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This study investigates the size- and shape-dependent photothermal properties of CTAB-capped gold
nanorods (Au NRs) and citrate-capped gold nanospheres (Au NSs) incorporated into hydrogel matrices.
Au NRs were synthesized using a modified seed-mediated growth method, resulting in varied sizes and
aspect ratios (ARs). Nanoparticles were characterized to ensure uniform optical concentration, enabling
a direct comparison between Au NRs and Au NS/hydrogels. By equalizing the optical concentration, we
ensured that the hydrogels had the same extinction at 785 nm and 808 nm. Under laser irradiation at
these wavelengths, the photothermal conversion efficiency (PCE) of Au NR/hydrogels was found to be
comparable to that of Au NS/hydrogels, indicating that differences in the size, shape, and aspect ratio do
not significantly impact the overall PCE. Thermal stability tests confirmed the robustness of the
plasmonic properties of Au NRs within the hydrogel matrix after heating, further supporting their
potential for sustainable and efficient photothermal applications. This work offers insights into the design
and optimization of nanomaterial-based systems for photothermal energy conversion, paving the way

rsc.li/materials-advances

1. Introduction

Photothermal conversion, the process of converting absorbed
light into heat, has garnered significant attention, particularly
in biomedical applications and materials science."” Gold
nanomaterials have emerged as versatile platforms for various
biological applications, including drug delivery,®® cancer
therapy,'”"" diagnostics,">™> radio sensitization,'® and the
induction of cellular hyperthermia.'”™ The effectiveness of
these applications depends on the size, shape, optical proper-
ties, and surface functionalization of the nanoparticles making
it essential to optimize these characteristics for optimal
results.”’’ > Gold nanospheres (Au NSs) exhibit a single surface
plasmon resonance (SPR) peak in the visible range, typically
around 520-530 nm for particles smaller than 20 nm, with the
peak shifting towards the red region of the electromagnetic
spectrum as the particle size increases.”® In contrast, gold
nanorods (Au NRs), with their elongated shape, exhibit aniso-
tropic optical properties characterized by two distinct surface
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for advanced applications in biomedical and energy fields.

plasmon resonance (SPR) peaks: one in the visible range for
transverse electron oscillations and another in the near-
infrared (NIR) range for longitudinal oscillations.>®** This
unique dual-peak behavior arises from electron oscillations
along the short and long axes of the nanorods, respectively.
The longitudinal SPR peak (LSPR) is highly versatile and
can be tuned by adjusting the aspect ratio (AR) of the
nanorods, enabling shifts across a broad wavelength range
(600-1300 nm).>*?* This tunability stems from the relationship
between the AR and the longitudinal plasmon band, where
increasing the AR causes a redshift in the peak, while the
transverse plasmon band remains relatively constant. The
underlying optical principles responsible for these behaviors
are well-described by Gans theory,? which explains the influ-
ence of particle shape and AR on the plasmonic properties of
anisotropic nanoparticles. These features make Au NRs valu-
able for applications requiring precise spectral tuning, such as
photothermal therapy and diagnostic imaging.>*?*
Additionally, Au NRs offer significant flexibility in surface
functionalization,?® enabling customization for targeted appli-
cations such as cancer treatment,'"”"" drug delivery,>® and
biosensing.”” These properties make Au NRs particularly suit-
able for photothermal therapy, where NIR light is ideal for deep
tissue penetration and efficient heat generation.”® When
embedded in hydrogels, Au NRs form composite materials with
enhanced thermal properties.’”?® However, the efficiency of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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photothermal conversion depends on the size of the Au NRs
and the wavelength of the excitation source,”® as these factors
influence the SPR peak, which governs the nanoparticle’s
ability to absorb and convert light into heat.

Cetyltrimethylammonium bromide (CTAB) is a positively
charged surfactant that is often used as a functional group
for Au NRs. It is essential for controlling their rod-like shape
and stability. CTAB also controls the nanorods’ aspect ratio,
which determines their optical properties in the NIR range.>*>”
However, CTAB is known for its cytotoxicity. The positively
charged quaternary ammonium headgroup can disrupt cell
membranes, leading to cell death.® Thus, thorough purifica-
tion is essential to remove excess CTAB, to be further used in
biological applications. Replacing CTAB with biocompatible
functional groups like polyethylene glycol (PEG) is one way to
eliminate cytotoxicity concerns.>®

