
Diffusion noise as a tool for in-vitro investigation of
interacting biomolecules

M. Lechelon∗, M. Gori∗, M. Pettini∗, Y. Meriguet†, A. Kudashova†, M. Sidore†, J. Torres†, L. Varani†
∗Center of Theoretical Physics (CNRS UMR 7332),

Aix-Marseille University, Marseille, France
†Institute of Electronics and Systems (CNRS UMR 5214),

University of Montpellier, 860 rue St. Priest, 34095 Montpellier, France

Abstract—We present an investigation of the diffusion proper-
ties of biomolecules using fluorescence correlation spectroscopy.
The experiments performed on R-Phycoerythrin (RPE) protein
excited by optical means showed a clustering transition when the
laser power exceeds a threshold value and for sufficiently high
concentrations. We conclude that the behaviour of the diffusion
noise found in theoretical and experimental results represent a
very powerful tool to achieve a deeper understanding on the way
biomolecules move and meet through long range electrodynamic
interactions in living cells.

I. INTRODUCTION

Nowadays biomolecular interactions are mainly described
on the basis of short-range interactions (approximately less
than 10 Å) as physical contacts considering hydrophobic
or electrostatic interactions, protrusion, planarity, accessible
surface area and many other parameters [1]. However, recent
theoretical and experimental achievements have given strength
to the arguments supporting the idea that some sort of long-
range distributed activity could be at work inside living
cells [2].

As biomolecules move in an extremely noisy environment,
they experience Brownian diffusion due to random colli-
sions mainly with water molecules. However, the excellent
efficiency and robustness of the complex machinery taking
place in living cells can hardly be explained only by purely
Brownian processes because random encounters alone would
lead to average meeting times between molecules much larger
than the observed ones. Moreover the maintenance of the cell
functions is based on a precise timing with temporally driven
patterns implying that the right biomolecules have to be at the
right place, at the right time and following the right sequence.

Therefore a question deserving thorough investigation is
related to the possible role of long-range interactions entering
the protein-protein interactions schemes and eventually bring-
ing new information about their association and the way they
interact.

It is well known that, in several domains, the fluctuations in
the positions of randomly moving particles and the associated
diffusion coefficient represent an extremely sensitive probe
to investigate their dynamics and the kinetic processes they
undergo during their motion. We want here to stress that
this strategy can be also applied to the following situation: a
system composed of many interacting biomolecules moving in
aqueous solution and undergoing random diffusion processes.

From the theoretical point of view this problem can be
treated by numerically solving coupled Langevin equations
through molecular dynamics simulations of a system com-
posed of identical molecules considered as spherical charged
particles moving in a viscous fluid and interacting through a
pairwise potential [3].

In this paper we present and discuss experimental results
obtained using fluorescence correlation spectroscopy to ana-
lyze the possible modifications in the brownian movement of
biomolecules in aqueous solution when they are driven far-
from-equilibrium condition by means of an optical excitation.

II. FLUORESCENCE CORRELATION SPECTROSCOPY

An interesting complement to the theoretical approach is
represented by the experimental technique called FCS (Flu-
orescence Correlation Spectroscopy [4]) providing direct in-
vitro measurements of the diffusion process of biomolecules
by recording the fluctuations of fluorescence emitted in a
confocal volume as shown in Fig. 1. The principle of the
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following sections. The principle of the technique is to record the fluctuations of fluores-

cence (the technique is sometime also called Fluctuation Fluorescence Spectroscopy FFS)

emitted in a confocal volume, then correlate the recorded trace which gives information

about the diffusion time through the confocal volume. The technique has been developed

starting from 1972 by Madge, Elson and Webb [135], and has been based on the DLS. It is

frequently used to investigate translational and rotational diffusion, active transport and

flow, photophysical and photochemical transformations, chemical reactions or molecular

aggregation.

The signals of fluorescence recorded are analyzed after correlation, which is an efficient

Figure 2.5: Adapated from [135]. Panel A shows a typical FCS setup. DM is used for dichroic
mirror, P for pinhole and Det for detector. The excitation beam comes from the left of the figure,
it is reflected by DM0, then is focused on the sample with the objective. The fluorescence light
is emitted in response to the excitation beam, it passes through DM0, through the pinholes to
improved the focus, and hits the detectors. The correlation is then performed. Panel B is a
cartoon illustrating the concept of FCS.

method to study the fluctuations, as the following second-order intensity correlation func-

tion:

gij(τ) =
⟨Fi(t)Fj(t + τ)⟩

⟨Fi⟩⟨Fj⟩
(2.1)

with Fi,j the fluorescence signals. If Fi = Fj (signals recorded by the same detector)

then equation 2.1 is referred to as auto-correlation function (ACF); If Fi ̸=Fj then it is a

cross-correlation function (CCF).

