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The possibility of using heating of body tissue upon excitation of surface plasmons in two-layer spheri-
cal metal-graphene nanoparticles for thermal destruction of malignant neoplasms has been analyzed.
Drude and Kubo models have been used to determine the frequency dependences of the dielectric function
of the metal core and the conductivity of the graphene shell, respectively, and the distributions of tempera-
tures in tumor tissue and surrounding healthy tissue have been determined by solutions of nonhomogene-
ous thermal conductivity equations. Values of thermophysical parameters of tumor tissue and healthy hu-
man tissue known from the literature have been used for numerical estimates and calculations. The evolu-
tion of the frequency dependences of the polarizability and absorption cross-sections of the indicated nano-
particles with the variation of the radius and material of the metal core and the thickness of the graphene
shell has been studied. It has been shown that an increase in the radius of the metal core or thickness of
the graphene shell results in an increase in the maximum values of the imaginary part of the polarizability
and absorption cross-section, which is associated with increased interaction with the electromagnetic wave
with increasing bulk metal content in the composite nanoparticle and with high concentration of free elec-
trons in graphene layers. The possibility of spectral shifts of the polarizability maxima and the absorption
cross-section with the variation of the core material of a two-layer nanoparticle, due to the essential differ-
ence in the values of the frequencies of bulk plasmons and the contribution of the ion core to the dielectric
function, has been demonstrated. It has been established that the thermal conductivity is quasi-steady in
the problem of heating of body tissue upon excitation of surface plasmon resonance in a composite nano-
particle. It has been proved that this method of cancer therapy is harmless to healthy tissue surrounding
the tumor due to their extremely low heat. The results of numerical modeling demonstrate the need to use
a conglomerate of metal-graphene nanoparticles in order to increase the effectiveness of therapy.
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1. INTRODUCTION

The absorption of electromagnetic radiation by
metal nanoparticles in the visible and infrared regions
of the spectrum is of interest due to its potential appli-
cation in medicine and biology [1]. Irradiated particles
can absorb energy through various channels. One of
such channels is the excitation of surface plasmons,
which results in local heating. Such an effect can be
used for biological visualization [2-4] or thermal de-
struction of malignant neoplasms [5, 6].

Photothermal therapy with the use of nanoparticles
is a promising method of therapy with minimal side
effects [7, 8]. This method uses nanoparticles with high
optical absorption and high efficiency of converting light
into heat in the near infrared region in order to gener-
ate heat in the local area of the malignant tumor. When
the local temperature of the tumor reaches 42 °C, apop-
tosis occurs in cancer cells due to the fact that they are
more sensitive to heat than normal cells, and at higher
temperatures cancer cells die as a result of rapid necro-
sis [9]. The degree of temperature rise and the duration
of therapy are two of the most important factors in this
method of cancer treatment, which largely depends on
the choice of the nanoparticle [10, 11].

In order to achieve the effectiveness of photother-
mal therapy, nanoparticles must have a high absorp-

* andko@zp.edu.ua

2077-6772/2021/13(5)05010(7)

05010-1

PACS numbers: 73.20.Mf, 78.67.Bf

tion cross-section within the biological transparency
window (700-1400 nm) [12]. Tissues are transparent to
the incident light in these spectral windows due to low
absorption and light scattering; therefore, nanoparti-
cles with high photothermal conversion efficiency can be
successful candidates even when using low-power laser
sources [13]. Moreover, nanoparticles used in photo-
thermal therapy must have hypotoxicity and high solu-
bility in biocompatible fluids in order to achieve mini-
mal side effects and easy access to cancerous tumors
even with low blood circulation [14, 15].

Due to advances in nanotechnology, in recent years,
both noble metal nanoparticles and oxide nanoparticles
have been used to treat cancer [16-20]. Still, metal na-
noparticles, in particular gold ones, exhibit low thermal
stability under long-term laser irradiation [21]. Moreo-
ver, the lack of a suitable functionalization of the sur-
face for gold nanoparticles causes a limitation of their
use in practice. Thus, modification of the surface of
nanoparticles with cetyltrimethylammonium bromide
is harmful to human cells. An alternative way for the
solution of the indicated problems is to use graphene as
a protective layer for metal nanoparticles in biological
media. It results from the fact that graphene with con-
trolled thickness has increased strength and stability
in biological media. This, in turn, leads to an increase
in the thermal stability of metal nanoparticles under
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long-term laser irradiation, as well as to an increase in
the surface area for loading anticancer drugs and pro-
vides, for example, the possibility of simultaneous use
of photothermal therapy and chemotherapy [22, 23].