The size and AR of Au NRs are crucial factors influencing their
photothermal conversion efficiency (PCE), primarily due to their
impact on the SPR peak. As the AR increases, the LSPR peak shifts
to longer, redshifted wavelengths, enhancing absorption in the NIR
region. This characteristic is particularly beneficial for photother-
mal therapy, as NIR light penetrates biological tissues more
effectively, enabling deeper tissue heating.***' Domingo-Diez
et al.** showed that Au NRs capped with cetyltrimethylammonium
bromide (CTAB), with dimensions of 68 + 4 nm in length and
20 + 2 nm in diameter, exhibit efficient light-to-heat conversion
upon irradiation with an 808 nm laser. These Au NRs, dispersed in
Dulbecco’s modified Eagle medium (DMEM) without phenol red,
demonstrate increased tissue penetration and higher localized
temperatures as their concentration increases. Zhou et al**
explored the PTT effect of Au NRs with aspect ratios of 3.3, 3.5,
4.1, and 5.4, lengths of 68 nm and 40 nm and diameters of 20 nm
and 10 nm, respectively, taken by HepG2 cells upon applying a
femtosecond pulse laser, aiming for cytotoxicity, which also proved
effective upon excitation with the same 808 nm laser wavelength.
These Au NRs exhibited more uniform heating profiles and faster
heating dynamics, with different laser wavelengths used for each
AR* In both studies, the average AR of these Au NRs was
approximately 3.3, highlighting the importance of AR in optimizing
photothermal conversion efficiency for therapeutic applications.
Diallo et al®*! evaluated the effect of size, shape and excitation
wavelength on the photothermal heat generation of gold nanourch-
ins and Au NRs by measuring their absorption coefficients.
Their results demonstrated that NRs, when excited near their
LSPR, exhibited better photothermal performance compared to
nanourchins.®® Amarasekara et al®® developed temperature-
responsive Au NSs by functionalizing citrate-capped Au NSs with
elastin-like polypeptides, achieving tunable agglomeration reach-
ing a temperature range of 34-50 °C, and enhanced photothermal
efficiency up to 68%, under NIR irradiation.’® These studies
demonstrate antibiofilm activity.

Our work on the photothermal conversion efficiency of Au
NSs in agarose hydrogels investigated the effects of nanoparti-
cle size within a low concentration range (< 1% v/v) on thermal
response.’® We demonstrated that larger Au NSs (48 nm)
exhibit superior PCE compared to smaller ones. This
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enhancement is primarily due to stronger plasmonic absorption
and Mie scattering within the hydrogel network. This was con-
firmed by extinction measurements. While Au NS incorporation
strongly enhanced photothermal heating, it did not significantly
alter the hydrogel’s thermal conductivity. These findings highlight
the critical role of nanoparticle size in optimizing photothermal
performance for biomedical and photothermal applications.

The laser wavelength plays a critical role in the photother-
mal heating of nanomaterials, influencing the efficiency of heat
generation.?” For Au NRs and Au NSs, the excitation wavelength
should be closely matched with the particle’s LSPR to achieve
optimal PCE.*® The 808 nm wavelength is widely used due to its
favorable alignment with the LSPR of many Au NRs, especially
those with an AR ranging from 2 to 4, providing effective energy
absorption and deeper tissue penetration.’**> However, this
wavelength may cause unwanted heating in surface-targeted
applications.*’ In contrast, the 785 nm wavelength is preferred
for its lower penetration depth, which is advantageous for more
localized heating, particularly in Au NSs with an SPR around
520 nm.** While 808 nm and 785 nm are close in wavelength,
both have distinct roles in medicinal phototherapy. Ultimately,
the choice of wavelength depends on the nanoparticle type and
the specific application requirements.

The size of the Au NRs also plays a crucial role in thermal
dissipation. Smaller NRs tend to have higher surface-to-volume
ratios, which can lead to faster thermal dissipation, thus affecting
their heating efficiency.”> On the other hand, larger Au NRs
experience enhanced Mie scattering effects, which can overshadow
their absorption capabilities.***® However, in our study on ND
hydrogels,” increased scattering was found to be beneficial, as it
enhanced the overall photothermal performance.

In this paper, we compare the PCE of Au NRs with varying sizes
and ARs with Au NSs, each dispersed in separate agarose gel
matrices upon irradiation with two different wavelength (785 and
808 nm) laser sources. This setup improves the dispersibility of the
particles while preventing stability issues.® Agarose gel serves as an
ideal model for mimicking brain tissue due to its similarity in the
dynamic mechanical properties.*® Additionally, the non-toxicity of
agarose makes it suitable for a broad range of industrial and
biological applications.’** The concentrations of Au NRs with
varying ARs and Au NSs dispersed in the gel were adjusted using
UV-vis spectroscopy to achieve equal optical extinction. This
approach standardizes the initial optical conditions of the hydro-
gels, enabling a leveled comparison of PCE and heat transfer
performance across the different nanoparticle types. The optical
equalization ensures that any observed differences in photothermal
behavior are attributed solely to particle shape, size, and optical
properties rather than discrepancies in the number of photons
absorbed (extinction).

