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ABSTRACT: Fluorescence readout is uniquely powerful for
biological assays and imaging because it combines the detection of
specific biotargets with high spatial and temporal resolution.
Recently, several strategies for the modulation in time of
fluorescence emission have been proven useful to separate the target
signal from constant background contributions. Here, we investigate
the emission modulation of organic fluorophores located in the
nanometric vicinity of plasmonically heated gold nanorods and apply
it to a novel, all-optical homogeneous biosensing scheme. The
combination of plasmonic heating and temperature sensitive
molecular fluorescence enables the robust quantification of surface
reactions.
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Fluorescence labeling and detection provide high sensitivity
and temporal resolution for biological imaging and clinical

assays. In low background conditions, single fluorescent
molecules are easily detected and tracked. Biological samples
usually contain endogenous fluorophores which generate a
background contribution that limits the sensitivity for detection
of the fluorescence of interest. One way to overcome this
obstacle is making brighter and more stable fluorophores either
by design1−3 or through control of their chemical4,5 or
physical6,7 environment. Another way is using markers with
long-lived excited states whose emission can be discerned from
the background in time-resolved measurements.8,9 Alterna-
tively, various strategies have been investigated to specifically
modulate the fluorescence emission of molecules. A controlled
modulation enables the distinction of the target fluorescence
signal from continuous background.10 For example, acousto-
optic modulation of fluorescence has been applied to imaging
in turbid media.11,12 Optically modulated fluorescence signals
were obtained from organic fluorophores and fluorescent
proteins making use of photoisomerization reactions13,14 and
from DNA-encapsulated Ag clusters via the excitation of dark
states with near-infrared light.15 The emission of FRET pairs
can be modulated optically by depleting the ground state of the
acceptor16 or quenching its emission.17

Here, we propose another way of modulating optically the
fluorescence emission of molecules near metallic nanoparticles.

Metallic nanoparticles are extremely efficient light-to-heat
converters when they are illuminated with wavelengths at
their surface plasmon resonances.18−20 Plasmonic heating
enables the control of high temperature fields around
nanoparticles,21−24 and has found numerous applications such
as controlled release of molecules,25 DNA melting assays,26

nanoscale thermodynamics21 and catalysis,27 nanoparticle
detection,28 and photothermal therapy.29 Additionally, the
fluorescence emission of most organic fluorophores is affected
by temperature. Higher temperatures usually lead to lower
quantum yields because of the thermal activation of non-
radiative decay channels.30 The quantum efficiency of most
organic fluorophores decreases with temperature at rates as
high as 1−2%/K.31,32 This effect has been long known32,33 and
applied to diverse optical methods of temperature determi-
nation.34−38 We investigate the combination of these
phenomena to modulate the fluorescence emission of organic
fluorophores placed in the nanometric vicinity of gold nanorods
(AuNRs) and demonstrate its application for homogeneous
biosensing.
A sketch depicting the concept of plasmonic photothermal

modulation of fluorescence is shown in Figure 1a. The spectra

Received: August 18, 2016
Accepted: November 7, 2016
Published: November 7, 2016

Article

pubs.acs.org/acssensors

© XXXX American Chemical Society A DOI: 10.1021/acssensors.6b00512
ACS Sens. XXXX, XXX, XXX−XXX

pubs.acs.org/acssensors
http://dx.doi.org/10.1021/acssensors.6b00512


of the fluorophore and AuNRs used are shown in Figure 1b.
The sample contains fluorescent species both free in solution
and bound to the surface of the AuNRs. Upon illumination
with light of a wavelength tuned to the longitudinal surface
plasmon resonance of the AuNRs, the fluorophores bound to
the AuNRs emit less fluorescence due to the local increase in
temperature.
We note that fluorescence emission may be suppressed

simply by the presence of the AuNRs in close proximity, due to
direct energy transfer from the excited molecules to the metal.18

In this study all measurements take as baseline the fluorescence
emission of fluorophores already bound to the AuNRs. In this
way we investigate exclusively the reduction of fluorescence
induced by the plasmonic heating.
Switching on and off the light used for plasmonic heating, it

is possible to modulate specifically the fluorescence emission of
molecules bound to the AuNRs, and thereby tell it apart from
the constant fluorescence background. In order to achieve the

highest modulation amplitude, the light used for plasmonic
heating should not contribute to fluorescence excitation, as this
would counteract the photothermal quenching. To fulfill this
condition, we used AuNRs with an aspect ratio of 1:4 and a
longitudinal surface plasmon resonance at around 800 nm
(Figure 1b).39 In this way, plasmonic heating was performed
with near-infrared light, leaving the visible region of the
spectrum available for fluorescence excitation and detection. As
a suitable fluorescent probe we used AlexaFluor546 (Figure
1b). We investigated the performance of AuNRs with aspect
ratio 1:4 and two average sizes: 40 nm × 10 nm and 90 nm ×
22 nm (see Figure S1 for electron microscopy images).