Thus, the problem associated with the simulation of
thermal processes in body tissue caused by plasmonic
phenomena in metal nanoparticles, covered with a gra-
phene layer, is actual in terms of biomedical applica-
tion of plasmonics.

2. SIMULATION OF THE HEATING OF BODY
TISSUE BY EXCITATION OF SURFACE
PLASMONS

2.1 Temperature Distribution in the Vicinity
of Plasmonic Nanoparticles

Let us consider a metal nanoparticle with radius Rc
covered with a graphene layer with thickness ¢
(t=Ni; =R-R_, where N is the number of graphene
layers, tg = 0.335 nm is the thickness of a monoatomic
graphene layer, R is the total radius of the particle),
which is in a medium with dielectric permittivity e,

which heats the surrounding body tissue by means of
excitation of surface plasmon resonance (Fig 1).

Fig. 1 — Geometry of the problem

Temperature distributions in a malignant tumor
(medium 1) and in the surrounding tissue (medium 2)
are determined by solutions of thermal conductivity
equations in these media
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where R; is the radius of the tumor; p, ¢ and A are,

respectively, the density, specific heat capacity and
thermal conductivity of the corresponding media.

P2dr| dr M

% dr dr | A,
where p is the parameter of the Laplace transform.
Solutions of equations (10), which satisfy the condi-
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Equations (1) are solved with the initial conditions
T, (r, 0)=Ty(r,0)=T,, (2)

where To is the initial temperature of the body tissue;
the boundary conditions of boundedness of the temper-
atureat r >0 and r >

T, < T, < ®

r—0 r—o

and equalities of temperatures and heat fluxes on the
interface between healthy tissue and the tumor

) L
or

7%
r=R, or

T T,| (4)

r=R, = r=R’

r=R,

The density of heat sources in the first and second
media

Q=Q,+Qy+Q, @, =@, +@y,, (5)

where
@, =w,G, (To _T1) » @y = leo (1"_0’1(11 _TO)) > ©®)

@y, = w5, G, (76 _T2) s Qo = szﬂ (1+O’1(TZ _TO)) > (D

dI o
Q=*E=kafoe hor | ®)

Q is the density of the heat flux from the laser; k, is
the absorption coefficient, &, :C&bSNTJrkt; Nr is the
concentration of particles inside the tumor; @, @

are the densities of the heat flux, resulting from blood
circulation in the tumor (environment); w,,, w,, are

the perfusion rates in the tumor and in the medium,
which surrounds it, respectively; Cs is the heat capacity
of blood; @,,,, &, are the densities of the heat flux

resulting from the metabolism; Io is the maximum in-
tensity of the energy emitted by the laser,

c2 =2 [ Ima, )

C

is the absorption cross-section, o, is the polarizability

of the metal-graphene nanoparticle.

Passing to temperature differences and performing
Laplace transforms, from equations (1) we obtain the
following ordinary differential equations for Laplace
images of temperature differences

I
k O<r<R;
AD MD
(10)
r>R,
o

tions of finiteness of functions 1(r, p) and 2(r, p) at

r—0and r >
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i‘r—>0<oo7f12A <o,
have the form
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where I,,(x) and K,,(x) are the modified spherical

Bessel functions, and the coefficients B(p) and C(p) are
determined from the boundary conditions

dT,

dT
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Due to this fact, the asymptotic expressions for the
coefficients B(p) and C(p) have the form
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a

Hence, the Laplace transforms of temperatures
have the form

As long as b (p)r<<1 and jb,(p)r<<1, we have
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study the temperature distributions in tumor tissues
and healthy tissues which surround it.

2.2 Optical Characteristics of Metal-graphene
Nanoparticles

As noted above, the density of the heat source @ is
directly proportional to the absorption cross-section

C%bs . Thus, let us define it for a metal-graphene nano-

particle by calculating the imaginary part of its polar-
izability [24]

(es +26d)(6C +2€d)—2(fs —Ed)(ES —ec)ﬁc
where f, is the bulk metal content in the nanoparticle,

and the dielectric function of the metal core in the
Drude model has the form

2
O, eff

o) Y

+1

“ (m) - o +v5
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Here ¢ is the contribution of the ion core to the dielec-
tric function of the metal; ®, = ‘fe2ne/eom* is the fre-

quency of bulk plasmons, e, n, and m’ are, respec-
tively, the charge, concentration and effective mass of
an electron (n,' =4nr?/3, r, is the mean distance be-

tween conduction electrons), and the effective relaxa-
tion rate

Yett = Youk T Vs +Vraas (21)
where vy, . is the bulk relaxation rate, y, is the rate of
relaxation associated with scattering on the surface [25]

