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Abstract
Hyperthermia is a cancer treatment strategy that involves raising the temperature of the afflicted
tissues without disrupting the surrounding tissues. This study is focused on finite element analysis of
copper, nanoellipsoids, nanorods, nanospheres and core-shells for potential hyperthermia applica-
tion. The temperature of copper nanostructures was elevated using an external source to the desired
temperature to destroy the cancerous cell. TheCOMSOLMultiphysics packagewas used to calculate
how long it would take to achieve the desired temperature using different nanostructures of copper.
Thermal sensitivity of the tested nanostructures was checked by putting them in a spherical domain of
tissue. It was observed that copper nano-rod attained the highest temperature of 43.3 °C compared to
other geometries. It was also found that these geometries attained thermal equilibrium just after
0.5μs. However, the copper nano-ellipsoid had a higher core volume, which is utilized to determine
the thermal sensitivity of the nanostructures. Noblemetal (Au) coatingwasfirst found to be better
than PEGpolymer coating for investigating core–shell structures. TheAu coating on the surface of the
copper core resulted in a gradual decrease in temperature with an increasing volume coverage ratio.
These results conclude that copper nanostructures can be suitable candidates for hyperthermia.

1. Introduction

Hyperthermia (HT) is a type of cancer treatment in addition to chemotherapy, radiation, surgery,
immunological and gene therapy [1]. HT is used in oncology to elevate tissue temperature and kill or hinder
cancer cell growth by using an external heat source [2]. Theword ‘hyperthermia’ refers to a variety of heat
application procedures that are used in conjunctionwith other cancer therapies (especially radiotherapy and
chemotherapy) [3]. Althoughmost research has revealed that high temperatures directly damagemalignant cells
[4] and sensitize them to various treatmentmodalities, they supplement chemotherapy and radiation therapy
while causing little or no damage to normal cells [5]. Consequently, HThas foundwidespread application as an
adjuvant therapy in cancermanagement [6, 7], as depicted infigure 1. It is important to note thatwhile
hyperthermia can stand alone as a potent inducer of cancer cell death, its collaborative potential with
conventional therapies accentuates its role in comprehensive treatment regimens. The intricate interplay
betweenHT, chemotherapy, and radiotherapywarrants detailed exploration to optimize therapeutic outcomes.

Hyperthermia (HT) treatment involves raising tissue temperatures within the range of 39 °C–48 °C for
extended durations [6]. Different temperature thresholds define specific outcomes: temperatures beyond 50 °C
result in coagulation, 60 °C–90 °C lead to thermal ablation, and temperatures surpassing 200 °Ccause charring
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[5]. Ablation, also referred to as high-temperature treatment (HT), encompasses the direct application of
chemical or thermal therapies to achieve significant tumor removal [8].While nanoparticles hold promise in
HT, their applications are still under investigation, offering potential solutions to existing challenges [11].
Although the underlyingmechanisms are not fully understood, normal tissues exhibit greater thermal tolerance
than cancer cells [9–11]. Patient-specific factors such as tumor location (superficial or deep-seated) and
malignancy stage influence the clinical approach toHT [12].

LocalizedHTmethods are tailored to specific scenarios. Ultrasounds, radiowaves, ormicrowaves are
employed for small, accessible tumors [13]. Thermally conductive applicators, like current sheets and
waveguides, aid in localized heat transfer, accompanied bywater boluses tomaintain skin temperature [4]. In
local perfusionHT, heated chemotherapeutic agents are introduced into the peritoneal cavity [14]. Regional
Hyperthermia (RHT) encompasses diverse approaches, including peripheral applicators and extracorporeal
methods [15–19]. Successful RHT employs dipole antennas generating RF ormicrowave radiations to target
tissues [15].Whole-body hyperthermia (WBHT) involves extracorporeal technologies or radiation to elevate
body temperature [6, 16–18]. The unfolded protein response triggered by rising tissue temperature has
implications for tumor-specific antigens and immune cell recognition [20–22].

