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Nanoporous gold disks (NPGDs) with 400 nm diameter, 75 nm
thickness, and 13 nm pores exhibit large specific surface area and
effective photothermal light harvesting capability with a
conversion efficiency of 56%. A potential application is
demonstrated by light-gated, multi-step molecular release of pre-
adsorbed R6G fluorescent dye on arrayed NPGDs.

Nanoporous gold (NPG) has attracted intense research interest in
recent years due to its large specific surface area, catalytic function,
and plasmonic properties.®” NPG exhibits both propagating surface
plasmon resonance (SPR) along the planar metal film surface and
localized surface plasmon resonance (LSPR) within its interconnected
nanoporous framework. The LSPR-enhanced radiative processes have
been the basis of several enhanced optical phenomena, e.g.,
extinction, surface-enhanced Raman Scattering (SERS), and metal-
enhanced fluorescence (MEF). 1 On the other hand, LSPR-
enhanced non-radiative decay through heat generation provides an
alternative light harvesting approach, and has been extensively
studied in various gold nanoparticles.>*° The photothermal effect of
existing gold nanoparticles (spheres, shells, rods, hollow spheres, etc.)
has been well studied and employed for in situ hyperthermia
generation and heat-assisted drug delivery,?-3® where detailed
photothermal characterization is critical. However, the potential
photothermal effect in NPG has not been extensively studied because
existing NPG materials are not in the form of nanoparticles.

The determination of the photothermal conversion efficiency (i) has
been recently employed as a comparative tool for evaluating
photothermal effects of different nanoparticles using energy balance
equations.®“*? Cole et al.® previously reported  values for SiO2@Au
nanoshells, Au2S@Au nanoshells and Au nanorods using the heat
transfer model proposed by Roper et al.¥” By irradiating the gold
nanostructures near the maximum absorption wavelength (815 nm),
the conversion efficiencies for Au2S@Au nanoshells and Au nanorods
(7n~60%) were reportedly higher compared to SiO2@Au nanoshells
(7=30%). Certain nanostructural properties that affect the absorption
cross section (i.e. particle size, geometric shape, resonance
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wavelength, surface modifications) contribute to the variation in the
calculated 7.3 36 40.42,43

Figure 1. Substrate-bound and colloidal NPGDs: (A) SEM images of
NPGDs with 400 nm diameter, 75 nm thickness, and ~13 nm pores.
Scale bar is 500 nm; (B) Non-aggregating colloidal NPGDs in
aqueous solutions.

Recently, we demonstrated that discrete NPG disks (NPGDs) are
excellent plasmonic entities with a SERS enhancement factor
exceeding 10° (See Figure 1A).%2 Unlike traditional semi-infinite,
planar NPG thin films or bulk NPG ingots, NPGDs of sub-wavelength
diameter and sub-100 nm thickness feature LSPR coupling from the
internal nanoporous network and the external disk shape. Besides
surface-bound array format, NPGDs can also be fabricated as
colloidal nanoparticles as shown in Figure 1B, prompting us to
investigate their photothermal properties. However, we have decided
to perform experiments using surface-bound NPGDs because we can
easily quantify their total number, which greatly facilitate
experiments. Given the large specific surface area, ease of surface
functionalization, and excellent electrical/thermal conductivity,? & 24
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4449 NPGDs has great potential in light harvesting and photothermal
applications. However, recent attention has been focused mainly on

NPG thin films for catalysis, sensing, and other aspects. 5 7 9-11. 47 50-
54

In this study, we have evaluated the photothermal properties of
substrate-bound arrayed NPGDs (Figure 1A) by utilizing thermal
imaging to monitor spatially-resolved temperature changes due to
light harvesting and heat generation in both water bath and air ambient
environment. We show that arrayed NPGD can effectively cause a
significant macroscopic temperature rise in the both cases. We also
determine the photothermal conversion efficiency for NPGDs.
Furthermore, Rhodamine 6G (R6G), a fluorescent dye, is utilized as a
model molecule to demonstrate high-capacity, multi-stage, light-
gated molecular release from NPGDs.