The FCS techniques relies on the fluctuations of intensity, and as F (t) = ⟨F ⟩ + δF (t)

with ⟨F ⟩ the average intensity and δF (t) the fluctuations of the signal, one often reports

Fig. 1. Typical FCS setup where DM stands for dichroic mirror, P for
pinhole and Det for detector. The excitation beam comes from the left, it is
reflected by DM0 and then focused on the sample. The fluorescence light
emitted in response to the excitation beam passes through DM0, then through
the pinholes to improve the focus, and finally hits the detector Det 1. Adding
a second DM such as DM1 (or a beam splitter) allows to cross correlate
the signal, the technique being then called Fluorescence Cross Correlation
Spectroscopy (FCCS).

technique is to record the fluctuations of fluorescence emit-
ted in a confocal volume, then correlate the recorded trace
which gives information about the diffusion time through the
confocal volume. The technique has been developed starting
from 1972 by Madge, Elson and Webb [4]. It is frequently
used to investigate translational and rotational diffusion, active



transport and flow, photophysical and photochemical trans-
formations, chemical reactions or molecular aggregation. The
signals of fluorescence recorded are analyzed after correlation,
which is an efficient method to study the fluctuations, as the
following second-order intensity correlation function:

gij(t) =
〈Fi(t)Fj(t+ τ)〉
〈Fi〉〈Fj〉

(1)

with Fi,j the fluorescence signals. If Fi = Fj (signals recorded
by the same detector) then equation 2 is referred to as auto-
correlation function (ACF); If Fi 6= Fj then it is a cross-
correlation function (CCF). The FCS techniques relies on the
fluctuations of intensity, and as F (t) = 〈F 〉 + δF (t) with
〈F 〉 the average intensity and δF (t) the fluctuations of the
signal, one often reports the related correlation function of
fluorescence intensity fluctuations:

Gij(t) =
〈δFi(t)δFj(t+ τ)〉

〈Fi〉〈Fj〉
(2)

One can show that the analytical model for ACF of FCS
essentially depends on the diffusion time of the tracer through
the confocal volume τD, the number of molecules in the
confocal volume N , the shape of the confocal volume and
particularly the structure parameter s describing the spatial
properties of the detection volume s = ωxy/ωz (where ω are
1/e2 radii of the sample volume directed perpendicularly to
the optical axis and directed along the optical path). There are
also many other experimental parameters that can change the
FCS analytical model. In a first place, some phenomenon can
have a fast fluorescence dynamic, and affect the ACF at short
lag time. This is the case for antibunching, due to the delay
between each light quantum emission and the time spent by
the fluorophores in the triplet state, which is a period where
the fluorescence stops. While antibunching is most of time not
recorded in FCS acquisitions due to higher time resolution
acquisition, triplet blinking can be seen, and the analytical
model yields the following ACF:

G(τ) =
1

N

(
1 +

Te−τ/τT

1− T

)[
1

(1 + τ/τD)
√
1 + s2τ/τD

]
(3)

with T the fractional population of the triplet state in the
detection volume, and τT the triplet lifetime. Many important
physically-relevant fitted parameters can be sort out of the
experiments based on the previous ACFs:

• The correlation time, obtained with the formula τD =
ω2
xy/4D, with D the diffusion coefficient of the observed

dye.
• The average number of particles 〈N〉 in the detection

volume, which can be used to calculate the particle
concentration in the sample given by G(0) = 1/〈N〉

• The average sample intensity and the fluctuations behav-
ior.

III. CHOICE OF THE PROTEIN

Experiments have been performed with a naturally fluores-
cent protein to avoid protein modification before use since it

does not require a covalent labeling of fluorochromes. About
the absorption and fluorescent properties, the choice mainly
comes from experimental and technical constraints due to
the laser used on the FCS device which excites at 488 nm.
Considering these constraints we have selected a protein called
R-Phycoerythrin (RPE) which is a light harvesting hexam-
eric phycobiliprotein, found in bacteria, algae and plants. It
belongs to a family of proteins called the phycobiliproteins
(PBPs), making the phycobilisome (PBS), a macromolecular
complex harvesting and conducting light with an efficiency
of approximately 95% in the energy transfer process. What
mainly differentiates the different PBPs are the quality and
the quantity of their chromophoric groups [5].