2. Experimental
2.1. Materials

Chemicals and materials: cetyltrimethylammonium bromide
(CTAB, 99%), gold(m) chloride (HAuCl,, 30 wt% in dilute HCI),
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silver nitrate (99%), sodium borohydride (98%), and ascorbic
acid (99%) were purchased from Sigma-Aldrich (Burlington,
MA). Sodium oleate (97%) was obtained from TCI America,
sodium citrate from Fisher Scientific, and agarose from
Thermo Fisher Scientific.

2.2. Synthesis of Au NRs and Au NSs

2.2.1. Synthesis of Au NSs. Citrate-capped gold nano-
spheres (Au NSs) were synthesized using the classical Turkevich
method.” A volume of 66.6 L of 30 wt% HAuCl, solution was
added to 125 mL of deionized water preheated to 95 °C. The
solution was stirred for 3 minutes, followed by the dropwise
addition of 10 mL of 0.1 M sodium citrate under vigorous
stirring. The reaction mixture was maintained at 95 °C for
approximately 6 minutes, with the container covered by a Petri
dish to minimize contamination and solvent evaporation. The
formation of a stable wine-red color indicated the successful
synthesis of the nanoparticles. The solution was then allowed
to cool to room temperature.

2.2.2. Synthesis of Au NRs. Au NRs were synthesized using
a seed-mediated, surfactant-assisted growth method.>*>® The
seed solution was prepared by mixing 1 mL of 2.5 mM HAuCl,
with 9 mL of 0.1 M CTAB in water. Reduction was initiated by
adding 210 pL of 0.01 M NaBH, dropwise, causing the solution
to change from yellow to reddish-brown. The mixture was
stirred for 2 minutes, and the resulting seed solution was
stored in the dark at room temperature for at least 2 hours
before use.

To prepare the growth solution for extra-small Au NRs,
0.89 g of CTAB and 0.135 g of sodium oleate were dissolved
in 25 mL of warm water (~50 °C). After adding 1.5 mL of
3.89 mM AgNO; dropwise, the solution was briefly stirred for
10 seconds at 700 rpm and left undisturbed for 15 minutes.
Then, 25 mL of 1 mM HAuCl, was added and stirred at 700 rpm
for 1 hour. The pH was adjusted to 4 by adding 160 pL of 12 M
HCI. The reduction of Au(i) to Au(0) was achieved by adding
125 pL of 0.074 M ascorbic acid, followed by 30 seconds of
stirring. Finally, 25 pL of the seed solution was added while
stirring at 1200 rpm for 30 seconds.

Short, medium, and long Au NRs were synthesized by
varying the amounts of CTAB, sodium oleate, silver nitrate,
and HCI. For short Au NRs, 0.95 g of CTAB, 0.135 g of sodium
oleate, 1.8 mL of 4 mM AgNO;, and 160 pL of 12 M HCI were
used. For medium Au NRs, 0.99 g of CTAB, 1.9 mL of 4 mM
AgNO;, and 175 pL of 12 M HCI were used. For large Au NRs,
1.10 g of CTAB, 2.2 mL of 4 mM AgNO;, and 200 pL of 12 M HCI
were used. In each case, ascorbic acid (0.064-0.074 M) and the
seed solution were added with stirring.

After synthesis, the Au NR solutions were left undistur-
bed overnight, followed by centrifugation at 7000 rpm for
20 minutes. The resulting precipitate was re-dispersed in
5 mL of deionized water for further use.

To monitor the LSPR peak of Au NRs and the SPR peak of Au
NSs, absorption spectra were collected using UV-visible spectro-
scopy. The Au NSs, with a diameter of 17 nm, exhibit an SPR
peak at 520 nm. For the Au NR samples, extra short Au NRs
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show an LSPR peak at 735 nm, reflecting their smaller dimen-
sions. Short Au NRs have a peak at 820 nm, indicative of their
intermediate size, while medium Au NRs have a peak at
860 nm. Long Au NRs, with the largest dimensions, have a
peak at 934 nm. These results demonstrate that as the particle
size and aspect ratio increase, the absorbance peak shifts
towards the near-infrared region. The total gold Au concen-
tration in the Au NR samples was measured using an atomic
absorption spectrophotometer (AAS). For analysis, 100 pL of the
Au NR sample was digested overnight in aqua regia (HNO;:
HCl, 1:3 molar ratio) to ensure complete dissolution. The
digested solution was then diluted to 10 mL with HPLC-grade
water before measurement. The liquid sample was introduced
into a flame atomizer, where Au®" were reduced to neutral
atoms. A gold-specific hollow cathode lamp (HCL) emitting
light at 242.8 nm was used as the excitation source. The extent
of absorption at this wavelength was recorded, as it is directly
proportional to the Au concentration in the sample. A calibra-
tion curve was constructed using Au standard solutions (0, 5,
10, 15, 20, 25, 30, and 35 ppm), and the absorbance of the
unknown Au NR sample was compared to that obtained using
this curve to determine the total gold concentration, expressed
in ppm.