Hyperthermia induced using nanoparticles is explored through various techniques [23–26]. Nanoparticles
are localized to tumors and then exposed to external energy, creating region-specific hyperthermia [24]. In the
realmof hyperthermia applications, the pioneering work ofNaomiHalas has significantly shaped the landscape,
particularly through her investigations into core–shell nanoparticles. These novel composite spherical
nanoparticles, characterized by a dielectric core enveloped by a thinmetallic shell, notably gold, exhibit
exceptional optical and chemical attributes suitable for both biomedical imaging and therapeutic endeavors
[27, 28]. Bymeticulously tailoring the relative dimensions of the core and shell, these nanoparticles can achieve
precise optical resonancemodulation across a wide spectrum, spanning fromnear-UV tomid-infrared regions
[29]. Notably, this spectral range alignswith the near-infrared (NIR)wavelengthwindow, capitalizing on
enhanced tissue transmissivity. Beyond their tunability, nanoshells offer advantages over conventional organic
dyes, boasting superior optical properties and heightened resilience to chemical and thermal denaturation [30].
Moreover, Halas’s work elucidates how the same conjugation techniques used for gold colloid can be seamlessly
adapted to nanoshells, thereby expediting their integration into diverse applications. Thefield of core–shell
nanoparticles, particularlymetal nanoshells, has gained attention for their potential in various applications,
including biomedical imaging and therapy.Metal nanoshells, consisting of a dielectric core covered by a thin
metallic shell, offer tunable optical properties and surface characteristics, enhancing biocompatibility and
functionalization. Notably, NaomiHalas’ pioneering work showcases the revolutionary concept of inductive
coupling, enabling remote electronic control overDNAhybridization throughmetal nanocrystals and a radio-
frequencymagnetic field. This technique allows reversible denaturation ofDNAwithminimal impact on
surroundingmolecules, opening avenues for precisemanipulation of biological processes at themolecular level.
This breakthrough complements KimberlyHamad-Schifferli’s contributions, demonstrating the potential of
nanocrystals for optical control andmanipulation of biomolecules. Hamad-Schifferli’s research has
implications in diagnostics,molecular imaging, and therapeutics. Together, these advancements underscore the
significance of nanoparticle properties for targeted biomedical applications, highlighting the need for
comprehensive exploration in diverse therapeutic and diagnostic contexts [31].

Figure 1.Working of hyperthermia in conjunctionwith recognized cancer therapies.
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Core–shell nanomaterials and nanostructures have gained significant attention due to their potential
applications in various fields, notably in the transportation of bioactive compounds [32, 33]. These
nanocomposites come in diverse core and shell thicknesses, sizes, and surfacemorphologies, ranging from stars
and cubes to rods and spheres. Throughmethods like thin-layer deposition and functional conjugation, their
surface characteristics can be tailored for improved properties compared to non-functionalized particles.

Particularly noteworthy are singular core–shell nanoparticles (NPs), offering awide range of therapeutic
applications in biotechnology, including diagnostics, tumor therapy, and drug delivery. Figure 2 illustrates some
techniques used for heating the nanoparticles. These versatile structures encompass various forms, such as
metallic, non-metallic, and polymeric cores and shells, each customizable to optimize desired qualities [34, 35].
One promising application of core–shellmodels is in specific target antitumor treatments. By enabling the
controlled release of active agents within cancer tissues, thesemodelsminimize harm to healthy tissues and exert
a potent influence onmalignant cells. This systematic approach holds potential for tackling tumor cells that have
developed resistance to hypoxia as a result of previous anti-cancer treatments.

Both human and animalmetabolic activities necessitate copper, which plays pivotal roles in connective
tissue cross-linking, iron and lipidmetabolism [36]. However, caution is warranted as high exposure to copper
can pose risks [37, 38]. Copper exhibits distinctive physical and chemical attributes, rendering it a versatile
candidate for various applications [39, 40].While its exceptional thermal and electrical conductivity, alongwith
malleability, contribute to its versatility, copper’s interactionwith organic compounds can disrupt physiological
and environmental processes. Despite being often considered ‘inert’ due to its resistance to dissolution in acids
without an oxidizing agent, ionic copper (Cu1+ orCu2+) can formbondswith diverse organicmolecules,
potentially altering regular processes [41]. Notably, various cupric forms of copper can be toxic to biological
systems.