IV. ANALYSIS OF THE TIME TRACES

We have performed experiments at different concentrations
of RPE, also changing the laser power input. Different flu-
orescence traces are shown in figure 2, with three different
laser powers: 33 (A), 76 (B) and 320 µW (C) for 14 average
distances among the proteins as reported in the figure caption.
The results clearly show some changes when using a different
laser power. When the laser power is 33 µW (figure 2A)
no intensity peak appears on the traces. When the power
is 76 µW (figure 2B) sharp intensity peaks are visible for
average distances from 650 Å to 750 Å. Finally, when the
laser power is 320 µW (figure 2C) the traces show wide
intensity peaks for average distances starting from 1050 Å
up to 650 Å. The frequency and the width of the intensity
peaks seem to increase with the concentration. This figure

Fig. 2. Traces recorded by channel 1 of the FCCS device during 60 seconds,
for solutions of RPE. The average distances among the proteins are, from blue
to red respectively: 2000, 1650, 1500, 1350, 1200, 1050, 1000, 950, 900, 850,
800, 750, 700 and 650 Å. Panel A shows the results with the laser output set
at 33 µW, panel B with the laser set at 76 µW and panel C with the laser set
at 320 µW.

confirms that when the laser power is 33 µW the fluctuation
patterns appear independent of the concentration. However, for
the experiments performed with the laser powers of 76 µW
and 320 µW, the traces at higher concentrations clearly show
different fluctuation patterns starting at an average distance of
750 Å (and below) for figure 2B and at 1050 Å (and below)
for figure 2C, respectively.

These first results based on the traces comparison at dif-
ferent concentrations and different laser powers indicate that



Fig. 3. Normalized CCFs from solution of RPE with average distances
between the proteins (from blue to red respectively) of: 2000, 1650, 1500,
1350, 1200, 1050, 1000, 950, 900, 850, 800, 750, 700 and 650 Å. Panels A,
B and C show respectively the results for the laser output of 33 µW, 76 µW
and 320 µW.

large intensity peaks appear only when the laser power is
above a threshold value and above a definite concentration.
Similar patterns to the ones reported here for the fluctuation
traces have been found in experiments involving formation of
oligomeres [6], and the large peak intensities have also been
used by Perevoshchikova et al. [7] to develop a technique
called Peak Intensity Analysis (PIA) to estimate the degree
of binding of particles.

These results seems to indicate that several RPE molecules
stick together, this would create clusters yielding an increased
fluorescence emission coming from each individual molecule,
whence the observed intensity peaks and long diffusion time
given by the fitted CCF. These CCFs used for fitting and
obtained from the cross correlation of the fluorescent traces
visible on Fig. 2 are shown on Fig. 3.

To go even further in the confirmation of clusters formation
we have recorded a video of the same solution of RPE with
the laser power set at 320 µW, but using a CMOS camera (see
Fig. 4). The video is again showing the formation of bright
spots after few minutes of illumination.

The video directly confirms the formation of clusters as seen
through the size of the bright spots. Indeed, some involve many
pixels, making us think that some wide aggregates, bigger than
the waist are diffusing in the solution. Moreover, the spots
seem to follow a continuous path due to the small distances
separating one bright spot followed through two subsequent
images. We have claimed on the basis of what is reported
in Fig. 4 to have observed the formation of clusters in the
solution of RPE, when the laser power is high enough, in this
case 320 µW.

V. ANALYSIS OF THE VARIANCE

Further analyses have also been done to investigate about
the threshold behavior of the cluster formation according to
the distance among the molecules. To do so, the variance of
the traces has been calculated for each sample with the average
distance used in the previous sections, and with the laser power
set at 33 µW, 76 µW and 320 µW (red squares, green disks
and blue triangles respectively in Fig. 5). Panel A. shows
the variance of the intensity. Due to the change of excitation
power of the laser, the curves are shifted upward when the
power increases, leading to a more difficult comparison. On

Fig. 4. Screenshots saved on a video of a solution of RPE with an average
molecular distance of 650 Å. The video has been recorded with a CMOS
camera. The bright spot shows the starting position of the laser during the
scanning.

panel B., we have subtracted to each curve the intensity
variance measured at 2000 Å. It is interesting to note that
the three curves overlap for the longer distances separating
the molecules, from 2000 Å to 1050 Å.