Plasmonic Photothermal Fluorescence Quenching.
The first experiment was designed to verify whether the
proposed mechanism for fluorescence modulation was in fact
feasible. The basic components of the experimental setup are
shown in Figure 2a. It consisted of a custom-made fluorescence
microscope that can be operated in wide field as well as in

Figure 1. Scheme of the photothermal fluorescence quenching concept. (a) Upon illumination with near-infrared (NIR) light tuned to the surface
plasmon resonance of the AuNRs, the fluorescence emission of fluorophores bound to the AuNRs is quenched due to the local high temperature. (b)
Absorption (orange) and emission (red) spectra of AlexaFluor546. Extinction spectra (black) of the AuNRs (size 90 nm × 22 nm) in water showing
the longitudinal plasmon mode at 800 nm and the transverse one at 525 nm. The vertical bands indicate the spectral regions used for fluorescence
excitation (laser at 532 nm), fluorescence detection (BP filter), and plasmonic heating (laser at 785 nm).

Figure 2. (a) Scheme of the experimental setup. DM: dichroic mirror, M: mirror, L: lens, MMF: multimode fiber, PMT: photomultiplier tube, CCD:
charge coupled device. The flippable mirror and lens (FM and FL) permit switching between confocal and wide-field operations. (b) Schematic and
epifluorescence image of the samples showing regions of (i) dark background, (ii) an aggregate of fluorescently labeled AuNRs, and (iii) free
fluorophores. Fluorescence intensity detected on regions (ii) (green) and (iii) (blue) during several off/on cycles of the NIR heating laser.
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confocal mode, with an additional laser used for plasmonic
heating of the AuNRs. A sample was prepared where three
regions could be identified (Figure 2b): (i) dark background
with no fluorophores, (ii) aggregates of 90 nm × 22 nm AuNRs
labeled with AlexaFluor546, and (iii) free AlexaFluor546
fluorophores (see the Materials and Methods section for
details). While the fluorescence emission was interrogated
constantly, we intermittently illuminated the different regions
of the sample with the NIR laser. The NIR laser produced a
clear modulation in the emission intensity of the fluorescently
labeled AuNRs, whereas on the free dyes it made no observable
change (Figure 2b). The photothermal modulation of the
fluorescence is directly visible as shown in Video 1. Remarkably,
no degradation of the fluorescence intensity was observed after
several heating cycles with 400 kW/cm2 irradiance.
This experiment demonstrates that it is indeed possible to

modulate optically the fluorescence emission of fluorophores
bound to AuNRs by means of plasmonic heating. We note
however that in this experiment, the AuNRs were deposited in
clusters of unknown numbers of particles and interparticle
distance which hinders the comparison to simulations. In order
to gain further insight, we performed simulations and
experiments on individual fluorescently labeled AuNRs.
Simulations and Measurements on Single AuNRs. In

the absence of phase transformations, the temperature increase
in the vicinity of a nanoparticle can be described by the heat
transfer equation:
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where r and t are the spatial and time coordinates, T(r, t) is the
local temperature. All experimental parameters are well-known.
ρ(r), c(r), and k(r) are the mass density, specific heat, and
thermal conductivity of the surrounding water, respectively.
Q(r, t) is the power energy absorbed by the AuNR, which can
be expressed as

σ=Q Iabs (2)

where σabs is the absorption cross section, and I the irradiance
of the incident light. We solved eq 1 numerically in order to
obtain the time-resolved temperature field around AuNRs. As
an example, we show in Figure 3a the calculated steady-state
temperature field around an AuNR of 90 nm × 22 nm
immersed in water and illuminated with 600 kW/cm2 of CW
radiation at 785 nm. The temperature of water around the
AuNR is increased in a nanometric region around the
nanoparticle, and decreases to the bulk value within a few
tens of nanometers in all directions. The calculated temperature
field around a smaller AuNR of 40 nm × 10 nm under identical
illumination in shown in Figure S2. Absorption cross sections at
785 nm of σ40nm×10nm = 3.8 × 10−4 μm2 and σ90nm×22nm = 2.4 ×
10−3 μm2, for the smaller and larger AuNRs were used,
respectively, according to information provided by the
manufacturer of the AuNRs and FDFD numerical simulations.
Values of the temperature near the surface of the larger

