or
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2. Background

were unable to be replicated in clinics [18]. The addition of CNC derivatives to
the fat phantom recipe could solve the thermal stability problem. The phantoms
used in the development and verification would, however, be required to pass a

quality assurance test and other verifications prior to implementation [48, 47].



3

Experimental

3.1 Modification of CNCs

3.1.1 Desulfation

CNC from CelluForce, Canada, was dispersed in water up to a concentration of 5
wt%, after 12 M HCl was added to attain 1.8 M acid concentration. The disper-
sion was heated under reflux to 90 °C and stirred for 2 hours. The suspension
was dialyzed until the pH of the dialysate was the same as the deionized wa-
ter used for the dialysis. The desulfated CNC grade is referred to as desulfCNC

henceforth.

The composition of the sulfate half-ester content was determined using ele-
mental analysis. The number of AGUs present per sulfate half-ester group was
calculated by fitting the contributions of AGU, AGUs with a sulfate half-ester at
C6 and 2,3-dialdehyde-AGUs to the experimental data obtained from the ele-
mental analysis. The fitting searched the minimum molar percentage error for
all the components found in the elemental analysis, with Na* being excluded

from the fitting. Other methods such as FTIR and XPS, were also used in Paper 1.

3.1.2 Oxidation

A similar oxidization procedure to that used by Dash et al. [12] was adapted to
the CNCs. A weight ratio of 0.7 sodium metaperiodate to CNC in 0.1 M acetate
buffer of pH 4 and 50 mM ionic strength was used, the initial concentration of
CNCs was 3 wt% and the DO was controlled by the reaction time. Glycerol was

used to quench the reaction. Following oxidation, the suspensions were dialyzed
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in order to remove the residual periodate, iodate and glycerol. The dispersions

were then stored at 4 °C.

3.1.2.1 Determination of degree of oxidation

The DO during the oxidation reaction was tracked by the consumption of peri-
odate observing the UV absorbance at 290 nm [49]. The DO calculated from
UV absorbance was also used as a reference. Other methods, such as NRM spec-
troscopy, hydroxylamine hydrochloride assay and elemental analysis, were also

used in Paper I for determining the DO.

3.1.2.2 Kinetics of oxidation reaction

The dialdehyde cellulose is obtained from the reaction of sodium metaperiodate
and C2 and C3 of the cellulose AGU. The reaction is located on the surface of the
CNGC, and is thus a solid-liquid heterogeneous reaction [27].In order to reduce
the level of complexity of the analysis, some assumptions were made to fit the
reaction to pseudo first-order kinetics (Equation 3.1, namely: 1) The reaction
is slow and not limited by the mass transfer, with no brush formation on the
surface that could cause diffusion limitations to further reaction; 2) The reaction
is stoichiometrically 1 to 1 and no side reactions take place; 3) There is a linear
dependence on the concentration of periodate [P] and the CNC concentration
[AGU] has low impact on the rate (). In Equation 3.1 [P] at time ¢; and [FP,]
stands for the concentration of periodate and its initial concentration, %’ is the

reaction rate.

1Pl _ ek (3.1

3.2 Determination of zeta potential

Zetasizer nano (Malvern, UK) was used to measure the zeta potential of the
dispersions of CNC derivatives. The measurements were performed at 25.0 =
0.1 °C. The CNC derivatives at 0.25 wt% concentration were measured in 0.1 M
acetate buffer at pH 4. The data was processed processed using Zetasizer V7.13

software (Malvern, UK). A total of six measurements of each CNC derivatives

10



3. Experimental

were performed, with each measurement being comprised of 30 to 150 sub-runs.

The average of the 6 measurements was taken as the zeta potential.

3.3 Wide-angle x-ray scattering analysis

The crystallinity index (CI) and the crystallite were studied using Wide-Angle
X-ray Scattering (WAXS) which was performed using Mat:Nordic SAXS/WAXS
(SAXSLAB, France); the diffraction patterns obtained were deconvoluted with
OriginPro 2021 into Voigt functions. The crystallinity was calculated using the
total area (A) of the crystalline areas: (101), (101), (021) and (002) by the
total contribution, which included the amorphous area located at approximately
18° (Equation 3.2). The Scherrer equation was used to determine the crystallite

size; a correction factor of 0.9 was used [50].

Aamor hous
CI (%) = (1 - P ) - 100 (3.2)
Aamorphous + A1 + AlOi + Ao12 + Aooz

3.4 Degree of surface substitution

The surface ratio (R;) was defined as the ratio between the number of surface
cellulose chains and the total number of cellulose chains in the CNCs. The Ry,
was calculated using WAXS data [51, 52].

The degree of surface substitution (DSS) of the DO, DSSpo (Equation 3.3),
and the sulfate half-ester groups, DSSs (Equation 3.4), was defined as the amount
of 2,3-dialdehyde-AGUs, and AGUs with the sulfate half-ester at C6, per superfi-
cial cellulose chains. The degree of surface sites used, DSSy, was defined as the
percentage of the superficial modified AGUs and the AGUs in the actual surface
that were modifiable (Equation 3.5). The 180° angle of 5-1,4-glycosidic linked
glucose units meant that every other superficial AGU was considered modifiable
by oxidation, and each remaining superficial AGU was considered able to host
a AGU with a sulfate half-ester group. Thus, the DSSy was calculated as the
number of molecules substituted by the superficial molecules modifiable by each

type of modification. In Equation 3.4 c;s is the sulfur molar concentration.

11



3. Experimental

nex DO

DSSpp = % — 2 (3.3)
po Nsur RS

DSSg = 8 — &5 (3.4)
Nsur RS

DSSy = -2 4 S (3.5)
2 2

3.5 Analysis of CNC diameters

3.5.1 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is method largely used to determine the diame-
ter distribution of the CNCs. The semi-contact mode, using the AFM (NTEGRA,
NT-MDT, Russia) with Tap300AI-G tips, was employed for the characterization
of the morphology. The AFM recorded regions of interest, 5 x 5 ym in size, of
CNCs on a silicon wafer (Siegert wafers, Germany). Using Gwyddion 2.56, the
images were post-processed by removal of the polynomial background and row
aligning. A significant number of potentially single CNC profiles was extracted

from of the processed image, a cross-section consisted of 1,000 points.

3.5.2 Calculation of CNCs height

CNC profiles were processed using Matlab 2019. The script fitted to an arbitrary
order to reduce the noise of the measurement in order to find the inflection
points: in this case to polynomial 14th degree was chosen and it is discussed in
Chapter 4.4.1. The polynomial was differentiated and the inflection points, only
those with a positive change of sign, were listed. The profile was divided into sec-
tions according to the inflection points. The average height of each section was
calculated, and the highest was considered as being the main section.Moving
outwards from the main section, the average height of each adjacent section
was compared to its inflection points. If the average height of the section was

lower, the main section was increased until the inflection point the end of that

12
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section. The inflection points of the main section were considered to be the bot-
tom points of the peak and were used for baseline correction; the height was

calculated perpendicular to the corrected profile.

3.6 Preparation of phantoms

Oil and water were heated separately to 60 °C for the gelatin-stabilized emul-
sion. Lecithin B-10 (Dupont, Denmark) was dispersed in the water phase and left
to mix for 10 minutes. The gelatin, Bloom 296 Gelatin A (Gelita, Sweden), was
then added and mixing continued for a further 20 minutes. When the lecithin
and gelatin were mixed, the oil was added dropwise under vigorous stirring us-

ing Ultra-turrax (IKA T50), which resulted in a system that was visually turbid.

In the case of CNC/DAC (DO 14 %) reinforced gelatin stabilized emulsions,
the procedure was similar to the gelatin emulsions except that the dispersion of
CNC or DAC was heated to 50 °C before being added to the highly concentrated

gelatin-water system, and the the oil was incorporated dropwise.

The concentrations given in weight percent of the emulsions , were of
70 % oil, 2 % gelatin, 0.6 % lecithin, 0.6 % CNC derivative (if required) and the

remainder was water.

3.7 Rheology

The rheological properties of the emulsions were determined using a DHR-3
rheometer from TA Instruments, Denmark. The geometry used was plate-plate
(40 mm in diameter) with a gap of 1 mm. The upper plate was equipped with
a solvent trap and used with a custom-made evaporation chamber from TA In-
struments. The samples were added to the plate at 60 °C , the upper plate was
lowered to the measurement position and the temperature was reduced to 10 °C
with a rate of 2 °C min~! and kept at 10 °C for 5 min. The temperature was then

increased to 60 ° at a rate of 2 ° min~!. The storage (G’) and loss (G”) moduli of

13



3. Experimental

the samples were recorded at a frequency (f) of 1 Hz and a strain of 0.5 %. The
sol-gel transition was defined at the temperature where G” crossed over G’. The

temperature was controlled by means of a Peltier plate.

3.8 Testing for compliance with QA guidelines for

superficial hyperthermia

The set up used to evaluate the performance of fat phantoms during the hyper-
thermia QA procedure is as described in Trefna et.al. [47, 48]. The arrangement
was as follows: a self-grounded bow-tie antenna was placed in a water-filled
plastic enclosure that positioned on a 15 mm thick hydrogel bolus to assure a
proper transmission of the microwave energy to the two-layered phantom [53].
The top layer, representing fat tissue had a thickness of 10 mm and was placed
on a muscle phantom of thickness 70 mm [54]. The experiment was carried out
at a room temperature of around 20 °C. A power of 60-63 W was applied to the
antenna port for 6 minutes whilst the water within the antenna enclosure was
circulated to ensure a constant temperature of 20 °C. The temperature distri-
bution at the surface of the top layer of the fat phantom was measured by an
infrared camera (IR) (B355, FLIR Systems, USA) immediately after the power

supply was shut off. Further details can be found in Paper II.

3.9 Statistical analysis

The software OriginPro 2021 was used for the non-linear fittings, including the
R-square or coefficient of determination (COD), descriptive statistics and F-test.

The variations are considered significant at P-values less than 0.05.

14



4

Results and Discussion

In the objective of understanding the function of the sulfate half-ester group in
the oxidation reaction, the kinetics of the reaction were studied using two dif-
ferent starting sulfate half-ester content on the CNCs. The reaction rate were
calculated following the periodate concentration. Elemental analysis, FTIR and
XPS were used to characterize the sulfur contents of the reactants and products
of the reaction in order to monitor the sulfate half-ester content through the
reaction; UV absorbance, titration, elemental analysis and NMR spectroscopy
were used to determine the DO. The changes in the surface charge, and thus the
colloidal properties, were also studied via the zeta potential. The variations in
morphology of the resulting CNCs due to the reaction were measured using AFM
for the diameter distribution and WAXS for the crystallinity. Together with the
calculation of the superficial sites used by these surface modifications, it was ap-
parent that the modification was possibly located elsewhere than on the surface
of the CNCs. Moreover, the aldehyde functionality on the CNCs obtained from
the oxidation reaction was used to crosslink the amine groups of the lysine in
the gelatin network of oil-in-water emulsions. The reinforcement of the network
was characterized by rheology measurements that studied the strength of the
solidified emulsions at different temperatures. Finally, a proof-of-concept test

for the hyperthermia treatment was performed.