Vo= (o Rc)%F. (22)

C

In (22), vy :Q/ZSF/m* is the Fermi velocity, & is
the Fermi energy of electrons in the metal; .~/ (o, R,)

is the effective parameter which describes the degree of
loss of coherence during electron scattering on the sur-
face, which depends on the radius of the nanoparticle
and on the frequency in the general case

2 2
(o, R)= i[‘”"} {1—2“sin‘”+ s [l—coswﬂ , (23)
(O] v

® o) Vv, s

where v, =vy /2R, .

The last term in (21) is associated with the fact
that during the decay of surface plasmons, in addition
to surface scattering, an important role is played by
the attenuation of radiation, which becomes especially
noticeable with an increase in the radius of the metal
core [26]

3 2
Ya = o 22| [ 22 Yo 20
" 24n € (26 +ew) ¢ o) R, 7
a|4€

where V, = 4nR§’ / 3 1s the volume of the metal core.

One can write down the following for the dielectric
function of the graphene shell [27]:

wO)=c(@)=1d+id, @
3¢73
where ¢ =2.5,
el (0) =g +1 222 (©), (26)
s

og(w) is the graphene conductivity, which is defined

as the sum of the contributions of interband and intra-
band transitions according to the Kubo theory [27]

cFG ((‘0) = Gintra (0‘)) + Ginter (0‘)) ’ (2 7)
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. 9 B
Gintra (w) = 7216 kBT He +2In|e BT 4+1 S (28)
mh* (o+1ivq) | kT
.9 _ .
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Here p, and y; are, respectively, the chemical poten-

tial (Fermi energy) and the relaxation rate of electrons
in graphene.

3. CALCULATION RESULTS AND DISCUSSION

The calculations were performed for metal-
graphene nanoparticles with cores of different metals
located in tumor tissue. The parameters of metals and
body tissue are given in Table 1, Table 2 and Table 3.

Fig. 2 shows the frequency dependences of the real
and imaginary parts, as well as the modulus of the po-
larizability of metal-graphene nanoparticles with dif-
ferent radii of the metal core. It should be pointed out
that the increase in the radius of the core results in an
increase in the peak values Rea, and Ima, . In addi-

tion, the “red” shift of the maximum is insignificant. An
increase in the maximum value of the imaginary part,
which corresponds to surface plasmon resonance, can
be explained by an increase in the content of the metal
fraction in the nanoparticle, and correspondingly, by
amplification of the response to external electromag-
netic effects.

Table 1 — Parameters of metals (q, is the Bohr radius)

Value Metals
Al Cu | Au | Ag Pt
r.la, 2.07 | 2.11 | 3.01 | 3.02 | 327
] 1.06
m'Im, 1.48 | 1.49 | 0.99 | 0.96 | 0.54
1.60
Ypurs 10 81| 1.25 | 0.37 | 0.35 | 0.25 | 1.05

Table 2 — Parameters of body tissues [27]

Value
Parameter | Medium1 | “Lediwm 2
(tumor) (healthy
tissue)
kg
P 3 1080 1050
m
W 054 oo
’ m-K . .
kg
Wy> —3 0.689 0.540
m”-s
W
Qo 17 0.52 0.52
m
o 3700 3700
b kg . K
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Table 3 — Parameters of graphene and tumor tissue [27]

Graphene Tumor tissue
u,, eV Yg, 107 87! €4
0.1 6.67 1.2

=
=
=
52
L
(a4

-1
10

3

Imao,, nm’

3
ho, eV

Fig. 2 Frequency dependences of the real (a) and imaginary
(b) parts, and the modulus (c) of the polarizability of metal-
graphene nanoparticles with different radius of the core:
1-R.=10nm, N=10; 2— R.=15nm, N=10; 3— R.=20 nm,
N=10

Fig. 3 shows the similar dependences for nanoparti-
cles with different thicknesses of the graphene shell.
The calculations show the increase in extreme values

Reag, Ima, and |(X@| , which indicates the manifes-

tation of the metallic properties of nanoscale graphene
layers.

