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In this work quantum dot fluorescence thermometry, in combination with double-beam confocal

microscopy, has been applied to determine the thermal loading of gold nanorods when subjected to

an optical excitation at the longitudinal surface plasmon resonance. The absorbing/heating

efficiency of low (�3) aspect ratio gold nanorods has been experimentally determined to be close

to 100%, in excellent agreement with theoretical simulations of the extinction, absorption, and

scattering spectra based on the discrete dipole approximation. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4718605]

Gold nanorods (GNRs) are one of the most popular me-

tallic nanoparticles with numerous applications in a great va-

riety of fields including data storage, solar energy, catalysis,

photonic devices, and microscopy.1–3 In particular, they are

especially useful in biomedical applications due to their

multi-functional character.4,5 This is related to the different

physical phenomena that are activated after optical excitation

of their surface plasmon resonance (SPR). When electromag-

netic radiation of wavelength equal to the SPR wavelength

(kSPR) illuminates a GNR, it promotes the collective and

synchronized motion of its surface charges. When this pro-

cess is activated by high power laser pulses, the current-

induced surface field enhancement could be strong enough to

promote the population of the high-energy bulk levels of

gold, leading to the appearance of a visible luminescence.

This visible luminescence that follows a nonlinear relation in

respect to the excitation power has been widely used in the

past for high contrast multiphoton-excited imaging of living

cells under optical excitation within the so-called “biological

window” (700-900 nm).6 In addition to their application in

bio-imaging, GNRs have been also demonstrated to be effi-

cient photo-thermal agents.7 In this case, the heat delivered

during the relaxation of surface currents induces local heat-

ing of the biological system in which the GNR are incorpo-

rated. This plasmon-assisted laser-induced local heating has

been already used for thermal therapy of cancel cells and

tumors by using low laser powers.8 Thermal therapies

require a full control over the local heating produced in the

bio-system so that it would be driven just to the cytotoxic

thermal level (40-45 �C). Larger increments would lead to

the appearance of undesirable collateral damage in adjacent

cells and tissues.9 In GNR-assisted thermal therapies, tem-

perature increment is given by some parameters that can be

controlled via experiment design (such as the number of

GNRs incorporated in the bio-system and the laser power)

but also by the intrinsic properties of the GNRs.10 In particu-

lar, the resulting laser-induced thermal loading depends on

the heating efficiency of GNRs (the fraction of the laser

power reaching the GNR that is converted into heat). Due to

the very low fluorescence efficiency of GNRs, almost all op-

tical power absorbed by the GNR is converted into heat.

Therefore, the heating efficiency of GNRs is given by the

absorption efficiency of GNRs, Uabs, here defined as the rela-

tive contributions of absorption coefficient (aabs) to the net

extinction coefficient of GNRs (aext¼ aabsþ asct, being ascat

the scattering coefficient), i.e., Uabs¼ aabs/aext. Theoretical

models have stated that this magnitude is strongly dependent

on the particular size and shape of GNRs10–12 so that an

adequate chose of GNR dimensions is required for the opti-

mization of GNR based photo-thermal treatments. Neverthe-

less, despite its interest from the applied and fundamental

points of view, experimental works to determine Uabs for

GNRs are very limited.

