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The present paper deals with an experimental feasibility study concerning the detection of long-
range intermolecular interactions through molecular diffusion behavior in solution. This follows
previous analyses, theoretical and numerical, where it was found that inter-biomolecular long-range
force fields of electrodynamic origin could be detected through deviations from Brownian diffusion.
The suggested experimental technique was Fluorescence Correlation Spectroscopy (FCS). By con-
sidering two oppositely charged molecular species in watery solution, that is, Lysozyme protein and
a fluorescent dye molecule (Alexa488), the diffusion coefficient of the dye has been measured by
means of the FCS technique at different values of the concentration of Lysozyme molecules, that
is, at different average distances between the oppositely charged molecules. For the model consid-
ered long-range interactions are built-in as electrostatic forces, the action radius of which can be
varied by changing the ionic strength of the solution. The experimental outcomes clearly prove the
detectability of long-range intermolecular interactions by means of the FCS technique. Molecular
Dynamics simulations provide a clear and unambiguous interpretation of the experimental results.

PACS numbers: 87.10.Mn; 87.15.hg; 87.15.R-

I. INTRODUCTION

The present paper reports about the third and last
step of a feasibility study concerning a possible strategy
to detect long range electrodynamic forces acting among
biomolecules. In living matter, resonant (thus selective)
electrodynamic attractive interactions [1] could be a rel-
evant mechanism of molecular recruitment at a distance,
beyond all the well-known short-range forces (chemical,
covalent bonding, H-bonding, Van der Waals). Unfor-
tunately, because of technological limitations, an exper-
imental proof or refutation of this possibility has been
for a long time and is still sorely lacking. In our prelimi-
nary investigations in [2] and [3] we have put forward the
idea that a possible experimental method to investigate
whether these forces can be at work, when suitably ac-
tivated, could come from the study of how the diffusion
behavior of biomolecules in solution could change when
their concentration is varied (that is, when the average
intermolecular distance is varied).
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The experimental technique envisaged in [3] was Flu-
orescence Correlation Spectroscopy (FCS), a well estab-
lished experimental technique [4–6]. In order to check
whether the study of molecular diffusion through the FCS
technique can be actually effective to detect intermolecu-
lar long-range interactions, in the present paper we have
chosen to tackle a system of molecules which interact
through built-in long range interactions, that is, through
an electrostatic force field. Even if our ultimate goal is to
detect electrodynamic intermolecular interactions, there
are still several uncertainties concerning their activation
and strength, therefore a preliminary assessment of the
reliability of the experimental method - performed un-
der perfectly controlled conditions - is timely. Thus we
have now undertaken a successful experimental assess-
ment of the method, a crucial step forward with respect
to the two preceding works in Refs. [2] and [3]. We
chose a system where the interacting molecules were a
protein, white egg Lysozyme, and an oppositely charged
dye, Alexa Fluor 488. These molecules were solvated in
pure water, thus in the absence of Debye screening, and
in salted water to confirm that the concentration depen-
dent attenuation of the self diffusion coefficient is due
to the electrostatic interparticle interactions. Molecu-
lar Dynamics simulations have been also performed, and
their results are in excellent agreement with the exper-
imentally observed phenomenology. We conclude that
the FCS technique is actually a viable experimental pro-
cedure for an assessment of the strength of long-range in-
termolecular interactions and thus, sooner or later, also
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of electrodynamic intermolecular interactions. The paper
is organised as follows: in Section II the experimental re-
sults are reported and discussed, while in Sec. III we
report the outcomes of the Molecular Dynamics simula-
tions of the experiments and we comment on the observed
phenomenology. Section IV is devoted to some conclud-
ing remarks about the results presented throughout the
present paper.

II. EXPERIMENTAL RESULTS

In the present Section we report about the effect of
electrostatic long distance intermolecular interactions on
the diffusion behavior of oppositely charged molecules.
Molecular diffusion is detected using Fluorescence Cor-
relation Spectroscopy (FCS). As mentioned in the In-
troduction, the interacting molecules considered in the
present study are Lysozyme, a small globular protein of
14307 Da [7, 8] keeping a net positive charge for all pH
values up to its isoelectric point, which is around pH
= 11.35 [9], and Alexa Fluor 488 dye (hereinafter AF488)
a very bright anionic fluorophore. FCS is a well estab-
lished spectroscopic technique that enables a real time
investigation of diffusion processes through a statistical
analysis of the fluctuating fluorescence signal detected
[4–6, 10, 11]. Self diffusion is affected by any interac-
tion among the diffusing species, repulsive or attractive,
that produce an attenuation depending on the interpar-
ticle interaction; the stronger the interaction the larger
the deviation from Brownian diffusion [3]. The experi-
mentally accessible parameters to implement this study
are the average intermolecular distance 〈d〉 and the ionic
strength of the electrolytic solution used, as already dis-
cussed in a preceding paper of ours [3]. The average inter-
molecular distance among molecules changes with their
concentration as 〈d〉 = C−1/3, where C is the total num-
ber of molecules per reaction volume. The electrostatic
interaction among the molecules in electrolytic solution
is described by the Debye-Hückel potential [12]:

