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Abstract

The photothermal conversion efficiency of gold different nanoparticles (GNPs) in different concentrations (1.25-20 pg/mL) and at
different irradiation intensities of near-infrared (NIR) broadband and NIR laser irradiation is evaluated. Results show that for a con-
centration of 20.0 pg/mL, 40 nm gold nanospheres, 25 x 47 nm gold nanorods (GNRs), and 10 X 41 nm GNRs show a 4-110%
higher photothermal conversion efficiency under NIR broadband irradiation than under NIR laser irradiation. Broadband irradia-
tion seems suitable to attain higher efficiencies for the nanoparticles whose absorption wavelength is different from the irradiation
wavelength. Lower concentrations (1.25-5 pg/mL) of such nanoparticles show 2-3 times higher efficiency under NIR broadband
irradiation. For GNRs of sizes 10 X 38 nm and 10 X 41 nm, the different concentrations show almost equal efficiencies for NIR
laser and broadband irradiation. On increasing the irradiation power from 0.3 to 0.5 W, for 10 X 41 nm GNRs in the concentration
range of 2.5-20.0 ug/mL, NIR laser irradiation results in 5-32% higher efficiencies, while NIR broadband irradiation leads to a
6—11% increase in efficiency. Under NIR laser irradiation, the photothermal conversion efficiency increases with an increase in
optical power. The findings will facilitate the selection of nanoparticle concentrations, irradiation source, and irradiation power for

a variety of plasmonic photothermal applications.

Introduction

Plasmonic photothermal properties of gold nanoparticles
(GNPs) are useful for a variety of applications including those

in biomedicine, such as drug delivery, therapeutics, and diag-

nostics [1-5]. The interaction of free electrons of gold nanopar-
ticles with electromagnetic fields leads to oscillations of the

electrons at plasmonic resonance frequencies. Nonradioactive
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decay of these oscillations causes the conversion of electromag-
netic energy into heat [6]. Localized heat generation through
GNPs under irradiation can be used for hyperthermia treatment
of tumors, termed plasmonic photothermal therapy (PPTT)
[7-11]. The net temperature rise of a GNP-containing medium
highly depends on shape and size of the GNPs, the dielectric
constant of the medium, and the characteristics of irradiation
source [12-17]. For biomedical applications, to achieve
maximum light penetration, a light source of spectral output
within 700-900 nm (NIR-I range, termed therapeutic window)
is required [18-20]. Here, the photothermal conversion effi-
ciency is an important parameter to assess the amount of heat
generated through GNPs under NIR irradiation [21,22].

Temperature rise and photothermal conversion efficiency of dif-
ferent shapes of GNPs under laser irradiation have been re-
ported [15,23-25]. The plasmonic resonance wavelength of
nanoparticles shifts due to changes in the surrounding medium
[14,17,26]. Thus, the same laser source may lose its suitability
for applications such as photothermal therapeutics, photoa-
coustic imaging, and drug delivery. Also, the maximum absorp-
tion of the incident radiation is desired, which depends on the
optical absorption characteristics of the nanoparticles. Thus, a
broadband irradiation source may be useful in which the full
width half maximum of the optical output can be tuned to suit
the optical absorption characteristics of the nanoparticles. To
the best of our knowledge, the measurement of the concentra-
tion-dependent photothermal conversion efficiency of various
shapes and sizes of gold nanoparticles under broadband irradia-
tion has not been reported to date.

In this study, the net temperature rise and the photothermal
conversion efficiency of gold nanoparticles are evaluated under
irradiation using a broadband light source and a near-infrared
laser (for comparison). Gold nanospheres (GNSs) of 40 nm di-
ameter and gold nanorods (GNRs) of sizes 25 X 47 nm,
10 x 38 nm, and 10 X 41 nm were examined. The photothermal
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conversion efficiency for these GNPs is reported for different

nanoparticle concentrations and irradiation power values.

Experimental

Nanoparticles

Gold nanospheres of 40 nm diameter (product no. 741981) and
GNRs of 25 X 47 nm size (product no. 771651) were purchased
from Sigma-Aldrich. GNRs of 10 x 38 nm size (product no.
A12-10-780-CTAB-DIH-1-25) and GNRs of 10 X 41 nm size
(product no. A12-10-808-CTAB-DIH-1-25) were purchased
from Nanopartz Inc. Suspensions with different concentrations
of these GNPs were prepared by using ultrapure water
(18.1 MQ resistivity).

Plasmonic photothermal measurements

The photothermal experiments were performed by adding a
1.5 mL volume of different GNP concentrations in a standard
quartz cuvette of 10 mm path length. GNPs were irradiated
separately by using a NIR broadband source (754-816 nm,
in-house development) or an 808 nm continuous-wave diode
laser (INFINITY Laser, New Age Instruments & Materials Pvt.
Ltd.) with an irradiation intensity of 0.8 W/cm?2. The incident
and transmitted optical power were measured by using a digital
power meter (843-R, Newport Corporation) with a thermopile
detector (919P-250-35, Newport Corporation). The temperature
rise of these GNP suspensions was measured by using a K-type
thermocouple, and the data was acquired by using a data acqui-
sition system (NI-myDAQ 9214, National Instruments). The
schematic of the photothermal experimental setup is shown in
Figure 1.

