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I

n the growing field of nanoscience,
detection and characterization tools
are essential. The most sensitive
methods allow the precise detection of
individual nano-objects. Among them,
fluorescence-based optical methods are
extremely versatile and therefore widely
applied. For instance, fluorescence correlation spectroscopy (FCS) is a powerful
technique for the study of small numbers
of luminescent nano-objects. Following
its introduction,1⫺4 FCS and its derivate
techniques have been essential for the investigation of fluorescent molecule photophysics, diffusion, reaction kinetics as
well as for biological studies of molecular dynamics in live cells.5⫺9 However, the
dynamic range accessible by FCS is limited by nonideal fluorophore photophysics on short time scales and photobleaching for long ones. Furthermore, one of
the most significant and often overlooked factors is optical saturation which
also influences FCS measurements.10
An elegant alternative to FCS would
rely on absorption of nanolabels which
display favorable photophysics and unlimited photostability. For instance, gold
nanoparticles (NPs) are broadly used for
applications in nanotechnology and biotechnology due to their optical, chemical,
and biocompatible properties.11,12 They
are commonly detected via Rayleigh scattering thanks to their optical resonances
in the visible range.13 Accordingly, dynamic light scattering (DLS) is a common
method for size measurements of
nanometers-scale scatterers in bulk
samples.14,15 However, DLS measurements are limited to environments that
are free from background scattering and
require rather extensive time averaging.
www.acsnano.org
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Photothermal Absorption Correlation
Spectroscopy

ABSTRACT Fluorescence correlation spectroscopy (FCS) is a popular technique, complementary to cell imaging

for the investigation of dynamic processes in living cells. Based on fluorescence, this single molecule method
suffers from artifacts originating from the poor fluorophore photophysics: photobleaching, blinking, and
saturation. To circumvent these limitations we present here a new correlation method called photothermal
absorption correlation spectroscopy (PhACS) which relies on the absorption properties of tiny nano-objects. PhACS
is based on the photothermal heterodyne detection technique and measures akin FCS, the time correlation
function of the detected signals. Application of this technique to the precise determination of the hydrodynamic
sizes of different functionalized gold nanoparticles are presented, highlighting the potential of this method.
KEYWORDS: photothermal detection · correlation spectroscopy ·
single molecule · gold nanoparticles

Recently developed far-field optical
techniques based on the detection of a
wave scattered either by nanoparticles
themselves or by their close environment, allow studies of tiny metal NPs at
the single particle level.16⫺21 The most
sensitive of these methods probes the
NPs absorption though the photothermal effect17 and was applied for the detection and spectroscopy of immobilized
NPs as well as for tracking membrane
proteins moving at the surface of living
cells for arbitrary long times.22
Here, we introduce a new correlation
method for the study of the diffusion properties of tiny absorbing NPs (down to 5 nm
for gold). Analogous to FCS, it measures the
time correlation function of the NPs photothermal signal which is directly proportional
to the light absorption by the nano-objects
and is thus named photothermal absorption correlation spectroscopy (PhACS).
Since absorption by a metal NP neither
saturates nor photobleaches at reasonable
excitation intensities, or contains complicated photophysics, PhACS is free from the
majority of the limitations encountered by
FCS. Furthermore, as the signals arise from
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the photothermal effect, the scattering background
problem of DLS is also circumvented. Highlighting the
potential of PhACS, we then present application of this
technique to the precise determinations of the hydrodynamic size of different protein-NP complexes.
RESULTS AND DISCUSSION
Principles of PhACS. PhACS relies on the photothermal
heterodyne detection method which allows the detection of the smallest individual gold nanoparticles in the
far optical field. In brief, a time-modulated absorbed
beam (⬃700 kHz) is superimposed with a nonresonant
probe beam. When an absorbing nano-object is in the
focal volume of the two highly focused beams, the consecutive heating induces a time-modulated variation
of the refractive index around this nano-object. The interaction of the probe beam with this index profile produces a scattered field with sidebands at the modulation frequency. The scattered field is then detected in
the forward direction through its beatnote with the
transmitted probe field which plays the role of a local
oscillator akin to a heterodyne technique.17 In the
PhACS scheme the beams and sample positions are
kept fixed and the signal fluctuations are recorded at
high sampling rate while nanoparticles diffuse in the
detection volume (Figure 1(a,b)). Similar to FCS experiments, the PhACS signal consists in the autocorrela-

tion function (G()) of the photothermal signal (S)
fluctuations:
G(τ) )