UDebye(r) =
Z1Z2e

2

εr|r|
·

exp
[
− 2R
λD

(
|r|
2R − 1

)]
(1 +R/λD)

2 , (1)

where λD is the Debye screening length of the electrolytic
solution, R is the molecular radius, e is the elemen-
tary charge and εr is the static dielectric constant of the
medium. For a monovalent electrolyte, like NaCl which
has been used throughout this study, the Debye length
in Eq.(1) reduces to:

λD =

√
εrε0kBT

2NAe2I
. (2)

where ε0 is the vacuum permittivity, kB is the Boltz-
mann constant, NA is the Avogadro constant and I is
the ionic strength. Debye screening - due to small ions
freely moving in the environment - is an essential fea-
ture of biological systems because it shortens the range of

electrostatic interactions. In principle, counterions con-
densation effect can heavily affect the interaction among
biomolecules so that ”like likes like” effects can take place
[13, 14]. Nevertheless for spherical macroions (as the
proteins have been modeled in numerical simulations)
the counterions condensation phenomenon does not take
place, and the Debye potential properly accounts for the
effect of counterions. In the limiting case of λD → +∞,
charged particles in electrolytic solution are submitted to
a pure Coulomb potential given by:

UCoul(r) =
Z1Z2(e)2

εr|r|
, (3)

that is, the Debye-Hückel short-range potential turns to
a long-range one. By long-range interaction we mean an
interaction potential falling off with the interparticle dis-
tance r as 1/rν with ν ≤ d, d being the spatial dimension
of the system.

The main outcome of FCS measurements on a solu-
tion of oppositely charged molecules is the average time
τD taken by a molecule of AF488 to cross the section of
some observation volume in presence of different concen-
trations of Lysozyme. The measure of τD gives access to
physical quantities as the diffusion coefficient D (Eq. (7))
and the hydrodynamic radius RH (Eq.(8)). This study
has been performed for different average values of the in-
termolecular interaction strength. The latter depends on
the average intermolecular distance 〈d〉, and, possibly, on
a variation of the Debye screening length. The average
distance between any two interacting molecules is given
by [15]

〈d〉 = (CAF488 + CLys)
−1/3 , (4)

where the concentration of the AF488 dye has been kept
constant and equal to 1 nM, while the Lysozyme con-
centration covered a range between 0 and 0.69 mM (9.86
mg/ml).

A. Autocorrelation and data treatment

The autocorrelation function G(τ), originated by
molecules interacting and diffusing in and out of the ob-
servation volume, is defined by

G(τ) =
〈δF (t)δF (t+ τ)〉

〈F (t)〉2
(5)

where 〈F (t)〉 is the average intensity, δF (t) the inten-
sity of fluctuations, and the brackets mean ensemble av-
erage. The general procedure consists in fitting G(τ)
with the appropriate mathematical model describing the
characteristics of the system under study. The analytical
form of the autocorrelation function for a single molecu-
lar species, assuming a three-dimensional Gaussian pro-
file of the excitation beam accounting for diffusion [4] and
a triplet state of the dye [20], is obtained under the as-
sumption that diffusion driven by random hits of water
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molecules and protein-dye dynamics driven by electro-
static forces are independent processes:

G(τ) = 1 +
1

N

1 + nT exp

(
− τ

τT

)
(

1 +
τ

τD

)√
1 + s2

τ

τD

. (6)

Here N stands for the number of molecules in the FCS
observation volume, τD is the diffusion time through this
volume, τT the triplet lifetime, nT = Tr/(1 − Tr), with
Tr the fraction of molecules in the triplet state. The
dimensionless parameter s, called structure parameter,
describes the spatial properties of the detection volume.
It is given by s = ωx,y/ωz, where the parameter ωz is
related to the length of the detection volume along the
optical axis, and the radial waist ωx,y is related to the
radius of its orthogonal section.