The fabrication of substrate-bound NPGD arrays involves sputtering
an initial film of 120 nm thick Au : Ag (28 : 72) alloy over the glass
coverslip (~165 pum thick) by DC sputtering. A monolayer film of 600
nm polystyrene (PS) beads were then deposited on the top surface of
the alloy film using a modified Langmuir-Blodgett technique.? 2
Oxygen plasma-etching was then employed to produce isolated beads,
then the sample was further etched using Ar plasma-etching to remove
the alloy not covered by the isolated beads which allowed for the
formation of alloy disks on the glass surface. The alloy disks were
then dealloyed using a 70% nitric acid aqueous solution for 1 min
followed by rinsing with copious amounts of deionized (DI) water.
The dealloying process resulted in disks with a diameter of 400 nm
and thickness of 75 nm.2 NPGD images (Figure 1 and S2) were
obtained using a field emission gun scanning electron microscope
(FEI XL-30 FEG SEM, Philips).

To characterize the light harvesting capability of NPGDs, we aimed
to quantify the photothermal heat generation where thermal imaging
was employed to obtain time-resolved temperature maps. The NPGD
arrays were irradiated in water and air media at 1-minute intervals
using a tunable continuous wave (CW) near-infrared (NIR) Ti-
Sapphire laser (2 mm diameter beam, 0.10 W/mm?, 700-900 nm,
3900S, Spectra Physics). Figure S1 in Supplementary Information
shows the schematic diagram of the glass chamber used for the water-
bath experiments. Thermal maps were acquired from the backside of
the glass chamber wall at a slight angle to prevent damage to the
infrared camera (A320G, FLIR) recording 16-bit 320x240 pixel
images at 60Hz. It has an uncooled focal plane array microbolometer
with a spectral range of 7.5 to 13 pm and a temperature sensitivity of
50 millikelvin.

As shown in Figure 2, the NIR laser irradiation was turned on at 15
sec and off at 75 sec. Based on the difference between the ambient
temperature and the steady-state temperature (~26 °C), the
temperature increase (AT) of ~6 °C was measured from the backside
of the glass chamber corresponding to the irradiated spot on the
NPGD arrays, compared to a barely appreciable temperature increase
at the level of room temperature fluctuations for a gold film sample
(Figure 2C). The results suggest that the average temperature rise can
be achieved under water bath configuration by irradiating the NPGD
arrays. Since the temperature measurement was performed on the
glass chamber wall, the local temperature on NPGDs would be higher.
In addition, the NPGDs appeared to generate prolonged temperature
change as evidenced by the higher-than-initial temperature even after
the laser irradiation was off. It is interesting to note that a “heat
plume”-like pattern appeared in the thermal images for the NPGD
sample. This can be explained by convection of the heated water.
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Figure 2. Photothermal heating NPGDs in water: (A) Time-resolved
temperature maps and (B) corresponding temperature profile of the
irradiated spot (dotted circle, 2 mm in diameter) on the NPGD sample
inside a glass chamber filled with water. (C) Temperature profile of
irradiated gold film sample. Arrows depicting times when laser was
turned on (green) and off (red). Numbers on the profile indicate the
corresponding temperature map. Images were recorded from a 10 x
10 mm? area of the backside of the glass chamber wall. Color bar
represents temperature in degree Celsius.