Fig. 4 shows the frequency dependences of the ab-
sorption cross-sections of metal-graphene nanoparticles
with different values of the radius of the metal core,
the thickness of the graphene shell, and the cores of
different metals. The results of the calculations show

JJ. NANO- ELECTRON. PHYS. 13, 05010 (2021)

a

3
ho, eV

Fig. 3 Frequency dependences of the real (a) and imaginary
(b) parts, and the modulus (c) of the polarizability of metal-
graphene nanoparticles with different thickness of graphene
layers: 1-R.=10nm, N=1; 2—Re=10nm, N=10;
3-—R:=10nm, N=20; 4 — R.=10 nm, N= 30

that the spectral location of the maxima of the absorp-
tion cross-sections corresponds to the surface plasmon
resonance frequency and does not change either with
the variation of the core radius, or with the variation of
the thickness of the graphene shell (Fig. 4a, b). The
“blue” shift of the maxima of absorption cross-sections
for particles with cores Au— Cu— Ag— Pt— Al
takes place in the case of nanoparticles with cores of
different metals. This fact can be explained by the in-
crease in the frequency of bulk plasmons in the indi-
cated sequence of metals.

The maximum value of the absorption cross-sections

C(";bs is used to estimate k, and calculate the tempera-

ture distributions in tissues of malignant neoplasms.

05010-5
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It should be pointed out that for the considered
body tissue

L TESTIEY g
_O’lQZmO
hence, the thermal conductivity is considered to be
quasi-steady. Moreover, the estimation shows that the
healthy tissue, which surrounds the tumor, is heated
insignificantly (by ten thousandths of a degree). This
means that the given method of cancer therapy is
harmless to the healthy tissue surrounding the tumor.
Fig. 5 shows the graphs of radial temperature dis-
tributions in tumor tissues. The results of the calcula-
tions show that the variation of the sizes of the nano-
particle core affects the amount of heating and the size
of the heating domain much more strongly than the
variation of the graphene shell thickness.

20 nm; N=10

a ' \ I1-R=10nm; N=10
I\ 2-R=15mm; N=10
/\ 3-R=2
oL

b /-R=10nm; N=1
2-R=10nm; N=10
08k 3-R210nm:N:20_
' 4-R=10nm; N=30

3
ho, eV

Fig. 4 — Frequency dependences of the absorption cross-
section of metal-graphene nanoparticles with different radius
of the core (a), different thickness of graphene layers (b) and
with a core of different metals (c)
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318

1-R=10nm; N=10
2-R=15nm; N=10
3-R=20nm; N=10

316

314
M
o
312
2
3
30k \
a
308 . . . .
0.02 0.04 p 0.06 0.08 0.1
R,
320
I-R=10nm; N=1
2-R=10nm; N=10
318 F 3-R=10nm; N=20
4-R=10nm; N=30
316 f
314 F
312
310
308 LD : : - s
0.02 0.04 0.06 0.08 0.1
r
R

Fig. 5 — Temperature distributions in the tumor for Au@G
nanoparticles: a — different radius of the core; b — different
thickness of graphene layers

Heating, which is sufficient for tumor tissue necro-
sis, is noticeable only in the case of a nanoparticle with
Rc:=10 nm and the number of graphene layers N =10

and a domain r" = 0.1R,, which indicates the need ei-

ther to move the nanoparticle or to use a conglomerate
of nanoparticles for therapy.

4. CONCLUSIONS

A model for the determination of heating of body
tissue as a result of the excitation of plasmon reso-
nances in metal-graphene nanoparticles injected into
malignant tumor has been proposed.

It has been established that the maximum value of
the imaginary part of the polarizability and, according-
ly, the absorption cross-section increase both with an
increase in the radius of the metal core and with an
increase in the graphene shell thickness. This can be
explained by the amplification of the response to exter-
nal electromagnetic effects with an increase in the
metal content in the nanoparticle and by the manifes-
tation of the metallic properties of graphene layers.

The spectral shift of the maxima of the cross-
sections is possible with the variation of the material of
the nanoparticle core, which is associated with a signif-
icant difference between the frequencies of bulk plas-
mons and the contribution of the crystal lattice to the
dielectric function of considered metals.

It has been proved that the thermal conductivity in
the given problem is considered to be steady.

The numerical estimates indicate that heating of

05010-6
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healthy tissues is insignificant, hence, this method of
cancer therapy is harmless to healthy tissues and the
body as a whole.

The performed calculations show that heating,

which is sufficient for tumor necrosis, takes place in a

10.
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12.

13.