The collimated input beam of 9 mm diameter was generated by
using a plano convex lens of 15 mm focal length. The thermo-
couple tip was placed just above the path of the input beam to
avoid direct irradiation of the thermocouple. During photother-
mal experiments, the cuvette was not sealed, and no evapora-
tion was observed. The temperature of the GNP suspensions

K-type thermocouple — NI-DAQ

Cuvette with
GNPs solution

1)

/

L \
! —

Plano convex lens

NIR light source

/!

Optical power meter

Figure 1: Experimental setup for the measurement of the temperature rise of GNPs suspensions under irradiation. A NIR broadband light source
(754-816 nm) and a NIR diode laser (808 nm) with irradiation intensity of 0.8 W/cm? are used.
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was recorded for a total of 1800 s (900 s with irradiation and the
following 900 s without irradiation) using a K-type thermo-
couple (3971589 RS Components). The spectral output of the
NIR broadband source was measured using a spectrometer
(BLUE-Wave, StellarNet Inc) and is shown in Figure 2. The
NIR broadband source exhibits a peak irradiation wavelength of
785 nm and a bandwidth of 62 nm.

Intensity counts (a.u.
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600 650 700 750 800 850 900 950
Wavelength (nm)

Figure 2: Measured spectral output of the NIR broadband light source.

The X-Y axis light intensity distribution of laser and broadband
sources are shown in Figure 3. The beam profiles of laser and
broadband sources resemble Gaussian beam shapes as reported
in our earlier article [27].

Theory of photothermal conversion efficiency
The photothermal conversion efficiency of a GNP suspension
can be analyzed by using the energy balance equation [28,29] as
described in Equation 1,
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where C; and m; are, respectively, specific heat capacity and
total mass of the GNP suspension, dT is the change of tempera-
ture of the suspension within the time interval df. Q,psorp and
Qugiss are, respectively, the amounts of absorbed energy and
energy dissipated to the medium. The absorbed energy Qapsorb
is defined as:

Oabsorb = (Pinput = Frans ) ‘N ?

Here, Pjypy is the incident optical power from the light source,
Prans 1s the power transmitted through the GNP suspension, and
n is the photothermal conversion efficiency. The energy dissi-
pated to the surrounding medium is defined as:

Odiss =(Tmax _TO)'hS’ 3

where S is the surface area of the cuvette exposed to the sur-
rounding environment, / is the heat transfer coefficient, Ty,x is
the maximum temperature attained on irradiating the suspen-
sion for time ¢, and T is temperature of the surrounding envi-
ronment. By combining Equation 2 and Equation 3, the energy

balance equation becomes

dr
chmjaz (Pinput _Ptrans)'n_(Tmax —T())'/’lS. )
J

For a nanoparticle suspension, the specific heat capacity and
total mass of GNPs are much smaller than those of water and
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Figure 3: Measured beam profiles of (a) laser and (b) broadband light sources.
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can be neglected. Thus, by only considering the specific heat
capacity of water (Cy, = 4184 J.kg™!-K™!) and the total mass of
water (m,,) the energy balance equation becomes:
dr
C,m = (

Pinput — Firans ) ‘n _(Tmax =Ty ) -hS. (5)

The change in temperature with time is thus:

dr _ (Pinput _Ptrans)'n _(Tmax —T())'hS

el (6)
dr

Cw My, Cw My,

Here, 1, = (hS)/(Cym,,) can be considered as the rate constant
associated with the heat loss from the nanoparticle suspension.
This rate constant can be determined from the slope of tempera-
ture decay profile of the suspension after the light source is
turned off. At thermal equilibrium, the temporal change in the
temperature becomes almost zero. Hence, the photothermal

conversion efficiency can be described as:

n= (Tmax _TO) “m

C,T,.
ww's @)
(jinput Itrans)

By using Equation 6 and Equation 7, the temperature rise of a

GNP suspension under irradiation is described as:

Rnput ~ Frans )

T(t)=T, +( -n~(l—exp(—‘cst)). ®)

My Cw Ts

Equation 7 and Equation 8 can be used to determine the amount
of heat absorption, the photothermal conversion efficiency, or
the temperature rise of the GNP suspension during photother-
mal interaction.

Results and Discussion

Spectral absorbance of GNPs

The concentration-dependent spectral absorbance of GNSs of
40 nm diameter and GNRs with sizes of 25 X 47 nm,
10 x 38 nm, and 10 X 41 nm measured by using a UV-vis spec-
trophotometer (UV-3200, Labindia Instruments Pvt. Ltd.) is
shown in Figure 4. The measured peak absorbance wavelength
of the GNPs is in agreement with the localized surface plasmon
resonance (LSPR) reported for these batches by the suppliers
(Table S1, Supporting Information File 1). Figure 4a shows that
the LSPR of GNSs is at 530 nm. Figure 4b—d shows that the
GNRs show two resonance peaks, that is, a first peak at

520-525 nm (transverse mode) for all GNRs and a second peak
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(longitudinal mode) at 600 nm for GNRs of 25 X 47 nm, at
790 nm for GNRs of 10 x 38 nm, and at 800 nm for GNRs of

10 x 41 nm size, respectively.

