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fluorescence detection on the single particle levelw
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We demonstrate a simple way of making individual 20 nm gold nanoparticles fluorescent

(with a fluorescence quantum yield of about 10�6) in glycerol. Gold NPs prepared in such a way

have bright fluorescence for a long time under moderate excitation, and their fluorescence remains

when the solvent is exchanged to water. We propose to use these nanoparticles as a calibration

standard for simultaneous detection of fluorescence and absorption (by means of photothermal

detection), and experimentally demonstrate the theoretically predicted shift in axial positions of

these signals. Simultaneous absorption and fluorescence detection of such stable labels makes

them attractive for multidimensional tracking and screening applications.

Introduction

Absorption and fluorescence properties of nanoobjects depend

on their chemical structure, composition, dimensions and local

environment. These properties determine the use of nano-

objects as labels for optical detection and sensing. Fluores-

cence microscopy provides a broad range of well-known

methods for sensitive fluorescence detection. In absorption

microscopy only a few existing methods are capable to

directly detect absorption of individual nanoobjects at room

temperature.1–3 Recently, room-temperature detection of a

single molecule’s absorption has been demonstrated in

absorption microscopy.4,5 Photothermal microscopy is one

of the methods allowing background-free detection of

absorbers in the absence of residual absorption of the

sample.5–11 Developments of photothermal correlation

spectroscopy12–14 and wide-field detection15 open new

perspectives for photothermal microscopy in a variety of

applications. Combined with fluorescence microscopy it can

directly correlate absorption and fluorescence characteristics

of single nanoobjects. A simultaneous insight into absorption

and fluorescence delivers understanding of the photophysics of

labels, provides an additional detection dimension, and

expands the observation time and tracking capabilities when

labels start to blink. High-throughput molecular and cell

sorting,16 tracking and imaging in live cells,17–20 as well as

biosensing are a few examples of applications where durable

labels and multidimensional detection are beneficial.

Most fluorescent labels, such as organic molecules, suffer

from blinking and bleaching already at low excitation powers,

which limits their use. Semiconductor nanoparticles and

nanowires can be a photostable alternative.21,22 Still, different

excitation regimes are needed for photothermal and fluores-

cence detection of a single semiconductor nanoparticle, and

complicate their simultaneous registration.

Gold nanoparticles (NPs) of various sizes and shapes are

commonly used for the calibration of the signal in photothermal

microscopy and for measurements of absorption cross-sections.22

The synthesis of gold NPs is well established, and their

absorption properties measured on a single NP level are in good

agreement with the results predicted by Mie theory.3,23 The

photoluminescence of gold NPs itself is of great interest.24 An

efficiency of 10�6 has been reported for 4–80 nm (diameter) NPs

in water,25 and different theories have been employed to under-

stand the emission of AuNPs.25,26 Even higher photo-

luminescence efficiencies of 410�3 have been observed from

small (28 atoms) molecular-like gold nanoclusters in ensemble

measurements.27 A quantum yield of 3% has been measured for

polymer-stabilized gold clusters of 2.2–3.4 nm diameters where

authors have systematically varied the polymer to gold ratios in

order to tune the properties of fluorescence emission.28 The

highest quantum yield of B41% has been reported for Au8
NPs stabilized in dendrimer aqueous solution.29 To conclude, the

photoluminescence efficiency tends to decrease when the size of

NPs increases, and it is argued that clustering, surface modifica-

tion of NPs, and imbedding/stabilizing by the medium can

influence the observed fluorescence signals.28,30 However, there

is no experimental evidence gained on single NPs, except for NPs

with diameters larger than 100 nm.31
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Noble metal nanoparticles decorated with fluorophores

(dye molecules and fluorescent proteins) are promising

labels.32–34 An enhancement of dye fluorescence is usually

observed on ensembles of large NPs or aggregates. Experi-

ments on the single NP level will deliver a better characteriza-

tion of underlying mechanisms and a reliable control.