4.1 CNC derivates

The starting sulfur content in wt% of the CNC grades studied is reported in Ta-
ble 4.1. It was calculated, from the fitting the monosaccharides to the elemental
analysis, that the CNCs had one sulfate half-ester group residing in every 18th

glucose unit. The grade with a lesser amount of sulfate half-ester, desulfCNC,

15



4. Results and Discussion

was obtained after desulfating the starting CNCs with HCI. The desulfCNC pre-
sented a decrease down to one sulfate half-ester group in every 69th glucose

unit.

Table 4.1: Elemental analysis of sulfur present in the CNCs, expressed as wt%.
The standard deviation was less than 0.02. The percentage next to the CNC

grade is the degree of oxidation determined by UV absorbance.

Specimen S

CNC 1.09
DAC 12 % 0.71
DAC 29 % 0.69
DAC 57 % 0.66

desulfCNC 0.29
desulfDAC 13 % 0.30
desulfDAC 33 % 0.26
desulfDAC 53 % 0.24

4.2 Oxidation reaction

CNCs with varying amounts of sulfate half-ester group were oxidized via peri-
odate reaction to study weather or not any difference could be observed. The
reaction was monitored insitu following the periodate oxidation using UV ab-
sorbance (Figure 4.1). In the Figure 4.1, the CNC with a higher concentration
resulted in a slower rate. For comparison, the kinetics were studied fitting the

data to pseudo-first-order kinetics.

The calculated reaction rate for the oxidation of CNC, £}, was the follow-
ing: -1.98-10 5+ 1-10"%s7!. The reaction rate for the oxidation of the
desulfCNCs, kb, was -5.09 - 107° + 4 - 107% s=!, which was higher than that

of the CNCs. Both regressions were considered acceptable according to the
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Figure 4.1: Consumption of periodate during oxidation of CNCs (#) and
desulfCNCs (¢). The equations containing k| and k) correspond to CNC and
desulfCNC respectively. R-square i.e. the coefficient of determination (COD),is
a statistical measure for qualifying the regression. These curves are comprised
of three oxidation series for each CNC derivative. Although some points are ex-
cluded here for the sake of clarity, they are included in the fitting and statistical

analysis.

R-square. The agreement on the consumption of periodate, especially at the
beginning of the reaction, indicated that the CNC had small influence on the
rate, and the approximation to a pseudo first-order could therefore be correct.
The calculated reaction rates were statistically different according to the F-test.
The decrease in the amount of sulfate half-ester groups on the surface increases
the reaction rate by approx. 150 %. The oxidized CNC and desulfCNC grades
are referred to as DAC and desulfDAC, respectively.

Periodate oxidation also altered the elemental composition of the CNCs along-
side the reaction, as shown by the elemental analysis in Table 4.1 and also by

FTIR and XPS in Paper I. The sulfur content decreased with oxidation, suggest-
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ing that the sulfate half-ester groups were removed from the surface. The oxida-
tion modification added aldehyde functionalities to the surface of the CNCs, the
quantity of which was measured by NMR spectroscopy, hydroxylamine assay and
FTIR, discussed in Paper I. The aldehyde functionalities were used with gelatin

to form entangled networks through the Schiff base reaction, see Paper II.

4.3 Colloidal properties

CNCs are colloidally stable, which is often given by the negative charge of the
sulfate half-ester groups on the surface. Zeta potential is a measurement that
allows the colloidal stability to be compared. In Figure 4.2, the zeta potential
measured of the starting CNCs was -27.6 mV. Desulfation removed the charges
from the surface and thereby increased the zeta potential to -19.3 mV. Oxidation
resulted in an increase in the zeta potential of both grades. When the DO was
approx. 50 %, the zeta potential of both grades was approx. -5 mV, which was
similar even when the amount of sulfate half-ester groups calculated from the
elemental analysis was not the same. The zeta potential manifested the colloidal

instability of both the desulfCNC and the highly oxidized grades.

4.4 Characterization of CNC morphology

The effects that the desulfation and oxidation had on the morphology of the
CNCs were studied by measuring the size using AFM and calculating the crys-

tallinity using the patterns obtained by WAXS.

4.4.1 Analysis of CNC diameters

AFM is a commonly-used method employed to measure the diameter of CNCs.
However, the lateral aggregation of particles and presence of multiple CNCs in
what appears to be individual CNCs contribute to the large asymmetry in cross-
sections [55]. Accordingly, particle selection appears to be the main source of

variation between analysts [56].
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Figure 4.2: Zeta potential of CNCs (®) and desulfated CNCs (¢) with varying
DO.

A significant amount of CNCs has therefore to be measured in order to de-
crease the error when characterizing the diameter distribution: a Matlab script
was developed with the intention of examining as many diameters as possible.
The script read the profiles from a data file created by Gywyddion. The profiles
were fitted to an arbitrary polynomial degree, in this case a 14th degree, with
the purpose of localizing the peak and its base points based on derivatives. The
profile was then baseline corrected and the peak height measured. With the aim
of verifying all the calculations manually, plots such as the one shown in Figure
4.3 were used: the original profile resulting from the AFM is shown as blue dots,
and the fitting as the red dashed line. The inflection points, i.e. the points where
the function grows, are marked by red circles. The baseline, in green, connects
the two inflection points where the function does not grow further. The black
dashed line is perpendicular to the baseline where the height of the profile was

calculated. If the chosen height was not deemed as being optimal (Figure 4.3),
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Figure 4.3: Above: a successful height calculation, shown by the dashed black

line. Below: a non-successful height calculation and therefore subsequently cal-

culated by OriginPro.
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then a height was calculated manually using OringPro. A successful calculation
was considered when the baseline was set at the bottom of the full profile and

followed the background profile.

The polynomial degree chosen could affect the baseline correction and thus
the final result but, as discussed earlier, particle selection is the most influential
variable. A sample of 112 profiles was fitted to polynomial 3rd to 40th degree in
order to show the slight difference between different polynomial degree fittings.
The use of a higher polynomial from the 14th to 30th degree had an average
difference of 3 % to the polynomial 40th degree (Figure 4.4) when this was
used as a control figure. It is important to note that the polynomial 40th degree
fitting does not assure a perfect result and that it was used just for the purpose

of comparison.

Difference (%)

0 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

Polynomial degree fitting

Figure 4.4: Differences between various fittings of polynomial degree compared

to the fitting with a polynomial 40th degree.
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4.4.2 Morphological measurements

The method described previously was employed to measure the size of the var-
ious CNC grades to discover whether any of the modifications caused changes
to the morphology of the particles (Table 4.2). The results were also compared
with the crystallite size obtained by WAXS analysis. From the WAXS analysis
the ratio between the surface cellulose chains and the total chains and the crys-

tallinity was calculated.

Table 4.2: Morphology analysis of the CNCs.

Specimen AFM height (nm) Crystallite size (L,) (nm) CI (%)

CNC 4.1+1.0 5.8 81
desulfCNC 4.0 = 1.5 5.6 95
DAC 3.0+0.8 3.4 49
desulfDAC 45=*1.0 3.9 63

The AFM characterization showed that the size of the CNCs was not affected
by desulfation. The difference in size between the CNC and the DAC was statisti-
cally significant, however, could indicate that the sulfate half-ester groups were
peeled off. The size of the desulfDAC resulted in an increase in size and the
difference was not statistically significant with the non-oxidized grades. The lat-
eral aggregation of particles could nevertheless have contributed to increasing
uncertainty when determining the diameter, stated previously (Section 4.4.1).
Moreover, the desulfDAC had a zeta potential higher than -20 mV (Figure 4.2)
which indicates that the particles could aggregate. The crystallite size measured
by WAXS showed a decrease in size after oxidation. The comparison made of
the diameter measured by AFM and the crystallite size could suggest that the

CNCs could be mono-crystalline in that direction. The higher value of the crys-
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tallite size suggested that the particles selectied for the AFM analysis, which was
aimed at avoiding aggregated particles, mostly measured diameters in the lower
quartile of the real size distribution. The desulfation increased the crystallinity,
which is explained by the use of HCI: the addition of the acid cleaved any amor-
phous regions around the CNCs, showing a higher degree of crystallinity. The
oxidation decreased the crystallinity of both CNC grades [33, 34], which could
be explained by cluster oxidation [28].

4.5 Degree of surface substitution

The amount of chains present on the CNC surface can be calculated by the rela-
tion between the sizes of the crystallite and the unit cell, which is the distance
between cellulose chains, thereby allowing the degree of modification on the
surface to be calculated. Table 4.3 shows how the degree of surface substitution
(DSS) for the two functionalities, namely sulfate half-ester group DSSs and di-
aldehyde DSSpo, changed with desulfation and oxidation. The DSSpo, increased
with the oxidation, as expected; even the fraction of chains on the surface in-
creased with oxidation due to the crystallite size decreasing whilst the cell unit
remained the same. The DSSs decreased with both desulfation and oxidation.
The results obtained agree with [57], where the DSSs was measured for CNCs

similar concentrations of sulfur.

The key point here is that oxidation was located not only on the CNC surface,
the explanation being that all surface cellulose AGU cannot be oxidized due to
the alternate position of the cellulose chain. The degree of surface sites used
(DSSy) was calculated, and confirmed that the amount of AGUs that could be

oxidized surpassed that available on the surface.

4.6 CNCs reinforcing hydrogels

Oil-in-water emulsions, with gelatin as solidifier, have been used in verification

procedures of medical devices in microwave treatment and diagnostics. How-
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Table 4.3: Distribution of the moieties on the surface of the CNC derivates.
S: number of AGU for each sulfate half-ester group. DO: degree of oxidation.
Rs: number of molecules on the surface per total molecules. DSSs: degree of
surface substitution of S on total molecules on the surface. DSSpo: degree of
surface substitution of sulfur on total molecules on the surface. DSSy: degree of

surface needed to achieve such an amount of moieties on the surface.

Speciment S DO (%) Rsur (%) DSSs (%) DSSpo (%) DSSy (%)

CNC 18 0 38 15 0 30
desulfCNC 69 0 38 3.8 0 7.7
DAC 30 57 56 6.0 102 215
desulfDAC 84 53 53 2.2 100 205

ever, the low melting temperature of the gelatin limited its use. The use of
CNC was proposed in Paper II with the aim of increasing the melting temper-
ature of the hydrogels. Their impressive ability of reinforcing the structure of
water-rich fluids at low concentrations was expected to contribute to the forma-
tion of a stable gel at higher temperatures. Moreover, DACs were also proposed
to strengthen the gelatin network by covalent bonding via Schiff base reaction.
The Schiff base reaction, in the present case, is the reaction between the di-
aldehyde functionalization on the CNC surface and the amine groups present on
the gelatin. Chemically-bonded junctions form thermally irreversible hydrogels

(Figure 4.5), thus providing a network with stability at higher temperatures.

