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Abstract
Tissuemimicking phantommaterials with thermal and dielectric equivalence are vital for the
development ofmicrowave diagnostics and treatment. The current phantoms representing fat tissue
are challenged bymechanical integrity at relevant temperatures coupledwith complex production
protocols.We have employed two types of nanocellulose (cellulose nanocrystals and oxidized cellulose
nanocrystals) as reinforcement in gelatin stabilized emulsions formimicking fat tissue. The
nanocellulose-gelatin stabilized emulsions were evaluated for their dielectric properties, themoduli-
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 lowpermittivity and conductivity within the lowermicrowave frequency band,
accompanied by fat equivalent thermal properties. Small deformation rheology showed reduced
temperature dependence of themoduli upon addition of nanocellulose, independent of type. The
cellulose nanocrystals gelatin reinforced emulsion compliedwith the quality assurance guidelines.
Hence, we demonstrate that the addition of cellulose nanocrystals to gelatin stabilized emulsions has
the potential to be used as fat phantoms for the development ofmicrowave diagnostics and treatment.

1. Introduction

Microwave applications for medical diagnostics and
treatment are emerging in today’s health care systems.
Microwave devices have the advantages of being cost-
effective, compact, and portable while providing fast
acquisition. The high contrast between dielectric
properties of healthy and malignant tissues compen-
sate for mediocre spatial resolution so that the micro-
wave systems can serve as a fast decision tool for
diagnostics of stroke and traumas [1, 2], detection of
breast cancer [3–6] or localization of epileptic brain
activity [7]. 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 che-
motherapy [8–11].

Development and verification of both the diagnostic
and treatment systems require tissue-mimicking phan-
toms. 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 [12–16] and therefore
demand phantoms thatmodel the electrical conductivity
and permittivity of the tissue with high accuracy. Hyper-
thermia phantoms have an additional demand of ther-
mal equivalence to enable accurate measurements of
power and temperature deposition patterns of the appli-
cators [17, 18].

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 (εr)between40–80 and electrical conductivity
(σ) between 0.4–1 S m−1 [19] or the low water content
tissues, such as fat or bone, that have values of εr between6
and 25 and values of σ between 0.05–0.4 Sm−1 in the fre-
quency rangeof 100MHz–1GHz.Different compositions
of phantoms mimicking muscle, brain, skin, and tumor
have been proposed based on hydrophilic gel formers
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such as agar-agar or carrageenan [20–23] polyacrylamide
[24, 25], or gelatin [26–29]. In addition, theuseofwaste oil
hardeners shows promise as a breast phantom via its ease
of preparation,non-toxicity, anddielectric properties [30].
However, non-toxic, self-standing, easy to prepare, and
thermally stable phantoms to represent the lowwater con-
tent tissues characterizedby lowεr are yet lacking.Numer-
ous 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 [31], carbon-doped paraffin solution dispersed in
silicone rubber [32], and graphite powder and urethane
rubber [33] are examples of currently available phantoms.
Alternative to solid or semi-solid phantoms is the use of
water dispersions of glycerin or nonionic surfactant Tri-
ton-X to tune permittivity for complex breast phantoms
[34]. The liquids are poured into 3D printed containers
derived from magnetic resonance imaging. However,
often the thermal equivalence required for hyperthermia
is notmet, and the phantoms are neither self-standingnor
cuttable, and the plastic containers can distract the EM
field propagation on the boundary between the liquid and
plastic, thus challenging thediagnostics [35].

The oil-in-water emulsion phantom that utilizes
gelatin as a solidifier of a matrix that encloses the oil
droplets in the structure that are responsible for pro-
viding the dielectric properties in the range of fat tis-
sue, has the potential to overcome such challenges
[26, 27, 29]. Gelatin forms a random coil conforma-
tion in hot water, upon cooling, it forms a self-stand-
ing gel through the formation of rigid triple helices
connected by flexible links [36, 37]. The shear mod-
ulus and the strength of the resulting gel are defined by
the concentration of triple helices [37]. Gelatin is used
in a vast range of applications from food to pharma
[38] 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 [39, 40]. The sol-gel transition of
gelatin is reversible, albeit with hysteresis [41]. Di Meo
and co-workers [29] advanced previous gelatin emul-
sion protocols, preparing a non-toxic, easy-to-prepare
sunflower—gelatin emulsion. Their gelatin emulsion
showed good reproducibility and storage possibilities
of at least ten days. In addition, they show that values
of εr for the gelatin—sunflower emulsions can be
adjusted as a function of oil content according to the
Bruggeman formulation for up to 68 wt% oil. Despite
promising properties for use inmicrowave diagnostics
phantoms [27, 28], the thermal stability of the latest
has not been reported.

