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1 | INTRODUCTION

David J. S. Birch' |

Yu Chen'

Abstract

Gold nanorods (GNRs) have emerged as the most efficient photothermal agent in cancer
therapy and photocatalysis. Understanding the influence of the surrounding medium,
particle size, and excitation wavelength is critical to optimising the photothermal con-
version rate. Here, three pairs of large and small gold nanorods of different aspect ratios
and their heat generation under laser radiation at on and off surface plasmon resonance
wavelengths in aqueous solution and gel-like media are investigated. In the aqueous
solution, the temperature rise of the large gold nanorods is more than with small gold
nanorods at resonance excitation. In contrast to the large gold nanorods (LGNRs), the
small gold nanorods (SGNRs) were less sensitive to excitation wavelength. At off-reso-
nance excitation, the temperature rise of the SGNRs is larger than that of the LGNRs. In
the agarose gel, the photothermal effect of the SGNRs is greater than LGNRs excited at
the wavelength near their solution phase longitudinal surface plasmon resonance wave-
length. The temperature increase of LGNRs in gel is significantly less than in aqueous
solution. These findings suggest that SGNRs could be more beneficial than the LGNRs
for photothermal applications in biological systems and provides further insight when
selecting GNRs.
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absorption and scattering of light from the visible to the near
infrared wavelengths of the electromagnetic spectrum where

Gold nanorods (GNRs) have attracted a great deal of atten-
tion because of their excellent size and shape-dependent
optical properties occasioned by localised surface plasmon
resonance and these properties have been exploited for
biomedical applications such as photothermal therapy of
cancer, dark field cell imaging, and remote release of drugs
[1-5]. The longitudinal surface plasmon resonance (LSPR) of
GNRs varies with particle size, aspect ratio, and dielectric
constant of the surrounding medium [1, 6]. The LSPR en-
hances light absorption and scattering efficiency a million
times more intense than organic dyes (e.g indocyanine green
and porphyins) [1, 5, 7]. By a laser illumination, the excited
free clectrons in the gold nanorods oscillate coherently in
resonance with the incident light leading to a strong

the biological tissue transmission efficiency is very high [5, 8,
9]. Moreover, GNRs are biocompatible and photostable, and
have a longer period (~17 h) of circulation in the blood than
other gold nanoparticles (nanospheres, nanoshells, and
nanocages) due to their anisotropic shape [5, 10]. These
excellent attributes of the GNRs informed the choice of
GNRs for this study to gain further insight into the influence
of medium, size of GNRs and excitation wavelength on the
photothermal effect of GNR in order to optimise their per-
formance in biomedical applications.

The photothermal energy of GNRs can be achieved
through photo-physical processes following the absorption of
incident light. That is, upon optical absorption, the excited free
electrons in GNRs interact with neighbouring electrons via
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electron-electron collisions generating hot electrons with a
temperature of about 1000K in femtoseconds. The hot elec-
trons dissipate their energy to the particle lattice via electron-
phonon relaxation in 0.5-1 picoseconds resulting in a hot
lattice with a temperature rise on the order of a few tens of
degrees. The particle lattice cools off by dissipating its heat
energy to the surrounding medium via phonon-phonon
relaxation in about 100 picoseconds [1, 5, 11, 12]. Previous
studies have investigated the influence of morphology of gold
nanoparticles on heat generation [13, 14], and found that gold
nanorods generate heat ~6 times faster than the gold nano-
spheres (GNSs) [5, 14]. In addition, Yang et al. [15]. found that
gold nanostars (GNSTs) have better photothermal perfor-
mance in contrast to GNRs and GNSs; however, the hydro-
dynamic size of GNSTs is larger than GNRs and GNSs, which
may affect cell uptake and migration through biological bar-
riers. Jia et al. [2] have reported that the optical extinction of
small gold nanorods (SGNRs) is dominated by optical ab-
sorption, thus, the SGNRs have a superior photothermal effect
compared to the large gold nanorods (LGNRs). Furthermore,
a comparison of the photothermal effect of different size of
GNRs under a single excitation wavelength revealed that
though the small size GNRs have larger absorption/extinction
ratio and larger photothermal conversion efficiency, the large
size GNRs have a stronger heating effect of the entire aqueous
solution due to a stronger field coupling [11].