The previous experiment showed that the amount of heat generated by
water-bathed NPGD arrays can raise the glass chamber wall
temperature by ~6 °C. Due to the heat capacity, conductivity, and
convection of water, the measured temperature rise can be
significantly less than within the immediate location of the
nanostructures. Herein, we demonstrate a more “direct” temperature
measurement for estimating photothermal conversion efficiency. In
this experiment, the NPGD sample was simply held in the air with the
laser irradiation incident on the NPGD (“front™) side, and the thermal
imaging acquired from the backside. This eliminated any uncertainty
and variation in surface emissivity for temperature mapping. The
default emissivity was set at 0.95 for the smooth glass surface. As
shown in Figure 3A-3C, NPGD samples reached an average
temperature rise (AT) of ~60 °C within the laser irradiation spot. The
temperature profile averaged over the whole sample area is shown in
Figure 3C. We note that our experimental configuration appears to be
similar to a recently published paper by Guler et al. for obtaining
thermal imaging data from irradiated arrayed titanium nitride disks in
air.%
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Figure 3. Heating NPGDs in air medium: (A) Time-resolved
temperature maps of NPGD arrays in air medium. Each thermal image
corresponds to a 10 x 10 mm? area of the backside of the sample.
Shared color bar represents temperature in degree Celsius. (B)
Temperature profile obtained from the dotted circle indicating the
laser irradiation spot in (A). (C) Average temperature profile obtained
from the entire sample surface of NPGDs (area: 10 x 10 mm?). Green
and red arrows indicate time points when the laser was turned on
(green) and off (red), respectively. Numbers on the profile indicate the
temperature map sequence.

For reliable determination of photothermal efficiency of NPGDs, the
total absorbed laser power, sample size, and gold mass of each sample
need to be carefully evaluated. The absorption measurements (Table
S2 in Supplementary Information) were calculated from total,
reflected and transmitted laser power measurements (PD-300-1W,
Ophir). The average buoyant mass of individual NPGDs was ~60 fg
as determined by resonant mass measurement (Archimedes, Affinity
Biosensors). The number of NPGD particles was manually counted
within a representative field of view from optical images of the NPGD
samples (Figure S2), and then scaled up to the irradiation spot size or
the entire sample area. Total gold mass (listed in Table S1 in the
Supplementary Information) was calculated by multiplying_the single
NPGD mass and the estimated number of disks, and was later
incorporated into the calculation of the light-to-heat conversion
efficiency. The results for the total absorbed power and total gold
mass for the NPGD samples are reported in the Supplementary
Information.

In previous studies, a macroscopic heat transfer model was used to
determine the photothermal conversion efficiency of gold
nanoparticles in solution®: 3. 4. 22 and as a solid-state array.® By
following equations proposed by Roper et al.,*’ the rate of change in
sample temperature is governed by the photothermal heat generation
rate due to Au nanoparticles (Q1) and glass substrate (Qo), and the heat
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dissipation rate to the external environment (Qext), which can be
expressed as

(Bimic) 5 = Q1+ Qo — Qexe €

where T is the temperature, t is time, mi is the mass and ci is the
specific heat capacity of component i, respectively. The
corresponding values are listed in Table S1. As an example, the
calculation for this summation term for NPGD sample was carried out
using the following equation

XiM;C; = My Cay + MesCes 2

where m,, and mgg are the total mass of gold (NPGD) and glass,
respectively, in each sample. c,, and cgg are the corresponding
specific heat constants of Au and glass at 25 °C.

The photothermal heat generation rate by the gold materials upon laser
exposure can be expressed as

Q= (Io — Iy — Irefl)n = lgpsN ?3)

where I is the incident laser power (~300 mW). To obtain the
absorbed power (labs), the transmitted and reflected portion (I and
len)) of the laser power were determined by additional power
measurements as mentioned earlier (see Supplementary Information).
The fraction of the laser power converted into heat is the photothermal
conversion efficiency (7).

In Eqg. (1), the heat dissipated to the external environment is given by

Qext = hA[T () — Tams] (4)

where h is the heat transfer coefficient (in mW mm=2 K1), A is the
surface area of the interface between the gold material and the external
environment, T(t) is the temperature at time t, and Tam is the ambient
room temperature. From Eq. (1), by defining AT = T(t) — Tamn, the rate
of temperature change is expressed as

AAT _ Iapst+Qo _ hAAT 5)
dt Ximic; Time;”

The rate constant (B) of heat dissipation to the external environment
is defined as:

hA

B= )