AuNRs for a range of irradiances are shown in Figure 3b. The
time evolution of the temperature at two positions near the
AuNR is shown in Figure 3c; the steady state is reached in
about 100 ns, which is practically instantaneous for most
applications. The smaller AuNRs show an analogous plasmonic
heating behavior.
The temperature response of the fluorophore AlexaFluor546

was characterized by measuring its fluorescence emission at

different temperatures in a spectrofluorometer. Figure 3d shows
the fluorescence emission, integrated in the band 550−580 nm,
as a function of temperature. We observed a linear decrease of
0.35%/K, in agreement with previous reports for other
Rhodamine derivative fluorophores.37,40 Combining the tem-
perature response of the fluorophore with the calculated
temperature fields, it is possible to estimate the decrease in
fluorescence emission of fluorophores bound to the AuNRs
when the latter is optically heated. This modeled signal
reduction can then be compared to measurements performed
on single fluorescently labeled AuNRs (Figure 4).
We characterized the photothermal fluorescence reduction of

individual AuNRs of 90 nm × 22 nm and 40 nm × 10 nm, both
labeled with AlexaFluor546. The optical heating was induced
with 400 kW/cm2 irradiance of a NIR laser modulated at 1 Hz.
Figure 4b shows the mean fluorescence intensity of labeled
AuNRs measured over 10 different individual NPs of each size.
As the NIR laser is switched on and off, reproducible
oscillations were observed for the individual AuNRs, with
amplitudes varying less than 5% from AuNR to AuNR. As
expected from their absorption cross sections (σ40nm×10nm = 3.8
× 10−4 μm2 and σ90nm×22nm = 2.4 × 10−3 μm2), the modulation
amplitude is greater for the larger AuNRs. The actual value of
the modulation observed for each size of AuNRs agrees well
with the prediction based on the calculated temperature field
and the bulk temperature response of the fluorophore (Figure
4a,b). We note that the photothermal modulation of
fluorescence found in the AuNR clusters was considerably
larger (Figure 2b). This can be explained by taking into account
collective effects due to particles agglomeration.41

Application to Homogeneous Biosensing. Homoge-
nous biosensing assays consist of mixing the reagents with the
sample in one phase, typically liquid, incubating them for a
certain time according to protocol, and finally making the
measurement. They are simple to implement, but usually their
sensitivity is limited by background contributions. Heteroge-
neous assays where the analyte is selectively transferred to a

Figure 3. (a) Temperature field around a AuNR of 90 nm × 22 nm
illuminated with 600 kW/cm2 at 785 nm. (b) Temperature as a
function of the irradiance at different (x, z) positions near the AuNR:
at its surface, at 3 nm from its surface in the x direction, and at 5 nm
from its surface in the z direction. (c) Time evolution of the
temperature at two different positions near the AuNR. (d)
Temperature response of AlexaFluor546 in solution.
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different phase, typically a substrate, offer a way out to remove
background contributions from the remaining reagents and
other sample components. In this way, heterogeneous assays
achieve higher sensitivities at the expense of more complex
methodologies, involving fluid exchange and/or physical
separation steps.
The photothermal modulation of fluorescence is a

phenomenon specific to fluorophores bound to the AuNRs
that can be addressed in bulk suspension without any need of
separating the nanoparticles from the liquid. Therefore, it is
useful for application in simple homogeneous assays to discern
(and quantify) the target signal, from constant background
contributions from fluorophores free in solution and any other
component of the sample.
Figure 5a shows schematically the components and working

principle of such an assay. AuNRs are functionalized with a
molecular recognition unit (MR1) specific for the target
analyte. A different (or the same) molecular recognition unit
(MR2) is conjugated to a suitable fluorophore. In the presence
of the analyte, the molecular sandwich MR1-analyte-MR2

forms, bringing the fluorophores to the vicinity of the AuNRs
where their fluorescence emission can be reduced by plasmonic
heating (Figure 5a). By quantifying the reduction of
fluorescence induced by a certain irradiance of the NIR laser,
it is possible to determine the concentration of analyte by
comparison to a calibration curve.
For an experimental test, we used the biotin−streptavidin