In this work, quantum dot fluorescence (non-contact) ther-

mometry in combination with double-beam confocal micros-

copy has been applied to determine the laser induced thermal

loading of GNRs aqueous solutions in the presence of SPR op-

tical excitation. Comparison between experimental data and

theoretical models, concerning thermal loading effects in

microfluidics, allowed us to determine the heating efficiency of

GNRs. The absorption, scattering, and extinction spectra have

been simulated based on the discrete dipole approximation

(DDA), and from them the absorption efficiency calculated and

compared to that obtained experimentally.12,13

The GNRs under investigation in this work were pro-

vided by NanoPartz Inc. The GNRs were dispersed into dis-

tilled water at a concentration 1.7� 1012 cm�3. The

extinction spectrum of the GNR solution, after subtraction of

the water absorption background, is shown in Fig. 1(a). The

size dispersion histograms (as obtained from the analysis of

TEM images) are included in Figs. 1(b) and 1(c). The GNRs

used in this work have a mean radius and length of 12 and

47 nm, respectively. In both dimensions the dispersion was

found to be close to 615%. A characteristic GNR is shown

in detail in the inset of Fig. 1(a). In the extinction coefficient

of Fig. 1(a) two extinction peaks, corresponding to the longi-

tudinal and transversal SPR modes, are observed. The

extinction peak corresponding to the transversal SPR is
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located at 500 nm whereas the longitudinal mode resonance

appears at 808 nm (kSPR¼ 808 nm). From data included in

Fig. 1 the extinction coefficient at kSPR was found to be

4.9 cm�1. For the purpose of fluorescence thermal sensing

experiments, CdSe quantum dots (4 nm in diameter and

provided by Invitrogen Inc.) were added to the solutions

resulting in a final CdSe-QD concentration as low as

4� 109 cm�3. This concentration was so small that the pres-

ence of CdSe-QDs does not modify the extinction spectrum

from that shown in Fig. 1(a). The solution containing GNRs

and CdSe-QDs showed a very stable colloidal behavior with-

out any evidence of precipitation during months. The emis-

sion spectrum of the GNRsþQDs solution after 488 nm

excitation consists of a broad band centered at around

640 nm whose peak wavelength shifts linearly with tempera-

ture at a rate of 0.1 6 0.05 nm/ �C (see Fig. 2(a)).14 The

mixed solution was placed within a microscope slide con-

taining a 200 lm height and 2 mm width l-channel (provided

by Ibidi Inc.). The microscope slide was placed in a double-

beam microscope as it is schematically shown in Fig. 2(b).

The solution was locally excited by a single-mode fiber-

coupled continuous wave laser operating at 808 6 1 nm.

Infrared radiation was focused within the l-channel with a

4�, 0.1 NA microscope objective, leading to a spot size of

5 lm. In order to determine the laser-induced temperature in-

crement produced at focus, a 488 nm continuous wave laser

was also focused into the solution by using a second micro-

scope objective (10�, 0.25 NA) leading to a spot size close

to 1.2 lm, spatially overlapping with the infrared (heating)

spot. The CdSe-QD fluorescence, generated after the 488 nm

excitation, was collected by the 10� microscope objective,

and after passing through different filters, it was spectrally

analyzed by a high resolution spectrometer. The axial and

lateral resolutions in the fluorescence detection system have

been calculated to be 12.5 and 1.2 lm, respectively. The

spectral resolution has been estimated to be 0.1 nm so that

we were able to determine the local temperature of the

GNRþQD solution (from the analysis its CdSe-QD fluores-

cence) with a resolution of 1 �C. Fig. 2(b) also includes a

typical micro-fluorescence CdSe-QD spectrum obtained in

our experimental set-up when the infrared (heating) laser

was switched on and off, i.e., in the absence/presence of opti-

cal excitation of the SPR. It is clear that the excitation of the

SPR causes a relevant on-focus temperature increment that

shifts the CdSe-QDs toward longer wavelengths.

Previous models concerning laser-induced thermal load-

ing of microfuidics concluded that the laser-induced temper-

ature increment at focus, DTfocus, can be evaluated as a

function of the laser input power, Pin, by15

DTfocus ¼
Pin � aabs

2 � p � K � Ln
D

wl

� �
¼ Pin � Uabs � aext

2 � p � K � Ln
D

wl

� �
; (1)

where aabs¼Uabs � aext is the absorption coefficient at laser

wavelength, aext is the total extinction coefficient at laser

FIG. 1. (a) Extinction coefficient of the GNR

aqueous solutions used for laser-induced ther-

mal loading experiments. Inset shows the elec-

tron transmission image of a typical GNR. (b)

and (c) Size dispersion histograms of length and

width, respectively.