Rheology was used to measure the strength of the network at different tem-
peratures. Figure 4.6a shows the rheological measurements for an oil-in-water
emulsion with gelatin as a solidifier. Figures 4.6b and 4.6¢ show the rheological
measurements made when CNC and DAC, respectively, were added as reinforce-

ment. A typical hysteresis in the modulus curve of the gelatin can be observed
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Figure 4.5: Schematic illustration of the covalent network in an oil-in-water
emulsion, where the yellow represents a droplet of oil and the blue background
is water. The covalent network is formed by CNC (green) and gelatin (red) via
the aldehydes and amines groups present, respectively. The charged half-esters

groups provide the colloidal stability. Created with BioRender.com

[58] in all of these figures: hysteresis behavior appears when the energy needed
to entangle or disentangle a network differs. The influence of temperature on
the moduli of the gelatin stabilized emulsion shows distinct sol-gel transition
at 28 °C upon cooling and gel-solid at 38 °C upon heating (Figure 4.6a). The
emulsion stabilized only by gelatin can thus be defined as a liquid at T > 38
°C. However, both of the CNC reinforced gels showed an overall higher G’ at
higher temperatures. Nonetheless, the CNC and DAC-reinforced emulsions also
weakened with temperature as the difference between G’ and G” decreased at
T > 28 °C and no gel - sol transition was observed at 38 °C. The reinforcement
caused by the addition of CNC could be explained by the electrostatic attraction
between the negatively-charged CNC and the positively-charged gelatin. There
could be a potentially smaller electrostatic attraction in the case of DACs added
in the gelatin matrix, since DAC showed less negativity in zeta potential (Figure
4.2) or even aggregation. The DAC aggregates could lead to a non-optimum in-
terconnected network, thus emphasizing the importance of the amount of sulfur
present in the DAC. The DAC network is reinforced, not only physically like the
CNC-gelatin matrix but also by a covalent bond between the aldehyde of the
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DAC and the amine groups on the gelatin. Thus, additions of both CNC and DAC

to gelatin provided an increase in thermal stability within the temperature range.
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Figure 4.6: G’ (A) and G” (@) moduli as a function of temperature for a) gelatin
b) CNC-gelatin and c) DAC-gelatin stabilized emulsion. The samples were added
at 60 °C, followed by measurements of cooling (blue symbols) and heating (red
symbols) performed at f = 1 Hz and strain 0.5 %.

The increased thermal stability of the CNC or DAC-reinforced phantoms al-
lowed for a realistic evaluation, via QA procedure, of superficial hyperthermia
developed by Trefna et al. [45, 44]. The procedure prescribes a setup for, and
the execution of, the experimental assessment of applications used for the treat-
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ment of superficial hyperthermia, and is explained in detail in Paper II.

2

Figure 4.7: Temperature distribution on the surface of the fat phantoms rein-
forced by a) CNC-gelatin b) DAC-gelatin obtained by a infrared camera after the
QA procedure test. Images of the fat phantom after the QA procedure test for c)
CNC-gelatin and d) DAC-gelatin.

The temperature distribution on the surface of the fat phantom, as character-
ized by the IR camera, from QA test showed that the CNC and DAC-reinforced
phantoms achieved up to approx. 30 °C and 36 °C, respectively (Figure 4.7).
The reinforced phantoms exhibited a solid-like behavior in the QA test that was
in agreement with the rheological measurements. However, the DAC phantom
broke down whilst being handled. The figure also shows that the phantoms were
not damaged by the conditions to which they were exposed, thereby successfully
reinforcing the original gelatin network expanding the range of applications of
the CNC derivates. The successful QA verification of the CNC-gelatin (see Paper

IT) shows its potential to be used as fat phantom.
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Conclusions

The role of sulfate half-ester groups in the periodate oxidative reaction and its
products has previously not been elucidated. These half-ester groups are present
in most of the CNCs available industrially, so understanding their impact is cru-
cial to the efficient production of dialdehyde cellulose in many areas, e.g. the
paper industry and the medical field. In this thesis, the oxidation rate of starting
materials with varying contents of sulfate has been analyzed, and further char-
acterization of the resulting products performed. Furthermore, CNC derivatives
were used to reinforce an emulsion that was solidified by a three-dimensional
gelatin network. The emulsion was used in a proof-of-concept test in the biomed-

ical field of microwave treatments.

The presence of sulfate half-ester groups slowed down the rate of oxidation
significantly (Figure 4.1). Moreover, the sulfate content of the CNCs containing
both high and low levels of sulfate half-ester groups decreased during periodate
oxidation (Table 4.2) ), indicating that oxidation leads to desulfation. A signifi-
cant change in the size of the CNCs was observed for the CNCs (Table 4.2). The
crystallinity also decreased upon oxidation, proving that the morphology of the
crystals was altered. Finally, a value exceeding 100 % of the DSSy implies that

the modifications were placed elsewhere than on the surface.

The oxidized CNCs were used as a chemical crosslinking moiety in gelatin
networks. Rheological characterization of G’ revealed that the CNCs and the
DAC reduced sensitivity of the gelatin network to temperature. The similar be-
haviour of CNCs and DAC phantoms in the rheology could not confirm that the
DAC network was reinforced by chemical crosslinking, however the observed

mechanical properties were different. The lower colloidal stability of the DAC
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could, however, have led to aggregates being formed. Such aggregates could
not interconnect the whole macro-network chemically but just locally, explain-
ing the lack of difference between the CNC and DAC-reinforced phantoms. It is
therefore important that the DO and the colloidal stability in such systems are

controlled.

Although fat phantoms reinforced by both CNC-gelatin and DAC-gelatin were
shown to be thermally stable for the use in superficial hyperthermia products,

only the reinforcement with CNC fulfilled all the requisites in the QA procedure.

From the extensive range of options offered by both functionalities, it has
also been possible to identify an interesting feature: optimum amounts of sulfate
half-ester and dialdehyde would create a better synergy with the gelatin network
and thereby provide a more thermally stable hydrogel. A DAC with an optimum
amount of could be obtained taking into account the desulfation of CNCs with
periodate oxidation. An outstanding hydrogel could pave the way for the use of

this kind of material in other applications, such as scaffolds for organ printing.
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Outlook

The sulfate half-ester functionality is used with the aim of controlling colloidal
stability. This thesis has demonstrated that control is possible not only of the
amount of dialdehyde functionality but also of the sulfate-half ester content dur-
ing the oxidation reaction. Such full control of both functionalities allows for
major adaptability of the product through increased efficiency of its manufac-

ture, leading to a new generation of materials that can be produced from trees.

In order to fully comprehend the role of these groups that appear in most
industrially-produced CNCs it is recommended that further work be carried out,
studying periodate oxidation using different sodium periodate concentrations

and sulfate ester concentrations on the surface of the CNCs.
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Abstract Periodate oxidation introduces aldehyde functionality to cellulose. The
use of dialdehyde cellulose (DAC) has been demonstrated for crosslinking and as
a chemical intermediate towards functionalized cellulose. Commercially available
cellulose nanocrystals (CNCs) typically carry a surface sulfate half-ester func-
tionality, which results from their manufacture via sulfuric acid hydrolysis and
subsequent esterification. The sulfate half-ester group is a bulky group carrying a
net negative charge above pH 2 that modifies the colloidal and electro-chemical
properties of the CNCs. Periodate oxidation is regioselective to the bond between
carbons in positions 2 and 3 in the anhydroglucose unit while the sulfate half-
ester groups are located in carbon in position 6. This regioselectivity could be
the reason why the role played by the sulfate half-ester group on modification by
periodate oxidation has not previously been elucidated. Here, the influence of the
sulfate half-ester on the oxidation of CNCs, which is shown to steer the oxidation
kinetics and the properties of the resulting materials, is studied. Conventional
physicochemical analysis of the oxidant consumption is accompanied by elemen-
tal analysis, Fourier-transfrom infrared (FTIR), X-ray photoelectron (XPS) and
Nuclear magnetic resonance (NMR) spectroscopy and Wide-angle x-ray scattering
(WAXS) analyses; the zeta potential is used to characterize the colloidal properties
of the suspensions and Atomic force microscopy (AFM) for determining particle
dimensions. The presence of the sulfate half-ester group decreases the rate of oxi-
dation. However, a degree of oxidation of approx. 50 % leads to a decrease in the
content of the sulfate half-ester groups. We demonstrate that the CNC surfaces
are affected by the oxidation beyond the C2-C3 bond cleavage: insight into the
kinetics of the oxidation process is a prerequisite for optimizing CNC oxidation.
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1 Introduction

It is only recently that native cellulose has been accessible to nanotechnology due
to the heterogeneous morphology and the millimeter size of wood fibers. The de-
velopment of the liberation of nanosized colloidal cellulose nanocrystals (CNCs)
from cellulosic materials via hydrolysis with mineral acids, has transformed these
entities into bio-based nanoparticles (Kontturi et al., 2018). Sulfuric acid hydrol-
ysis is employed to digest the most accessible, less organized (i.e., amorphous)
cellulose chain arrangements, leading to the liberation of the remaining, more
ordered, segments into CNCs. Hydrolysis with sulfuric acid leads to the simulta-
neous esterification of the CNC surfaces with sulfate half-ester groups (Eyley and
Thielemans, 2014). The salt-form (i.e., Na*-CNCs, K*-CNCs) allow drying and
redispersing. CNCs have been demonstrated as being suitable for use in nanocom-
posites, biomedical devices, emulsions and foams, and as rheology modifiers (Sinha
et al., 2015; Vanderfleet and Cranston, 2021).

Chemical modification for the functionalization of CNCs utilizes the hydroxyl,
sulfate half-ester groups, or the reducing end group (Eyley and Thielemans, 2014;
Zoppe et al., 2020). The removal of the sulfate groups is one way of modifying the
CNCs (Jordan et al., 2019). By far the majority of modifications make use of the
hydroxyl groups of cellulose.

Oxidation is a common reaction for modifying CNCs. Periodate oxidation
cleaves the bond in the anhydroglucose unit (AGU) between carbons in positions
2 and 3 (C2 and C3) transforming them into aldehydes and further hydrated alde-
hydes in water (Nypelo et al., 2021). The aldehyde groups can react with vicinal
hydroxyls to form hemiacetals or hemialdals (Sulaeva et al., 2015). Moreover, fur-
ther oxidation or reduction leads to alcohol and carboxyl derivates (Larsson et al.,
2014; Liimatainen et al., 2012; Nypelo et al., 2018), which are used for modifying
the thermal and mechanical properties of cellulose materials (Lépez Durédn et al.,
2018; Larsson et al., 2014). The periodate oxidation of crystalline cellulose typi-
cally leads to degradation alongside the chemical modification (Sun et al., 2015)
and reduces the crystal size or degree of polymerization. It has been reported that
the crystallinity of cellulose decreases with oxidation (Liu et al., 2012). Elevated
temperature accelerates oxidation leading to not only an increase in the reaction
rate but also accelerated degradation (Liu et al., 2012). Degradation of the crys-
talline regions has been proposed as occurring heterogeneously, leading to a local
loss of order and isolated oxidized domains (Kim et al., 2000). The highly-ordered
regions (crystalline) in cellulose are reported to be affected already at low degree
of oxidation (DO) (Potthast et al., 2007, 2009). Peeling off from the surface layer
has been demonstrated as being a result of oxidation, being evidenced by altered
CNC dimensions (Conley et al., 2017) and nuclear magnetic resonance (NMR)
spectroscopy analysis (Koso et al., 2020). The determining factor of the oxidation
rate has been found to be the overall crystallinity (Siller et al., 2015). The hierar-
chy (fiber, fibril, crystal) of the starting materials does, however, also play a role
here (Yuldoshov et al., 2016).