Absorbed optical power by GNPs

The optical power absorbed by GNPs enhances the temperature
of the medium. The concentration-dependent variation of the
absorbed optical power, measured for 40 nm GNSs, 25 X 47 nm
GNRs, 10 x 38 nm GNRs, and 10 x 41 nm GNRs under NIR
broadband irradiation and NIR laser irradiation with irradiation
power of 500 mW (irradiation intensity ca. 0.8 W/cm? over a
beam diameter of 9 mm) is shown in Figure 5.

Figure 5a shows that on increasing the nanoparticle concentra-
tion from 1.25 to 20 ug/mL, the absorbed optical power for
GNSs increases from 80 to 130 mW under NIR broadband irra-
diation and from 50 to 85 mW under NIR laser irradiation.
Similarly, Figure 5b shows that the absorbed optical power for
25 x 47 nm GNRs increases from 90 to 160 mW under NIR
broadband irradiation and from 70 to 105 mW under NIR laser
irradiation. Figure 5c and Figure 5d show, respectively, that the
absorbed power for 10 x 38 nm GNRs increases from 90 to
370 mW under NIR broadband irradiation and from 70 to
370 mW under NIR laser irradiation. For 10 X 41 nm GNRs, it
increases from 90 to 370 mW and from 80 to 390 mW under

NIR broadband and laser irradiation, respectively.

The optical power absorbed by 10 x 38 nm and 10 X 41 nm
GNRs is almost equal under NIR laser and NIR broadband irra-
diation. Also, it is higher than that of 40 nm GNSs and
25 X 47 nm GNRs because of the match of between the plas-
monic wavelengths and the source wavelength. Upon increas-
ing the concentration of GNPs, a nonlinear behavior of
absorbed power with respect to the concentration of GNPs was
observed. This is because with an increase in the concentration
of GNPs, the scattering increases in relation to the absorption
[30]. Also, with an increase in the concentration of GNPs, the
absorption of the incident radiation occurs predominantly in the
first few layers of the suspension [31], and there may be inter-
particle coupling of plasmon reponses, which can be looked at
in future studies. Further, it can be observed that NIR broad-
band irradiation is more suitable for heat generation when the
plasmonic wavelength of the nanoparticles differs considerably

from the wavelength of the laser source.

Temperature rise of GNP suspensions on
photothermal interaction

The temporal change in the temperature of deionized (DI) water
when the NIR broadband and laser irradiation was on (heating)
and off (cooling) over a period of 1800 s is shown in Figure S2

(Supporting Information File 1). The concentration-dependent
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Figure 4: Spectral absorbance of different concentrations of nanoparticles. (a) 40 nm GNSs, (b) 25 x 47 nm GNRs, (c) 10 x 38 nm GNRs, and

(d) 10 x 41 nm GNRs.

temperature of the GNP suspensions measured over a period of
1800 s is shown in Figure 6. Figure 6a and Figure 6e show that
the maximum change in temperature for GNSs is 3.0 and 1.5 °C
for NIR broadband and NIR laser irradiation, respectively. It in-
creases, respectively, by 1.2 and 0.8 °C on increasing the GNS
concentration from 1.25 to 20 pg/mL. For GNSs it can be seen
that the temperature increases ca. 100% more on NIR broad-
band irradiation than on NIR laser irradiation.

It is seen from Figure 6b and Figure 6f that for 20 pg/mL of
25 x 47 nm GNRs, the increases in temperature are 3.1 and
1.6 °C under NIR broadband and NIR laser irradiation, respec-
tively. The temperature rise is increased by 1.2 and 0.6 °C under
NIR broadband and NIR laser irradiation, respectively, when
the concentration is increased from 1.25 to 20 pg/mL. The
overall temperature rise for 25 X 47 nm GNRs is about 94%
higher under NIR broadband irradiation than under NIR laser ir-
radiation.

Figure 6¢ and Figure 6g show that the maximum changes in
temperature obtained for 10 x 38 nm GNRs of 20 ug/mL con-
centration are 14.9 and 15.6 °C for NIR broadband and NIR
laser irradiation, respectively. The temperature rise is enhanced
by 12.5 and 13.3 °C under NIR broadband and NIR laser irradi-
ation, respectively, when the concentration is increased from
1.25 to 20 pg/mL. Because of the good match between LSPR
and laser wavelength, these GNRs show a 4% higher tempera-
ture rise under NIR laser irradiation compared to broadband ir-
radiation.

It is seen from Figure 6d and Figure 6h that the maximum tem-
perature rises for 10 X 41 nm GNRs are, respectively, 14.7 and
15.5 °C under NIR broadband and laser irradiation, which is ca.
5% more under NIR laser irradiation than under broadband irra-
diation. On increasing the concentration from 1.25 to 20 pg/mL,
the temperature change is enhanced by 11.7 and 12.9 °C under
NIR broadband and NIR laser irradiation, respectively.
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Figure 5: Concentration-dependent variation of the absorbed optical power for (a) 40 nm GNSs, (b) 25 x 47 nm GNRs, (c) 10 x 38 nm GNRs, and
(d) 10 x 41 nm GNRs under NIR broadband irradiation and NIR laser irradiation. The incident optical power is 500 mW.