2.2.3. Preparation of Au NS and Au NR hydrogels. Au NS/
hydrogels were synthesized using our previously developed
method.*>*” Precise volumes of 17 nm Au NSs and Au NRs
(ARs: 2.63, 3.31, 3.6, and 5.5) were introduced into a 2 wt%
agarose powder. The mixtures were heated to 80 °C while being
stirred to ensure complete dissolution of the agarose and
uniform dispersion of the Au NSs and Au NRs. Afterward, the
hydrogels were poured into a custom-designed 3D-printed
container and allowed to cool to room temperature. To facil-
itate temperature monitoring for heat transfer measurements,
eight thermocouples were inserted through predefined holes in
the container lid. A 2 wt% agarose gel was selected for this
study to ensure adequate stability, as lower concentrations
resulted in insufficient firmness, whereas higher concentra-
tions created excessive rigidity that hindered the ideal experi-
mental setup.’®*’

3. Results and discussion

3.1. Results

3.1.1. Characterization of different Au NP shapes. CTAB-
capped Au NRs were synthesized using a modified seed-
mediated, surfactant-assisted growth method,”’ enabling
the production of four distinct sizes and aspect ratios (ARs).
Citrate-capped Au NSs were synthesized using the classical
Turkevich method.>* TEM analysis, shown in Fig. 1, confirmed
the precise control over Au NR dimensions. The extra-short Au
NRs (Fig. 1a) had dimensions of 102.3 + 1.6 nm in length (L)
and 43.9 £ 1.3 nm in width (W), corresponding to an AR of 2.63.
The short Au NRs (Fig. 1b) measured 110.2 £ 1.6 nm (L)
and 33.2 £ 1.8 nm (W), with an AR of 3.31. The medium
Au NRs (Fig. 1c) had dimensions of 123.5 + 2.7 nm (L) and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 TEM images of CTAB-coated Au NRs with varying sizes and aspect ratios: (a) extra short (102.3 £+ 1.6 nm (L); 43.9 £ 1.3 (W); AR: 2.63), (b) short
(110.2 £ 1.6 nm (L); 33.2 + 1.8 (W); AR: 3.31), (c) medium (123.5 &+ 2.7 nm (L); 33.7 + 2.6 (W); AR: 3.6), and (d) long (127.4 & 3.0 nm (L); 23.0 + 4.1 (W);
AR: 5.5). (e) Au NSs with 14 + 0.5 nm core size, with a zoomed inset image confirming the spherical morphology of the prepared nanoparticles. Scale bars
represent 200 nm. The nanorods have a consistent, rod-like shape with little variation in size across the samples.

33.7 + 2.6 nm (W), resulting in an AR of 3.6. Finally, the long Au
NRs (Fig. 1d) exhibited the highest AR of 5.5, with dimensions
of 127.4 4+ 3.0 nm (L) and 23.0 + 4.1 nm (W). Additionally, TEM
analysis of Au NSs (Fig. 1le) showed a consistent core size of
14 £+ 0.5 nm. Dynamic light scattering (DLS) measurements of
the Au NSs indicated a hydrodynamic radius of 17 + 0.2 nm
(Fig. S1(a) in the ESIT). DLS measurements of the mean hydro-
dynamic diameters for the four sizes of Au NRs are shown in
Fig. S1(b) in the ESL.f These measurements indicate the suc-
cessful synthesis of nanorods and nanospheres with system-
atically varied shapes and sizes, essential for tailoring their
optoelectronic properties. Table 1 summarizes the dimensions
measured by the TEM, AR, volume, surface area, and
wavelength of the absorption peaks of the nanoparticles
under study.