〈δS(t) δS(t + τ)〉
〈S(t) S(t + τ)〉
)
- 1 (1)
〈S(t)〉2
〈S(t)〉2

where 具 典 denotes the time average. Assuming a elliptical Gaussian-shaped observation volume and freely diffusing particles, G() is given by3
G(τ) )

1
N(1 + τ/τD)(1 + τ/(A2τD))1/2

(2)

N is the average number of particles in the observation volume; A is the shape parameter of the observation volume; D is a characteristic diffusion time.
Characterization of the Detection Volume. Accurate knowledge of the detection volume dimensions is crucial
to the precise measure of NP diffusion times. Since
PhACS uses a combination of two highly focused laser beams the point-spread-function is theoretically
given by the product of the two beam profiles,23
yielding a quasi-confocal Gaussian-shaped detection volume. Because of the high stability of the photothermal signal, the 3D shape of the point-spreadfunction can be measured accurately by performing
a precise 3D scan of immobilized NPs. To achieve
this, we performed z-stack image acquisitions of 20
nm diameter gold NPs embedded in a 5% w/w agarose gel
sandwiched between two glass
slides mounted on a three axis piezoscanning stage (Figure 1b).
We determined an elliptical detection volume with a transverse
diameter wxy equal to 310 ⫾ 3 nm
and a shape parameter S of (quotient of axial and lateral diameter A ⫽ wz/wxy) equal to 8.4 ⫾
1.0.
Brownian Motion of Gold
Nanoparticles in Solution: Benefits of
PhACS. We first studied gold NPs
with diameters of 5, 10, or 20 nm
freely diffusing in different water/
glycerin solutions (0%, 60%, 80%,
95% glycerin w/w). In such isotropic media, the diffusion coefficient D is well-known and relates
the NP hydrodynamic diameter d
and the fluid viscosity  by the
Stokes⫺Einstein relation: D ⫽
(kBT)/(3d) where kB is the Boltzmann constant and T is the temperature. Using PhACS measurements (similar to FCS
Figure 1. (a) PhACS setup; (b) 3D detection volume measured by z-stack images of a single 20 nm
experiments), the measured difgold NP immobilized in agarose gel; (c) time trace obtained from 10 nm gold NPs in 80% glycerfusion time is linked to D through
ine solutions. Inset: individual NPs passing in the detection volume.
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τD ) γηd

(3)

where ␥ is a parameter only depending on the temperature and on the setup geometry: ␥ ⫽ (3wxy2)/
(4kBT).
Examples of normalized PhACS curves obtained for
NPs diffusing in different medium viscosities are displayed in Figure 2. Each curve was fitted before normalization according to eq 2 with two free parameters (N
and D) and one known parameter (A). N ranged typically from 0.01 to 0.3. The typical dispersion in size (and
thus diffusion times) of the gold NPs used here was
⬃10% (determined by electron microscopy) and has a
minimal influence on the correlation decay functions as
illustrated by the quality of the fits using eq 2 and consistent with previous FCS theoretical and experimental
work.24 Figure 3 displays the measured evolution of D
and the corresponding diffusion constant for all products d studied (eq 3). The expected linear relationship
is obtained on more than three decades. More quantitatively, we found an experimental value of ␥exp ⫽ 0.54
⫾ 0.02 ⫻ 108 m2 · J⫺1 from the linear fit in agreement
the theoretical value of ␥th ⫽ 0.55 ⫻ 108 m2 · J⫺1 illustrating the possibility to measure absolute hydrodynamic diameters of absorbing nano-objects with
PhACS.
These curves show that PhACS provides a way to
measure and quantify the diffusion of absorbing NPs
of different sizes in environments with various viscosities. Diffusion time scales and their corresponding diffusion constants covered a wide range (seconds to submilliseconds to corresponding to D ⬇ 0.01⫺100 m2/s)
which should find many applications in biology where
diffusion constants of biomolecules are extremely diverse. Noteworthy, PhACS correlation times arise exclusively from the diffusive properties of the nanoparticles (Figure 2). On the other hand, the interpretations

Figure 2. Examples of normalized PhACS curves obtained
from different samples measured at 293 K: 5 nm gold NPs
in 30% glycerin (left), 10 nm gold NPs in 80% glycerin
(middle), and 20 nm gold NPs in 97% glycerin (right). Red
dashed lines represent theoretical fits using eq 2.
www.acsnano.org