The sulfate half-ester groups provide colloidal stability to the CNC suspen-
sions because their deprotonation leads to the presence of a negative charge. We
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hypothesize that the groups may affect the oxidation reaction as well, since the
charge affects the affinity to the oxidants. The bulky sulfate half-ester group may
also be a sterical hindrance to the periodate ion in accessing the oxidizable diols.
The effect of sulfate half-ester groups on the periodate oxidation of CNCs are elu-
cidated; furthermore, we investigated how the initial content of sulfate half-ester
groups affects the properties of the oxidized CNC product. Knowledge of the effect
of the sulfate half-ester groups on CNCs and their oxidative modification is pivotal
to optimizing the modification of the industrial CNC grades and their employment
in nanotechnology.

2 Experimental
2.1 Materials

CNCs (cellulose sulfate sodium salt) were purchased from Celluforce (Canada).
Cellulose is comprised of anhydroglucose units (AGUs) (Figure 1a) and the cellu-
lose sulfate contains a fraction AGUs with a sulfate half-ester substitute (Figure
1b). Sodium periodate, hydroxylamine hydrochloride, glycerol, sodium chloride,
sodium acetate, acetic acid, potassium bromide, and hydrochloric acid were pur-
chased from Sigma-Aldrich and used without further purification. MilliQ-water
(resistivity = 18.2 Q7' ecm™ at 25 °C) was obtained from the Millipore water
purification system and used unless otherwise stated.

Desulfation of CNCs was performed so that the CNC powder was dispersed
in MilliQ-water to a concentration of 5 wt% concentration, after which 12 M HCI
was added to obtain an acid concentration of 1.8 M. The dispersion was heated
and stirred at 90 °C with reflux for 2 hours. The suspension was dialyzed until the
pH of the dialysate was the same as the deionized water used for the dialysis. A
spectrapore membrane with a cut off of 12-14,000 g mol™* (VWR, Sweden), was
used for dialysis. The desulfated CNC grade is henceforth referred to as desulfCNC.

A procedure from Dash et al. (2013) was adapted for oxidation, whereby the
CNCs were oxidized using sodium metaperiodate to a CNC weight ratio of 0.7
in 0.1 M acetate buffer of pH 4 and 50 mM ionic strength and results in dialde-
hyde cellulose (Figure 1c). The concentration of CNCs was 3 wt%. The DO was
controlled by reaction time. Glycerol was used to quench the reaction. After ox-
idation, the suspensions were dialyzed in order to remove the residual periodate,
iodate and glycerol. The suspensions were then stored at 4 °C. As the sodium
metaperiodate molecule is larger than the space between the cellulose crystals,
the oxidation reaction is expected to take place on the crystal surface, and hence
be a heterogeneous reaction Liu et al. (2012). With the aim of decreasing the level
of analysis complexity, a number of assumptions were made in order to fit the
reaction to pseudo first-order kinetics (Equation 1). These were: i) The reaction
is slow and is not limited by the mass transfer with no brush formation on the
surface causing diffusion limitations to further reaction; ii) The reaction is stoi-
chiometric 1 to 1 and no side-reactions take place; ii) There is linear dependence
on the concentration of the periodate and the CNC concentration has low impact
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on the rate. P
[P] _ e—k"t (1)
[Po]
The pseudo first-order kinetics on the periodate is shown in Equation 1 where [FPo]
is the initial molar concentration of periodate, [P] the periodate molar concentra-

tion, K’ the reaction rate, and t the time.

OH

Fig. 1: The structure of a) AGU b) AGU with a sulfate half-ester (blue) at C6 and
c) 2,3-dialdehyde-AGU. The aldehyde groups are marked in red.

2.2 Methods

Elemental analysis was performed by Mikrolab Kolbe in Germany. The X-ray
photoelectron spectroscopy (XPS) analysis was performed using a PHI 5000 Ver-
saProbe III Scanning XPS Microprobe at an angle of 45°. Fourier-transform in-
frared spectroscopy (FTIR) was recorded using a spectrometer (Perkin-Elmer) and
potassium bromide (KBr) tablets were used to carry the specimen. KBr and the
analytes were kept at 50 °C for 5 hours to remove water prior to grinding and
tableting. The specimens were stored in a desiccator prior to analysis. Wide-angle
X-ray scattering (WAXS) was performed using SAXSLab (Mat:Nordic).

Solid-state NMR spectroscopy was performed using a Bruker 400 MHz instru-
ment operating at 100.6 MHz for '*C with a 3.2 mm solid-state magic-angle-
spinning (MAS) probe head. Measurements were conducted at 298 K with a MAS
spinning rate of 12 kHz. One-dimensional '*C Cross-Polarization Magic-Angle
Spinning (CP/MAS) spectra were acquired with a 3.0 us "H 90° pulse, 2000 us
CP-contact time, 33 ms acquisition time with proton decoupling, and 2 s recycle
delay. The number of acquisitions for the CP/MAS spectra was 2048 times with
13C in natural abundance. Chemical shift were calibrated indirectly through a-
glycine carbonyl peak (C=0) observed at 176 ppm relative to tetramethyl silane
(TMS) at 0 ppm.

The zeta potential of the dispersions was determined using the Zetasizer Nano
(Malvern). The measurements were performed at 25.0 £ 0.1 °C and in 0.1 M
acetate buffer at pH 4 with 0.25 wt% suspensions. The data was processed by
Malvern Zetasizer Software v7.13. The zeta potential was calculated as the av-
erage of 6 measurements, where each measurement was comprised of 30 to 150



The effect of sulfate half-ester groups on cellulose nanocrystal periodate oxidation 5

sub-runs.

Semi-contact mode atomic force microscopy (AFM, NTEGRA, NT-MDT, Rus-
sia) with Tap300AI-G tips were used for morphology characterization of the CNCs
deposited on the silicon wafers (Siegert wafers, Germany). Regions of interest
of 5 x 5 um were recorded for calculating the dimensions of the CNCs. Signifi-
cant amounts of potentially single CNC profiles were extracted using the software
Gwyddion 2.56 after removing polynomial backgrounds and aligning the rows of
the 5 x 5 pm images. The profiles were baseline corrected using polynomial fitting;
the height was calculated from the resulting profile.

2.3 Determination of the sulfate half-ester content

Sulfate half-ester content was determined using elemental analysis, XPS and FTIR
analyses. The determination of the amount of half-ester groups from the elemen-
tal analysis and XPS was performed by fitting the contributions of substituted
and unsubstituted AGUs to the experimental data obtained. The monosaccharide
compositions considered were AGUs, AGUs with a sulfate half-ester at carbon
6 and 2,3-dialdehyde-AGUs (Figure 1). The fitting searched the minimum molar
percentage error for all components analyzed, excluding Na®. For analysis based
on XPS data, oxygen, sulfur and carbon were considered.

FTIR data was normalized to 1060 cm ™' and the baseline was corrected. The
area used for the sulfate was from 770 — 868 cm™" (Gu et al., 2010). The calculated
areas were divided by the CNC areas and multiplied by the amount of sulfur (S)
detected in the elemental analysis for CNCs.

2.4 Determination of the degree of oxidation

The DO during the oxidation reaction was tracked using the periodate consump-
tion by observing UV absorbance at 290 nm (Malaprade, 1928). The reaction of
hydroxylamine hydrochloride with the carbonyl groups (Zhao and Heindel, 1991)
was used to determine the DO of the products. The DO was determined using
an aliquot, containing 0.1 g dry mass of the oxidized CNC derivative and 0.25
M hydroxylamine hydrochloride tuned to pH 4 and stirred for 2.5 hours at room
temperature (approx. 20 °C) to ensure to complete the reaction. The solution was
titrated back to pH 4 with 0.01 M NaOH using SI Analytics TitroLine 7000. The
method is referred to as titration. Elemental analysis was also used for establishing
the DO by fitting the contributions of substituted and unsubstituted AGUs to the
experimental data obtained.

A method based on solid-state **C CP/MAS NMR was also used (Leguy et al.,
2018) in the determination of DO. As a first approximation, it was assumed that
the signals of the remaining unmodified cellulose after periodate treatment were
the same as in the starting material. Since the C1 signal of cellulose at 104 ppm
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is the only region where the spectra of untreated cellulose and fully oxidized cel-
lulose do not overlap, it was used to calculate the DO using the C1 integral of
oxidized cellulose ([ C1) relative to the one of the corresponding non-oxidized
cellulose ([ Clp). After normalizing the entire spectrum to unity, the C1 integral
was calculated from deconvolution. The degree of oxidation determined by NMR
spectroscopy (DOnmR) is defined by the number of aldehyde groups per glycosyl
residue and calculated using in Equation 2.

powe-(1- /1) .

2.5 Determination of the crystallinity index

WAXS analysis was used to determine the crystallinity index (Clwaxs) and the
crystallite size of selected CNCs. The diffraction patterns obtained were decon-
voluted to Voigt functions using OriginPro (2021). The crystallinity (Equation
4) was calculated using the crystalline area, Acrysta, and the amorphous area,
Aamorphous, Which peak was located approx. 18° 26 (Equation 3). The crystalline
area was composed by the crystalline areas of the following peaks: (101), (101),
(021), (002). The crystallite size was determined using the Scherrer equation, using
0.9 as the correction factor (Nam et al., 2016).

Acrystal = A101 + A1p1 + Ao12 + Aoo2 (3)
Acrystal

CI %) = et ) -100 4

WAXS( 0) (Aamorphous + Acrystal ( )

The CI was also calculated by FTIR, ClgTigr, using the method by Siller et al.
(2015). The ClpTir was calculated from the ratio of the peak heights at 1370 over
2900(Nelson and O’Connor, 1964).

In addition to WAXS and FTIR, crystallinity index was also determined by
solid-state NMR spectroscopy. Using a deconvolution-based method presented else-
where (Palme et al., 2014), the informative C4 region was used to obtain CI.

2.6 Determination of the degree of surface substitution

The surface ratio (Rsur) was defined as the ratio between the number of surface
cellulose chains, ngyr, and the total number of cellulose chains of the CNCs. The
Rsur was calculated using WAXS data and Equation 5, where d(110)yd(110) are the
plane spacings, and L2 and L; are the height and the width of the crystal, respec-
tively (Habibi et al., 2006; Eyley and Thielemans, 2014).