3.1.2. UV-visible absorption of Au NS and Au NR solutions.
UV-visible absorption spectroscopy provided further insights
into the optical properties of the synthesized nanoparticles.
Fig. 2(a) illustrates the spectrum of Au NS solution, which
exhibits a characteristic SPR peak at 520 nm, indicative of its

isotropic shape and small core size. Fig. 2(b) shows the absorp-
tion spectra of the four Au NR solutions with varying ARs. It
shows a clear size- and AR-dependent shift in the LSPR peak
position. The extra-short Au NRs exhibited an LSPR peak at
735 nm, reflecting their relatively smaller AR. The short Au NRs
displayed a peak at 820 nm, the medium Au NRs at 860 nm, and
the long Au NRs, with the highest AR, exhibited the most
significant redshift, peaking at 934 nm.

3.1.3. Optical extinction equalization for Au NSs and Au
NRs in hydrogel matrices. The photothermal energy conversion
of 2 wt% agarose gel loaded with Au NSs and Au NRs was
investigated. Nanoparticle-loaded hydrogels were prepared fol-
lowing our previously reported protocol.*” The matrix immobi-
lizes nanoparticles by entrapping them within the porous
structure of the galactopyranosyl residues in the agarose
network.>® To ensure a fair comparison between Au NSs and
Au NRs, nanoparticle-loaded hydrogels were prepared, and
their extinctions were equalized by adjusting their concentra-
tions. This method standardized the experimental conditions
by equalizing the optical extinctions of Au NSs/hydrogel and Au

Table 1 Dimensions and optical absorption of five different gold nanoparticle shapes used in this study. 17 nm Au NSs, extra short, short, medium, and

long Au NRs

Au NP/property Length/nm Width/nm Aspect ratio (AR) Volume/nm®* Surface area/nm” Peak absorption //nm
NSs 17 £ 0.5 17 £ 0.5 1 1436.8 615.8 520

E. short NRs 102.3 £ 1.6 439 £1.3 2.63 154 844.1 17136.0 735

Short NRs 110.2 £ 1.6 332+ 1.8 3.31 95399.8 13225.3 820

Medium NRs 123.5 £ 2.7 33.7 £ 2.6 3.6 110158.1 14 859.1 860

Long NRs 127.4 £ 3.0 23.0 + 4.1 5.5 52931.6 10036.4 934

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Normalized absorbance spectra of (a) Au NS solution with an SPR peak at 520 nm, (b) Au NR solutions with varying sizes: extra-short (735 nm,
black), short (820 nm, red), medium (860 nm, blue), and long (934 nm, green). The spectra are normalized to the absorbance maximum for each sample.
These results highlight the variation in the LSPR peak positions as the size of the nanorods increases, with a clear red shift observed for larger sizes.

NR/hydrogels to achieve identical absorption values of 0.61 at
both 785 nm and 808 nm as shown in Fig. 3, and the whole
spectrum is provided in Fig. 3(a). The prepared hydrogels were
subsequently utilized in heat transfer measurements.

3.1.4. Heat transfer measurements of Au NS and Au NR
hydrogels under laser irradiation. Heat transfer measurements
were conducted for hydrogels containing four different sizes of
Au NR and Au NS hydrogels. The hydrogels were irradiated
using two distinct laser wavelengths (785 nm and 808 nm) to
evaluate the influence of excitation wavelength on the photo-
thermal conversion behavior.

The induced temperature changes after 15 minutes of
irradiation at 785 nm are presented in Fig. 4 as a function of
the nanoparticles’ AR. The results demonstrate that despite
variations in the nanoparticle morphology, the temperature
changes observed for the different shapes were comparable.
Notably, Au NSs and extra short Au NRs (AR = 2.63) exhibited
the highest temperature increase relative to plain agarose gel
across all monitored locations (Fig. S2 and Table S1 of the
ESIT). However, as the AR of Au NRs increased, the temperature

increase leveled off. For extra short Au NRs, the temperature
change at a 5 mm distance from the heating spot reached
17.7 °C as shown in Fig. 4(a), while at 15 mm, the temperature
increase was 9.7 °C, as shown in Fig. 4(b). For Au NSs, the
temperature change at 5 mm was 18.4 °C, as shown in Fig. 4(a),
while at 15 mm, the temperature increase reached 8.6 °C, as
shown in Fig. 4(b). This spectral proximity likely enhances the
PCE, resulting in a slightly greater heat generation compared to
other nanoparticle sizes. Extinction was equalized to 0.61 to
study effects beyond absorption peaks.