The photothermal effect of GNRs in cancer therapy has
been demonstrated in various studies. For example, Man-
ivasagan et al. demonstrated that cancer cells in cell culture and
animal model treated with gold nanorods could be killed due to
the photothermal effect of functionalised gold nanorods [3].
Bucharskaya et al. showed that increasing the concentration of
gold nanorods in tumour cells rises the local temperature of
tumour environment thereby suppressing tumour growth and
eventual death [16]. Human glioblastoma (U87MG) cells
treated with functionalised gold nanorods-graphene oxide
nanocomposite were destroyed upon irradiation by a contin-
uous wave laser [4].

The localised surface plasmon resonance of GNRs is very
sensitive to the surrounding medium [6, 17], thus, the photo-
thermal effect of GNRs could vary in different media [18].
Anderson et al. noted that surface plasmon resonance of GNSs
embedded in gold-silica acrogels blueshifts relative to the same
GNSs in gold solution due to their interaction with the gel
network [19]. Lazar et al. found that gold nanoparticles could
undergo structural changes and loss of surface plasmon ab-
sorption due to the formation of larger aggregates in different
media [18]. Moretti et al. investigated the drug release effi-
ciency of PEGylated and non-PEGylated GNSs [20]. The
PEGylated GNSs were stable and dispersed in agarose-loaded
hydrogel while the non-PEGylated GNSs formed aggregates
in the hydrogel. The photothermal effect of non-PEGylated
GNSs was higher than that of PEGylated GNSs because of
the stronger coupling effect of the aggregators. When
mimicking drugs were mixed with the hydrogel, it was found
that the drugs released efficiency of the non-PEGylated drugs

was higher relative to that of the PEGylated GNSs. Yang et al.
investigated the chemo-photothermal effect of GNRs immo-
bilised with an extracellular matrix mimicking gel known as
nanogel derived from a polypetide [13]. The nanogel was
adsorb on the surface of GNRs and doxorubicin (DOX, a
cancer drug) was introduced onto the nanogel. The drug
release rate of GNR-nanogel-DOX complex exposed to laser
illumination was faster and higher in comparison to the same
complex without exposition to laser illumination. Furthermore,
in vitro studies revealed that Hela cell treated with GNR-
nanogel-DOX complex and laser illumination died more
frequently than the Hela cell treated with laser alone, and the
Hela cells with GNR-nanogel-DOX complex alone [21], thus,
revealing the efficacy of synergistic therapy in cancer man-
agement. Lee et al. [22] investigated the influence of particle
shape on diffusion in a gel media. Polystyrene nanospheres
were stretched mechanically to a nanorod shape. It was
observed that the nanorod-shape particle incorporated in a
composite hydrogel diffuse faster relative to the nanospheres.
Additional studies on the photothermal effect of GNRs are
documented in Table 1.

The heat generated by GNRs can be influenced not only by
the particle size, but also by the surrounding medium and
excitation wavelength [31]. However, so far a single wavelength
near surface plasmon resonance wavelength of GNRs was used
in the study of photothermal effect of GNRs [11, 32]. It is not
clear how the different media and excitation wavelengths affect
the heat generation of GNRs of different sizes. Hence the
motivation for the present work.

Herein, we investigated the photothermal process of
LGNRs and SGNRs of three selected aspect ratios at both on
and off resonance excitation wavelengths in solution and gel
media. Such a study is an important step for understanding the
photothermal effect of GNRs in cells. It was found that while
the large GNRs have larger temperature increase on resonance
illumination than the small GNRs in solution, the small GNRs
are less sensitive to the excitation wavelength. Furthermore, in
the agarose gel, the small GNRs show more enhanced pho-
tothermal effect than the large GNRs due to the shift of
surface plasmon resonance wavelength of GNRs resulting
from the change of media. These findings suggest the
importance of considering the surrounding medium, size and
excitation wavelength to optimise the photothermal efficiency
of GNRs.