Overall, the temperature rise for 10 X 38 nm and 10 X 41 nm
GNRs is higher under NIR laser irradiation than under to broad-
band irradiation, while GNSs and 25 x 47 nm GNRs yielded a
higher temperature rise under NIR broadband irradiation.
Overall, the temperature measurements show similar trends, for
25 x 47 nm GNRs, 10 X 38 nm GNRs, and 10 X 41 nm GNRs,
that is, the temperature increases rapidly for about 500 s and
then rises more slowly up to 900 s for concentrations below
10 pg/mL. While 10 x 38 nm GNRs and 10 X 41 nm GNRs
show a rapid increase in temperature for concentrations greater
than or equal 10 pg/mL under irradiation. In contrast, the tem-
perature of GNSs with a concentration below 10 ug/mL hardly
rises after 250 s. Because of the match between plasmonic
wavelength and incident irradiation, 10 x 38 nm GNRs and
10 x 41 nm GNRs show a temperature increase for a longer
period of time than GNSs and 25 x 47 nm GNRs. The photo-

thermal stability of the GNPs was examined by measuring the

spectral absorbance of GNPs before and after irradiation as
shown in Figure S3 (Supporting Information File 1). It is seen
that there is no change in the optical absorption of the nanopar-
ticles and that they are stable.

Photothermal conversion efficiency of GNPs

The photothermal conversion efficiency () of the GNPs was
evaluated based on the obtained heating and cooling tempera-
ture profiles. The measured temperature profiles for GNPs of
20 ug/mL concentration under NIR broadband and laser irradia-

tion are shown in Figure 7a and Figure 7b, respectively.

From Figure 7a, it is seen that 10 X 38 nm GNRs and
10 x 41 nm GNRs yield almost equal maximum temperature
rises of 14.9 and 14.7 °C under NIR broadband irradiation.
Similarly, from Figure 7b, it is observed that under NIR laser ir-
radiation, 10 X 38 nm GNRs and 10 x 41 nm GNRs yielded a
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Figure 6: Temporal variation of the suspension temperature (heating and cooling) for different nanoparticle concentrations of (a) 40 nm GNSs,
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(9) 10 x 38 nm GNRs, and (h) 10 x 41 nm GNRs under NIR laser irradiation. The temperatures were measured for 900 s of each irradiation (heating)

and cooling.
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Figure 7: Heating and cooling temperature profiles for 40 nm GNSs, 25 x 47 nm GNRs, 10 x 38 nm GNRs, and 10 x 41 nm GNRs of 20 pg/mL con-
centration under (a) NIR broadband irradiation and (b) NIR laser irradiation. Corresponding curves of In(AT/T2ax) to calculate the rate constant of heat
loss for (c) NIR broadband irradiation and (d) NIR laser irradiation.

maximum temperature increase of ca. 15.5 °C within 900 s,
while there is an exponential decay of temperature after the
light source is switched off. For GNSs and 25 X 47 nm GNRs,
NIR broadband irradiation resulted in a slightly higher tempera-

ture rise.

From Equation 7, it is inferred that the photothermal conver-
sion efficiency of GNPs depends on the maximum attained tem-

Table 1: Calculated slope and R? values for different GNPs under NIR broadband and laser irradiation.

Parameter/GNPs

slope m (s~ (broadband irradiation)
slope m (s™") (laser irradiation)
R2 (equal values for broadband and laser)

40 nm GNS

0.0014
0.00115
0.99539

25 x 47 nm GNR

0.00107
0.0019
0.9936

perature as well as the rate of heat loss. Here, the rate of heat
loss can be determined by calculating the slope of In(AT/T %)
as a function of the time during cooling. Figure 7c and
Figure 7d show the plots of In(AT/Ty,ax) as a function of the
time for GNPs of 20 pg/mL concentration under NIR broad-
band and NIR laser irradiation, respectively. The slope is deter-
mined by a linear fit. The calculated slope and R? values are
given in Table 1.

10 x 38 nm GNR 10 x 41 nm GNR

0.00237 0.00222
0.0024 0.00213
0.9995 0.99656
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Table 1 shows R? values of more than 0.99, representing
adequate fits. Also, it is seen that under NIR broadband and
laser irradiation, the rate constants of heat loss for 10 X 38 nm
GNRs and 10 x 41 nm GNRs are higher than those of GNSs
and 25 X 47 nm GNRs.

Based on the measured values of maximum temperature rise,
absorbed power, specific heat capacity (Cy, = 4184 J.kg™l.K™1),
and total mass (my, = 1.495 g) of the suspensions, the calcu-
lated photothermal conversion efficiency (1) of the different
GNPs under NIR broadband (BB) and laser irradiation are
shown in Figure 8. The efficiency ranges within 17-63% for the
different GNPs.

70 5 [ 40 nm GNS (NIR laser irradiation)
| [ 40 nm GNS (NIR BB irradiation)
] 25x47nm GNR (NIR laser irradiation)
60 —ZZA 25x47nm GNR (NIR BB irradiation)
I 10x38nm GNR (NIR laser irradiation)
[l 10x38nm GNR (NIR BB irradiation) —
50 —{[J 10x41nm GNR (NIR laser irradiation)
10x41nm GNR (NIR BB irradiation)
__40
S
=30
20 —
i _Il
0 |

40 nm GNS 25x47 nm GNR  10x38 nm GNR  10x41 nm GNR
Gold nanoparticles of concentration 20 ng/ml

Figure 8: Photothermal conversion efficiency of 40 nm GNSs,

25 x 47 nm GNRs, 10 x 38 nm GNRs, and 10 x 41 nm GNRs of

20 pg/mL concentration under NIR broadband and NIR laser irradia-
tion.