When an 808 nm laser excitation source was used, the
highest temperature changes were observed in short Au NRs
(AR = 3.31), with their LSPR peak at 820 nm, as shown in Fig. 5.
The temperature change at a 5 mm distance from the heating
spot reached 11.9 °C as shown in Fig. 5(a), while at 15 mm, the
temperature increase was 5.7 °C, as shown in Fig. 5(b). For Au
NSs, the temperature change at 5 mm was 16 °C, as shown in
Fig. 5(a), while at 15 mm, the temperature increase reached
9 °C, as shown in Fig. 5(b). Despite the difference in the
plasmon peaks between the Au NSs and Au NRs, Au NSs

1.4 1.0
(a) —— Plain agarose (b) Extinction of NP/hydrogels
\ Extra short AuNRs (735 nm) A Plain agarose 785 nm 2 808 nm
1.2\ —— Short AuNRs (820 nm) 08 0 AuNSs 785 nm ® 808 nm
\\ —— Medium AuNRs (860 nm) ’ = AuNRs 785 nm o 808 nm
1.0 N\ —— Long AuNRs (934 nm)
.E N\ 17 nm AuNSs (520 nm) 0.64 ° o og a
K]
£
X
w 0.4
A
0.2
0.2 T T T T 0.0 T T T T T T
400 600 800 1000 0 1 2 3 4 5 6
Wavelength | nm Aspect Ratio (AR)

Fig. 3 Optimization of extinction values for 17 nm Au NSs and Au NRs with varying ARs in hydrogels, compared to plain agarose, using an optical
concentration calibration approach at 785 and 808 nm. (a) Absorption spectra of NP-laden hydrogels, calibrated to equal extinction at both wavelengths
(785 nm, red arrow and 808 nm, blue arrow). (b) Extinction values as a function of AR, ensuring uniform extinction (~0.61) at 785 and 808 nm, enabling
direct comparison of photothermal effects independent of absorption variations.
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Fig. 4 Temperature changes measured after 15 minute heating under 785 nm laser exposure for plain agarose (red triangles), Au NSs/hydrogel (17 nm,
blue circles), and Au NR/hydrogels with varying aspect ratios (black squares) at (a) 5 mm and (b) 15 mm distance from the heating spot (N = 3). The data
illustrate the impact of particle shape and size on heat transfer and thermal responses. Symbols represent mean values, and vertical bars indicate standard

deviations.

45 45
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Fig. 5 Temperature changes measured after 15 minute heating under 808 nm laser exposure for plain agarose (red triangles), Au NSs/hydrogel (17 nm,
blue circles), and Au NR/hydrogels with varying aspect ratios (black squares) at (a) 5 mm and (b) 15 mm distance from the heating spot (N = 3). The data
illustrate the impact of the particle size and shape on heat transfer and thermal responses. Symbols represent mean values, and vertical bars indicate

standard deviations.

exhibited a comparable temperature increase with Au NR
hydrogels. Heat transfer profiles at all locations within the
hydrogels are shown in Fig. S4 and Table S2 in the ESL¥

3.1.5. Thermal stability of LSPR and TSPR peaks in Au NR/
hydrogels. To evaluate the thermal stability of the LSPR and
transverse surface plasmon resonance (TSPR) peaks, the extinc-
tion spectra of Au NR/hydrogels were measured under various
heating conditions. The spectra were recorded under three
distinct conditions: no heating (blue spectra), at the heating
spot (black spectra), and away from the heating spot (red
spectra) as shown in Fig. 6. The four different sizes of Au NRs
under study were examined. This indicates that the nanorods’
optical properties and plasmonic resonance remained stable
even after heating.

3.1.6. Thermal conductivity measurements of Au NS and
Au NR hydrogels. Thermal conductivity (TC) measurements for
the various shapes and sizes of Au/hydrogels were performed
using the transient hot wire technique (THW), as illustrated in

© 2025 The Author(s). Published by the Royal Society of Chemistry

Fig. 7. The plain agarose gel exhibited the lowest TC values,
consistent with previous reports indicating that the TC of
agarose decreases with increasing concentration.>**° Incorpor-
ating Au NSs or Au NRs of varying sizes into the hydrogel matrix
did not significantly alter the TC values.

3.1.7. Simulated photothermal conversion efficiency of Au
NS and Au NR hydrogels. Heat transfer simulations were
computed using finite element modeling (COMSOL Multiphy-
sics 6.1, Burlington, MA) for nanoparticle-laden hydrogels to
evaluate the significance of minor variations in TC. A literature-
reported expression was applied to simulate TC changes.®!
Simulation results indicated that gel heating was minimally
influenced by small variations in TC (data not shown).