Cellulose materials are widely used in engineered
and pharmaceutical products such as paper and
tablets. The establishment of cellulose nanomaterials
has furthermore expanded the use of cellulose as visc-
osity modifier and to reinforce composite materials
[42]. Cellulose particles have been demonstrated to
provide strength to gelatin networks [43]. Of specific

interest have been the nanosized cellulose particles
that can be dispersed in a hydrophilic environment
such as water [44]. Further surface modification of the
nanosized celluloses has been shown to enable a che-
mical linkage between gelatin and the cellulose, creat-
ing covalent reinforcement of the network. The
specifically demonstrated modification has involved
oxidation of cellulose hydroxyl groups into carbonyl
groups that can form a covalent imine bond with
amine groups of lysine in gelatin [45, 46].

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 lowwater content tissues. Three different
phantoms were developed; emulsions stabilized by
gelatin, emulsion stabilized by gelatin and cellulose
nanocrystals (CNC), and emulsion stabilized by gela-
tin and dialdehyde CNC, hereafter referred to as DAC.
We have demonstrated that all developed fat-mimick-
ing phantoms fulfill requirements of dielectric and
mechanical properties. In addition, the nanocellulose
reinforced the thermal integrity of the phantoms,
increasing the temperature range at which the phan-
tom can be used.

2.Material andmethods

2.1.Materials
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 hydro-
xylamine were purchased fromMerck, Sweden. Rape-
seed oil was a commercial grade purchased from a
local supermarket (Coop X-tra brand), Sweden. Milli-
Q water was used throughout the study with the
resistivity of 18.2Ω−1 cm−1 at 25 °C.

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

2.2.2. Production of dialdehyde CNCs through
oxidation (DAC)
The oxidation of CNCs was performed according to
Dash, Foston [46] using a weight ratio of sodium
periodate to CNC of 0.7. The reaction time was 6 h,
and the reaction vessel was covered with aluminum
foil. The reaction was quenched by the addition of
glycerol, after which it was dialyzed in water for two
days usingmembranes with 12–14 000 gmol−1 cutoff.
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The solid content of the dialyzed dispersion was 3
wt%. The dispersion was stored at 4 °C until
further use.

2.2.3. 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 min, after which the gelatin was let to dissolve
for 20 min. Oil was then added dropwise to the
gelatin-water system under vigorous stirring using
Ultra-turrax (IKA T50), resulting in a visually turbid
system. The systemwas poured into molds and cooled
to 20 °C. The size of the molds used for preparing
emulsions for mechanical testing was 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 the
final compositions of emulsions used in this study.

2.2.4. Preparation of CNC/DAC-gelatin stabilized
emulsions
The emulsions were prepared similar to the gelatin
emulsions except that the CNC or DAC dispersions
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 concentra-
tion as the system is diluted by the water dispersion of
CNC and DAC. See table 1 for the final compositions
of emulsions used in this study.

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

2.2.5. 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 1 Kmin−1.
Medium pressure crucibles of 7 mm diameter (ME-
29990)were used.

2.2.6. 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−1. 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 temper-
aturewas controlledwith a Peltier plate.

2.2.7. Dielectric properties
The dielectric properties were measured by an open-
ended coaxial dielectric probe (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 were measured
twice at five different locations and are given as an
average of all, typically 10 replications.

2.2.8.Mechanical properties
Mechanical properties of the gels were determined
using a texture analyzer TA-HDi from Stable Micro-
systems, UK. The tests were carried out at room
temperature. Gels for stress-strain testing were pre-
pared 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−1. The crosshead had a diameter of 20 mm.
Free expansion of the gels was assured in the radial
direction. True stress (σt) and true strain (εt) were
calculated using equations (1) and (2):

( )
( )s =

F

A
1t

L

L

0

0

⎜ ⎟
⎛
⎝

⎞
⎠

( )e =
L

L
log 2t

0

Where L and L0 are the height and the initial height of
the gels, respectively, A0 is the initial cross-section
area, and F is the force.

2.2.9. 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 [17, 18].

Table 1. Final compositions of the gelatin andCNC/DAC-gelatin stabilized emulsions. All concentrations
are given inwt%, based on the total weight of thefinal emulsion.