- il
Yimici

and can be determined by measuring the source-free decreasing
temperature profile from the time when the laser is turned off until the
sample returns to the ambient temperature. The temperature trace in
this regime can be found by setting I,,sn + Q, = 0 in Eq. (5) and
solving for T(t) using the limit T(0) = Tmax. Incorporating the B term,
the solution to Eq. (5) can be expressed as

T() = Tamp + (Tnax — Tamb)e_Bt (7)

T(t)_Tamb

Tmax=Tamb

=f=e B (8)

where Tmax is the maximum temperature before the laser is turned off.
Scaled to steady-state temperature Tmax. A dimensionless temperature
parameter, 6, is introduced as a function of time in Eq. (8). As shown
in Figure 4, the rate constant (B) can be obtained as the slope of natural
logarithm of @ using the average temporal profile in Figure 3C versus
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time. As indicated by the linear behavior of the plot, the temperature
drop back to the ambient temperature was shown to behave as a first-
order decay process. Since the experimental setup was kept the same
for each measurement, the dissipation rate constant was expected to
be the same for different irradiation wavelengths, and was observed.
At about ~20 sec after the laser was turned off, the temperature starts
to plateau back to the ambient temperature, hence, a less linear
relationship in Figure 4 is observed. An average heat dissipation rate
constant (B) of ~0.14 s is determined for the NPGD samples in the
700-900 nm range.
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Figure 4. Rate constant and photothermal conversion efficiency for
laser irradiation wavelengths ranging from 700-900 nm: (A) Plot of
the natural log of € versus time after the laser was turned off. (B)
Photothermal conversion efficiency.

The total amount of heat generated can be directly correlated to the
absorbed power (labs) through the photothermal conversion efficiency.
When temperature rise reaches a steady-state as represented by
plateau period in temperature profiles in Figure 3, the temperature will
remain constant where Q1 + Qo = Qext and AT = Tmax — Tamb. By setting
Eq. (5) equal to zero, the average photothermal conversion efficiency
of NPGDs was determined to be 56% for the 700-900 nm range. Since
the equation for # is normalized to the optical absorption power
measurements, # is relatively invariant within the particular range of
irradiation wavelengths (see Figure 4B).

From recent photothermal studies, the results for ) varies a wide range
for other gold nanostructures: spherical nanoparticles (60-80%),
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nanoshells (~30%) and nanorods (13-96%).% 36 42 \We note that in
these results, the highest efficiency was achieved for small
nanoparticles (~10 nm), and the efficiency typically decreases as
nanoparticle size increases. Considering the rather large size of
NPGD, its efficiency value is in fact surprisingly high compared to
the reported nanoparticles that are typically <100 nm. Since NPGD
can be viewed as a large cluster of small nanoparticles, and due to the
abundant plasmonic surface area within its interconnected ligament
system, NPGD is able to maintain a decent photothermal efficiency at
a relatively larger size.
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Figure 5. Temperature rise (AT) for laser irradiation wavelengths
ranging from 700-900 nm: Averaged over the entire sample surface
(10 x 10 mm?) in circles and the laser irradiation spot (2 mm in
diameter) in diamonds.

Although the photothermal conversion efficiency stays relatively flat
for different irradiation wavelengths, the overall heating effect can be
quite different. In a recent study by Chen et al.,*? the effect of the
plasmon wavelength on the photothermal conversion of gold
nanostructures was demonstrated where the highest temperature
increase occurred when the LSPR wavelength coincided with the
irradiation wavelength. By keeping the average input laser power
constant (300 mW), the wavelength-dependent heating was indeed
observed as shown in Figure 5 where the average AT and the local AT
in the irradiated spot increased with wavelength, which followed a
trend similar to that in the extinction spectra (Figure S3) of NGPDs.
The gradual increase in AT from 700 to 900 nm resulted from the
stronger absorption of NPGD towards the longer NIR wavelength
region. In Figure S3, the extinction maximum is identified to be at
~1100 nm for NPGDs, far from the irradiation wavelength (700-900
nm). Thus, it is reasonable to expect that a higher temperature can be
achieved if irradiation wavelength closer to 1100 nm is employed.