FIG. 2. (a) Peak emission wavelength of the CdSe-QD fluorescence as a

function of the GNR solution temperature. Dots are experimental data and

dashed line is the best linear fit. (b) Left: schematic diagram of the double-

beam confocal microscope used in this work. Right: fluorescence emission

spectrum obtained for the CdSe-QDs incorporated into the GNR solution

under 488 nm excitation in the presence/absence of optical excitation of the

surface plasmon resonance of GNRs.
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wavelength, K is the thermal conductivity of water

(0.6 W �m�1 �K�1), D is the l-channel height (200 lm), and

wl is the laser beam waist (5 lm). Therefore, from the experi-

mentally determined slope of the “DTfocus vs Pin” data
dðDTfocusÞ

dPin

� �
, it is possible to determine the absorption effi-

ciency Uabs of GNRs Uabs ¼ 2�p�K
aext�Ln½D=wl� �

dðDTfocusÞ
dPin

:

Figure 3(a) shows the on-focus temperature increment

produced in the GNR solution as a function of the 808 nm

laser power. A linear relation between temperature increment

and laser power is observed (see solid line), in agreement

with expression (1). From the linear fit of experimental data

we obtained
dðDTfocusÞ

dPin
¼ 480 6 10 �C/W that leads to

Uabs¼ 1 6 0.02. In order to verify the consistence of our

approach, we repeated the same procedure with different

GNR concentrations. Results are shown in the inset of Fig.

3(a). As it was expected, the absorption efficiency was found

to be independent on the GNR concentration (note that Uabs

is only expected to be dependent on the GNR geometry).

From data included in the inset of Fig. 3(a) the

averaged absorption efficiency was calculated to be

Uabs¼ 0.98 6 0.02. This close-to-unit absorbing/heating effi-

ciency is, indeed, an outstanding property of these particular

GNRs for the purpose of laser-assisted thermal treatments. In

addition, the SPR is excited within the biological window

(700-900 nm) ensuring large penetration depths. The combi-

nation of these two features makes these GNRs (12 nm diam-

eter and 47 nm long) especially suitable for efficient in-depth

thermal treatments.

In order to verify the validity of our experimental

approach for the Uabs determination, we have modeled the

absorption and scattering processes caused by the GNRs

shown in Fig. 1. For this purpose we have adopted the

DDA.16 The DDA method is a numerical method in which

the object interacting with light (in our case GNRs 12 nm in

diameter and 47 nm in length) is geometrically reproduced

by a cubic lattice of N polarizable point dipoles (see inset in

Fig. 3(b)).11,12 The number of point dipoles should be large

enough to reconstruct a continuous surface for the incident

electromagnetic radiation (N¼ 38500, in our simulations).

By using the code developed by Draine et al.,17 we have

simulated the absorption, scattering, and extinction efficien-

cies (Qabs, Qsct, and Qext, respectively) of the reconstructed

GNR. These are defined as the absorption, scattering, or

extinction cross sections divided by the GNR effective area.

The simulation results are shown in Fig. 3(b). At the SPR

wavelength, DDA simulations have concluded that

Qabs¼ 0.91 �Qext. Thus, theoretical calculations lead to

Uabs ¼ 0:91, in excellent agreement with the value obtained

from the analysis of experimental data.

In summary, we have introduced an original approach for

the experimental determination of the absorption efficiency of

gold nanorods. This approach is based on the use of CdSe-

QDs as fluorescent nanothermometers for the determination of

the thermal loading caused in a GNR solution by a tightly

focused laser tuned to the surface plasmon resonance wave-

length. Based on this technique, the absorption efficiency of

12 nm width, 47 nm length GNRs has been experimentally

determined to be Uabs ¼0.98 6 0.02. Theoretical calculations

based on the discrete dipole approximation have concluded

that this experimental value is, indeed, very close to that theo-

retically predicted, supporting the validity of the experimental

approach here presented. The particular GNRs investigated in

this work emerge as promising agents for efficient large pene-

tration laser assisted thermal treatments.
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