Figure 8 shows that for NIR laser and NIR broadband irradia-
tion, respectively, the photothermal conversion efficiencies of
40 nm GNSs are 17% and 18%, for 25 X 47 nm GNRs are 11%
and 23%, for 10 x 38 nm GNRs are 63% and 61%, and for
10 x 41 nm GNRs are 53% and 55%. Also, 40 nm GNSs,
25 x 47 nm GNRs, and 10 X 41 nm GNRs show a 6%, 110%
and 4% higher photothermal conversion efficiency under NIR
broadband irradiation than under NIR laser irradiation. The
photothermal efficiency of 10 x 38 nm GNRs is 3% higher
under NIR laser irradiation than under NIR broadband irradia-
tion. These results show that the heat generation of GNPs
highly depends on size and shape of the GNPs as well as on the
incident wavelength. In general, GNRs with the surface
plasmon response matching the irradiation wavelength exhibit
maximum photothermal conversion efficiency under both laser
or broadband irradiation. Broadband irradiation results in a
much higher efficiency for 25 X 47 nm GNRs, whose peak

Beilstein J. Nanotechnol. 2023, 14, 205-217.

absorption wavelength highly differs from the irradiation wave-
length.

A photothermal conversion efficiency of 53% for 10 x 41 nm
gold nanorods, as determined in our study, has also been re-
ported by Cole and co-workers [8]. Similarly, reported efficien-
cies within 51-95% for GNRs of varying aspect ratios between
2.8 and 3.8 under irradiation with an 808 nm CW laser match

with our calculated values [21].

Concentration-dependent photothermal

conversion efficiency

The concentration-dependent photothermal conversion effi-
ciency of GNPs is shown in Figure 9. The concentration-de-
pendent plots of In(AT/T,,x) as a function of time are shown in

Supporting Information File 1, Figure S1.

From Figure 9a, it is seen that for GNS concentrations from
1.25 to 5 ug/mL, the photothermal conversion efficiency
decreases from 21% to 12%, while for GNS concentrations
from 5 to 20 pg/mL, the efficiency increases from 12% to 20%
under NIR laser irradiation. Under NIR broadband irradiation,
the photothermal conversion efficiency of GNSs decreases from
55% to 18% on increasing the GNS concentration from 1.25 to
20 pg/mL. Overall, for GNS concentrations of 1.25 to 5 pg/mL,
the photothermal conversion efficiency of GNSs is higher under
NIR broadband irradiation than under NIR laser irradiation,
while for GNS concentrations of 10 and 20 pg/mL, the effi-
ciency is lower under NIR broadband irradiation or almost
equal.

For 25 x 47 nm GNRs, on increasing the concentration from
1.25 to 20 ug/mL, the photothermal conversion efficiency
decreases from 17% to 11% under NIR laser irradiation as
shown in Figure 9b. Under NIR broadband irradiation, the effi-
ciency of GNRs decreases from 29% to 17% and from 17% to
23% on increasing the concentration from 1.25 to 5 pg/mL and
from 5 to 20 pg/mL, respectively. Overall, for 25 x 47 nm
GNRs, the photothermal conversion efficiency is higher under
NIR broadband irradiation than under NIR laser irradiation.
Also, the photothermal conversion efficiency of GNSs is higher
than that of 25 X 47 nm GNRs under NIR laser and broadband
irradiation.

Figure 9c shows that under NIR laser irradiation, the photother-
mal conversion efficiencies of 10 x 38 nm GNRs are 50% and
58% for concentrations of 1.25 and 2.5 pg/mL, respectively,
while the efficiency decreases from 58% to 48% on increasing
the concentration from 2.5 to 5 ug/mL. At a further increase in
GNR concentration from 5 to 20 pg/mL, the efficiency in-
creases from 48% to 63%. Under NIR broadband irradiation,
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Figure 9: Photothermal conversion efficiency of different nanoparticle concentrations for (a) 40 nm GNSs, (b) 25 x 47 nm GNRs, (c) 10 x 38 nm
GNRs, and (d) 10 x 41 nm GNRs under NIR broadband and NIR laser irradiation.

the photothermal conversion efficiency of 10 X 38 nm GNRs in-
creases from 38% to 62% for an increase in concentration from
1.25 to 20 pg/mL. Also, the efficiency of 10 x 38 nm GNRs
shows higher values under NIR laser irradiation than under NIR
broadband irradiation for concentrations of 1.25, 2.5, and
20.0 pg/mL, while for concentrations of 5.0 and 10.0 pg/mL,
NIR broadband irradiation yields a higher efficiency. The con-
centration-dependent photothermal conversion efficiency of
10 X 38 nm GNRs is higher under NIR laser and broadband ir-
radiation than that of GNSs and 25 x 47 nm GNRs because of
the better match between incident wavelength and the SPR peak
of the GNRs.