Next, we investigate the potential advantages of NPGD’s large
specific surface in light-gated molecular delivery. The level of
molecular release was quantified by measuring “downstream” laser-
induced fluorescence spectrum of R6G fluorescence dye. The
fluorescence emission spectra was measured using an optical setup
which includes a fiber-coupled spectrometer (CCS200, Thorlabs) and
a 532 nm laser excitation source (2 mm diameter beam, 0.5 mW/mm?,
Millennia V, Spectra Physics). The distance between the heating laser
spot and the downstream fluorescence detection laser spot was ~7 mm
(center-to-center). The same glass chamber was employed with
schematic description shown in Figure S1. As shown in Figure 6, R6G

This journal is © The Royal Society of Chemistry 2014
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fluorescence emission spectra (500-700nm) were obtained at various
stages of our experiments as discussed below.
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Figure 6. (A) Downstream fluorescence from released R6G
molecules: Fluorescence emission spectra of R6G before and after
successive laser irradiations of NPGDs arrays. (B) Normalized total
intensity of downstream R6G fluorescence.

The NPGD arrays on a glass coverslip were incubated in 100 uM R6G
aqueous solutions for 24 hours. Each experiment started with a blank
measurement where the glass chamber only contained DI water (700
pL). The R6G-loaded NPGD arrays were then inserted into the glass
chamber, and was allowed to equilibrate with the DI water by
spontaneously releasing poorly adsorbed or loosely bound R6G
molecules, which contributed to the “Before irradiation” fluorescence
signals. After the R6G concentration in water ceased changing, as
evidenced by no further fluorescence intensity variations, the sample
was then irradiated by the same NIR laser with identical power density
(2 mm diameter beam, 0.10 W/mm?) for 5 minutes to induce
photothermal desorption of the adsorbed dye molecules.

Concentration equilibrium was achieved after each irradiation before
the next irradiation was applied. Fluorescence emission spectra as
shown in Figure 6A were acquired at the equilibrium state after each
irradiation, and normalized to the “Before irradiation” spectrum in
each experiment. Significant increase in fluorescence emission
intensity was observed downstream after each irradiation, and started
to plateau by the fourth irradiation as shown in Figure 6B. The
fluorescence intensity level after four irradiations was ~7 times of that
before irradiation. The results suggest NPGDs can hold surface
adsorbates and permit effective multi-step, light-gated release. This

This journal is © The Royal Society of Chemistry 2014
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can be attributed to the larger surface area for molecular adsorption
provided by the internal nanoporous network.

The photothermal light-gated release capability of NPGD arrays
largely depends on the plasmonic properties. Recent studies® 3 40
showed that smaller nanoparticle sizes lead to higher efficiency values
(n=>100%) due to lower light scattering contributions to the total
extinction coefficient. Surface roughness®: 57 of the nanoshells had
been shown to alter scattering properties which was known to shift
photothermal transduction efficiencies. Hence, future NPGD design
should include smaller disks and controllable surface morphology (i.e.
roughness) to optimize absorption-to-extinction ratios. Another
important parameter that can be further explored is laser duty cycle. It
was demonstrated that mechanically chopping the laser source results
in higher photothermal conversion efficiencies® for gold
nanoparticles due to the prevention of temporal hot spots (that result
to steam pockets in aqueous medium) that induce localized changes
in the absorption of the nanostructures. . 5°

Conclusions

Through the use of time-resolved temperature mapping, the spatial
and temporal characteristics of photothermal heating in NPGD arrays
is successfully demonstrated for both aqueous and air ambient
environments. By applying a thermodynamic model to our
experimental data, we determined the photothermal conversion
efficiency at 56% for NPGD arrays. As a potential application, light-
gated, multi-stage release of pre-adsorbed R6G dye molecules from
NPGD arrays has been demonstrated. The results establish the
foundation that NPGDs can be employed for photothermal light
harvesting and light-gated molecular release.
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