R ( . ) ( : )
Nsur d(llO) d(uu)
sur — =

L, L
n 152
b d(110)d(110)

()
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The degree of surface substitution (DSS) of DO, DSSpo (Equation 6), and the
sulfate half-ester groups, DSSg (Equation 7), were determined as being the amount
of 2,3-dialdehyde-AGUs, nox and AGUs with the sulfate half-ester at C6, ng per
surface cellulose chains. The degree of surface sites used, DSSy, was defined as
the percentage of the surface modified AGUs and the actual surface of the AGUs
that was modifiable (Equation 8). Due to the 180° angle of the (3-1,4-glycosidic
linked glucose units, every other superficial AGU was considered modifiable by
oxidation while every other superficial AGU was considered able to host an AGU
with a sulfate half-ester group. Thus, the DSSy was calculated as the number of
molecules substituted by the surface molecules modifiable by each type of modifi-
cation. In Equation 7, cg is the sulfur molar concentration from elemental analysis.

Tox DO
DSSpo = = 6
bo Nsur Rsur ( )
ns cs
DSSg = = 7
S nsur RSUI' ( )
DSSy = n2X + 5. (8)
2 T2

2.7 Statistical analysis

The statistical analysis performed in this paper, namely linear fittings, non-linear
fittings, descriptive statistics, F-test and ANOVA with the Bonferroni-Holm test,
were performed using the software OriginLab Pro (2021). The variations are con-
sidered significant at P-values less than 0.05.

3 Results and discussion
3.1 Oxidation kinetics and composition of the CNCs

According to the elemental analysis (Table 1), a sulfate half-ester group resided in
every 18th glucose unit present prior to desulfation, and was reduced to every 69th
unit after desulfation. The CNC and the desulfCNCs were subjected to periodate
oxidation. The consumption of sodium periodate was monitored in situ by de-
termining the UV absorbance (Figure 2), which was fitted to a pseudo first-order
kinetic reaction (Liu et al., 2012). The calculated reaction rate of the consumption
periodate for the oxidation of CNC was k] = -1.98° 4+ 1.107% s7'. The reaction
rate coefficient for the desulfCNCs was higher: kb = -5.09-107° 4+ 4.107® s*. Both
regressions were considered acceptable according to the R-square. The assumption
of a linear dependence on the periodate concentration [P] and the negligible impact
of the CNC concentration [AGU] on the rate (r) suggested that r = k[AGU]*[P]Y,
for which x and y are the orders (power dependence of rate on the concentration
of the reactant) for each reactant, the order for the AGU was x <<1. There is
a linear dependence of the rate on the periodate concentration (Figure 2). The
reaction rates were statistically different according to the F-test. The decrease in



8 Saiil Llacer Navarro et al.

the content of sulfate half-ester groups on the surface increased the reaction rate
coefficient by approx. 150 %. The oxidized CNCs and desulfCNCs are referred to
as DAC and desulfDAC, respectively.

Table 1: Elemental analysis of sulfur in the CNCs expressed as wt%. The DO,
degree of oxidation is based on periodate consumption determination by UV ab-
sorbance. The standard deviation was less than 0.02 wt%.

Specimen DO (%) S (wt%)

CNC - 1.09
DAC 12 0.71
DAC 29 0.69
DAC 57 0.66
desulfCNC - 0.29
desulfDAC 13 0.30
desulfDAC 33 0.26
desulfDAC 53 0.24

Periodate oxidation of cellulose with sulfate half-ester groups should result in
no change in the sulfur content if the sulfate half-ester groups reside in the C6
position, since they will be unaffected by regioselective oxidation. The decreasing
content of S (Table 1) implies that the sulfate groups are, however, affected, and
removed, during the oxidation. Where the oxidation of desulfCNC is concerned,
the amount decreased slightly and the difference from the first point to the second
point was within the standard deviation of the analysis. The O/S ratio (Table S2,
Supporting Information) increased for both CNC and desulfCNC when oxidized.
In the case where sulfate half-ester groups are not affected, this ratio should not
increase with the increasing degree of oxidation. However, the amount of sulfate
half-ester groups in the material decreases as the DO of the CNCs increased,
regardless of the analysis method used: elemental analysis, FTIR spectroscopy or
XPS (Figure 3).

We compared the DO determined by analysis of reactant consumption to the
DO values that were determined using titration, solid-state NMR spectroscopy and
elemental analysis of the oxidized CNC derivatives (Figure 4). NMR spectroscopy
was only performed for the highest DOs used in this study (~50 %). In Figure
5, the **C CP/MAS NMR spectra of CNC, desulf CNC, DAC and desulfDAC are
shown. The absence of signals in the 160-200 ppm region for DAC and DesulfDAC
indicate that there are no aldehyde groups in these materials. This absence can be
explained by the fact that the aldehydes have reformed with neighboring hydroxyl
groups to provide various hemiacetal and/or hemialdal entities, previously shown
to appear as broad peaks in the 90-100 ppm region (Guigo et al., 2014; Azzam
et al., 2015; Codou et al., 2015). These newly formed signals overlap with the C1
and C4 signals, and in order to correct for this in the DO calculation, deconvolu-
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tion of the affected area was performed (see Supporting Information Table S1 for
all parameters). For the CNC and desulfCNC, the number of deconvolution signals
were selected according to the native cellulose fibril model, and signals were de-
composed into Lorentzian and Gaussian functions for crystalline and amorphous
contributions, respectively Heux et al. (1999); Hult et al. (2002). For the DAC
and desulfDAC, in addition to the signals above, several Gaussian signals were
added to correct for the oxidized material. The deconvolution of this new broad
peak area was performed using literature describing oxidized cellulose structures
(Plappert et al., 2018; Nypelo et al., 2021), however to fully assign these signals
remains a future work. As the C1 signal is consumed during oxidation, the DO
could be determined using the Equation 2, and the results obtained were in good
agreement with both the titration and the UV absorbance measurements. The DO
calculated for the oxidized CNC by elemental analysis was lower compared to the
other methods, while the DO calculated by elemental analysis for the desulfCNC
was higher than for the other methods employed. This discrepancy could be due
to the low accuracy of the method in finding the difference between AGU and
dialdehyde-AGU within the elements used for the analysis and the reducing end
of cellulose was not taken into account.

T T T T T T T T T
1.0 Sample CNC 7]
= Equation [Pl/[Po] = e Mt
o K, -1.98E-5 + 1.07E-6
S * R-Square (COD) 0.78
o, % \% Sample DeCNC
~ ¢ Y Equation [Pl/[P)] = e %7
S X K, -5.09E-5 + 4.04E-6
= R 3 R-Square (COD) 0.71
Q. % N
IS \
7 0.5 | \ i
g Lo
o AN .
[} N
©
° ¢
kel N
5 ..
o T~ L4
0.0 - i
1 " 1 " 1 " 1 " 1 "
0 5 10 15 20 25

Fig. 2: Consumption of periodate during the oxidation of the CNCs () and
desulfCNCs (). The equations containing ki and k5 correspond to CNC and
desulfCNC, respectively. R-square, i.e., the coefficient of determination (COD),
qualifies the regression. These curves are comprised of three oxidation series for
each CNC derivative. Selected points are excluded for clarity but are included in
the fitting and statistical analysis.
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The sulfate half-esters provide electrostatic repulsion, and hence, colloidal sta-
bility. The zeta potential of the CNCs was -28 mV and desulfation increased it to
-19 mV (Figure 6). An increase in the DO led to an increase in the zeta potential
of both grades. When the DO was approx. 50 %, the zeta potential of both grades
was approx. -5 mV and the low zeta potential manifested the colloidal instability.
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Fig. 5: "*C CP/MAS NMR spectra of a) CNC, b) desulfCNC, ¢) DAC, and d)
desulfDAC. Deconvoluted signals in the spectrum are attributed to the different
cellulose moieties of the cellulose fibril model, with crystalline and paracrystalline
signals in blue, non-crystalline accessible fibril surface and inaccessible fibril signals
in green, and overlapping cellulose oligomer signals in red. Several broad signals
were added, shown in gray, to correct for the oxidized material. The sum of the
deconvolution is shown by dotted gray line.
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3.2 CNC dimension

The decrease in the sulfur content of DACs implies that the sulfate half-ester
groups were affected by oxidation. We suggest that this decrease in S content was
caused either by the cleaving off of the sulfate half-ester groups or by the peeling
off of cellulose chains from the surface, which are then removed during purification
via dialysis. The diameter of the CNCs and desulfCNCs, 4.1 &+ 1.0 and 4.0 + 1.5
nm, respectively (Figure 7), were statistically not different (Table S3, Supporting
information) thereby suggesting that desulfation did not decrease the diameter of
the CNC. Oxidation of CNCs into DAC with a DO of 57 % led to a decrease in
the diameter down to 3.0 £+ 0.8 nm. The average diameters of the CNC and DAC
were statistically different, supporting the hypothesis that cellulose chains peel
off due to oxidation. The average diameter of desulfDAC, however, increased. The
desulfDAC with a DO of 53 % was not statistically different from the non-oxidized
grades, hence not supporting the hypothesis of oxidation leading to peeling off of
CNC surface chains. We did, however, note that the desulfDAC aggregated in the
suspension, as evidenced by the close to neutral zeta potential (Figure 6), and
consequently on the silicon support, thereby increasing uncertainty in the deter-
mination of diameter.
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Fig. 7: Dimensions of the CNCs determined using AFM analysis of height profiles.
The degree of oxidation of DAC and desulfDAC was 57 % and 53 %, respectively.

3.3 Crystallinity

Desulfation, which uses an acid that cleaves the sulfate half-ester groups, resulted
in CI increasing in all three methods studied (Figure 8). Besides, cleaving off the
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sulfate half-ester groups, the acid appeared to remove regions of less organized
polysaccharide chains that led, in turn, to the increase observed in the CI. This is,
indeed, directly seen in Figure 5a by the overall NMR spectral sharpening of the
desulfCNC compared to CNC, particularly in the C1 (100-113 ppm) and C4 (79-92
ppm) regions. Periodate oxidation has been shown to decrease the CI of cellulose
(Liu et al., 2012) and consequently, the CI of oxidized grades decreased compared
to the non-oxidized CNC and desulfCNC using WAXS and FTIR (Figure 8). For
the DAC and desulfDAC the spectral resolution was too poor to determine the CI
using NMR. In general, the Clywaxs was higher than the CI calculated by NMR
spectroscopy and FTIR due the inherent methods (Park et al., 2010).

WAXS|
100 + K ANMR
— XY FTIR
804
60+ ]
o
40 -

20

| desufcNC | DAC [ desulfDAC

Fig. 8: Crystallinity index of CNC, desulfCNC and their oxidized derivates DAC
and desulfDAC in DO 57 % and 53 %, respectively. The CI was determined using
wide angle X-ray analysis (blue), NMR spectroscopy (green, only for CNC and
desulfCNC) and FTIR (purple).