recognition pair. AuNRs (90 nm × 22 nm) and AlexaFluor546
were functionalized with biotin, in order to detect the presence
of streptavidin (Figure 5a). For these measurements in
solution, the setup was used in confocal mode (Figure 1a),
with the observation volume restricted to about 1 fL.
In order to find the optimum level of irradiance of the NIR

heating laser the detection of the specific signal, we performed
measurements on two control samples: (i) biotinylated AuNRs
and AlexaFluor546 in the absence of streptavidin and (ii)
biotinylated AuNRs previously incubated with excess of
AlexaFluor546-streptavidin. On each sample we monitored
the reduction in fluorescence emission as a function of the
irradiance with the NIR laser (Figure 5b). On the control (i)

Figure 4. (a) Simulation of the reduction in fluorescence intensity expected for AlexaFluor546 bound to AuNRs (40 nm × 10 nm in blue, 90 nm ×
22 nm in red) as a function of the irradiance at 785 nm. (b) Average fluorescence intensity of individual AuNRs (40 nm × 10 nm in blue, 90 × 22
nm2 in red) conjugated to AlexaFluor546 over several cycles of on/off switching of the heating laser. A comparison to the simulation is made over a
range of irradiances accounting for the size distribution of the AuNRs and separation distances fluorophore-AuNR ranging from 10 to 14 nm.

Figure 5. Sandwich assay based on photothermal quenching. (a) Representation of the proposed biosensor and the components used in our
experimental demonstration. (b) Effect of NIR illumination on the fluorescence emission of AlexaFluor546 free in solution or unspecifically bound
to the AuNRs (control (i), black) and specifically attached to AuNRs (control (ii), red). (c) Normalized fluorescence emission under NIR
illumination as a function of streptavidin concentration obtained for assays composed of 1 nM biotin-AuNRs (90 nm × 22 nm) + 5 nM biotin-
AlexaFluor546. Inset: time trace of fluorescence signal over multiple on−off cycles of the NIR laser for the case of [Streptavidin] = 0.75 nM.
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we observed a small nonspecific reduction of fluorescence that
reaches at value of 10% for 3500 kW/cm2. This reduction of
fluorescence intensity induced by the NIR laser is attributed to
nonspecific binding and/or stimulated emission depletion. Bulk
heating of the solution can be neglected based on calculations
and the fact that the solution temperature remained unchanged
during the course of the experiment. On sample (ii), the
reduction of fluorescence induced by the NIR laser is
considerably larger at all levels of irradiance, and we identified
two regimes. Up to approximately 650 kW/cm2 the
fluorescence emission is reduced strongly as a function of the
irradiance, and with magnitudes consistent with calculations.
For higher levels of irradiance the fluorescence reduces at a
lower rate and the variability between measurements increases,
probably because parallel effects might be taking place, such as
local boiling of the solvent and formation of microbubbles.42

Based on the comparison of the dependencies on irradiance
of the specific and the nonspecific signals, we performed a
biorecognition assay at 600 kW/cm2, as follows. We used
biotin-AuNRs and biotin-AlexaFluor546 to quantify the
concentration of unlabeled streptavidin in solution. In Figure
5c, a calibration curve is shown using 1 nM AuNRs, 5 nM
biotin-AlexaFluor 546, and additions of streptavidin in known
concentrations. Each data point corresponds to the average of 5
replications of the assays; in turn, each assay consisted of
measuring the average fluorescence reduction over 10 on−off
cycles of the NIR laser performed in less than 1 s (Figure 5c
inset). Under these conditions, the assay presents a limit of
detection of about 250 pM, limited partially by variance due to
pipetting errors from assay to assay.
These experiments based on the biotin−streptavidin model

demonstrate that the mechanism of fluorescence modulation by
plasmonic heating enables robust homogeneous biosensing.
They also make evident some improvements for future
implementations and show that the sensitivity could be
improved considerably. The assay presented a linear response
up to 800 pM. Such an early saturation at a concentration of
streptavidin, practically identical to the concentration of
AuNRs, indicates that the AuNRs had too few, on the order
of one active biotin site on their surface, which is far from the
actual capacity of the AuNRs. An optimized surface
functionalization should lead to working ranges 10- to 100-
fold greater. The sensitivity of 250 pM could be improved
considerably if the nonspecific signal is reduced through, for
example, (i) a surface functionalization of AuNRs that
minimizes nonspecific binding, and (ii) the use fluorophores
unable to undergo stimulated emission depletion of their
excited state at the wavelength used for plasmonic heating.
Another possible future improvement to achieve higher
sensitivity is the application of lock-in detection synchronized
to the modulation of the NIR.