Figure 3. Characteristic diffusion time D for 5 nm (Œ), 10
nm (), and 20 nm (9) nanoparticles in different samples:
pure water (red); 60% glycerin (green); 80% glycerin (blue);
95% glycerin (black). The solid line represents a linear fit of
D as a function of d.
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the relation3 4DD ⫽ wxy2. The NPs diffusion time
can thus be expressed as a function of the medium
viscosity and the NPs hydrodynamic diameter by:

of FCS autocorrelation function are complicated by the
photophysical properties of the dyes.25 On short time
scales, while FCS is influenced by the triplet state relaxations which might interfere with fast dynamics,26,27
PhACS is ultimately limited by the modulation frequency of the exciting beam which can be increased
to probe fast dynamics. Note that the decrease of photothermal signal with the modulation frequency17,23 can
be compensated for by the use of larger gold nanoparticles (as the signal scales as ⬀ d 3) or greater excitation
powers. On the longer time scales, PhACS is not limited
by photobleaching or blinking, and allows exploring extremely slow dynamics. The stability of the photothermal signals also allows an accurate and simple determination of the detection volume and thus precise
derivation of the hydrodynamic diameter from the diffusion times. Finally the photothermal signal does not
saturate at the standard intensities used (few hundreds
of kW/cm2) because of the fast relaxation times of the
NP after excitation (electron⫺electron and
electron⫺phonon relaxation times remain below 1
ps28), whereas FCS experiments should in principle be
performed in the zero excitation intensities limit to
avoid artifacts due to the saturation of the fluorescent
dyes.27,29
Hydrodynamic Diameter of Nanoparticles-Protein Complexes.
For many applications precise knowledge of the hydrodynamic diameter of functionalized NPs (and
their level of aggregation) at low concentration in
small volumes is desirable, for example, the hydrodynamic sizes of NP-ligand complexes is of great importance for the study of the protein diffusion in
confined areas.30 Along this line, we show that fast
and accurate determinations of the hydrodynamic
size of different gold NP complexes at nM concentrations are possible with PhACS. First, we used two reference samples containing bare gold colloid in water (mean diameters of 4.8 and 9.2 nm as determined
by electron microscopy) to accurately link the PhACS
diffusion times D, with the hydrodynamic diameter
of the particles d and avoid the need of a precise
VOL. 3 ▪ NO. 2 ▪ 345–350 ▪ 2009
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Figure 4. PhACS curves from bare and CALNN-coated gold
NPs. CALNN is a 5 amino-acid long peptide.

knowledge of the solution viscosity. Using these
standards, we could determine d for different
ligand-NP complexes consisting of commercial
samples of 5 or 10 nm gold NPs conjugated with
Goat Anti-Mouse IgG antibodies or Goat Anti-Mouse
Fab=2 fragments. Interestingly the full IgG-NP complexes displayed mean hydrodynamic diameters of
10.1 ⫾ 0.4 nm for 5 nm gold NPs and 15.5 ⫾ 0.6 nm
for 10 nm NPs, whereas for Fab-NP complexes we
found 9.4 ⫾ 0.4 and 12.5 ⫾ 0.5 nm for 5 and 10 nm
NPs, respectively. By comparing these values to the
protein sizes, namely about 14 ⫻ 14 ⫻ 5 nm3 for an
IgG and 7 ⫻ 5 ⫻ 5 nm3 for a Fab=2 fragment (see
methods), one can roughly estimate the NPs coverage by the ligands as one, at most, for IgGs and one
or more for Fab=2 fragments.
Recently, new NP functionalization strategies
which aim at reducing the size of the ligand have
emerged. For instance, thin peptide shells consisting of 5 amino-acids, (CALNN) were used to coat 7.5
nm gold NPs.31 Using PhACS we found that d increased from 7.4 ⫾ 0.3 to 8.6 ⫾ 0.3 nm (Figure 4)
upon coating the NPs. This increase of only 1.2 nm
matches the estimated size of a CALNN peptide
(⬃0.15 nm per amino acid) indicating that these
NPs are most likely covered by compact layer of the
peptide oriented perpendicular to the NP surface.31
As such, PhACS should allow characterization of peptide arrangement at the surface of the NP as a function of peptide density coverage.
DLS is also a well-known method for size measurements of nano-objects down to a few nanometers.
Based on scattering, it is however limited to ultraclean
scattering-free environments. To emphasize the benefits of PhACS compared to DLS in turbid samples, we
performed comparative PhACS and DLS measurements
on samples containing 10 nm gold nanoparticles with
or without 330 nm latex particles. At a latex concentration of 108 nanoparticles/mL, samples are clearly white.
PhACS allowed for diffusion time measurements of
gold NPs regardless the presence of the latex particles.
The curves in both conditions were indistinguishable
giving the same characteristic time of 11 ⫾ 0.1 ms. In
348
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Figure 5. PhACS correlation curves obtained from 10 nm biotin monofunctionnalized NPs alone (left) and upon mixture
with streptavidin (right). Solid lines represent theoretical
fits using eq 2. The diffusion time increased by a factor of
1.4 upon addition of streptavidin, suggesting the formation
of dumbbells (see text).

