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Simulation of photothermal conversion. (a)—-(c¢) Localized surface plasmon resonance induced electric field enhancement of
nanoprobe with single gold nanosphere, equilateral trangular gold nanosphere trimer, and densely packed hexagonal gold
nanosphere heptamer, respectively; (d) simulated optical heat power of nanoprobe with different coupling nanostructures;

(e) simulated maximum optical heat power per nanosphere in nanoprobe with different coupling nanostructures
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Simulation of thermal diffusion. (a)-(c) Simulated quantitative temperature fields of nanoprobe with single gold nanosphere,
equilateral trangular gold nanosphere trimer, and densely packed hexagonal gold nanosphere heptamer after irradiation for 10 ns
by laser with electric field intensity of 4X10° V/m; (d) temperature distribution along the dotted lines in figures (a)-(c);

(e) maximum temperature of nanoprobes with different coupling nanostructures after irradiation for 10 ns by laser

0907201-3



E50% F9HI/2023 £ 5 B/HhE#N

WORER IE =8 G 9K Bk = R FNE HE S e a0
K ER-E R MR BT KO B R BT R

TERH R B OE BN T, 45 AR 5 AR 25 M AT L
GUKERC R KRB E B FRRET & X
MR B T 2 AT I - 1) 5 AR G 4K 45
F AR L, 2 K BR-E JRARR B rp B AR 1 D 2 W i
5 5 2) /N ROSF RO8E 51 1 PO 290 oK R 7 133 ] D B
B, WO AR BR AR S, OR8] 932 7 1) B B X 2R
PEJR R B B3 sTik . T 2(d) o T 2(a) ~
(o) Hh iy 2 2 (0 2k O A 5 20 0K 25 19 B L) TR 20 3055 4
23 R BE A o 18] 2(e) 7R TR TRIAB & A0k 45K T 44
KAREF 2 W6 R 10 ns 5 09 Fem LB . M 2(d) |
(e) ] LA i, 75— %€ 0O Ik vh BN T | 58 J) (3% 0
S5 R T AR SR IRAE S B 98 K TR A BRI B Y SR
Tt

SR B 45 R AR PR AT HL 5 AR A 1 — > S BRI
RN TR Z R R B R R o ana(2) ~
(5) 7R, B S X 45 8 PR B e A MR B8 AR 0 7 B

BB, DRI 8 DK TR T ) ' A W A A T R A B AR
JC A 2 [R] ) ) B LA R B R . an 1] 3(a) ~
()P, TE B HES I 4 9K R - BRI A, 24 90
KBk Z 18] B TR BE o A\ 2 nm 3 /N 3 0.5 nm B, B i 1
+ 1Y A R S AR R AR Ry Bl T A S F R IR B S R g
G 5 n R ZL . BT AN R ER B il
0.5.1.2 nm M & g1 KBk L RIKRE £ o 1508 5 o8
4X10° V/m PO R A BRI ORI 2 14 3(d)
Jr o 45 S B Bl 4 A9 K BRBI B o /)N, 4 90 K Bk
L R R R B W B G WM B 3 i R T 5006, W i g
Wl 2175 o 1G5 A o6 Wt b SR T B A 9 K BR L R A
WEHRE WA B mss 20 . & 3(e) ~(g) s,
TEAR A B OB HR BT | B E 4 91K BRIE) B J 18070, 42
g4 K Bk b R AR R B KR I B BE Y IR T IR 2Pk
R

S BRI AN K BT RS X 5 4 448 5 8500 5, L
S YUKRERAE b T, R HE S B L R AR R I B
SEHG . b AR ER Y B AR 43 2 S 15.30.60 nm,

&) 16

Optical heat power /uW

(@

] 333K

450 500

Wavelength /nm

550 600

=1nm

340
335
330

&35+

QL

5320

<

£ 3151

g310f
(5}

& 305+
300
295+
290

S
S

— — d=2nm (h)

~——— d=0.5 nm

d

d=1nm

I3

Position /nm

1
100

0K TR LB o X 4K BB PERE A S2 00 o () ~ (o) G R BRI B 4330 4 2. 1.,0.5 nm Y % HE 75 0 T8 4 98 K 3R -E SR R B Y R Bl 3R

AT 45 18 ML iR H 37 39 585 () 7S [R) 499 DK 35K T 58 14 28 HE 7S 0008 4 490 0K Bk BR AR B I O Bl 3 0 45 R 5 () ~(g) AN F)
2 oK 1R [0] B 04 85 H1E S T TE 2 90 K BR B R AR IR AT 22 3750 Dy 4107 V/m B O IR 10 ns J5 89 B 45 R 5 (h) B4R
Ak #1333 AT

Fig. 3

Influence of nanosphere-nannosphere gap (d) on nanoprobe performance. (a)-(c) Localized surface plasmon resonance induced

electric field enhancement of gold nanosphere heptamer probe with nanosphere-nanosphere gap distance of 2, 1, and 0.5 nm;

(d) simulated optical heat power of gold nanosphere heptamer probe with different gaps; (e) - (g) simulated quantitative

temperature fields of gold nanosphere heptamer probe with different gaps after irradiation for 10 ns by a laser with electric field

intensity of 4X10° V/m; (h) temperature distribution along the dotted lines in figures (e)—(g)
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Fig. 4

Influence of single-sphere diameter on nanoprobe performance. (a)-(c) Localized surface plasmon resonance induced electric field

enhancement of gold nanosphere heptamer probe with single-sphere diameter of 15, 30, and 60 nm; (d) - (f) simulated

quantitative temperature fields of gold nanosphere heptamer probe with different single-diameter after irradiation for 10 ns by a

laser with electric field intensity of 4X10° V/m; (g) simulated optical heat power per volume of gold nanosphere heptamer probe

with different single-sphere diameters; (h) temperature distribution along the dotted lines in figures (d)-(f)
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Fig. 5