2 | EXPERIMENTAL SECTION

2.1 | Materials

All chemicals were used as received without further purifica-
tion. Chloroauric acid (HAuCly, 49%), hexadecyl-
trimethylammonium bromide (CTAB, 99%), ascorbic acid
(AA), sodium borohydride (NaBH,, 99.8%), silver nitrate
(AgNO3) were all purchased from Sigma Aldrich while hy-
drochloric acid (HCI) was purchased from Fluka.
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TABLE 1 Studies on the photothermal effect of GNRs

Authors Particle shape Medium Excitation (nm) Year Ref.
Pratap et al. SGNRs Water 2022 [23]
Gong et al. GNRs Cell 808 2021 [24]
Moretti et al. GNSs Water 400 2021 [20]
Meyer et al. LGNRs and SGNRs Water 754, 761, 848, 886 2021 [25]
Awan et al. SGNRs Water and cell 808 2021 [26]
Bermudez-jiménez et al. GNRs Bacteria 810 2019 [27]
Yang et al. LGNRs Polypeptide based nanogel 810 2017 [28]
Qin et al. GNRs and GNSs Water Unspecified 2016 [13]
Mackey et al. LGNRs and SGNRs Water and cell 808 2014 [11]
Wang GNRs, GNSs, and GNSTs Water 785 2014 [29]
Canpean et al. GNRs Water Unspecified 2013 [30]

Abbreviations: GNR, gold nanorod; GNSs, gold nanospheres; GNST, gold nanostar; LGNR, large gold nanorod; SGNR, small gold nanorod.

2.2 | Synthesis of gold nanorods

9 5

Both the LGNRs and the SGNRs were synthesised using

modified silver-assisted seed mediated growth methods. The 7 6

LGNRs were synthesised according to a reported protocol [33] ﬁ

with the volume of reagents scaled down as presented in Ta- 4

ble S1. SGNRs were synthesised by our modified silver- 1

2 3

assisted seed growth method [34] and the list of chemicals
for the synthesis of SGNRs are presented in Table S2 together
with the description of the synthesis method.

2.3 | Sample preparation and experimental
setting for photothermal study in the water

The synthesised LGNRs and SGNRs were centrifuged at room
temperature at 13,000 rpm for 15 min and the optical density
(0.99) of both the colloids of the LGNRs and the SGNRs in
3.3 ml of water in a cuvette were determined with a UV-vis
spectrophotometer. Both colloids of GNRs were at room
temperature (19.80°C) before excitation in a glass cuvette at
715, 750, and 800 nm excitation wavelengths using a femto-
second Ti: Sapphire laser (Chameleon, Coherent, Santa Clara,
California) for 16 min. The laser pulse has a repetition rate of
80 MHz and duration of less than 200 fs. A magnetic stirrer
and a thermocouple (Omega, HH804) were both inserted into
the glass cuvette to ensure uniform distribution of heat and
record the temperature rise respectively. The depth of the
thermocouple's probe was maintained at the same position
(1.4 cm) for each measurement from the top of the cuvette.
The excitation beam was propagated perpendicular to the glass
cuvette containing colloids of SGNRs and LGNRs. A coherent
laser power metre (FieldMax)) was used to measure the inci-
dent power density. The experimental set up for photoexcita-
tion is shown in Figure 1.

Coherent Laser 6. Thermocouple

Beam splitter 7. Magnetic Stirring Plate
Switch 8. Magnetic stirrer
Optical lens box 9. Glass cuvette

Optical mirror

Lk LN~

FIGURE 1 The experimental set up for laser excitation of gold

nanorods.

2.4 | Sample preparation for photothermal
effect study in the agarose gel

The concentration of agarose gel commonly used for biological
applications ranges from 0.5% to 2% [35]. This is because an
agarose gel possesses physicochemical characteristics similar to
the cellular cytoplasm and the biological fluids in this range
[36]. Thus, 0.7% concentration of agarose gel was chosen.
Firstly, agarose (0.7%, 0.14 g) powder was dissolved in 20 ml of
TBE buffer at 70°C and allowed to cool at room temperature.
Then, 3.3 ml of agarose gel was placed into a plastic cuvette.
The pellets of the SGNRs and the LGNRs were cast into the
3.3 ml of agarose gel while the UV-vis extinction spectra were
measured until the extinction was raised to an optical density of
0.99. Thereafter, the 3.3 ml of agarose-gold nanorods mixture
were transferred to a glass cuvette and excited under similar
experimental condition as above.
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2.5 | Optical and morphological
characterisation of gold nanorods

The extinction spectra of the GNRs samples were measured
with a UV-vis spectrophotometer (Lambda 2, Perkin Elmer).
The sizes of the LGNRs and the SGNRs were determined by
SEM imaging (SEM, FEI Quanta FEG 250).