In this work we first show a way to make commercial 20 nm

diameter gold NPs fluorescent without fluorophores. For the

first time (to our knowledge) we demonstrate simultaneous

photothermal and fluorescence detection of single gold NPs.

We then use these NPs for the calibration of the spatial

overlap in simultaneous photothermal and fluorescence

detection. After spatial alignment, we experimentally demon-

strate the theoretically predicted axial displacement

between the maximal photothermal and fluorescence signals.

Finally, we shortly discuss the possible origins of the observed

fluorescence.

Method

Photothermal microscopy is a method based on inter-

ferometric sensing of optical absorption, described in detail

elsewhere.7,11 Briefly, the temperature of a nanoobject is

modulated by means of a modulated heating laser beam.

The absorbed energy which is dissipated into heat gives rise

to temperature variations around the nanoabsorber. The

maximum temperature rise in steady state on the surface of

the particle is DTsurf = sabsIheat/(4pkR), where sabs is the

absorption cross-section of the NP, Iheat is the intensity

(irradiance) of the heating laser, k is the thermal conductivity

of the medium around the NP, R is its radius. A consequent

change in refractive index of the media around the nano-

absorber scatters a probe laser, which is spatially overlapped

with the heating beam. The scattered light interferes in the

far-field with a reference wave, in practice the reflected or

transmitted probe laser. The probe light is collected by a

microscope objective and is recorded by a photodiode and a

lock-in-amplifier. Demodulated small changes of the probe

light give the photothermal signal. It is proportional to the

heating and probe powers, as well as to the temperature

derivative of the refractive index of the medium. The signal-

to-noise ratio in photothermal detection under ideal

conditions is only limited by the photon noise of the probe laser.

Sample preparation

Samples of colloidal suspensions of gold NPs with diameters

of 20 nm (British Biocell International, EM.GC20) were

prepared by dilution in Milli-Q water at volume ratios of

1 : 8. Approximately 50 mL of the suspension were deposited

on the surface of cleaned glass immediately after filtration

through a 450 nm porous membrane and spin coated at

2000 rpm for 5 s, followed by drying at 4000 rpm for 90 s.

Glass coverslides (Menzel, Germany) were cleaned in

several steps by sonication for 20 min in 2% Hellmanex

(Hellma) solution in water, acetone, ethanol (both 96% purity)

and in Milli-Q water after each cleaning step. Experiments

were performed in a cell (approx. 50–150 mL volume) made

from a rubber o-ring or a top of a plastic Eppendorf tube

attached to the coverslip. Glycerol (499.5%, spectrophoto-

metric grade), pentane and hexane (all AR grade) were used as

photothermal transducing fluids for our experiments.

Experimental setup

The experimental setup is described in detail elsewhere.11,51

Briefly, it is based on an inverted optical microscope, Olympus

IX71, equipped with Olympus 60� oil immersion objectives

(NA = 1.4 or NA = 1.45). The heating beam is either

provided by a laser diode at 532 nm (Shanghai Lasers, power

150 mW) or at 514 nm by an Ar-Ion laser (Coherent Innova

300). The heating light passes an acousto-optical modulator

which modulates the heating light at O = 740 kHz. The probe

beam (790 or 800 nm) is produced by a Ti:sapphire laser

(Mira, Coherent, or S3900s, Spectra Physics) pumped with a

Coherent Verdi V10, or an Ar-Ion laser. Sets of spatial filters

and telescopes expand the initial beams to B20 mm to overfill

the entrance pupil of the microscope objective (B10 mm). The

telescopes also serve to adjust the convergence of the pump

and probe beams, and thereby the respective positions of their

foci, compensating for residual chromatic aberration in the

objective. The beams are overlapped at a dichroic mirror and

sent towards the objective. The photothermal signal is

collected in a back-scattered mode and detected by a Si

photodiode (DHPCA-100-F, Femto). The fluorescence

detection is performed in the backwards direction either by

splitting the back-scattered light with a 70/30 beamsplitter

(70% fluorescence transmission) or by a spectral separation of

the fluorescence signal at the dichroic mirror (AHF z532/NIR).