3.4 Degree of surface substitution

The ratio between the cellulose chains present on the surface and the total cel-
lulose chains, Rsur (Table 2) decreased with oxidation, which implies a reduction
in diameter. The unit cell is considered as remaining unaltered so the smaller the
diameter, the larger the fraction of cellulose chains located on the surface. The
degree of surface functionality of the CNC derivatives is shown in Table 2. The
DSSpo decreased, as expected, with desulfation but also with oxidation due to the
S content decreasing (Table 1 and Figure 4), thereby complying with the findings
of Lin and Dufresne (2014). At the degree of oxidation in the oxidized grades, the
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DSSpo indicated that almost all of the chains present on the surface were oxidized.

The rotation of AGUs due to the glycosidic bond means, however, that not all
of the functionalities can be placed on the surface of every cellulose molecule: the
substitution present on both oxidized grades, i.e., DAC and desulfDAC, therefore
almost doubled the number of sites accessible on the surface for such a degree of
modification. The requirement that such a high degree of surface be available sug-
gests that those functionalities were located elsewhere than on the surface, which
we suggest were in chains that had been peeled off during oxidation.

Table 2: Distribution of the moieties on the surface of the CNC derivates. S:
Number of molecules per each sulfate half-ester group. DO: degree of oxidation
from UV absorbance. Rgy;: ratio of molecules on the surface per total molecules.
DSSs: degree of surface substitution of S on all the molecules on the surface.
DSSpo: degree of surface substitution of sulfur on all the molecules on the surface.
DSSy: degree of surface sites used to achieve such amounts of moieties on the
surface.

Sample S DO (%) Rsur (%) DSSS (%) DSSDO (%) DSSU (%)

CNC 18 0 38 15 0 30
desulfCNC 69 0 38 3.8 0 7.7
DAC 30 57 56 6.0 102 215
desulfDAC 84 53 53 2.2 100 205

4 Conclusions

Sulfate half-ester groups are present in most industrially available CNCs, which
are moreover often modified for functionality. Oxidation using periodate is a way of
oxidizing the cellulose by opening the ring structure, equipping the molecule with
aldehyde or alcohol functionality and altering, for example, reactivity and the ther-
mal moldability. However, the role played by sulfate half-ester groups in periodate
oxidative modification and its products has not previously been elucidated. The
understanding of their impact and function is crucial for further chemical modifi-
cations.

‘We have demonstrated that the sulfate half-ester groups decrease the oxidation
reaction rate. Increasing the degree of oxidation led to a decrease in the sulfate
half-ester group content independent of its initial content, which was proven not
only by a decrease in sulfur content, but also by an increase in the zeta poten-
tial. The control of the desulfation by oxidation could lead to a DAC with the
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desired colloidal properties. The conclusion we draw is that desulfation is due to
the peeling-off of the cellulose chains from the CNC surfaces.

A scenario in which an aldehyde functionality was introduced to the use of
CNCs has been examined. In this particular situation, it is necessary that the
effect had by the sulfate half-ester groups on the reaction time and conditions is
known in order to optimize the reaction. Moreover, improving knowledge of how
the sulfate half-ester group content develops (i.e., decreases) with oxidation al-
lows us to contribute to creating materials in which they are desired in varying
amounts together with the aldehyde functionality. Lastly, we have made discov-
eries pertaining to the degradation mechanism of the crystalline cellulose during
periodate oxidation via observations of the sulfur content, which we then employed
as a direct measurement of the loss of the surface layers on CNCs.
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Table S1. Results of spectral fitting for the C1, C4 and oxidized compounds region of CP/MAS *C NMR
spectrum of cellulose (cf. Figure 5).

Assignment d (ppm) FWHM (Hz)
C1 Crystalline 108.4 243
Crystalline 106.1 248
Crystalline 105.3 175
Crystalline 104.8 316
Crystalline 104.2 177
Non-Crystalline 102.1 255
Cellulose oligomer 100.5 255
Oxidized compounds 103.1 323
Oxidized compounds 99.8 273
Oxidized compounds 97.6 307
Oxidized compounds 94.9 321
Oxidized compounds 91.0 429
C4 Crystalline 89.2 91
Crystalline 88.7 87
Crystalline 88.2 316
Crystalline 87.9 122
Amorphous 84.2 209
Amorphous 83.4 464
Amorphous 82.7 159
Cellulose oligomer 80.9 198
Cellulose oligomer 79.3 174




Elemental analysis

The sodium content of the CNCs was higher previous to oxidation than the sulfur content indicating
that not all sulfate half-ester groups were in Na* form. The Na/S ratio increased with desulfation
indicating that the use of the sodium periodate facilitated a cation exchange of the remaining sulfate
groups. However, it could also be a result of decreasing sulfate group content or that the oxidation
results in other functionalities than aldehydes only.

Table S2. Elemental analysis of CNCs with various degree of oxidation (DO) expressed as wt%. The
standard deviation was less than 0.02 in all cases.

Derivate S H (@] Na Na/S O/S

CNC 1.09 5.60 52.20 0.39 0.35 48.11
DAC DO 11% 0.71 5.92

DAC DO 27% 0.69 5.85

DAC DO 52% 0.66 5.65 54.78 0.51 0.77 82.99

desulfCNC 0.29 6.04 52.42 183.93
desulfDAC DO 0.30 5.85

11%

desulfDAC DO 0.26 5.60

32%

desulfDAC DO 0.24 5.79 53.84 229.09
48%

Table S3 Bonferroni-Holm test comparing the dimensions of the CNC derivatives. Each row
represents a comparison between derivate 1 and derivate 2. The p-value and the corrected alpha
(rejection criteria) for each individual hypotheses to avoid family-wise error are included. If the p-value
is smaller than the corrected alpha the difference is statistically significant.

Derivate 1 Derivate 2 p-value Alpha Difference
CNC DAC 2.79E-10 0.01 YES
CNC desulfCNC 0.42 0.05 NO

desulfCNC desulfDAC 0.02 0.02 NO
DAC desulfDAC 1.07E-11 0.01 YES
CNC desulfDAC 0.10 0.03 NO
DAC desulfCNC 1.55E-8 0.01 YES
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Abstract

Tissue mimicking phantom materials with thermal and dielectric equivalence are vital for the development of microwave
diagnostics and treatment. The current phantoms representing fat tissue are challenged by mechanical integrity at relevant
temperatures coupled with complex production protocols. We have employed two types of nanocellulose (cellulose
nanocrystals and oxidized cellulose nanocrystals) as reinforcement in gelatin stabilized emulsions for mimicking fat tissue. The
water oil ratio being 30:70. The nanocellulose-gelatin stabilized emulsions were evaluated for their dielectric properties, the
moduli-temperature dependence using small deformation rheology, stress-strain behavior using large deformation, and their
compliance to quality assurance guidelines for superficial hyperthermia. All emulsions had low permittivity and conductivity
within the lower microwave frequency band, accompanied by fat equivalent thermal properties. Small deformation rheology
showed reduced temperature dependence of the moduli upon addition of nanocellulose, independent of type. The cellulose nano
crystals — gelatin reinforced emulsion complied with the quality assurance guidelines. Hence, we demonstrate that the addition
of cellulose nanocrystals to gelatin stabilized emulsions have potential to be used as fat phantoms for development of
microwave diagnostics and treatment.

Keywords: tissue-mimicking phantom, microwave diagnostics, hyperthermia, emulsion, gel, rheology

1. Introduction

Microwave applications for medical diagnostics and treatment are emerging in today’s health care systems. Microwave
devices have advantages of being cost-effective, compact, and portable while providing fast acquisition. The high contrast
between dielectric properties of healthy and malignant tissues compensate for mediocre spatial resolution so that the microwave
systems can serve as a fast decision tool for diagnostics of stroke and traumas (Fhager et al., 2018; Persson et al., 2014),
detection of breast cancer (Poplack et al., 2007; Meaney et al., 2013; Porter et al., 2015; Fear et al., 2013) or localization of
epileptic brain activity (Eadie, 2016). Another application of microwaves is hyperthermia cancer treatment, in which the tumor
temperature is elevated to therapeutic levels to kill the tumor cells and/or making them vulnerable to other treatment modalities,
such as radiotherapy and chemotherapy (Datta et al., 2015; Cihoric et al., 2015; Paulides et al., 2020; Issels et al., 2018).

Development and verification of both the diagnostic and treatment systems require tissue-mimicking phantoms. A phantom
is a physical structure made from materials that together imitate the characteristics of the biological tissue in terms of either
electromagnetic (EM) wave propagation, thermal redistribution of heat, or both. Microwave diagnostics is based on
differentiating dielectric properties of tissue and therefore demand phantoms that model the electrical conductivity and
permittivity of the tissue with high accuracy. Hyperthermia phantoms have an additional demand of thermal equivalence to
enable accurate measurements of power and temperature deposition patterns of the applicators (Trefnd et al., 2017; Dobsicek
Trefna et al., 2019).



The phantoms are standardly divided into two classes, representing either high water content tissues, such as muscle, brain
or tumor, that have values of permittivity (¢r) between 40-80 and electrical conductivity (c) between 0.4 — 1 S/m (Hasgall PA
et al., 2018) or the low water content tissues, such as fat or bone, that have values of & between 6 and 25 and values of ¢
between 0.05 — 0.4 S/m in frequency range of 100 MHz — 1GHz. Different compositions of phantoms mimicking muscle, brain,
skin and tumor have been proposed based on hydrophilic gel formers such as agar-agar or carrageenan (Duan et al., 2014; Ito
et al., 2001; Kato and Ishida, 1987; Fontes-Candia et al., 2021) polyacrylamide (Bini et al., 1984; Kato et al., 1986), or gelatin
(Lazebnik et al., 2005; Madsen et al., 1982; Yuan et al., 2012). However, non-toxic, self-standing, easy to prepare phantoms
to represent the low water content tissues characterized by low ¢, is lacking. Numerous dry phantoms have been introduced in
the past, their complicated preparation procedures and often poor reproducibility have hampered their use. Acetylene black
mixed with aluminum powder and laminac polyester resin (Allen et al., 1988) carbon doped paraffin solution dispersed in
silicone rubber (Nikawa et al., 1996) and graphite powder and urethane rubber (Garrett and Fear, 2014) are examples of
currently available phantoms. Alternative to dry phantoms is the use of water dispersions of glycerin or nonionic surfactant
Triton-X to tune permittivity for complex breast phantoms (Joachimowicz et al., 2014). The liquids are poured into 3D printed
containers derived from magnetic resonance imaging. However, often the thermal equivalence required for hyperthermia is not
met, and the phantoms are neither self-standing or cuttable and the plastic containers can distract the EM field propagation on
the boundary between the liquid and plastic, thus challenging the diagnostics (Rydholm et al., 2017).