Figure 9d shows that, under NIR laser irradiation, the photo-
thermal conversion efficiency of 10 X 41 nm GNRs increases
from 28% to 56% with an increase in concentration from 1.25
to 10.0 pg/mL. At an increase in concentration from 10 to
20 pg/mL, there is a slight decrease in the efficiency from 56%
to 53%. Whereas, under NIR broadband irradiation, the photo-
thermal conversion efficiency of 10 x 41 nm GNRs increases

from 31% to 55% for an increase in concentration from 1.25 to

20 ug/mL. The efficiency of 10 x 41 nm GNRs at different con-
centrations shows higher values than those of GNSs and
25 x 47 nm GNRs, while the efficiency values of 10 X 41 nm
GNRs are lower than the efficiencies of 10 x 38 nm GNRs.

Overall, the photothermal conversion efficiencies of 10 X 38 nm
and 10 x 41 nm GNRs are higher than those of GNSs and
25 x 47 nm GNRs. For low concentrations, GNSs show high
efficiency under NIR broadband irradiation, while 10 x 38 nm
GNRs and 10 x 41 nm GNRs show higher photothermal
conversion efficiency at higher concentrations for both NIR
broadband and NIR laser irradiation.

Photothermal conversion efficiencies for

different irradiation powers

The same light sources were used with different irradiation
powers to see the effect of optical power on the photothermal
conversion efficiency. The concentration-dependent photother-
mal conversion efficiencies of 10 X 41 nm GNRs under NIR
laser and broadband irradiation for irradiation powers of 0.5 and

0.3 W are shown in Figure 10a and Figure 10b, respectively.
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Figure 10: Concentration-dependent photothermal conversion efficiency of 10 x 41 nm GNRs irradiated with optical powers of 0.5 and 0.3 W under

(a) NIR broadband irradiation and (b) NIR laser irradiation.

From Figure 10a, it is seen that under NIR broadband irradia-
tion, the photothermal conversion efficiency of 10 X 41 nm
GNRs for concentrations of 1.25, 2.5, and 10.0 ug/mL is, re-
spectively, 8%, 8%, and 26% higher for an irradiation power of
0.3 W than for 0.5 W. While for concentrations of 5.0 and
20.0 pg/mL, the efficiency is 3% and 6% lower for 0.3 W.
Overall, under broadband irradiation, the lower irradiation
power results in similar or higher photothermal conversion effi-

ciencies for the different nanoparticle concentrations.

Under NIR laser irradiation, as seen from Figure 10b, the photo-
thermal conversion efficiency is 3% higher for a concentration
of 1.25 pg/mL, and 2% to 17% lower for concentrations be-
tween 2.5 and 20.0 pg/mL for an irradiation power of 0.3 W as
compared to 0.5 W. Overall, under NIR laser irradiation, the
photothermal conversion efficiency increases with an increase
in optical power. An earlier study by Alrahili et al. also re-
ported a higher photothermal efficiency of 81% for 10 X 41 nm
GNRs using a higher incident power of 4 W.

Conclusion

The concentration-dependent photothermal conversion efficien-
cies, under NIR laser (808 nm) and NIR broadband irradiation
(754-816 nm), of GNSs with 40 nm diameter, 25 X 47 nm
GNRs, 10 x 38 nm GNRs, and 10 X 41 nm GNRs have been
evaluated. 40 nm GNSs, 25 X 47 nm GNRs, and 10 X 41 nm
GNRs show, respectively, 6%, 110%, and 4% higher efficien-
cies under NIR broadband irradiation than under NIR laser irra-
diation, while 10 x 38 nm GNRs show almost equal efficien-
cies under laser and broadband irradiation.

For 40 nm GNSs under NIR broadband irradiation, on increas-

ing the concentration from 1.25 to 20.0 pg/mL, there is a de-

crease in photothermal conversion efficiency, while under NIR
laser irradiation, the efficiency reaches a minimum value at
about 5 pg/mL and increases for other concentrations. For
25 x 47 nm GNRs, under NIR laser irradiation, the efficiency
decreases slightly for higher concentrations, but under broad-
band irradiation, the efficiency shows a dip at a concentration
value of 5 pg/mL and increases for lower and higher concentra-

tions.

The higher efficiency for 25 X 47 nm GNRs implies that broad-
band irradiation seems suitable to attain higher efficiency for
the nanoparticles whose peak absorption wavelength is differs
strongly from the irradiation wavelength. Lower concentrations
(1.25-5 pg/mL) of GNSs and 25 x 47 nm GNRs yield
2-3 times higher efficiencies under NIR broadband irradiation.
For 10 X 38 nm GNRs and 10 x 41 nm GNRs, the different con-
centrations show almost equal efficiencies for NIR laser and
broadband irradiation. On increasing the irradiation power from
0.3 t0 0.5 W, for 10 x 41 nm GNRs in a concentration range of
2.5-20.0 pg/mL, NIR laser irradiation results in 5% to 32%
higher efficiencies, while NIR broadband irradiation leads to an
increase by 6% to 11% in efficiency. Under broadband irradia-
tion, a lower irradiation power results in almost equal or higher
photothermal conversion efficiencies for different nanoparticle
concentrations. Under NIR laser irradiation, the photothermal
conversion efficiency increases with an increase in optical
power. The reported maximum temperature increase of 16 °C
corresponds to about 53 °C with respect to the physiological
temperature of 37 °C, which is sufficient for thermal threat-
ment of cancerous cells [32]. The discussed results may be use-
ful for the selection of nanoparticle concentrations as well as ir-
radiation sources and irradiation power for a variety of applica-

tions involving the plasmonic photothermal phenomenon.
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Further, the variation in plasmonic wavelengths of gold nano-
materials embedded in a medium, for instance, in tissue during
plasmonic photothermal therapeutics, can be accomodated

through the use of a NIR broadband source.