The fluorescence signal is spectrally selected by a set of

bandpass filters (AHF 615/150 and Omega 595/100) and

detected by the avalanche photon counting module

(SPCM-AQR-16). The experiment is controlled with home-

written LabView software, and the data are collected by a data

acquisition card (ADWin Gold). The raster scanning of the

samples is performed with a 3-axis piezostage (either NanoCube

or MARS II, Physik Instrumente). A spectrograph (USB4000,

Ocean Optics) is used to obtain fluorescence spectra.

Results and discussion

The results of simultaneous photothermal and fluorescence

imaging are shown in Fig. 1(A–I). Time-marks next to each

row of images indicate the time since the start of the experi-

ment. Three single 20 nm diameter gold NPs are observed in

Fig. 1A, situated more than 500 nm apart from each other.

The photothermal signal-to-noise ratios are higher than 300

with 0.26 mW heating power (532 nm) and 40 mW probe

power (800 nm) at the sample, and integration time (Dt) of
1 ms. The corresponding temperature elevation at the NP

surface caused by the heating light is about 23 K. The

absorption of the probe light provides an additional non-

modulated temperature rise of 9 K. The full widths at half

maximum (FWHM) of the Gaussian fit of the shape of

photothermal signal are 220 nm and 260 nm (for vertical

and horizontal directions, respectively). The overall perfor-

mance of the photothermal detection is as reported

previously.11 The simultaneously acquired confocal fluorescence
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image (Fig. 1B) shows only the background signal in glycerol

and no detectable fluorescence signal from gold NPs. The

vertical lines observed in the fluorescence image (along the fast

scan axis) are due to diffusing fluorescent impurities in glycerol.

We estimate the lowest detectable fluorescence quantum yield

of a 20 nm gold NP in these particular experiments to be

6.4 � 10�9. Calculations are based on the background counts

(2.2 kcounts/10 ms) and detection efficiency estimations of

5%.51 The overlap of the simultaneously detected photo-

thermal (A) and fluorescence (B) signal is shown in (C) with

the red and green colour representing the photothermal and

fluorescence signal, respectively. As a next step, we focus laser

beams on the central NP and perform an experiment similar to

the one depicted in Fig. 2. The graph shows simultaneously

recorded photothermal (red) and fluorescence (green) time-

traces normalized to the heating power. The top part of the

graph illustrates how the heating power is varied in the

experiment. The temperature rise on the surface of the nano-

particles (DTsurf) and the photothermal signal depend linearly

on the heating power. At approximately 98 s, the heating

power has been increased and, with it, the temperature of the

NP. The increase of the heating power (514 nm) from 0.26 mW

up to 0.85 mW leads to a temperature rise from 17 K up to

57 K on the surface of the NP. At the same time a dramatic

increase of the fluorescence signal is observed, as well as

fluorescence fluctuations. The fluorescence signal remains after

the heating power is reduced back to 0.26 mW. Consequent

simultaneous photothermal and fluorescence raster scans

reveal no change in the photothermal picture (Fig. 1D). The

unaltered absorption of light suggests no fragmentation of the

particle has occurred. A fragmentation of a similar size NPs is

previously reported with the intense pulsed laser light, where

the temperatures rise above 1000 K.35 We use moderate

heating with CW lasers with an order of magnitude lower

temperature elevation (less than 100 K) at the surface of NPs.

The absence of NPs fragmentation is supported in inde-

pendent experiments by SEM imaging after the studies of

the vibrations of individual gold NPs, where temperature

elevation about 300 K is used.36,37 In contrast to the

unchanged absorption, the confocal fluorescence image

(Fig. 1E) shows a clear change. A fluorescent spot appears

with a signal-to-background ratio of 1.4, signal-to-noise ratio

of more than 50, and a full width at half-maximum (FWHM)

of 300 and 340 nm (for vertical and horizontal directions

correspondingly). The spatial overlap of the two images is

shown in Fig. 1F with the yellow colour encoding the overlap

of photothermal and fluorescence signals. The same effect is

observed on other NPs in the sample (about 50 NPs tried) and

further demonstrated in (G, H, I), where the other two NPs in

the image are made fluorescent in the same manner as the

middle one. A single gold NP with the calculated absorption

cross-section of 630 nm2 in glycerol would absorb 1.5 �
1012 photons s�1 with a heating power of 0.26 mW at 532 nm.