The oil-in-water emulsion phantom that utilizes gelatin as a solidifier has the potential to overcome most of the current
challenges (Lazebnik et al., 2005; Madsen et al., 1982). Gelatin forms a random coil conformation in hot water, upon cooling
it forms a self-standing gel through the formation of rigid triple helices connected by flexible links (Parker and Povey, 2012;
Hellio and Djabourov, 2006). The shear modulus and the strength of the resulting gel is defined by the concentration of triple
helices (Hellio and Djabourov, 2006). Gelatin is used in a vast range of applications from food to pharma (van Vlierberghe et
al., 2011) and is hence readily available. The temperature, at which the solution to gel (sol-gel) transition occurs is typically
between 25-35 °C and it is independent of gelatin concentration (Simon et al., 2003; Tosh and Marangoni, 2004). The sol-gel
transition of gelatin is reversible, albeit with hysteresis (Djabourov and Papon, 1983). The low melting temperature and other
limitations accompanied with current phantom recipes, such as development of air bubbles during preparation, complicated
preparation procedures and use of toxic aldehydes as crosslinking agents hamper the successful implementation of this gelatin-
based phantoms in quality assurance (QA) (Trefna et al., 2017; Dobsi¢ek Trefna et al., 2019) and other verification procedures.

Cellulose materials are widely used in engineered and pharmaceutical products such as in paper and tablets. The
establishment of cellulose nanomaterials has furthermore expanded the use of cellulose as viscosity modifiers and to reinforce
composite materials (Dufresne, 2012). Cellulose particles have been demonstrated to provide strength to gelatin networks
(Wang et al., 2017). Of specific interest have been the nanosized cellulose particles that can be dispersed in a hydrophilic
environment such as water (Mondragon et al., 2015). Further surface modification of the nanosized celluloses have been shown
to enable a chemical linkage between gelatin and the cellulose, creating covalent reinforcement of the network. The specifically
demonstrated modification has involved oxidation of cellulose hydroxyl groups into carbony! groups that can form a covalent
imine bond with amine groups of lysine in gelatin (Kwak et al., 2020; Dash et al., 2013).

In this work, we have utilized emulsions, Kinetically stabilized by gelatin and nanocellulose to prepare self-standing
phantoms with the dielectric and thermal properties of low water content tissues. Three different phantoms were developed;
emulsions stabilized by gelatin, emulsion stabilized by gelatin and cellulose nanocrystals (CNC) and emulsion stabilized by
gelatin and dialdehyde CNC, hereafter referred to as DAC. We have demonstrated that all developed fat mimicking phantoms
fulfill requirements of dielectric and mechanical properties. In addition, the nanocellulose enforced the thermal integrity of the
phantoms, increasing the temperature range at which the phantom can be used.

2. Material and Methods

2.1 Materials

Cellulose nanocrystals (CNCs) were purchased from Celluforce (Canada). Gelatin was kindly provided by Gelita, Sweden,
Bloom 296 Gelatin A. Solec lecithin B-10 was kindly provided by Dupont, Denmark. Sodium periodate and hydroxylamine
were purchased from Merck, Sweden. Rapeseed oil was a commercial grade purchased from local supermarket (Coop X-tra
brand), Sweden. Milli-Q water was used throughout the study with resistivity of 18.2 Q* cm™ at 25 °C.

2.2 Methods

CNC dispersion: CNCs were dispersed in Milli-Q water at 3.5 wt% concentration. The dispersion was mixed with a magnetic
stirrer during addition of CNCs into water, followed by horizontal shaking at room temperature overnight. The dispersion was
ultrasonicated for 15 minutes (VWR USC900D), ensuring that the temperature did not increase above 40 °C.



Production of dialdehyde CNCs through oxidation (DAC): The oxidation of CNCs was performed according to Dash et al.
(2013) using a weight ratio of sodium periodate to CNC of 0.7. The reaction time was 6 hours and reaction vessel was covered
with aluminum foil. The reaction was quenched by addition of glycerol, after which it was dialyzed in water for two days using
membranes with 12-14 000 g/mol cutoff. The solid content of the dialyzed dispersion was 3 wt%. The dispersion was stored at
4 °C until further use.

Preparation of gelatin stabilized emulsions: The oil and water were heated separately to 60 °C. Lecithin was dispersed in
the hot water and left to mix for 10 minutes, after which the gelatin. Gelatin was let to dissolve for 20 minutes. Oil was then
added dropwise to the gelatin-water system under vigorous stirring using Ultra-turrax (IKA T50) resulting in visually turbid
system. The system was poured into molds and cooled to 20 °C. The size of the molds used for preparing emulsions for
mechanical testing were 10 mm in diameter and height, and for analysis of dielectric properties 100 mm in diameter. The
emulsions were kept refrigerated until further use. See Table 1 for final compositions of emulsions used in this study.

Preparation of CNC/DAC-gelatin stabilized emulsions: The emulsions were prepared similar to the gelatin emulsions except
that the CNC or DAC dispersion were heated to 50 °C, added to the gelatin-water system and further incorporated with the oil.
Note that the gelatin solution has to be of a high concentration as the system is diluted by the water dispersion of CNC and
DAC. See Table 1 for final compositions of emulsions used in this study.

Confocal Laser scanning microscopy (CLSM) was used for visualization of the emulsion structure using Nikon Ti-E/A1+
microscope.

Differential Scanning Calorimetry (DSC): Heat capacities were determined using Mettler-Toledo, model DSC 2. STARe
software was used for calculating the specific heat using the average of the range of 15° C to 45° C in a heating ramp of 10
K/min. Medium pressure crucibles of 7 mm diameter (ME-29990) were used.

Table 1: Final compositions of the gelatin and CNC/DAC-gelatin stabilized emulsions. All concentrations are given in wt%,
based on the total weight of the final emulsion.

Sample Name Water Qil Lecithin Gelatin | CNC | DAC
Gelatin stabilized emulsion 274 70 0.6 2
CNC-gelatin stabilized emulsion 26.8 70 0.6 2 0.6
DAC-gelatin stabilized emulsion 26.8 70 0.6 2 0.6

Rheology: The rheological properties of the emulsions were determined using a DHR-3 rheometer from TA Instruments,
Denmark. The geometry used was plate-plate (40 mm in diameter) with a gap of 1 mm. The upper plate was equipped with a
solvent trap and used with a custom-made evaporation chamber from TA Instruments. The samples were added to the plate at
60 °C, the upper plate was lowered to measurement position and the temperature was reduced to 10 °C with a rate of 2 °C min.
The storage (G') and loss (G") modulus of the samples were recorded at a frequency of 1 Hz and a strain of 0.5 %. The
temperature was controlled with a Peltier plate.

Dielectric properties: The dielectric properties were measured by an open-ended coaxial dielectric probe (85070E, Dielectric
Probe Kit DAK 12 (SPEAG, Switzerland) connected to a vector network analyzer (VNA) (Keysight FieldFox, Keysight, USA).
The application operation frequency range is 10 MHz to 3 GHz with sweep of 101 points. The dielectric properties of each
sample are given as an average of 10 replications. The dielectric properties of the Milli-Q water were measured before and after
each sample and then compared to the theoretical dielectric relaxation of water calculated by the Debye process. The difference
was applied as calibration for the measurements.

Mechanical properties: Mechanical properties of the gels were determined using a texture analyzer TA-HDi from Stable
Microsystems, UK. The tests were carried out at room temperature. Gels for stress-strain testing were prepared by pouring the
hot dispersion into molds of 10 mm in diameter and 10 mm in height. Stress-strain curves were determined at a crosshead speed
of 2 mm/s. The crosshead had a diameter of 20 mm. Free expansion of the gels was assured in the radial direction. True stress
(ov) and true strain () were calculated using equation 1 and 2:

L

F —
oy = % eq: 1
& = log (LL—O) eq: 2



Where L and L, is the height and the initial height of the gels, respectively, A is the initial cross-section area and F is the
force.

Testing for compliance with QA guidelines for superficial hyperthermia: Figure 1 shows a schematic representation and a
photograph of the setup used for evaluation of the performance of fat phantoms during the hyperthermia QA procedure. The
composition follows the QA applicator verification arrangement for superficial hyperthermia as described in (Trefna et al.,
2017; Dobsicek Trefna et al., 2019).

In the arrangement (Figure 1), a self-grounded antenna (Takook et al., 2017) was centered on top of a 15 mm thick hydrogel
bolus (Trefna and Strém, 2019) placed on top of the multilayered phantom. The applicator has a surface area with diameter 60
mm and water temperature inside the enclosure was kept constant at 20 °C by circulation. The reflection coefficient of the
antenna at frequency 485 MHz was -14.7 dB. The power of 60-63 W was applied for 6 minutes. The hydrogel bolus (Trefna
and Strom, 2019) was used ensuring both an optimal contact area with the phantom and extension beyond the radiating aperture.
The hydrogel bolus (400x210x15mm?) was placed on top of the multilayered phantom consisting of a 70 mm high muscle-
equivalent phantom, upon which two 5 mm fat phantoms of the same area as the muscle phantom were placed. The muscle
phantom (380x250x70mm?3) was composed of water, sugar, salt and agarose (Duan et al., 2014). The g of the muscle phantom
and hydrogel bolus was 59.2 and 81, respectively. The o for the muscle phantom and the hydrogel bolus was 0.71 S/m and 0.12
S/m, respectively. The phantom and bolus were at room temperature at the start of experiments and their temperatures were not
regulated during the heating.

The temperature during the experiments was captured by fiber optic probes (THR-NS-882X, FISO Technologies Inc, Canada)
located at three different depths in the center of the central plane of the antenna: at interface between a) bolus and fat phantom
(HF), b) fat and muscle phantom (FM), c) at 1 cm depth in the muscle phantom (M1-M3). The three probes located in the
muscle phantom contained multiple sensors spaced 10 mm from each other. The temperature distribution in the horizontal plane
at top layer of the fat phantom was captured by an infrared camera (B355, FLIR Systems, USA).
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Figure 1. Schematic illustration (to the left) and photograph of the hyperthermia QA procedure (to the right). The different
parts used, their dimensions and the location of temperature probes are shown in the illustration.

380x250 mm

3. Results

3.1 Dielectric properties and heat capacity: Prediction of dielectric properties of mixtures is complex (Sihvola, 1999)
following modified mixing rule principles. Figure 2a illustrates the prediction of permittivity as a function of oil content.
Maxwell-Garnett effective medium approximation is valid at low volume fractions of oil, assuming that the domains are
spatially, and via interactions, separated (Markel, 2016). Bruggeman approximation excludes the effect of symmetry via volume
fraction utilization, however, has limitations above the percolation threshold. The semi-empirical Lichtenecker's logarithmic
mixture formula, which has proven to be useful practical formulation for determining the effective permittivity of homogenized
dielectric mixtures (Simpkin, 2010), provides a similar prediction of permittivity at high oil fractions, as Bruggeman. Thus,
Maxwell-Garnett and Lichtenecker approximations act as a lower and upper bound for the permittivity establishment, indicating
0.7 being the lowest oil fraction required to reach low permittivity’s (& <15). We have therefore focused this study on
compositions with oil concentration of 70%. The compositions used (Table 1) led to structures where the oil is enclosed in
droplets in the gelatin matrix (Figure 2b).
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Figure 2. Prediction of emulsion permittivity as a function of oil fraction according to Maxwell-Garnett, Bruggeman and
Lichtenecker approximations a) and CLSM visualization of a 70/30 gelatin stabilized oil emulsion where oil droplets are
enclosed in gelatin matrix b).