3 | RESULTS AND DISCUSSION

3.1 | The extinction spectra of GNRs

Figure 2 shows the extinction spectra of SGNRs and LGNRs
in aqueous solution featuring the longitudinal surface plasmon
bands centred at 720, 754 and 817 nm for three SGNRs, and
719, 755, and 816 nm for three LGNRs respectively. The
samples were designated as S720, S754, S817, L.719, L.755, and
LL816. The average dimensions of these GNRs extracted from
the SEM images of over 100 particles are listed in Table 2
(Typical SEM images of S817 and LGNRs 1816 are displayed
in the Figure S1a,b). In the agarose gel, the longitudinal surface
plasmon band of the S$720, S754, and S817 blue shifted to 701,
749, and 785 nm, while 1.719, 1.755, and 1.816 blue shifted to
657, 704, and 730 nm respectively. The longitudinal surface
plasmon resonance of gold nanorods depends on the shape of
the particle and refractive index of medium [1, 6]. The blue
shift observed in agarose gel is likely due to the change of
refractive index of medium, although the influence of reduced
aspect ratio cannot be excluded.

3.2 | The temperature profiles of SGNRs
and LGNRs illuminated in the water
suspension

To investigate the influence of medium and laser wavelength
on the temperature response of the SGNRs and the LGNRs
in the water solution and agarose gel, three laser wave-
lengths were chosen, namely 715, 750, and 800 nm, as they
ovetlapped with the longitudinal surface plasmon resonance
of §720/L719, S754/L755, and S817/L816 respectively. The

1.2 -+

a ——— WS720 nm
= - = =AS720 nm
< —— WS754 nm
: — = —AS754 nm
=) = SW817 nm
E=} - = = AS817 nm
()
i
N
w4
=

0 T T '
400 600 800 1000
Wavelength (nm)

temperature responses of the SGNRs and the LGNRs were
normalised against 2.74 £ 0.16 \X//cm2 laser intensity
because the laser intensities at 715 and 800 nm laser
wavelengths were 257 4+ 0.15 and 278 + 0.05 W/cm®
respectively, while the laser intensity at 750 nm laser wave-
length was 2.74 + 0.16 W/cm®. The extinction spectra of
SGNRs and LGNRs before and after laser irradiation are
displayed in the Figure S2. It can be seen that the tem-
perature of all the samples increased with irradiation time as
shown in Figure 3 and there is an initial fast rise up to
10 min, followed by a slow increase before reaching satu-
ration. The temperature profiles of SGNRs under 750 and
800 nm irradiation were overlapped, same as the tempera-
ture profiles of S720 and S754 under 715 nm irradiation.
The similar temperature profiles of the SGNRs on reso-
nance excitations and off-resonance excitations, is likely due
to the broad sutrface plasmon bands and slight mismatch of
the irradiation wavelength with the surface plasmon reso-
nance wavelength. For example, the extinction of S754 is
close to that of S720 and both are clearly larger than the
extinction of S817 at 715 nm, while a larger extinction re-
sults in higher temperature rise [5]. However, the surface
plasmon enhancement effect was apparent for the LGNRs
where temperature increase was larger at surface plasmon
resonance wavelength than that at off-resonance wavelength.

Figure 4 compares the saturation temperature (taken at
16 min) of SGNRs and LGNRs excited at resonance and off

TABLE 2 The longitudinal absorption, length, width and aspect ratio
of SGNRs and LGNRs

Samples LSPR (nm) Length (nm) Width (nm) Aspect ratio
§720 720 19.7 £ 43 55+ 13 3.6
S754 754 209 £ 4.5 56+ 1.3 3.7
S817 817 240 £ 6.5 6.0 £ 1.0 4.0
L719 719 411 £ 6.8 112 £22 3.7
1755 755 445 £ 7.1 114 £ 20 3.9
L816 816 46.2 = 8.4 115 £ 15 4.0

Abbreviations: LGNR, large gold nanorod; LSPR, longitudinal surface plasmon
resonance; SGNR, small gold nanorod.

—~ 1.2 = WL719 nm
= - = —=AL719 nm
o 0.8 ——— WL755 nm
g : — — = AL755 nm
'g ——— WLS816 nm
E 0.4 Nl = AL816 nm
- N

=

=

0
400 600 800 1000

Wavelength (nm)

FIGURE 2 The UV-vis extinction spectra of gold nanorods in the water and agarose gel media (0.7%); (a) the UV-vis extinction spectra of SGNRs, (b) the
UV-vis extinction spectra of LGNRs. W and A represent sample in the water and agarose gel media respectively.
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FIGURE 3 The time-dependent temperature changes of the SGNRs and the LGNRs after laser illumination in water; (a—c) SGNRs under excitation at 715,
750, and 800 nmj; (d—f) LGNRs under excitation at 715, 750, and 800 nm. The temperature profiles are normalised against their laser intensities. LGNR, large

gold nanorod; SGNR, small gold nanorod.