Thus, the quantum yield of fluorescence is calculated to be

about 1.4 � 0.5 � 10�6, assuming one-photon excitation with

the heating beam and with our estimated detection efficiency.

The obtained fluorescence persists under illumination for a

long time (tested up to 10 min), although its intensity

fluctuates. In the particular experiment presented in Fig. 1

fluorescence was also detected as particles were revisited after

148 min. The observed stability of the fluorescence signal

provides enough time for the alignment of fluorescence

detection, and we demonstrate a good spatial overlap between

photothermal and fluorescence signals in the scanning plane

Fig. 1 Photothermal (A, D, G) and corresponding fluorescence

(B, E, H) raster scan images simultaneously obtained on 20 nm

diameter gold NPs on glass surface in glycerol. (C, F, I) shows the

overlap of the two signals. Time-marks next to each row indicate the

time since the start of the experiment. Vertical lines (along fast scan

axis) in fluorescence images originate from diffusing fluorescent

impurities in glycerol. There is no detectable fluorescence observed

from single NPs in (B), while (E) demonstrates bright fluorescence

from the treated central NP (Fig. 2A) and others remain non-

fluorescent. Finally all three nanoparticles have been made fluorescent,

as shown in (H). Experimental parameters for raster scans are Pheat =

0.26 mW and Pprobe = 40 mW at the sample, Dt= 1 ms, DTsurf due to

heating light (532 nm) is about 23 K.

Fig. 2 A time trace illustrating the appearance of the fluorescence

signal from a single 20 nm gold NP. An increase of the heating power

(top, black) at the first axis break (98 s) leads to the temperature rise at

the NP. A significant change in fluorescence signal and its fluctuations

are observed at the same time (green). At the second axis break (182 s)

the heating power is reduced to its starting value. The normalized

fluorescence signal remains above its background level at the start.

Due to the mechanical drift in the setup (about 20 nm min�1) the

photothermal signal (red) is about 20% smaller after 230 s. The

wavelength of the heating light is 514 nm.
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(lateral overlap). The brightness of NPs is about 0.9 counts/

(J cm�2), which is an order of magnitude less than the bright-

ness of closest in size (diameter of 3.6 nm) fluorescence labels,

CdSe/ZnS quantum dots (QD) with fluorescence quantum

yield of 40%.38 However, QDs show fluorescence intermit-

tence with 1 ms–10 s characteristic times, have fluorescence

saturation intensities of 10–80 kW cm�2, and photobleach.

To probe the spatial overlap in the axial direction, we

perform a one dimensional scan on a NP in the direction

perpendicular to the sample plane and simultaneously record

photothermal and fluorescence signals from the NP (Fig. 3).

A single fluorescence maximum and a single photothermal

maximum are observed in contrast with the results reported

on photothermal measurements of semiconductor wires

(optical absorption).22 We take this single maximum of the

photothermal signal as a convenient criterion for the proper

relative alignment of the heating and probe foci. We report a

FWHM of the fluorescence signal along z-axis of 780 nm,

which is slightly larger than the FWHM of the photothermal

signal (620 nm). These values are in a good agreement with

expected diffraction-limited values. The position of the

maximum of the fluorescence signal (focused position of the

heating beam) and the position of the maximal photothermal

signal (the overlap of the heating and probe) are found to be

shifted by 250 nm. The shift is well explained by difference in

the spatial modes between the incident and scattered fields,

which theoretically predicts a discrepancy in z-axis between

fluorescence and photothermal signals.10,39–41 With this result

we experimentally demonstrate that the model of Hwang and

Moerner41 for paraxial rays also holds for large numerical

aperture at the focus of an immersion objective.