Addressing potential toxicity concerns is crucial when considering the application of copper nanoparticles in
hyperthermia. Tomitigate these challenges, various strategies can be employed. Tailoring the size and surface
characteristics of copper nanoparticles offers the potential to influence their interactions and reduce toxicity
[42]. Surfacemodifications provide a viablemeans to enhance biocompatibility andminimize adverse effects.
Encapsulationwithin biocompatiblematrices or coatings acts as a protective barrier, reducing direct
interactionswith biological systems and diminishing toxicity risks. Implementing targeted deliverymethods
ensures nanoparticles are directed precisely to tumor sites,minimizing exposure to healthy tissues and
mitigating potential adverse effects. Rigorous biocompatibility studies, encompassing in vitro and in vivo
investigations, yield insights crucial for the prudent application of copper nanoparticles in hyperthermia
treatments [43]. Optimizing nanoparticle dosage strikes a balance between therapeutic efficacy and potential

Figure 2. Illustration of techniques used for heating the nanoparticles.
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toxicity. Adhering to regulatory guidelines and safety standards is essential to safeguard patient well-being and
minimize risks associatedwith nanoparticle-induced toxicity [42].

The features of crystalline and/or amorphous core–shell structures and theirmedicinal applications are
unique. Small gold colloids are gradually deposited onto the surface of cores using the Stöber process [44]. The
AuNPS then grow and aggregate, forming incomplete and rough covering thatfinally builds a continuous entire
shell that completely covers the core. Daud et al [45] andAbbas et al [46] used noblemetal nanoparticles (Ag and
Au) to investigate the distribution of the temperature in the tumor theoretically. According to the findings, the
stable temperature was achieved in 0.3microseconds. Silver nano-rods attained the required temperature faster
than other forms.However, the core volume of silver nano-ellipsoids was the largest. The current work intends
to use CuNPs to obtain the necessary temperature in a shorter amount of time.

A comparative examination on heat generation is carried out in the given research using a single copper
nanoparticle with diverse forms such as nanorod, nanoellipsoid and nanosphere. The volume of the above-
mentioned shapes is defined asV V V i e. .,sphere rod ellipsoid@ @ V r 33510.32 nm ,sphere

4

3
3 3p= =

V abc 33401.41 nm ,ellipsoid
4

3
3p= = V r r h 33324.96 nm .rod

4

3
2 3( )p= + = Thismodel accounts for the

thermal consequence of heat spread in tumour cells and the transient heat distributions after therapy.
Alternative coatingmaterials, such as PolyethyleneGlycol (PEG)Polymer andGold (Au), are also investigated.
The thickness of the shell has been identified as an important factor influencing the thermal response of the
treatment system via the thermal characteristics of thematerials which are being used. Lastly, differentNPs are
used to replicate a thin surface layer on the core surface.

In this study, we presented a novel exploration into the hyperthermic applications of copper nanoparticles,
specifically nanoellipsoids, nanorods, nanospheres, and core shells. Our research is focused on copper
nanoparticles, extending beyond traditionalmaterials like gold and silver in hyperthermia studies. Leveraging
the computational capabilities of COMSOLMultiphysics, we conducted a detailedfinite element analysis to
investigate the thermal sensitivity of these copper nanostructures. Notably, ourwork includes a comparative
analysis with previous studies on gold and silver nanoparticles, providing insights into the distinct thermal
behavior of copper nanoparticles. A key innovation lies in our exploration of core–shell structures, examining
the effect of coatings, such as gold and PEGpolymer on the hyperthermic properties of copper nanoparticles.
We further delved into the anisotropy of coating surfaces and investigated how varying coating thickness
impacts heat sensitivity. Thefindings of this study not only contribute to the understanding of copper
nanoparticles in hyperthermia but also extend to potential biomedical applications. This research introduces
valuable insights into the thermal dynamics of copper nanostructures, paving theway for their consideration in
cancer treatment strategies.

2.Method

To investigate the temperature response of cancerous tissues using nanostructures as heating sources, COMSOL
Multiphysics was employed. The study aimed to address heat exchangemechanismswithin tissues using distinct
nanostructures, including nano-rods (Lcyl= 73 nm, R cyl=R cap= 11 nm)nano-ellipsoids (12–15–44.3 nm),
nano-spheres (R= 20 nm), and core–shell structures. Estimating heat energy exchanges in distinct biochemical
tissues is difficult due to variances in tissue function and structure. The importance of a heat transfer
mechanism, the time frame of the stored energy, and variations in boundary and starting circumstances all
impact energy balance [46]. Simplifying assumptions are usually necessary to reproduce essential properties of
the organism’s thermal condition (or its components), as well as the effects of the boundary and beginning
circumstances. As the first stage in creating suchmodels, the energy conservation equation is frequently applied
to a control volume.