The diffusion coefficient D is expressed as a function
of the radial waist ωx,y, and of the diffusion time τD by:

D = ω2
x,y/4τD , (7)

and for isolated molecules following a Brownian motion,
the hydrodynamic radius RH may be computed using the
Stokes−Einstein equation:

RH =
kBT

6πη(T )D
, (8)

where T is the absolute temperature, kB the Boltzmann
constant, and η the viscosity of the fluid. The viscosity
of liquids is a decreasing function of temperature and is
expressed empirically between 0◦C and 370◦C, with an
error of 2.5 %, by the expression [21]

η(T ) = A× 10B/(T−C) . (9)

For water, the parameters A,B and C are equal to
2.414× 10−5 Pa s, 247.8 K and 140 K, respectively.

In Figure 1 some typical outcomes of the FCS measure-
ments are displayed. These are the autocorrelation func-
tions (ACFs) - defined in Eq.(5) - of fluorescence intensity
fluctuations (for graphical reasons the normalized ver-
sions are displayed). To assess afterpulsing artefacts on
the ACFs, Fluorescence Cross Correlation Spectroscopy
(FCCS) measurements have been also performed, and the
results so obtained are in perfect agreement with those
found with FCS (see Appendix).

Then the experimental ACFs are fitted by means of
the analytic expression in Eq.(6) where we used s =
ωx,y/ωz = 0.2 and τT was left free. Out of these mea-
surements and fittings one obtains the diffusion times τD
at different values of 〈d〉, and hence, according to Eq.(7),
the values of the diffusion coefficient D of the AF488
molecules can be worked out after having performed an
accurate measurement of the waist size ωx,y by means of
Rhodamine Rh6G used as a diffusion standard (details
are given in Section III).

Figure 1. (Color online) FCS measurements. Semilog plot of
the normalized autocorrelation function of fluorescence fluc-
tuations, defined in Eq.(6), obtained at 〈d〉 = 240Å (red line),

at 〈d〉 = 920Å (blue line), and at 〈d〉 = 4200Å (black line).
Working temperature 30oC.

When the Lysozyme concentration is zero the solution
contains only 1nM of AF488 corresponding to an average
intermolecular distance of 11841.8Å. The diffusion coef-
ficient of the dye in the absence of Lysozyme is used as
the infinite dilution value D0 of AF488. Then the average
protein-dye distance is varied by varying the Lysozyme
concentration. The fitted values of the parameters for so-
lutions of variable concentrations of Lysozyme and 1nM
of AF488 are reported in the Table shown in Figure 11.
The number of fluorescent dye molecules N is observed to
decrease at increasing Lysozyme concentration as a con-
sequence of a quenching phenomenon already reported in
the literature and briefly discussed in Appendix A.

As several experiments have been performed on dif-
ferent days - so that the outcomes of the measures can
be affected by even minor modifications of the FCS and
FCCS setups - the values of the measured diffusion coef-
ficient D are normalized to the infinite dilution value D0,
which is determined anew each time a new experiment is
performed, and which corresponds to Brownian diffusion
of the dye molecules.

In Figure 2(a) we can observe that at low concentra-
tions of Lysozyme, corresponding to an average interpar-
ticle distance larger than approximately 2500Å, the diffu-
sion of the dye molecules is Brownian, that is, D/D0 ' 1,
where D/D0 = τD0

/τD (see Eq.(7)). By increasing the
Lysozyme concentration the normalised diffusion coeffi-
cient is observed to markedly drop, and this is attributed
to the attractive electrostatic interaction among the dye
and protein molecules, as is qualitatively discussed be-
low, and quantitatively discussed in Section IV.

The larger the concentration of protein molecules the
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stronger the electrostatic attraction they exert upon the
dye molecules. The dye diffusion can be slowed down -
below the Brownian diffusion regime - through two mech-
anisms: on the one side, being attracted in every direc-
tion, the dye molecules undergo a sort of dynamical ”frus-
tration” [3]; on the other side, the protein and the dye
molecules can form temporary/”flickering” bound states.

Figure 2. (Color online) Semilog plot of the normalized dif-
fusion coefficients D/D0 of AF488 as a function of the dis-

tance in Å between proteins and dyes (a); semilog plot of the
diffusion coefficient D for a single experiment with 0mM of
NaCl in solution (b); semilog plot of hydrodynamic radius (c)
of AF488 (1nM) versus the average distance between all the
molecules in pure water.

In Figure 2(b) the experimental outcomes obtained for
the non-normalised D are plotted as a function of the av-
erage intermolecular distance. The knowledge of the dif-
fusion coefficient D allows to estimate the equivalent hy-
drodynamic radiusRH through the Stokes-Einstein equa-
tion (Eq.(8)); the variation of RH as a function of 〈d〉 is
reported in Figure 2(c).