contrast, hydrodynamic properties of gold NP could
only be performed using DLS without the latex beads
(see Supporting Information).
Binding Assay. Precise measurements of diffusion coefficients (or hydrodynamic diameters) can also be used
to measure quantitative molecular interactions.32,33
When the diffusion coefficients of the two interacting
species are comparable, this task is difficult and requires
very high signal-to-noise ratios.24 In this context, PhACS
should be highly beneficial. To demonstrate this potential, we designed a binding assay that uses biotin and
streptavidin. The biotin⫺streptavidin ligand⫺receptor
system form one of the strongest noncovalent interactions with a dissociation constant between 10⫺15 and
10⫺13 M. As such, it is a well-studied model system for
ligand⫺receptor interactions. We used 10 nm biotin
monofunctionalized NPs (mf-biotin NPs)34 mixed with
streptavidin. Mf-biotin NPs alone gave a diffusion time
of tbiot ⫽ 28.2 ⫾ 0.2 ms. By increasing the concentration
of streptavidin, the diffusion time increased to 39.9 ⫾
0.2 ms ⬇ 1.4 ⫻ tbiot, a factor predicted for dumbbells,35
indicating that streptavidin binding produced mainly
dimers of mf-biotin NPs (Figure 5). Interestingly, the diffusion time decreased in excess of streptavidin (29.2 ⫾
0.2 ms), suggesting that binding of an isolated streptavidin on each mf-biotin NPs prevents the efficient formation of dimers.
CONCLUSION
In this paper, we introduce a new correlation
method which allows quantitative determinations of
the diffusion constant of absorbing nanoparticles.
PhACS can be used to measure the hydrodynamic diameter of functionalized nanoparticles complexes with
nanometer precisions. PhACS is also applicable to a variety of absorbing nano-objects such as silver nanoparticles, semiconductor nanocrystals,36 or single-wall carbon nanotubes.37 Moreover, using polarized excitation,
rotational diffusion could be detected and give access
to the aspect ratio of elongated objects.38 Finally, PhACS
www.acsnano.org

MATERIALS AND METHODS
Sample Prepartion. We used well-characterized gold colloids of
different sizes measured by electron microscopy (d ⫽ 4.8 ⫾ 1.0,
9.2 ⫾ 1.1, and 20.2 ⫾ 1.3 nm), purchased from Sigma. A small volume of gold NP stock solutions (Sigma, St Louis, MO) was added
into water/glycerin solutions (0%, 60%, 80%, 95% glycerin w/w)
at a final concentration of about 1011 particles/mL (⬃15 nM for
10 nm gold NPs). The viscosity of each solution was measured on
a rheometer maintained at constant temperature to avoid viscosity fluctuations. The samples consisted of 50 L solutions
sandwiched between two glass coverslips.
DLS measurements were performed on a Zetasizer Nano ZS.
For these experiments we used pure water with 1011 gold
NPs/mL and either none or ⬃1010 particles/mL for latex beads.
PhACS experiments were performed using the same concentrations in 80% glycerin solutions.
PhACS Optical Setup. The microscopy setup is adapted from a
“photothermal heterodyne imaging” setup17 working in the forward direction.23 A nonresonant probe beam (HeNe, 632.8 nm)
and an absorbed heating beam (532 nm, frequency doubled Nd:
YAG laser) are overlaid and focused on the sample by means of
a high NA microscope objective (100⫻, NA ⫽ 1.4). The intensity
of the heating beam (⬃100 kW/cm2) is modulated at a frequency
⍀ (typically ⍀/2 ⫽ 700 kHz) by an acousto-optic modulator.
The interfering probe-transmitted and forward-scattered fields
are efficiently collected using a second microscope objective
(80⫻, NA ⫽ 0.8) on a fast photodiode and fed into a lock-in amplifier in order to extract the beatnote signal at ⍀.23 Photothermal images are obtained by raster scanning of the samples by
means of a piezoscanner stage, whereas for PhACS the stage was
kept at a fixed position. Photothermal signals are first sent to a
voltage-frequency converter and then to an autocorrelator (ALV
5000).
Data Analysis. Each PhACS curve was fitted according to eq 2
with two free parameters (N and D) and one known parameter
(A). Standard errors are defined from the distribution of the fitted data obtained from repetitive correlation functions.
The sizes of proteins have been estimated using Swiss PDB
Viewer software and a IgG2a monoclonal antibody structure as
an input.39
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