■ CONCLUSIONS
In summary, we have demonstrated that the local increase of
temperature produced by plasmonic heating of AuNRs can
selectively quench the fluorescence emission of fluorophores at
their surface. This combination of plasmonic heating and
temperature sensitive molecular fluorescence enables the robust
quantification of surface reactions in all-optical homogeneous
sandwich assays.
Based on the rich library of protocols for the surface

functionalization of gold nanoparticles and for the fluorescent
labeling of proteins and antibodies, this novel sensing

mechanism is applicable to numerous analytes. Also, the
approach is not limited to gold nanorods. With a suitable
fluorophore, it is possible to use nanoparticles of various shapes
and compositions. Multiplexing can be envisaged by different
fluorescence readout or different heating wavelengths.
Finally, we remark that the photothermal quenching

mechanism is independent of electromagnetic quenching that
may occur upon binding of the fluorescent biorecognition unit
to the AuNRs, which has already been applied in other assays.43

Therefore, an assay combining both effects should in principle
lead to a higher sensitivity.

■ MATERIALS AND METHODS
Biotin-functionalized gold nanorods (AuNRs) with an aspect ratio of
about 4.3 and a longitudinal plasmon resonance centered at 808 nm
were purchased from Nanopartz, inc. Phosphate buffered saline (PBS)
and AlexaFluor546 conjugated to biocitin and streptavidin were
purchased from Invitrogen.

Sample Preparation for Demonstration of Selective
Plasmonic Photothermal Fluorescence Quenching. Solutions
containing 20 nM AlexaFluor546-X (X: biocitin or streptavidin) and 1
nM AuNRs were prepared in PBS with 0.1% bovine serum albumin
(BSA). Solutions were left to react for 2 h and then an aliquot was
taken to be measured.

Sample Preparation for the Streptavidin Sandwich Assay.
Suspensions of 1 nM AuNRs (90 nm × 22 nm) were incubated
overnight at 4 °C with different concentration of streptavidin and 0.1%
BSA. AlexaFluor546-biotin was added to final concentrations of 5 nM
or 80 nM, depending on the experiment. The final solution was left to
react for 2 h and then an aliquot was taken to be measured.

Fluorescence and UV−vis Absorption Measurements. These
were performed in a fluorescence spectrophotometer (Cary Eclipse
Fluorimeter) and in a UV−vis Spectophotometer (Cary Varian 50
UV−vis, Agilent), respectively.

Photothermal Fluorescence Quenching Measurements.
These were carried out in an inverted fluorescence confocal
microscope mode with an additional laser beam used for plasmonic
heating. All measurements were carried out in solution using a
microwell slide (Hamamatsu) as sample chamber of 25 μL. The
chamber was covered with another cover glass during the measure-
ments in order to prevent from evaporation. For fluorescence
excitation a frequency doubled Nd:YAG laser at 532 nm was used
(Coherent Compass 315M). For plasmonic heating of the AuNRs a
CW Ti-Sa laser (KMLabs) tuned at 785 nm was used. NIR
illumination was switched on and off with a mechanical shutter. The
used microscope objective was a 40× NA 0.9 (Olympus ULPSAPO).
For confocal detection a photomultiplier tube (Hamamatsu R928) was
used, and for wide-field a CCD device (Andor iXon 897).

Calculations of the Temperature around the Gold Nanorod.
These were made solving numerically in three dimensions the heat
equation du/dt = Δu + f in a cubic box of 300 × 300 × 300 nm. On
the boundary of the box, a constant temperature equal to room
temperature (298 K) was imposed. The nanorod was centered at the
origin. The source f was modeled as a delta function, taking a positive
value determined by the absorption cross section of the gold nanorod
(as provided by the manufacturer) and the heating laser power density,
and placed at the center of the nanorod, and being zero elsewhere. The
heat equation was solved using the Finite Element Method in space
along with a finite difference discretization on time, for a total time of
150 ns. A 1 ns time step was taken. A tetrahedral mesh was generated
manually. The mesh is refined inside the nanorod and in its close
vicinity, in order to minimize the error produced by the jump of the
diffusive coefficient at the interface between gold and water. The
distance between nodes of the mesh near the rod is about 2 nm, and it
grows linearly with the distance to the rod.
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