Q Q Q W 1gain storage loss ( )= + +

Key parameters included heat gain by the tissue (Qgain), heat storage in tissue (Qstorage), work generated by tissue
(W), and heat loss by conduction (Qloss). The typical heat transfer equation for living animals is the bio-heat
transfer equation.We explore its contents and assumptions by analyzing size and dimensions. Thismight differ
based on the limitations given by the simulated item aswell as the involvement of the related transportmethod.
The Fourier heat equationmay be used to anticipate the temperature distributionwithin cancerous cells.

C
T

t
C u T Q Q. 2p p q bio. ( )r r

¶
¶

+  +  = +

Heatflux due to conduction (q) and contributions fromblood perfusion andmetabolic activity (Qbio)were
considered.

q k T 3( )= - 
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Q C w T T Q 4bio b p b b b met, ( ) ( )r= - +

Inwhich br is blood density which is 1000kg m ,3/ k is cell thermal conductivity, r is tissue density, Cp is specific
heat capacity of tissue at constant pressure, Cb is blood’ specific heat its value is 4180J kg K ,( )/ * Tb is blood
temperature of arterial which is nearly equal to the temperature of the body (37 °C) [47], bw is blood perfusion
rate of value 6.4 10 1 s,3 /-* Q 5790W mmet

3/= for cancerous cell [48], T is the ambient temperature, while
Q 10 W m16 3( )/= is heat dissipated byNP in the volume of cell [49] and Qext is the heat by loss of powers. At
first, it was considered that the tissue temperature was average for the body, (T 37 Ci =  ).

T r T
T r

t
where i, 0 ,

, 0
0 1, 2 5i i

i
0( ) ( ) ( )=

¶
¶

= =

Tissue andNP geometrywere distributed on all domains assuming free tetrahedral components. There were
60246meshing domain elements aftermeshing the geometry (tissue andNP), with the elemental size set tofiner.
The procedure’s boundary conditionswere as follows:

(i) The tumoral receives thewhole heatflow from the nanoparticle, this is continuity.

(ii) At T=T0= 37 °C, the outer tissue surface is preserved.

2.1. Simulation setup andparameters
Adetailed simulation setupwas established, wherein nanoparticles were precisely placedwithin a 0.5μm
cancerous tissue area. COMSOLMultiphysics generated spatiotemporal temperature distributions,
meticulously capturing the intricate interplay between nanostructures and tissue. Various copper
nanostructures (nanospheres, nanorods, Core shell and nanoellipsoids)were examined, eachwith distinct
geometries influencing heat transfer dynamicsfigure 3.

Further exploration involved variations in coatings, with a focus on gold and PEGpolymer coatings. The
impact of coating thicknesses (ranging from5 to 40 nm) on thermal behavior was systematically studied.
Simulations encompassed different coating surfaces, including spherical and ellipsoidal coatings on a copper
nanoparticle core. The simulation of the formation of AuNPs shell on a copper nanoparticle core is shown in
figure 4. The nanoparticles are intentionally distributed on the core in a strategicmanner to emulate realistic
scenarios, ensuring amore accurate representation of physical interactions. Unlike randomor arbitrary
placement, our distributionmethod enhances the reliability of the simulations, influencing temperature
distributionswithin the tumormodel. This approach is crucial, as it contributes to the robustness of our
findings, aligningwith our commitment to providing accurate andmeaningful insights into the thermal
behavior of copper nanoparticles in hyperthermia applications. Table 1 displays the thermal characteristics of
the variousmaterials utilized in this experiment.

Figure 3.Different simulationmorphologies (a)nano-rod, (b)nano-ellipsoid, (c)nano-sphere and (d) geometry discretization (NP
embedded in tissue).
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3. Results and discussion

3.1. Temperature distribution andhyperthermia effects of copper nanostructures
Expanding our investigations to copper nanoparticles, we examined their potential application in hyperthermia
therapy. Similar to our prior studies on gold and silver nanoparticles [44, 45], we introduced copper nanorods,
nanoellipsoids, and nanospheres into a tumormodel with a spherical shape and a 500 nm radius. The heating
effects of these copper nanostructures were simulated to assess their hyperthermia-inducing capabilities.