The effective laser power transferred to the sample was
calculated by aligning the modeling results with experimental
data. PCE in hydrogels loaded with Au NSs and Au NRs was
estimated using experimental observations and computational
modeling. Laser power inputs were used to model the

Mater. Adv., 2025, 6, 5558-5567 | 5563
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(b) short Au NRs with LSPR at 820 nm, (c) medium Au NRs with LSPR at 860 nm, and (d) long Au NRs with LSPR at 934 nm. Spectra were recorded under
three conditions: no heating (blue), at the heating spot (black), and away from the heating spot (red). The LSPR and TSPR peaks remain unchanged across
all heating conditions, demonstrating the thermal stability of the nanorods embedded in the hydrogel matrix.
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Fig. 7 Thermal conductivity measurements of Au NSs/hydrogel (17 nm,
blue circles) and Au NR/hydrogels (black squares) as a function of aspect
ratio compared with those of plain agarose gel (red triangle). Thermal
conductivity remains nearly constant with increasing aspect ratio for all
samples, indicating a negligible impact of nanoparticle incorporation on
the hydrogel matrix (N = 10). Symbols represent mean values, and vertical
bars indicate standard deviations.

temperature distribution inside the gel, incorporating key
parameters such as laser intensity, material properties,
and sample geometry. This comprehensive computational

5564 | Mater. Adv., 2025, 6, 5558-5567

approach provided precise estimations of PCE and deepened
the understanding of the hydrogel’s ability to convert incident
laser energy into heat.

The PCE values of the nanoparticles studied under 785 nm
and 808 nm laser excitation are shown in Fig. 8, as a function of
AR, with 95% confidence intervals represented by error bars. At
785 nm (Fig. 8(a)), the PCE of Au NSs was comparable to that of
Au NRs. However, Au NRs with an AR of 2.63 (extra short)
exhibited the highest PCE, as their LSPR peak at 735 nm is well-
matched with the 785 nm excitation. In contrast, at 808 nm
(Fig. 8(b)), the PCE of Au NSs was slightly higher than that of
the Au NRs, with the Au NRs exhibiting the highest efficiency at
an AR of 3.31 (short), as the LSPR peak of this nanorod is at
820 nm, close to this excitation wavelength. Photothermal
conversion efficiency values for all Au NP/hydrogels under
study are provided in Tables S3 and S4, in the ESLf{ Plain
agarose gel showed minimal PCE upon using both wavelengths
due to the absence of plasmonic properties. The simulation
results exhibit strong alignment with our experimental find-
ings, as evidenced by the fitted temperature profiles presented
in Fig. S6 and S7, in the ESL.{

3.2. Discussion

This study investigated the photothermal properties of gold
nanoparticles (Au NSs and Au NRs) incorporated into agarose

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Photothermal conversion efficiencies as a function of AR using (a) 785 nm and (b) 808 nm laser excitation wavelength. Symbols represent the

mean value, and vertical bars indicate the standard deviation.

hydrogels, focusing on the effects of nanoparticle size, shape,
and laser wavelength on photothermal energy conversion effi-
ciency (PCE). TEM analysis (Fig. 1) revealed aspect ratios (ARs)
ranging from 2.63 to 5.5, influencing the nanoparticles’ optical
and photothermal behavior. UV-vis absorption spectra (Fig. 2)
showed a characteristic SPR peak at 520 nm for Au NSs, shown
in Fig. 2(a), while a redshift in the LSPR peak of Au NRs was
observed with increasing AR, shown in Fig. 2(b). The combined
analysis of Au NS and Au NR solutions emphasizes the versa-
tility of tuning the optical properties through precise control of
the nanoparticle size and shape. This ability to fine-tune optical
characteristics enables their application in wavelength-specific
technologies, such as photothermal energy conversion, biosen-
sing, and other optoelectronic applications, underscoring their
potential for tailored technological advancements.

To ensure standardized experimental conditions, the optical
extinctions of Au NSs and Au NRs-loaded hydrogels were
equalized to ensure standardized experimental conditions
(Fig. 3). By adjusting the nanoparticle concentrations to achieve
identical extinction values of approximately 0.61 at both
785 nm and 808 nm wavelengths demonstrated in Fig. 3(b),
we minimized any discrepancies between the two nanoparticle
types. This calibration ensured that variations in photothermal
energy conversion efficiencies were due solely to the properties
of the nanoparticles.