14.
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H.A. Cmupuosal, P.O. Masum!, A.B. Koporyu!, B.I. Pesal, I.M. Titos2
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TIpoanamisoBaHO MOMKJIMBICTE BUKOPHUCTAHHS PO3IrpiBYy OGlOJIOTIYHMX TKAHWH HPHU 30yI:KeHHI ITOBEpXHEe-
BUX ILUIA3MOHIB Y JBOIIAPOBUX CHEPUIHUX METAI-TPAdQEHOBUX HAHOUACTUHKAX JIJISI TEPMOIECTPYKILIL 3JI0STKI-
CHUX HOBOYTBOpeHb. JIJ1f1 BU3HAUYEHHS YACTOTHHX 3AJIEIKHOCTEH [[1eJIeKTPUYHOI (DYHKINI MeTasieBoro sijapa i
mpoBizHOCTI TpadeHoBol 0000HKN BuKoprcTaro Mozeil Jpyme 1 Ky6o, BiamosigHo, a po3HOmiIN TeMIepary-
P B TKAHUHAX IIyXJIWHU TA OTOUYIOUMX ii 37I0POBUX TKAHWHAX BU3HAYAKOTHCS PO3B’SI3KAMU HEOTHOPIIHUX pi-
BHSIHB TEIIONPOBITHOCTI. JIJIs YnceIbHUX OIL[IHOK 1 pO3PaxyHKIB BUKOPUCTAHO BiAOMI 3 JIiTepaTypy 3HAYEHHS
TeIUI0QI3UIHIX TapaMeTPIB TKAHUH IyXJIMHY 1 3J0POBUX TKAHWH JIIOAUHU. Jl0C/TiHeHO €BOJIIOIII0 YacToT-
HUX 3aJIEJKHOCTEH IOJITPU30BHOCTI 1 IepepisiB MOrJIMHAHHS BKAa3aHUX HAHOYACTUHOK ITPY 3MIHI pajiycy 1 Ma-
TepiaJly MeTaJIeBoro sipa 1 ToBIMHY rpadeHoBoi 06osoHKN. [lokasaro, 1o 31 30LIBIIIEHHSAM Pajiycy MeTae-
BOTO sifpa a0 TOBIIWMHY IpadeHOBOI 000JIOHKY B1I0YBAETHCS 3POCTAHHS MAKCUMAJIbHUX 3HAYEHD ySIBHOI Jac-
THUHH II0JISIPU30BHOCTI 1 IIepepidy IIOTJIMHAHHS, IO I0B'S3aHO 3 MIJCUJIEHHSM B3a€EMO/IIL 3 eJIeKTPOMATHITHO
XBHUJIEIO 31 30LIBIIIEHHIM 00 €MHOTO BMICTY METAJIy Y KOMIIO3UTHIN HAHOYACTHHIN 1 BUCOKOIO KOHIIEHTPAITIEIO
BLIBHUX €JIGKTPOHIB y TpadeHoBUX Iapax. IIpoIeMOHCTPOBAHO MOKJIMBICTD CIIEKTPAJIBLHHAX 3CYyBIB MAKCUMY-
MiB IIOJIAPU30BHOCTI 1 Iepepidy MOrJIMHAHHA IIPX 3MiHI MaTeplajy sapa ABOIIAPOBOI HAHOYACTHMHKN BHACJII-
JIOK CYTTE€BOI PISHMII y SHAYCHHAX YACTOT 00 €MHMX ILIA3MOHIB 1 BHECKY 10HHOI'O OCTOBY B JieJIEKTPUIHY QyH-
KITi10. BeraHoBieHO, 10 TEIIOMPOBIAHICTE B 3a4a4i [P0 HATPIBAHHA 0l0JIOTIYHMX TKAHWH IIPH 30yI3KeHHI II0-
BEPXHEBOI0 IJIA3MOHHOIO PE30HAHCY Yy KOMIIO3UTHIN HAHOYACTHHII € KBaadicramionaprowo. Joseneno, mo ma-
HHUU MeTOJ| Tepamil paKy € HEeIIKIIJIMBUM I 3[I0POBUX TKAHUH, 1[0 OTOUYIOTh IIyXJIUHY, BHACIIIOK IX BKpail
HEe3HAYHOI0 HArpiBaHHA. Pe3ysbTaTyé 4MceIbHOr0 MOAEIIOBAHHA CBIOIYATH IIPO HEOOXITHICTH 3aCTOCYBAHHS
KOHIJIOMEPATY METAJI-IPpadeHOBUX HAHOYACTHHOK 3 METOIO I ABUIIECHHA e()eKTUBHOCTI Teparrii.

Kmiouori ciioa: Meras-rpadernoBa HaHOUYACTHHEKA, [losisipr3oBHicTh, [lepepis mornuuanus, [limasmonumi

pesoHanc, TepmomecTpyKITis.
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