Supporting Information

Supporting Information File 1

Additional experiemental data.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-14-20-S1.pdf]

Acknowledgements
The authors acknowledge CSIR-Central Scientific Instruments
Organisation, Chandigarh, India, for infrastructure support.

Funding

Vikas gratefully acknowledges the fellowship from Indian
Council of Medical Research, Delhi, India via grant number #5/
3/8/83/ITR-F/2020-ITR.

ORCID® iDs

Vikas - https://orcid.org/0000-0001-7069-5934
Sanjeev Soni - https://orcid.org/0000-0001-8686-291X

References

1. Cai, W. Nanotechnol., Sci. Appl. 2008, 1, 17-32.
doi:10.2147/nsa.s3788

2. Huang, X.; El-Sayed, I. H.; Qian, W.; EI-Sayed, M. A.
J. Am. Chem. Soc. 2006, 128, 2115-2120. doi:10.1021/ja057254a

3. Ghosh, P.; Han, G.; De, M.; Kim, C.; Rotello, V.
Adv. Drug Delivery Rev. 2008, 60, 1307-1315.
doi:10.1016/j.addr.2008.03.016

4. Brown, S. D.; Nativo, P.; Smith, J.-A.; Stirling, D.; Edwards, P. R.;
Venugopal, B.; Flint, D. J.; Plumb, J. A.; Graham, D.; Wheate, N. J.
J. Am. Chem. Soc. 2010, 132, 4678-4684. doi:10.1021/ja908117a

5. Ali, M. R. K;; Wu, Y.; EI-Sayed, M. A. J. Phys. Chem. C 2019, 123,
15375-15393. doi:10.1021/acs.jpcc.9b01961

6. Huang, X.; Jain, P. K.; EI-Sayed, I. H.; EI-Sayed, M. A.
Lasers Med. Sci. 2008, 23, 217—-228. doi:10.1007/s10103-007-0470-x

7. Loo, C.; Lowery, A.; Halas, N.; West, J.; Drezek, R. Nano Lett. 2005, 5,
709-711. doi:10.1021/nl050127s

8. Cole, J. R.; Mirin, N. A.; Knight, M. W.; Goodrich, G. P.; Halas, N. J.
J. Phys. Chem. C 2009, 113, 12090—12094. doi:10.1021/jp9003592

9. Kelly, K. L.; Coronado, E.; Zhao, L. L.; Schatz, G. C. J. Phys. Chem. B
2003, 707, 668—677. doi:10.1021/jp026731y

10.Huang, X.; EI-Sayed, M. A. Alexandria J. Med. 2011, 47, 1-9.
doi:10.1016/j.ajme.2011.01.001

11. Mieszawska, A. J.; Mulder, W. J. M.; Fayad, Z. A.; Cormode, D. P.
Mol. Pharmaceutics 2013, 10, 831-847. doi:10.1021/mp3005885

12.Chen, H.; Kou, X.; Yang, Z.; Ni, W.; Wang, J. Langmuir 2008, 24,
5233-5237. doi:10.1021/1a800305j

Beilstein J. Nanotechnol. 2023, 14, 205-217.

13.Maier, S. A. Plasmonics: Fundamentals and Applications; Springer:
New York, NY, USA, 2007. doi:10.1007/0-387-37825-1

14.Jain, P. K.; Lee, K. S.; El-Sayed, I. H.; El-Sayed, M. A.
J. Phys. Chem. B 2006, 110, 7238-7248. doi:10.1021/jp0571700

15. Diallo, A. T.; Tlemgani, M.; Khan, M.; Spadavecchia, J.; Djaker, N.
Part. Part. Syst. Charact. 2020, 37, 2000255.
doi:10.1002/ppsc.202000255

16.Baffou, G.; Quidant, R. Laser Photonics Rev. 2013, 7, 171-187.
doi:10.1002/Ipor.201200003

17.Vikas; Kumar, R.; Soni, S. Appl. Nanosci. 2021, 11, 2589-2597.
doi:10.1007/s13204-021-02089-8

18.Liu, Y.; Bhattarai, P.; Dai, Z.; Chen, X. Chem. Soc. Rev. 2019, 48,
2053-2108. doi:10.1039/c8cs00618k

19. Ash, C.; Dubec, M.; Donne, K.; Bashford, T. Lasers Med. Sci. 2017, 32,
1909-1918. doi:10.1007/s10103-017-2317-4

20.Bashkatov, A. N.; Berezin, K. V.; Dvoretskiy, K. N.; Chernavina, M. L.;
Genina, E. A.; Genin, V. D.; Kochubey, V. |. J. Biomed. Opt. 2018, 23,
091416. doi:10.1117/1.jb0.23.9.091416

21.Chen, Y.-S.; Frey, W.; Kim, S.; Homan, K.; Kruizinga, P.; Sokolov, K.;
Emelianov, S. Opt. Express 2010, 18, 8867. doi:10.1364/0e.18.008867