Influence of particle shape on nanoprobe performance. (a) - (¢) Localized surface plasmon resonance induced electric field

enhancement of gold nano heptamers probe with spherical, hexagonal prismatic and cube particles; (d)-(f) simulated quantitative

temperature fields of gold nano heptamers probe with different shapes of particles after irradiation for 10 s by a laser with electric

field intensity of 4 10° V/m; (g) simulated optical heat power per volume of gold nano heptamers probe with different shapes of

particles; (h) temperature distribution along the dotted lines in figures (d)—(f)
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Fig. 6 Influence of permutation mode on nanoprobe performance. (a)—(c) Localized surface plasmon resonance induced electric field
enhancement of nanoprobe constituted by nanoparticles with densely packed hexagonal heptamer, ring shape, and long chain;
(d) simulated optical heat power of nanoprobe with different permutation modes; (e)-(g) simulated quantitative temperature fields
of gold nanoprobe with different permutation modes after irradiation for 10 ns by a laser with electric field intensity of 4 X

10° V/m; (h) temperature distribution along the dotted lines in figures (e)—(g)
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Fig. 7 Aggregation enhancement of platinum nanospheres. (a) Electric field distribution of platinum nanosphere; (b) electric field
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enhancement for platinum nanospheres after aggregation into heptamer; (c¢) simulated optical heat power per platinum

nanospheres before and after aggregation into heptamer; (d) percentage increase of optical heat power per gold or platinum
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Abstract

Objective Photothermal therapy is a tumor treatment method that converts optical energy into thermal energy, kills tumor cells via
local heating, and triggers biochemical processes. A necessary condition for the development of photothermal therapy is to obtain a
highly efficient probe for photothermal conversion with satisfactory safety and targeting. The use of nanoprobes coupled by local
surface plasmon resonance is one of the latest research and development directions in photothermal therapy. Because local surface
plasmon resonance significantly depends on specific nanostructures, the position of the extinction peak is adjusted to locate in the
optical window of biological tissues, and the extinction intensity is adjusted to achieve appropriate photothermal conversion efficiency,
which can be theoretically achieved through the morphological design of nanoprobes. However, it remains challenging to design these
nanoprobes under quantitative guidance. In this study, we systematically investigated and quantitatively analyzed the nonlinear optical
field and photothermal enhancement effect produced using the local surface plasmon resonance coupling effect and their mechanisms
caused by various factors. This approach provides systematic and comprehensive theoretical guidance for designing efficient plasma

nanoaggregation probes.

Methods In this study, the nonlinear optical and photothermal effects induced by the aggregation of noble metal nanoprobes were
quantitatively demonstrated using finite element simulations. In each simulation experiment, nanoprobes with different degrees of
aggregation, gap distances, particle sizes, shapes, permutations, and materials of nanoparticles were constructed to evaluate the
influence of these factors on the aggregation enhancement effect and photothermal conversion efficiency. For the degree of
aggregation, isolated gold nanospheres, regular-triangular gold nanosphere trimers, and hexagonal gold nanosphere heptamers were
used as examples. For the gap distance, we quantitatively simulated gold nanosphere heptamers with gap distances of 0.5, 1, and
2 nm. For the particle size, simulated gold nanosphere heptamers with spherical diameters of 15, 30, and 60 nm were used. For the
particle shape, simulated gold nanoheptamers with spheres, hexagonal prisms, and cubes were used. For permutations, simulated

heptamers, rings, and chains were used. Gold and platinum were compared.

Results and Discussions Self-assembly of nanoparticles has been a prominent topic in science and technology. Under the
guidance of theory, the reasonable design and construction of nanocomponents can effectively promote their applications in
photothermal therapy and other fields. In this study, noble metal nanoprobes with a specific nanocoupling structure were constructed
to demonstrate the photothermal effect of nonlinear enhancement induced by aggregation. The essence of enhanced local surface
plasmon resonance coupling is that, after the external electric field excites the nanounit into an electric dipole, the electric field excited
by the dipole acts on other nearby dipoles. Therefore, the key to designing a high photothermal conversion efficiency is to make the
dipole as strong as possible in an electric field excited by other dipoles. The simulation experiment demonstrated that a reasonable
design of the degree of aggregation, gap distance, particle size, shape, and arrangement is adequate for achieving this goal. Although
only two-dimensional coupled nanoprobes are shown, this approach can be easily extended to three-dimensional coupled

nanocomponents with increased coupling efficiency, and nonlinear enhanced photothermal effects can be expected.

Conclusions We quantitatively simulated the nonlinear enhanced photothermal effect of local surface plasmon resonance-coupled
noble metal nanoprobes. Instead of isolated nanoparticles, a large number of nanoparticles gather in space and form a specific
nanocoupling structure. The strong optical and thermal coupling between the nanoparticles results in an enhancement of the weighted
optical absorption of each particle by several times and the corresponding thermal field enhancement. The dependence of the nonlinear
photothermal enhancement effect on the aggregation quantity is discussed quantitatively. Moreover, the effects of the gap distance,
particle size, shape, and arrangement mode on the photothermal conversion efficiency of the nanoprobe were discussed extensively.
The photothermal nonlinear enhancement mechanism based on the plasmon resonance coupling mechanism is widely applicable to
various precious metal nanomaterials. Based on finite element analysis, simulations were conducted, and the simulation results
reflected the theoretical discussion satisfactorily. This study paves the way for the rational design and optimization of noble metal
nanoprobes with higher light absorption and photothermal conversion efficiency.

Key words bio-optics; nanoprobes; photothermal conversion; localized surface plasmon resonance; coupling effect
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