Heat transfer measurements (Fig. 4 and 5) of the optically
equalized hydrogels revealed a minimal impact of the nano-
particle size and shape on the temperature increase. The
highest temperature increase occurred for extra-short Au NRs
(AR = 2.63) and Au NSs under 785 nm laser irradiation, as
presented in Fig. 4(a) at a 5 mm and Fig. 4(b) at a 15 mm
distance from the heating spot. This slightly enhanced
response is likely due to the closer alignment of the LSPR peak
of extra short Au NRs (approximately 735 nm) with the 785 nm
excitation wavelength. However, as the AR of Au NRs increased,
the temperature increase plateaued. Similarly, the temperature
increase was consistent across both nanoparticle types under
808 nm laser irradiation as outlined in Fig. 5(a) and (b) with a
slight increase for the short Au NRs (AR = 3.31) whose LSPR

© 2025 The Author(s). Published by the Royal Society of Chemistry

peak is near 820 nm that is close from this excitation wave-
length. This suggests that the slight variation in excitation
wavelength, nanoparticle shape, and size had a minimal impact
on the PCE, suggesting that factors beyond nanoparticle mor-
phology and excitation wavelength influence the photothermal
performance. Consistent with the trends observed in Fig. 4 and
5 for the aspect ratio, additional analysis in Fig. S3, S5, and S8
in the ESIt further confirms that the nanoparticle surface area,
volume, and SA/V ratio do not significantly influence the
photothermal heating behavior or the photothermal conversion
efficiency (1) under both 785 nm and 808 nm laser exposure.

Thermal stability measurements observed in Fig. 6(a-d)
demonstrated that the LSPR and TSPR peaks of the Au NRs
embedded in hydrogels remained stable under various heating
conditions, indicating the preservation of their plasmonic
properties even under moderate heating. The LSPR peak, which
corresponds to collective oscillations of conduction electrons in
Au NRs, is highly sensitive to changes in size, shape, and the
local environment of the nanoparticles.”> However, our data
suggest that Au NRs maintain their plasmonic resonance
within the hydrogel matrix, likely due to their inherent struc-
tural stability and the hydrogel’s ability to act as a thermal
buffer. By limiting drastic temperature fluctuations, the hydro-
gel prevents overheating and aggregation, preserving the plas-
monic properties of the NRs and preventing degradation of
their optical behavior.

Similar to the LSPR, the TSPR peaks also exhibit no sig-
nificant shift or diminishing with heating. The TSPR peak,
which is more sensitive to changes in the NS shape or AR, could
be expected to shift with temperature-induced changes. The
observed stability of both the LSPR and TSPR peaks under the
heating conditions suggests that Au NRs retain their structural
integrity, and the matrix prevents any significant morphologi-
cal alterations that might affect the plasmonic properties. This
stability suggests that the size-dependent properties of NRs,
such as their optical behavior, are robust against moderate
thermal fluctuations. This indicates that the applied tempera-
ture range does not significantly impact the electronic structure
or morphology of Au NRs, regardless of their size.
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Previous studies showed that the thermal conductivity (TC)
of Au NR solutions/nanofluids decreases with an increasing
aspect ratio (AR = 2.1, 3.2, and 4.9) at room temperature, as
demonstrated by Mohammadzadeh et al.®® Additionally, Essa-
jai et al.®! showed through equilibrium molecular dynamics
(EMD) simulations that Au NRs are more effective than Au NSs
in enhancing the effective TC of nanofluids. However, our
results indicate that incorporating either Au NSs or Au NRs of
various sizes into the hydrogel matrix does not significantly
alter the TC values as displayed in Fig. 7. This suggests that the
gel structure may dominate the thermal transport properties,
with negligible impact of the nanoparticle inclusions.

Computational simulations shown in Fig. 8(a) for 785 nm
laser excitation and Fig. 8(b) for 808 nm excitation supported
these findings, indicating that the PCE remained largely con-
sistent across different nanoparticle types and laser wave-
lengths. Overall, our study emphasizes that factors such as
nanoparticle morphology and the excitation wavelength do not
play a substantial role in determining the efficiency of photo-
thermal energy conversion in the system.

4. Conclusion

We investigated the photothermal heat transfer of CTAB-
capped Au NR hydrogels and Au NS hydrogels under laser
excitation at 785 and 808 nm, ensuring equalized optical
extinction across all samples. Our findings indicate that, at
the concentration used in this study, neither nanoparticle size,
shape, nor excitation wavelength significantly impacts photo-
thermal conversion efficiency (PCE), which remains within a
consistently narrow range. Notably, Au NSs exhibit comparable
or slightly higher PCE than Au NRs at specific excitation
wavelengths, likely due to the alignment of their surface
plasmon resonance with the laser excitation wavelength. These
results suggest that factors beyond plasmonic resonance, such
as the hydrogel matrix and heat dissipation mechanisms, play a
dominant role in thermal response. This insight underscores
the need for a holistic approach when designing nanoparticle-
based photothermal systems for applications in biomedical
therapies and energy conversion technologies.
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