The dielectric properties over the frequency range of 0.1 — 3 GHz of the emulsions presented in Table 1 represent the mean
values with the confidence interval from 10 different locations (Figure 3). All emulsion exhibited permittivity of ~7-14.5,
agreeing well with predictions. In addition, they exhibit low conductivity, hence complying to the dielectric requirements of a
fat phantom. The gelatin stabilized emulsion is of highest permittivity with values decreasing from ~14.5 at 10 MHz to above
12 at 3 GHz. The CNC-gelatin reinforced phantom exhibited permittivity between 7 and 9. The permittivity values obtained
lay within the bounds of Maxwell-Garnett and Lichtenecker. Specific heat of the emulsions were C, 3218 J/(kg C).
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Figure 3. Permittivity a) and conductivity b) of the gelatin (red), CNC-gelatin (blue) and DAC-gelatin (green) stabilized
emulsions.

3.2 Rheological and mechanical properties. Shear rheology was used to determine absolute moduli at T=20 and 45°C, as
well as the temperatures at which the gels set and melt. The rheological behavior at T=20°C is important given it is close to
typical room temperature, and T=45°C as this is a temperature that a fat phantom should support without loss in mechanical
integrity. Figure 4 shows that all emulsions exhibit three phases, one phase where G' is high, which occurs at temperatures close
to room temperature or below (green shade in Figure 4), one phase where moduli is reduced rapidly (orange shade, Figure 4)
and the third one occurring at T > 40°C (pink shade, Figure 4). The gelatin stabilized emulsion shows a temperature behavior
typical for pure gelatin where the gel sets (G' > G") at T = 30°C (arrow 1 in the Figure 4a), followed by a sharp increase in G'
until T =10°C. As the gelatin stabilizing emulsion is reheated, we observe a plateau and sharp reduction in G' at approximately



T = 25°C. The crossover G" > G', defined as the melting temperature, appears at approximately 38°C (arrow 2 in Figure 4a),
after which the emulsion is dominated by the viscous component and behaves as a liquid (pink shaded area).

The moduli of the CNC-gelatin (Figure 4b) and the DAC- gelatin (Figure 4c) stabilized emulsions behave similarly upon
reduction and increase in temperature. There is no clear setting or melting transition in neither gel, hence absence of arrow 1
and 2 in Figure 4b and 4c. Instead, G' remains at 80 - 100 Pa within the temperature range of 40 to 60°C (red shaded area in
Figure 4b and c¢) and 2000 and 3000 Pa respectively within the temperature range of 10 and 25°C (green shaded area in Figure
4b and c). It is still possible to observe the sharp increase and decrease in the moduli, similar to gelatin stabilized emulsion,
with the difference that moduli is not reduced to the same extent at the higher temperatures, and the materials still exhibit G' >
G", thus is dominated by the elastic component.
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Figure 4. G' (triangles) and G" (circles) moduli as a function of temperature for a) gelatin b) CNC-gelatin ¢) and DAC-gelatin
stabilized emulsion. The samples were added at 60°C, followed by cooling (blue symbols) and heating (red symbols). Arrow 1
and 2 points at the setting and melting temperatures of the gel. The measurements were performed at f=1Hz and strain 0.5%.

The force exerted on the fat phantom during use is uniaxial compression. Therefore, stress-strain response of the systems
was tested. The stress at break and strain at break are shown in Figure 5. We can see (Figure 5a) that the stress at break for the
CNC-gelatin stabilized emulsion is the highest (approx. 57 kPa), followed by gelatin stabilized emulsion (approx. 18 kPa) and
DAC-gelatin stabilized emulsion (approx. 10 kPa). The strain at which the gelatin emulsion broke was 75% while CNC broke

at 60% and DAC at approx. 58% (Figure 5b).
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Figure 5. Stress at break a) and strain at break b) at room temperature for the gelatin, CNC-gelatin and DAC-gelatin stabilized
emulsions.

3.3 Phantom validation: The compliance with QA guidelines for superficial hyperthermia. The phantoms were exposed to
microwave radiation (60-63 W) from a single antenna for 6 minutes in a set up presented in Figure 1 and temperature was
monitored at different locations by thermal sensors. Figure 6a shows the temperature at different locations in horizontal plane,
one centimeter below the muscle phantom surface. The antenna was centered above sensor 8 in the probe M3 and temperature
rise in the other probes is given with respect to the distance of the probe to the center. The temperature increased nearly 11°C
during the 6 minutes test confirming an appropriate function of the antenna and correct execution of the experimental validation.

The temperature at the boundaries between the muscle and fat phantoms and between fat and bolus (Figure 6b) are relevant
for the fat phantom verification. The highest temperature of approx. 31°C was measured at the muscle-fat boundary right below
the antenna center, with the temperature being approximately 1°C lower, 2 cm from the center (measured at two positions, FM-
S1 and FM-S3). The temperature between the bolus and antenna boundary was measured at distance of approximately 1 cm
from the central plane due to slight dislocation of the temperature sensor. The temperature between the bolus and antenna
reaches a plateau more rapidly than the temperature at the fat-muscle boundary, this is related to the antenna cooling.
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Figure 6. Temperatures at different positions a) in the horizontal plane of the muscle phantom and b) at boundaries between
muscle/fat and fat/hydrogel bolus (for labelling see Figure 1).

The temperature distributions captured by IR camera immediately after removal of the antenna and hydrogel bolus indicate
that the maximal temperatures achieved at the top of the phantom ranges between 34-36°C for gelatin and DAC reinforced
phantom while 30°C for the CNC reinforced phantom (Figure 7a-c). The deviation in the heating rates can be attributed to
divergence in phantom conductivities. It is apparent that the pure gelatin phantom failed to withstand the stress exerted by the



antenna in combination with temperature increase (Figure 7d). As visible in Figure 7f, the DAC reinforced phantom showed
damages at several locations, owing to the physical handling of the phantom.

341

Figure 7. Heat distribution of the top layer as captured by IR camera (a, b and c¢) and visual appearance (d, e and f) after QA
validation for superficial hyperthermia of gelatin reinforced fat phantom (a and d), CNC-gelatin reinforced fat phantom (b
and e) and DAC-gelatin reinforced fat phantom (c and f).

4, Discussion

In this work we hypothesized that the addition of CNCs within the gelatin network could increase its melting temperature,
one of the major limitations in use of gelatin reinforced phantoms. Indeed, the influence of temperature on the moduli of the
gelatin stabilized emulsion shows distinct sol - gel transition at 28 °C upon cooling and gel to sol upon heating, at 38 °C (Figure
4a). The emulsion stabilized only by gelatin can thus be defined as a liquid at T > 38 °C, making an application as fat phantom
according to hyperthermia QA procedures challenging.

While the CNC and DAC stabilized emulsions weaken and the difference between G' and G" is reduced, at T > 28 °C, the
weakening is not to the same extent as the gelatin stabilized emulsion, and importantly they do not exhibit gel-sol transition at
38 °C. The reduced temperature dependence for these systems, can be explained through two different routes. In the case of
CNC addition, we believe that we have an electrostatic attraction between the negatively charged CNC and the positively
charged gelatin. In the case of addition of DACs in the gelatin matrix, we have an electrostatic attraction like the CNC-gelatin
matrix but also a covalent linkage between the aldehyde of the DAC and the amine on the gelatin. Thus, both CNC and DAC
addition to gelatin provide increased thermal stability within the investigated temperature range. The results found for DAC
gelatin interaction correspond to those reported by Dash et al. (2013).

The QA testing of the different emulsions showed clearly that gelatin stabilized emulsion cannot be used as fat phantom,
owing to large damages of the phantom under the conditions (power, dielectric properties and time of exposure) used here. The
IR image of the gelatin reinforced phantom shows that the temperature reaches those corresponding to those within the area of
rapid reduction of gel strength (orange shade Figure 4a). The CNC-gelatin and DAC-gelatin reinforced phantom maintained
physical integrity throughout the same heating procedure, confirming the increased thermal stability obtained through the
addition of CNC and DAC, in agreement with rheological data.

The surface of the fat phantom is smooth for the gelatin (Figure 7a), while more uneven for the CNC-gelatin and DAC-
gelatin reinforced phantoms (Figure 7e and f). This is related to the fact that gelatin behaves as a liquid at the temperatures at
which the top layer is prepared, thus easily being poured into the mold. Instead, the CNC-gelatin and DAC-gelatin stabilized
emulsions are gel-like (Figure 4 b and c) at similar temperatures thus not filling the mold as efficiently as the gelatin stabilized
emulsion.



The stress at break of the DAC-gelatin stabilized emulsion is lower than that of the CNC-gelatin stabilized emulsion (Figure
5), which explains the larger amount of damages shown by the DAC-gelatin reinforced phantom during the QA test (Figure

7f).
Table 2 summarize the different aspects considered during the testing of the three proposed phantoms. The successful QA

verification of the CNC-gelatin stabilized emulsion, in combination with the dielectric properties matching those of fat tissues,
show its potential for use as fat phantom.

Table 2: Consideration of gelatin, CNC-gelatin and DAC-gelatin reinforced phantom suitability for hyperthermia QA
procedures. The attributes are rated as achieved (+) or not achieved (-) based on the experimental work in this study.

Gelatin reinforced CNC-gelatin reinforced DAC-gelatin
phantom phantom reinforced phantom

Commercial availability of N . i

ingredients
Phantom can be prepared at a clinic
with a heating plate and high-speed + + -
mixing

Dielectric properties are equivalent + + +
to fat tissue

Thermal stability - + +

Proof of concept demonstration - + -

Subject to further studies are the behavior of the CNC-gelatin reinforced phantom under higher heating rates than used here
(2 °C/min), as this may be required in some applications. In addition, the physical networks are subject to relaxations under
stress (Schuster et al., 2014) and may yield and reform under pressure. The rearrangement of the physical network may lead to
syneresis of oil. Hence, the response of the phantom to prolonged stress could be subject for future studies.

5. Conclusion

We have demonstrated that nanocellulose reinforcement increased thermal stability of gelatin hydrogels and can be used to
reinforce fat-mimicking phantoms for microwave application. Gelatin, CNC-gelatin and DAC-gelatin reinforced emulsion all
fulfill the requirements of phantom dielectric properties. Rheological measurements show that the CNC and DAC addition to
the gelatin stabilized emulsion abolish a clear gel-sol transition upon heating. The increased thermal stability of the CNC-
gelatin and DAC-gelatin stabilized emulsions was confirmed by the Q, where the gelatin reinforced phantom yielded under the
stress and temperature of the antenna. The lower stress at break exhibited by the DAC-gelatin reinforced phantom made it more
susceptible to mechanical failure during handling than the other two phantoms.

We have shown that a CNC-gelatin stabilized emulsion further transformed into CNC-gelatin reinforced phantom comply
to the requirements for use as fat tissue phantom for microwave diagnostics and hyperthermia treatment.
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