At infinite dilution, the diffusion coefficient D0 of
AF488 in water, and its corresponding hydrodynamic ra-
dius, are found to be equal to 532 ± 23.5 µm2/s and

5.2± 0.2 Å, respectively.
Let us remark that the patterns of the ACFs reported

in Figure 1 and Figure 9 are well fitted by the single
species function in Eq.(6) even though a-priori a two-

Figure 3. (Color online) The diffusion coefficient (blue di-
amonds) and the fraction of free AF488 molecules (white
squares) are compared. In the two-species fitting to compute
the fraction of free dye molecules the following parameters
have been kept fixed: τAF488 =78.8µs, τLys =210µs, triplet
time of AF488 3.4µs, and triplet time of Lysozyme 3.34µs.

Figure 4. (Color online) Semilog plot of the normalized dif-
fusion coefficients D/D0 at different concentrations of NaCl
in solution: 0mM (blue diamonds), 20mM (orange circles),
50mM (red squares), 100mM (green triangles) and 150mM
(purple rhombs).

species ACF [19] could better take into account the pos-
sible presence of at least two subpopulations, one of
dye molecules temporarily bounded to proteins, and the
other of freely moving dye molecules. However, fitting
the ACFs by taking as free parameters both the diffu-
sion time of the AF488 molecules and of the Lysozyme
molecules leads to a poor quality results.
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To the contrary, an interesting result is found by per-
forming a two-species fitting, where both the diffusion
times of AF488 and of Lysozyme are kept fixed, to work
out the relative population of free AF488 dye versus tem-
porary bound AF488-Lysozyme states. The outcome is
reported in Figure 3 in the form of the fraction of freely
moving AF488 molecules with respect to the total pop-
ulation of AF488 molecules, and given as a function of
both the average interparticle distance 〈d〉, given by Eq.
(4), and particle concentration. It appears evident that
when the diffusion of the AF488 molecules is Brownian
the fraction of freely diffusing molecules is equal to 1,
then this fraction drops parallely to the drop of the dif-
fusion coefficient until almost all the AF488 molecules
appear bounded to the Lysozyme molecules. This cross
checks with the observation that the diffusion coefficient
D measured at the lowest values of the intermolecular
distances has to correspond to the condition where all
the molecules of AF488 are bounded to the Lysozyme
molecules for most of the time, thus in this case D must
approximately equal the value of the Lysozyme diffu-
sion coefficient (apart from a small difference due to a
slightly modified Stokes radius). Therefore, the diffu-
sion coefficient of Lysozyme molecules chemically labelled
with AF488 has been measured. The value obtained is
DLys = 166.55 ± 1µm2/s which is in fairly good agree-
ment with that one corresponding to the lowest inter-
molecular distance in Figure 2(b).

As a control, we use the white egg Lysozyme hydrody-
namic radius RH = 20.5Å reported in Ref.[16], and re-
sorting to Eq.(8) relating RH to the diffusion coefficient
together with Eq. (9) for the water viscosity at our work-
ing temperature of 30◦C, one finds DLys = 138µm2/s
which is in fairly good agreement with our above reported
value, considering that the calibration of our device is
based on the outcomes of Ref. [18].

The temporary nature of these bound states is rea-
sonably surmised because the random hits of water
molecules, which drive molecular diffusion, are also con-
tinuously destroying the bound states. To support these
qualitative arguments we can proceed by estimating and
comparing some characteristic energy and time scales. A
characteristic interaction length Rel is obtained by equat-
ing the electrostatic interaction energy with thermal en-
ergy giving

Rel =
|ZLysZdye|e2

4πεrkBT
(10)

taking ZLys = 10, Zdye = −2, e the electron charge, and
the dielectric constant of water εr ∼ 76 at T = 303K
(30◦C), we have Rel ∼ 145Å so that the mean time taken
by a dye molecule to move on such a distance is

τ0 =
R2
el

6D0
∼ 66 ns (11)

having assumed D0 ' 532µm2s−1 (see below). The
largest value of the electrostatic interaction energy be-

tween AF488 and Lysozyme is estimated as

Emax =
ZAlZLyse

2

4πεrRmin
∼ 150 meV (12)

where Rmin = Rdye + RLys = 25Å is the minimum dis-
tance between AF488 and Lysozyme, and since at 30◦C
kBT '26 meV, we compute the Kramers escape time
from a bound state as the time for an AF488 molecule to
reach a distance Rel, where the electrostatic interactions
are equal to the thermal energy kBT , that is