Temperature °C
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—
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uS720
uS754
uS817

L719
mL755
u].816

FIGURE 4 A comparison of the saturation temperature taken at
16 min of the SGNRs and the LGNRs colloid at resonance and off
resonance excitations in solution. LGNR, large gold nanorod; SGNR, small

gold nanorod.

resonance wavelengths. It can be seen that the temperatures of
L719, 755, and 1816 are higher than their SGNRs counter-
parts when they were excited near their corresponding reso-
nance excitations. It was reported that the field coupling
between neighbouring GNRs generates a strong electric field
that enhances the heating of the GNRs solution [7, 11, 37, 38].
Despite a relatively strong absorption, SGNRs have a shorter
field length. On the other hand, the LGNRs have an electric
field extending further away from the surface of the GNRs.
Thus, the field coupling of the LGNRs is stronger than that of
the SGNRs at plasmon resonance excitation [11, 39]. This
could explain the slightly higher temperature rise in the solu-
tion of the LGNRs compared to the solution of the SGNRs
observed in Figure 4.

In contrast to the on-resonance excitation, we observed
that the temperature of the SGNRs increased more than that
of the LGNRs at the off-resonance excitation. This is possibly
because the absorption/scattering ratio of small GNRs is
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higher than that of large GNRS and the contribution of field
coupling to the heating process is negligible due to a weak local
electric field for both small and large GNRs at off-resonance
excitation. This observation indicates the importance of exci-
tation laser wavelength when comparing heat generation of
SGNR and LGNR.

3.3 | The temperature profile of SGNRs and
LGNRs illuminated in the agarose gel

Figure 5 compares the saturation temperature (taken at 16 min)
of the gold nanorods in the TBE buffer agarose gel illuminated
at 715, 750 and 800 nm laser wavelengths. The temperature
profiles of the SGNRs and the LGNRs in agarose gel were
normalised against 2.74 4+ 0.16 W/cm® laser intensity as

40 ;

§ 35 4
g 30 3 I mAS720
£ 253 h I mAS754
‘é-‘. 20 3 mAS817
& 15 3 AL719
mAL755

10
uAL816

5 3

0 1

Ex: 715nm Ex: 750nm Ex: 800nm
FIGURE 5 A comparison of the saturation temperature taken at

16 min of the SGNRs and the LGNRs colloid at resonance and off
resonance excitations in agarose gel. LGNR, large gold nanorod; SGNR,
small gold nanorod.

explained above. The saturation temperatures of the SGNRs in
agarose gel, AS720, AS754, and AS817, are higher at excitation
wavelengths of 715, 750, and 800 nm respectively as their
LSPR partially overlaps with the excitation wavelength leading
to stronger absorption of light than that at off resonance ex-
However, plasmon (SP)
enhancement of temperature was observed for the LGNRs in
agarose gel (AL719 and AL755.) except AL816 whose tem-
perature is slightly higher than that of the AL755 and the
AL719 at 800 nm illumination. This is not surprising as larger
blue shifts were observed for LGNRs in agarose gel than those

citations. no obvious surface

of SGRNs. Light absorption decreases when illumination
wavelength is away from the surface plasmon resonance
wavelength, resulting in reduced heat generation [40].

Figure 6 compares the temperature changes of the AS720
and the AL755 with similar LSPR (701 and 704 nm respec-
tively) at 715, 750, and 800 nm laser illumination. It can be seen
that the temperature of the AS720 sample is more enhanced
than that of the AL755 sample at 715 and 750 nm laser illu-
minations. In comparison to the AL755, AS720 shows a faster
temperature rise from 2 min until reaching saturation tem-
perature after 12 min. This could be due to a higher absorption
to extinction ratio of the SGNRs compared to the LGNRs at
715 and 800 nm, thus a larger heat generation. It is found that
the saturation temperature of the AS720 decreases from 31°C
(Ex: 715 nm) to 27°C (Ex: 750 nm) and finally 24°C (Ex:
800 nm) as the wavelength of the laser moves away from its
LSPR. Moreover, the temperature difference between the two
samples also decreases as the illumination wavelength increases
and both temperature profiles overlap at 800 nm illumination.
This is due to a similar absorption of both particles as AS720
has a smaller extinction coefficient than that of AL755 at
800 nm but a higher absorption to extinction ratio resulting in
a similar heat generation.
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236 8720 701 <36 Jeasm20701)
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3.4 | The influence of the surrounding
medium on the photothermal effect of GNRs