22. Richardson, H. H.; Carlson, M. T.; Tandler, P. J.; Hernandez, P.;
Govorov, A. O. Nano Lett. 2009, 9, 1139—1146. doi:10.1021/nl8036905

23.Ma, K; Li, Y.; Wang, Z.; Chen, Y.; Zhang, X.; Chen, C.; Yu, H.;
Huang, J.; Yang, Z.; Wang, X.; Wang, Z. ACS Appl. Mater. Interfaces
2019, 71, 29630-29640. doi:10.1021/acsami.9b10373

24.Zhou, J.; Jiang, Y.; Hou, S.; Upputuri, P. K.; Wu, D.; Li, J.; Wang, P.;
Zhen, X.; Pramanik, M.; Pu, K.; Duan, H. ACS Nano 2018, 12,
2643-2651. doi:10.1021/acsnano.7b08725

25. Alrahili, M.; Peroor, R.; Savchuk, V.; McNear, K.; Pinchuk, A.
J. Phys. Chem. C 2020, 124, 4755-4763.
doi:10.1021/acs.jpcc.9b11821

26. Davletshin, Y. R.; Lombardi, A.; Cardinal, M. F.; Juvé, V.; Crut, A,;
Maioli, P.; Liz-Marzan, L. M.; Vallée, F.; Fatti, N. D.; Kumaradas, J. C.
ACS Nano 2012, 6, 8183-8193. doi:10.1021/nn302869v

27.Vikas; Kumar, R.; Soni, S. Appl. Nanosci. 2022, 12, 2813-2827.
doi:10.1007/s13204-022-02586-4

28.Jiang, K.; Smith, D. A.; Pinchuk, A. J. Phys. Chem. C 2013, 117,
27073-27080. doi:10.1021/jp409067h

29.Roper, D. K.; Ahn, W.; Hoepfner, M. J. Phys. Chem. C 2007, 111,
3636-3641. doi:10.1021/jp064341w

30.Zheng, T.; Bott, S.; Huo, Q. ACS Appl. Mater. Interfaces 2016, 8,
21585-21594. doi:10.1021/acsami.6b06903

31.Soni, S.; Tyagi, H.; Taylor, R. A.; Kumar, A. J. Therm. Biol. 2014, 43,
70-80. doi:10.1016/j.jtherbio.2014.05.003

32.Bagley, A. F.; Hill, S.; Rogers, G. S.; Bhatia, S. N. ACS Nano 2013, 7,
8089-8097. doi:10.1021/nn4033757

216


https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-14-20-S1.pdf
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-14-20-S1.pdf
https://orcid.org/0000-0001-7069-5934
https://orcid.org/0000-0001-8686-291X
https://doi.org/10.2147%2Fnsa.s3788
https://doi.org/10.1021%2Fja057254a
https://doi.org/10.1016%2Fj.addr.2008.03.016
https://doi.org/10.1021%2Fja908117a
https://doi.org/10.1021%2Facs.jpcc.9b01961
https://doi.org/10.1007%2Fs10103-007-0470-x
https://doi.org/10.1021%2Fnl050127s
https://doi.org/10.1021%2Fjp9003592
https://doi.org/10.1021%2Fjp026731y
https://doi.org/10.1016%2Fj.ajme.2011.01.001
https://doi.org/10.1021%2Fmp3005885
https://doi.org/10.1021%2Fla800305j
https://doi.org/10.1007%2F0-387-37825-1
https://doi.org/10.1021%2Fjp057170o
https://doi.org/10.1002%2Fppsc.202000255
https://doi.org/10.1002%2Flpor.201200003
https://doi.org/10.1007%2Fs13204-021-02089-8
https://doi.org/10.1039%2Fc8cs00618k
https://doi.org/10.1007%2Fs10103-017-2317-4
https://doi.org/10.1117%2F1.jbo.23.9.091416
https://doi.org/10.1364%2Foe.18.008867
https://doi.org/10.1021%2Fnl8036905
https://doi.org/10.1021%2Facsami.9b10373
https://doi.org/10.1021%2Facsnano.7b08725
https://doi.org/10.1021%2Facs.jpcc.9b11821
https://doi.org/10.1021%2Fnn302869v
https://doi.org/10.1007%2Fs13204-022-02586-4
https://doi.org/10.1021%2Fjp409067h
https://doi.org/10.1021%2Fjp064341w
https://doi.org/10.1021%2Facsami.6b06903
https://doi.org/10.1016%2Fj.jtherbio.2014.05.003
https://doi.org/10.1021%2Fnn4033757

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjnano/terms), which is

identical to the Creative Commons Attribution 4.0
International License

(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the

material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.14.20

Beilstein J. Nanotechnol. 2023, 14, 205-217.

217


https://www.beilstein-journals.org/bjnano/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjnano.14.20

	Abstract
	Introduction
	Experimental
	Nanoparticles
	Plasmonic photothermal measurements
	Theory of photothermal conversion efficiency

	Results and Discussion
	Spectral absorbance of GNPs
	Absorbed optical power by GNPs
	Temperature rise of GNP suspensions on photothermal interaction
	Photothermal conversion efficiency of GNPs
	Concentration-dependent photothermal conversion efficiency
	Photothermal conversion efficiencies for different irradiation powers

	Conclusion
	Supporting Information
	Acknowledgements
	Funding
	ORCID iDs
	References