In order to understand the origin of the fluorescence of NPs

we have recorded a fluorescence spectrum of a single NP in the

spectral region between 560 nm and 640 nm.51 From the

featureless shape of the fluorescence spectrum in the limited

spectral range (due to the limitations of the present setup) it is

difficult to judge if the spectrum resembles the absorption of

gold NP. Thus, we cannot give any solid conclusion as to

whether the fluorescence is due to NP’s plasmon emission

only,25,26 or whether other mechanisms are involved.

The enhancement of fluorescence upon illumination can be

explained by the modification of the surface of NPs, caused by

thermal processes, photochemical processes,42–44 or a combi-

nation of those. The heating can lead to fluorescence due to

the modification of the surface electronic properties of gold

due to the removal or addition of ligands and the rearrange-

ment of gold atoms at the surface. A temperature-mediated

mechanism is supported by our observation of the enhance-

ment of fluorescence after an exposure to only the probe light

with a power larger than 150 mW at the sample. In contrast,

no enhancement was seen with heating light power kept as low

as 0.26 mW for times longer than 200 s, or with the probe light

only with powers below 100 mW for times longer than 100 s.

We also observe fluorescence appearance in pentane and

hexane, organic solvents that are chemically different from

glycerol. This fluorescence enhancement effect is not observed

in water, although fluorescent gold NPs prepared in glycerol

remain fluorescent when glycerol is exchanged with water.51

The simplest temperature-activated chemical reactions in the

above-mentioned solvents would first lead to saturated and

therefore non-fluorescent products. A high enough tempera-

ture elevation at the surface of NPs, however, can result in the

formation of more and more complex unsaturated products,

which may decorate the NP and generate fluorescence. An

additional complication is the possible catalytic role of the

gold surface, which may act in more specific ways than just a

local ‘‘frying pan’’.45–47 Hereafter, we speculate about possible

surface chemistry on NPs in glycerol, which will have to be

tested experimentally in the future: (i) thermal decomposition

of glycerol or residual fatty acids in glycerol,48 (ii) formation

of a reactive acrylic acid aldehyde (acrolein, H2CQCH–CHO)

obtained in thermal decomposition of glycerol by dehydration

in the presence of a catalyst. Recently, reversible and

irreversible temperature mediated reactions of glycerol and

citric acid49 have been studied with the method of differential

scanning calorimetry (DSC) in the temperature range of

20–220 1C. The work reports irreversible esterification and

glycerol citrate polyesters formation. Also, Ruppert et al.50

have studied a selective etherification of glycerol to linear,

branched and cyclic diglycerols, and triglycerol in the presence

of alkaline earth metal oxides.

Conclusions

In this communication we demonstrate a simple way to make

commercial 20 nm gold NPs fluorescent, and we observe this

effect in different solvents (glycerol, hexane, pentane). The

fluorescence enhancement appears after illumination at

moderately high power, which leads to a transient temperature

elevation at the surface of NPs and modification of their

surface properties. We use these NPs as the calibration sample

for simultaneous fluorescence and photothermal microscopy,

and solve the problem of spatial overlap of two signals. We

shortly speculate on the origin of the observed fluorescence in

order to stimulate research and suggest that temperature-

assisted chemical reactions lead to a complex modification of

the surface of gold NPs. More rigorous studies on a single

particle level involving Raman spectroscopy or two-photon

excited photothermal microscopy20 would allow one to

identify and separate between different mechanisms of NPs

fluorescence, depending on NP’s size, surface modification and

Fig. 3 Z-scan (perpendicular to the glass surface) on the fluorescent

20 nm gold particle. A red solid line shows a Gaussian fit to data

points of photothermal signal and a green dashed line shows the

fit for the fluorescence. Central positions and the width of fits are

1.52 � 0.62 mm and 1.77 � 0.78 mm for photothermal and for

fluorescence, respectively. A shift (250 nm) between the maxima of

two signals is observed.
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environment. Absorption and fluorescence properties of the

described fluorescent NPs can be used for various applications

where the combination of photostability and brightness of the

labels for a long time are required.
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