Echoing our observations fromprevious studies, the initial simulation revealed themaximum temperatures
achievable within the tissue using external heating, as depicted infigure 5which is radial distribution along x-
axis. The two-dimensional spatial temperature distribution of a 0.5μmtumoral cell from the start of the heating
process using copper nano-ellipsoid is showin infigure 5(a). The spatial temperature distribution of copper
nano-sphere is shown infigure 5(b)while, spatial temperature distribution of copper nano-rod is shown in
figure 5(c). The copper nanorod emerges as the superior geometry in achieving high temperature compared to

Figure 4.A shell structurewasmodelled inCOMSOLMultiphysics as (a) a bare core with a radius of 20 nmandAuNPswith a radius of
4 nm adhered to core. (b) core (0NP), (c), (d), (e), (f) core with 10, 25, 50, and 70 nanoparticles, and (g) full shell (100NPs).

Figure 5.The two-dimensional spatial temperature distribution of a 0.5μmtumoral cell from the start of the heating process using (a)
copper nano-ellipsoid, (b) copper nano-sphere, and (c) copper nano-rod. (x-axis: radial distribution, y-axis: temperature bar).

Table 1.Material properties used in this work.

Living Tissue [50] Gold [51, 52] Copper [53] Polymer [51]

Thermal Conductivity (Wm−1K−1 ) 0.512 317 391 0.2

MassDensity (Kgm−3 ) 1000 19,300 8940 1000

Heat Capacity Specific (Jkg−1K−1) 3800 129 380 1000
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nanoellipsoids and nanospheres, and this can be attributed to its distinctive elongated structure. The nanorod’s
high aspect ratio enhances the surface area, facilitatingmore efficient heat absorption from the external source.
Its long shape enables effective heat transfer, resulting in a uniformdistribution of absorbed heat and a notable
temperature increase. Enhanced thermal conductivity ensures rapid heat propagationwithin the nanorod.
Optimized spatial distribution and orientation contribute to its effective interactionwith the external heat
source. The nanorod’s potential for a reduced thermal equilibrium time further underscores its efficiency in
attaining andmaintaining elevated temperatures,making it a standout candidate for hyperthermia applications.
Just as with gold and silver nanoparticles, the heating of copper nanoparticles induced changes in temperature
and thermal equilibriumof the tumoral cell over time, as illustrated infigure 6(a).

3.2. Comparative analysis of temperature attainment
Drawing parallels to our investigations with gold and silver nanoparticles, we examined the variations in attained
temperatures among different simulated forms of copper nanostructures. Figure 6 showcases the distinct
thermal profiles achieved by copper nanorods, nanoellipsoids, and nanospheres. The copper nanorod, for
instance, resulted in amaximum temperature of 43.3 °C,while the copper nanosphere and nanoellipsoid
achieved a same temperature of 42.2 °C. These values, akin to our previous findings, were extracted from the
particle centers and propagated into the surroundingmedium. The thermalfield spread of a copper nano-
ellipsoid is greater than that of a copper nano-sphere or rodfigure 6(b).

The exceptional thermal conductivity of gold can be aptly articulated through Fourier’s Law (q=−k∇T).
Here, ‘q’ denotes heatflux, ‘k’ stands for thermal conductivity and∇T represents the temperature gradient. The
prowess of gold in conducting heat efficiently ensures a swift dissipation of heat throughout the simulated
environment, a pivotal factor in shaping the thermal dynamics of the nanoparticles. This fundamental
understanding underscores our empirical observation that gold-coated copper nanoparticles exhibit enhanced
heat-spreading capabilities, a crucial facet of hyperthermia applications.

3.3. Core–shell structure exploration: insights fromgold nanoparticles study
To further enrich our exploration, we extended our analysis of core–shell structures to copper nanoparticles.
Drawing inspiration fromour study on gold nanoparticles, we investigated the effects of coating copper
nanoparticles with differentmaterials.

Just as with silver nanoparticles, we explored the impact of a shellmade ofGold (Au) or PEGpolymer on the
heat dissipation process. Similar to our previousfindings, the thermal conductivity coefficients of these
simulated shellmaterials exhibited distinct trends, with gold displaying enhanced conductivity, as shown in
figure 7. The temperature caused by the core of CuNPswas examined in this simulation by covering it with a
shell of PEGpolymer orGold (Au). The effect of generated temperature on nanoparticle core is seen in
figure 7(a) using varied shell thicknesses, as illustrated infigure 7(b). As seen in the graph, temperature decreases
when the thickness of the Au shell increases and tends to rise as the size of the PEGpolymer shell increases. Gold
(Au) readily spreads heat to its surroundings due to its great thermal conductivity.