Sample name Water Oil Lecithin Gelatin CNC DAC

Gelatin stabilized emulsion 27.4 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
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In the arrangement (figure 1), a self-grounded
antenna [47] was centered on top of a 15 mm thick
hydrogel bolus [48] placed on top of the multilayered
phantom. The applicator has a surface area with a dia-
meter of 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 min. The hydrogel bolus [48]was used to
ensure both an optimal contact area with the phantom
and extension beyond the radiating aperture. The
hydrogel bolus (400 × 210 × 15mm3) was placed on
top of the multilayered phantom consisting of a
70mmhighmuscle-equivalent phantom, upon which
two 5 mm fat phantoms of the same area as the
muscle phantom were placed. The muscle phantom
(380× 250× 70 mm3) was composed of water, sugar,
salt, and agarose [20]. The εr of the muscle phantom
and hydrogel bolus was 59.2 and 81, respectively. The
σ for the muscle phantom and the hydrogel bolus was
0.71 Sm−1 and 0.12 Sm−1, respectively. The phantom
and bolus were at room temperature at the start of the
experiments, and their temperatures were not regu-
lated during the heating.

The temperature during the experiments was cap-
tured 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 the 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 themuscle phantom containedmul-
tiple sensors spaced 10 mm from each other. The
temperature distribution in the horizontal plane at the
top layer of the fat phantom was captured by an infra-
red camera (B355, FLIR Systems, USA).

3. Results

3.1.Dielectric properties andheat capacity
Prediction of dielectric properties of mixtures is
complex [49] following modified mixing rule princi-
ples. Figure 2(a) illustrates the prediction of permit-
tivity 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 [50]. Brugge-
man approximation excludes the effect of symmetry
via volume fraction utilization, however, it has limita-
tions above the percolation threshold. The semi-
empirical Lichtenecker’s logarithmic mixture form-
ula, which has proven to be a useful practical formula-
tion for determining the effective permittivity of
homogenized dielectric mixtures [51], provides a
similar prediction of permittivity at high oil fractions
as Bruggeman. Thus, Maxwell-Garnett and Lichte-
necker approximations act as a lower and upper bound
for the permittivity establishment, indicating 0.7 being
the lowest oil fraction required to reach low permittiv-
ities (εr<15). We have therefore focused this study
on compositions with the oil concentration of 70%.
The compositions used (table 1) led to structures
where the oil is enclosed in droplets in the gelatin
matrix (figure 2(b)). The inherent instability of emul-
sions where the oil droplets coalesce, and phase
separate, is here restricted by the gelatin matrix. The
gelatin network will kinetically trap the oil droplets
and hinder them from growing and ultimately sepa-
rate from thematrix.

The dielectric properties over the frequency range
of 0.1–3 GHz of the emulsions presented in table 1
represent themean values with the confidence interval
from measurements at 5 different locations (figure 3).
All emulsions exhibited permittivities of ∼7–14.5. In
addition, they exhibit low conductivities, hence com-
plying with the dielectric requirements of a fat phan-
tom. The gelatin stabilized emulsion is of the highest
permittivity with values decreasing from ∼14.5 at 10
MHz to above 12 at 3 GHz. The CNC-gelatin rein-
forced phantom exhibited permittivity between 7 and
9. The permittivity values obtained lay within the
bounds of Maxwell-Garnett and Lichtenecker. The
specific heat of the emulsionswas Cp 3218 J (kgK)

−1.

3.2. Rheological andmechanical properties
Shear rheology was used to determine absolutemoduli
at T=20 and 45 °C, as well as the temperatures at
which the gels set and melt. The rheological behavior

Figure 1. Schematic illustration (to the left) and photograph of the hyperthermiaQAprocedure (to the right). The different parts used,
their dimensions, and the location of temperature probes are shown in the illustration.
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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 with-

out loss inmechanical integrity. Figure 4 shows that all

emulsions exhibit three phases, one phase where the

G′ is high, which occurs at temperatures close to room

temperature or below (green shade in figure 4), a
second phase where moduli are 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 figure 4(a)), 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 4(a)), 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 4(b)) and
the DAC- gelatin (figure 4(c)) stabilized emulsions
behave similarly upon reduction and increase in temp-
erature. There is no clear setting or melting transition
in neither gel, hence the absence of arrows 1 and 2 in
figures 4(b) and (c). Instead, G′ remains at 80–100 Pa
within the temperature range of 40 to 60 °C (red sha-
ded area in figures 4(b) and (c)) and 2000 and 3000 Pa
respectively within the temperature range of 10 and
25 °C (green shaded area in figures 4(b) 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 are not reduced to the
same extent at the higher temperatures, and the mate-
rials still exhibit G′>G″, thus are dominated by the
elastic component.

The force exerted on the fat phantom during use
is uniaxial compression. Therefore, the 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 5(a)) that the stress at break for

Figure 2.Prediction of emulsion permittivity as a function of oil fraction according toMaxwell-Garnett, Bruggeman, and
Lichtenecker approximations (a) andCLSMvisualization of a 70/30 gelatin stabilized oil emulsionwhere oil droplets are enclosed in
gelatinmatrix (b).