Fig. 5. Study of the intensity variance of the traces visibles on Fig. 2
according to the average distance between the RPE proteins in Å, with the
laser set at 33 µW (in red), 76 µW (in green) and 320 µW (in blue). Panel A
shows the intensity variance; panel B shows the intensity variance re-scaled
according to the variance at d = 2000 Å; panel C shows the intensity variance
normalized to the intensity variance of respective measurements taken for the
laser set at 33 µW in red.

The red and green curves also overlap up to 800 Å. These
two values, 1050 Å and 800 Å have already been noticed in
Fig. 2. Finally, we have assumed that the variance behavior
or the red curve was the one expected for an homogeneous
solution of RPE diffusion with Brownian motion and we have
subtracted the values of the red curve to the corresponding



values of the green and blue curves for similar average
distances among the molecules, as seen on panel C. On this
panel, the intensity variance increase is more visible at the
distances previously mentioned, that is, 800 Å and 1050 Å,
and in agreements with the analysis of the fluorescence traces
made above.

VI. DISCUSSION AND CONCLUSIONS

Here, proteins diffusion in solution has been studied to
investigate if long range electrodynamic interactions among
these proteins can be strong enough to be detectable. Taking
advantage of its properties, we have chosen a naturally fluo-
rescent protein, the RPE. The results obtained show that when
the laser power used with the FCCS device is low enough
(experiments performed at 33 µW), the diffusion is Brownian
from the lowest concentration (26 nM corresponding to an
average inter-molecular distance of 4000 Å) up to the highest
concentration tested (6.05 µM corresponding to an average
distance between the proteins of 650 Å). However, when the
laser power is increased (76 µW and 320 µW), some high
intensity peaks show up on the fluorescence traces recorded for
the highest concentrations (800 Å and 1050 Å respectively).
This phenomenon is also accompanied with bright spots
observed on videos. The correlation analysis of the traces thus
shows diffusion times much longer than the ones expected for
Brownian motion. These results are in agreement with the pre-
viously developed theoretical computations [8], and the only
explanation that we can give of the presence of these intensity
peaks and of the spots visible on the videos are clusters formed
through the action of long-range electrodynamic interactions.
The evidence of aggregate formation is also supported by the
observation of similar intensity peaks in experiments involving
fluorescent probes binding nanoparticles, where large peaks
of fluorescence are visible when multiple dyes bind to large
particles [7].

A constructive criticism about the formation of clusters and
against the explanation based on long-range electrodynamic
interactions would be to relate the formation of aggregates to
the RPE denaturation. However, in a first side, its oligomeriza-
tion state makes its structural stability extremely high [5]. The
loss of optical properties of the RPE gives information about
the departure from its native conformation, either induced by
heat or by chemical denaturation [9]. The pH is an important
factor that can lead to protein denaturation, and RPE has been
reported to be denaturated at low pH (pH = 3) and hence to
create irreversible aggregates, as studied by Ogawa et al. [10].
In our experiments involving RPE, pH measurements gave
pH = 5 for a solution with intermolecular distance between
the RPE proteins of 2000 Å, and the aggregation observed is
reproducible and the clustering phenomenon occurs suddenly
by crossing the threshold value of 1050 Å.

The temperature is another parameter that can lead to pro-
tein denaturation. In their article, Vaidya et al. [9] have shown
that the RPE is experiencing a decrease of its fluorescent for
temperatures higher than 62.8 ◦C. Considering the intensity

analysis reported in Fig. 5, the intensity does not experience
any decrease when reaching the highest concentration of RPE.

In conclusion, our goal was to find experimental evidence of
long-range electrodynamic interactions taking place between
biomolecules. This work has been motivated by the poor
understanding of the dynamics of intermolecular encounters in
cellular signaling pathways, taking place with great precision
and effectiveness both in time and space. Brownian motion,
usually invoked to explain this encounters, fails to characterize
such an organization due to its randomness leading to low
efficiency. Whereas deterministic and selective forces acting at
a long distance could accelerate the encounter between cognate
partners of biochemical reactions.

The results showed a remarkable clustering transition of
the proteins under two conditions: when the laser power
exceeds a threshold value, and when the concentration of the
protein is also above some threshold value. A sharp transition
between the Brownian diffusion and the clustering of the
protein molecules has been recorded depending on the average
distance between the proteins. This is in excellent agreement
with our preceding theoretical predictions and numerical sim-
ulations.
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