The influence of the surrounding medium on the photo-
thermal effect of GNRs was investigated by comparing GNRs
suspended in solution and agarose gel media. Figure 7 shows
the temperature attainment of GNRs at 16 min of photoex-
citation in aqueous solution and agarose gel media. The tem-
perature attained by SGNRs in the agarose gel is higher than
that of LGNRs at on-resonance excitation, different from that
in the solution. In addition, the temperature of the SGNRs
(AS720 and AS754) in the agarose gel slightly decreases than
that in the solution while that of AS817 is similar in both
media. However, the temperature of the LGNRs in the agarose

40 1
35 4
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= 20 ]
g
g 15
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0 7
S720 S754 S817 L719 L755 L816
FIGURE 7 A comparison of the temperature of SGNRs and LGNRs
in the water and agarose gel. LGNR, large gold nanorod; SGNR, small gold
nanorod.
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FIGURE 8

gel decreases significantly than that in the solution. The sig-
nificant decrease of the temperature of LGNRs in the agarose
gel is due to the large blue shift of surface plasmon resonance
wavelength arising from the change of medium, resulting in
reduced absorption and heat generation [41-43].

Indeed, AT.816 has a SP centred at 730 nm that is com-
parable to the SP of WL719 at 719 nm. Figure 8 compares the
temperature profile of the WL719 in the water with that of the
AL816 in the TBE buffer-agarose gel at 715, 750 and 800 nm
excitation wavelengths. It can be seen that sample WL719
shows a faster temperature rise from 2 min until saturation
temperature is reached after 12 min. Apparently, the temper-
ature of WL719 in solution is higher than that of the AL816 in
the TBE buffer-agarose gel at 715, 750, and 800 nm laser il-
luminations. As observed before, the LGNRs in the solution
have large electric field coupling under light excitation that
could be reduced in the gel because the LGRNS are less mobile
in the gel matrix. In addition, the heat transfer efficiency of the
gel is reduced compared to that in the solution. It has been
reported previously that gels reduce the efficiency of heat
transfer because of the limited contact of granules in the gels
[41, 42]. Moreover, the thermal conductivity of the agarose gel
(0.55 W/m °C at 20-80°C) is slightly less than that of the water
(0.6 W/m °C at 20°C) [43, 44], implying a reduced heat
transfer of the agarose gel in comparison to the water solution.

4 | CONCLUSION

The understanding of photothermal effects of SGNRs and
LGNRs in a mimicked cellular microenvironment is essential
for their photothermal applications. This work investigated the
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A comparison of the temperature of the WL719 colloids in the water with the AL816 in the TBE buffer-agarose gel at varying excitation

wavelengths; (a) Ex: 715 nm, WL719/A1.816, (b) Ex: 750 nm WL719/AL816 and (c) Ex: 800 nm, WL719/AL816.
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photothermal effects of three pairs of SGNRs and LGNRs
with near identical longitudinal surface plasmon resonance
wavelength under on-resonance and off-resonance excitation
in the aqueous solution and agarose gel. In aqueous solution,
the temperature rise of the LGNRs is more enhanced than that
of the SGNRs at the plasmon resonance excitation, while at off
resonance excitation, the temperature rise of the SGNRs is
mote enhanced than that of the LGNRs. Moverover, wave-
length dependence is less significant in the case of SGNRs. In
agarose gel, the temperature rise of the SGNRs is more
enhanced than that of LGNRs when they are excited at the
wavelength near their LSPR wavelength in solution. The
temperature rise of LGNRs in aqueous solution is larger than
that in agarose gel. This is due to the surface plasmon wave-
length shift resulting from the change of medium. These
findings suggest the importance of considering the influence of
the surrounding medium and laser wavelength when studying
size effect of GNRs in heat generation. The SGNRs could be
more beneficial than the LGNRs for photothermal applica-
tions in biological systems, thus, providing further insight in
selecting GNRs for efficient photothermal applications.
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