Figure 3.Permittivity (a) and conductivity (b) of the gelatin (red), CNC-gelatin (blue), andDAC-gelatin (green) stabilized emulsions.

5

Biomed. Phys. Eng. Express 7 (2021) 065025 HDobšíček Trefná et al



the CNC-gelatin stabilized emulsion is the highest
(approx. 57 kPa), followed by gelatin stabilized emul-
sion (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% andDAC at approx. 58% (figure 5(b)).

Figure 4.G′ (triangles) andG″ (circles)moduli as a function of temperature for (a) gelatin (b)CNC-gelatin (c) andDAC-gelatin
stabilized emulsion. The sampleswere added at 60 °C, followed by cooling (blue symbols) and heating (red symbols). Arrow 1 and 2
points at the setting andmelting temperatures of the gel. Themeasurements were performed at f= 1Hz and strain 0.5%.

Figure 5. Stress at break (a) and strain at break (b) at room temperature for the gelatin, CNC-gelatin andDAC-gelatin stabilized
emulsions.
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3.3. Phantomvalidation: the compliancewithQA
guidelines for superficial hyperthermia
The phantoms were exposed to microwave radiation
(60–63 W) from a single antenna for 6 min in a setup
presented in figure 1, and temperature was monitored
at different locations by thermal sensors. Figure 6(a)
shows the temperature at different locations in a
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 by
nearly 11 °C during the 6 min 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 6(b)) are relevant for the fat phantom verifica-
tion. The highest temperature of approx. 31 °C was
measured at the muscle-fat boundary right below the
antenna center, with the temperature being approxi-
mately 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 mea-
sured at a distance of approximately 1 cm from the
central plane due to slight dislocation of the temper-
ature sensor. The temperature between the bolus and
antenna reaches a plateaumore rapidly than the temp-
erature at the fat-muscle boundary, this is related to
the antenna cooling.

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

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

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
the 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 4(a)). 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
hyperthermiaQAprocedures 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
the 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 ther-
mal stability within the investigated temperature
range. The results found for DAC gelatin interaction
correspond to those reported by Dash and co-work-
ers, [46].

The QA testing of the different emulsions clearly
shows that gelatin stabilized emulsion cannot be used
as a fat phantom, owing to large damages of the

Figure 6.Temperatures at different positions (a) in the horizontal plane of themuscle phantom and (b) at boundaries between
muscle/fat and fat/hydrogel bolus (for labeling seefigure 1).
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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 temperatures within
the area of rapid reduction of gel strength (orange
shade figure 4(a)). 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 rheolo-
gical data.

The surface of the fat phantom is smooth for the
gelatin (figure 7(a)) while more uneven for the CNC-
gelatin and DAC- gelatin reinforced phantoms
(figures 7(e) 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 (figures 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 stabi-
lized emulsion (figure 5), which explains the larger
amount of damages shown by the DAC-gelatin rein-
forced phantomduring theQA test (figure 7(f)).

Table 2 summarizes the different aspects con-
sidered during the testing of the three proposed phan-
toms. The successful QA verification of the CNC-
gelatin stabilized emulsion, in combination with the
dielectric properties matching those of fat tissues,
shows its potential for use as a fat phantom.

Subject to further studies is the behavior of the
CNC-gelatin reinforced phantom under higher heat-
ing rates than used here (2 °C min−1), as this may be
required in some applications. In addition, the physi-
cal networks are subject to relaxations under stress
[52] and may yield and reform under pressure. The
rearrangement of the physical networkmay lead to the
syneresis of oil. Hence, the response of the phantom to
prolonged stress could be subject to future studies.

5. Conclusion

We have demonstrated that nanocellulose reinforce-
ment increased the thermal stability of gelatin hydro-
gels and can be used to reinforce fat-mimicking
phantoms for microwave application. Gelatin, CNC-
gelatin, andDAC-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

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

Table 2.Consideration of gelatin, CNC-gelatin, andDAC-gelatin reinforced phantom suitability for hyperthermiaQAprocedures. The
attributes are rated as achieved (+) or not achieved (−) based on the experimental work in this study.

Gelatin reinforced

phantom

CNC-gelatin reinforced

phantom

DAC-gelatin reinforced

phantom

Commercial availability of ingredients + + —

Phantom can be prepared at a clinic with a heating

plate and high-speedmixing

+ + —

Dielectric properties are equivalent to fat tissue + + +
Thermal stability — + +
Proof of concept demonstration — + —
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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 QA test, 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 sus-
ceptible to mechanical failure during handling than
the other two phantoms.

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