Figure 6. (a)Temperature progression at the tumor core (x= 0) and (b) after 3micro-seconds radial distribution of therapy for three
distinct types.
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3.4. Impact of coating surface and shape: lessons fromgold nanoparticles study
Inspired by our investigations into irregular coating surfaces with gold nanoparticles, we examined the influence
of different coating shapes on copper nanoparticles. Figure 8 presents a comparative analysis of temperature
distributions for various surface coatings, including a spherical shell and two ellipsoids. Additionally, the
temperature essential for hyperthermia is determined by thematerial and shell thickness, each of which is
impacted by the specific position of application in the body.

Figure 8 clearly indicates that the temperature of the coated surface does notfluctuate substantially during
the hyperthermia process, our study indicates that akin to gold nanoparticles, the anisotropy of coating surfaces
might not play a significant role in the hyperthermia process for copper nanoparticles. Thesefindings are in line
with our observations from gold nanoparticles, emphasizing themarginal difference in temperature among
different coating shapes.

Because of the unique characteristics of gold nanoparticles (AuNPs), they replicate and create tiny islands,
which gradually expand into an imperfect and uneven covering, finally turning into a full shell encircling the
center. Before being implanted in tissuewith a radius of 500 nm, little AuNPswith a radius of 4 nmwere
connected to the surface of the core of CuNPs 20 nm radius. To describe the temperature distributions for
improperly coatedNPswith various numbers ofNPs attached, the volume ratio of AuNPs relative to the entire
shell volumewas calculated, as shown infigure 9. The bare core body temperature inside the nanoparticles was
42.3 °C. The temperature showed a decreasing trendwith an increase in the coating amount. The total shell
temperature in the nanoparticle wasmeasured about 40.6 °C. Themaximum temperature attained by the core
coveredwith different number of nanoparticles can be seen in table 2.

Figure 7. (a)Maximum temperature attained by superimposing Au and Polymer shells with thicknesses of 5 nm, 10 nm, 20 nm,
30 nm, and 40 nm. (b)The shell of the core structure.

Figure 8.Different coatingmorphologies radial temperature distributions: 20 nm radius sphere, 1:25-25-43.2 nmellipsoid-1, 2:22-
25-49 nmellipsoid-2.
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The nanorods exhibitedmore heat than nanospheres, core–shell, and nanoellipsoids because nanorods have
an elongated structure, leading to amore tunable localized surface plasmon resonance. Its anisotropic form is
more suitable for light absorption and scattering than the other geometries. The sharp edges of nanorods also
generate localized hotspots tomaximize energy absorption rates.

4. Conclusions

Copper nanoparticles were chosen in this work because they are quasi, antimicrobial, and anti-bacterial, which
seem to be important in hyperthermia applications. Nano-spheres, nano-rods, core-shells and nano-ellipsoids
were employed in simulations that lasted 3microseconds. Nano-rod obtained themaximum temperature (i.e.,
Tmax= 43.3 °C)when compared to other forms. The therapeutic benefits ofNP vary according to its size and
shape. This researchmight improve the thermal efficiency of biomedical applications. The temperature field
absorption rate of several types ofNPs that had the same capacity was examined. Because of its higher thermal
absorption rate, the copper nano-ellipsoid covered a larger center volume than other forms, with thermal
equilibrium achieved after s0.5 m from the beginning of the heating process. Thermal increment and decrement
were explored in terms of thickness and form, and the thermal properties of the shell were revealed to govern
thermal increment and decrement. Because of the thin shell, the noblemetal coremay attain itsmaximum
temperature. The simulation looked at how varying gold shell covering volume ratios affected the heat sensitivity
of a partly covered surface. Temperature variations affect the free surface left by the shell-forming process.
Choice ofmaterials, surface regularity, and surface coating depth are all essential considerations in using core–
shell NPs, which comprise a noblemetal core and a biocompatible surface.
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Figure 9.Radial thermal performance after s3 m of heat treatment by varying the amount of surface coating.

Table 2.Temperature attainedwith different number of particles attached to the core.
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