τKr = τ0 exp

[
∆E

kBT

]
' 9µs (13)

where ∆E = Emax − kBT ; this gives an order of magni-
tude of the average trapping time of a molecule of AF488
by a Lysozyme molecule. For instance, at 〈d〉 = 1000Å
the free diffusion time of an AF488 molecule is

τfree(1000Å) =
(〈d〉 − 2Rel)

2

6D0
' 1.5µs (14)

which is shorter than the average trapping time, as a
consequence for this value of 〈d〉 the AF488 molecules are
most of the time, but not permanently, trapped, and this
is consistent with a small value of D/D0. To the contrary,

for 〈d〉 = 2500Å the free diffusion time is approximately
given by

τfree(2500Å) ' 17µs (15)

which is longer than the trapping time. Of course these
are somewhat crude estimates but provide reasonable
orders of magnitude and thus useful heuristic informa-
tion. Finally, the existence also of temporary states of
more than one dye molecule bounded to a single protein
molecule is not excluded, but such a possibility is im-
plicitly taken into account by the numerical simulations
reported in Section IV.

The above given natural explanation of the result dis-
played in Figure 2(a) can be further and nicely con-
firmed by acting on the effective range of the the inter-
molecular interaction potential according to Eq.(1). The
range of the potential is controlled by the Debye screen-
ing length λD, which depends on the concentration of
freely moving ions in the electrolytic solution. This is
practically realised by adding to the watery solution of
proteins and dyes different concentrations of sodium chlo-
ride. In order to change the action range of electrostatic
interactions we chose five different NaCl concentrations:
0, 20, 50, 100, 150 mM. The 0 mM concentration of NaCl
implies that the molecules are solvated in pure water and
submitted to a pure Coulombic potential (Eq.(3)), while
the additions of salt in solution screens the electrostatic
interaction between charged molecules (Eq.(1)). The De-
bye screening lengths for NaCl salt contents of 20, 50, 100
and 150 mM, are equal to 21.4Å, 13.6Å, 9.6Å and 7.8Å
(Eq.(2) for a temperature of 30◦C), respectively.
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The effect of this action on λD is shown in Figure 4.
The different patterns of D(〈d〉) are consistently showing
that the higher the ionic strength (that is the shorter λD)
the shorter the distance 〈d〉 at which D deviates from a
Brownian value.

Figure 5. (Color online) Normalised diffusion coefficients at
isoelectric points of Myoglobin at pH=7 (full circles), and of
Lysozyme at pH=11 (open triangles). Electrostatic interac-
tions are switched off.

In order to further cross check that the observed lower-
ing of the diffusion coefficient of the dye is due to its elec-
trostatic interaction with the protein molecules, we have
replaced Lysozyme (molecular weight = 14.3 kDa) with
Myoglobin (molecular weight = 16.7 kDa). We chose
Myoglobin because its isoelectric point happens to occur
at pH=7, the pH value of our measurements, thus a mix-
ture of AF488 and Myoglobin at pH=7 in pure water is
expected to always give Brownian diffusion. And this is
actually the case, as is shown by Figure 5. Then we also
considered a solution of Lysozyme and AF488 at pH=11,
the isoelectric point of Lysozyme. Also in this case no
trace is left of the pattern of the diffusion coefficient
reported when both the molecular species are charged
(though in this case the buffer keeping at 11 the pH of
the solution has a non-vanishing ionic strength). The fit
of our ACFs using a 3D anomalous diffusion model (see
Appendix V) has not highlight the existence of molecu-
lar crowding effects in our system. The last cross check
has been the fit of our ACFs using a 3D anomalous dif-
fusion model to study how molecular crowding effects
were affecting our system. The results clearly show that
crowding effects are negligible (see Appendix).

III. MATERIALS AND METHODS

A. Materials

Chicken egg white Lysozyme was purchased from
Sigma (L6876) (St. Louis, MO); it was used without

further purification and was either dissolved directly into
bidistilled water or diluted in series. Even though dis-
solving a protein in pure water can strongly modify its
3D structure, in the present context this does not affect
the phenomenon in which we are interested.

AF488 5-TFP (Alexa Fluor 488 Carboxylic Acid,
2, 3, 5, 6−Tetrafluorophenyl Ester), 5-isomer (A30005)
was purchased from Molecular Probes Invitrogen.

The dye has excitation/emission of 495/515 nm and a
molar extinction coefficient of ε495 = 71, 000 M cm−1.
Both the protein and dye concentrations have been de-
termined measuring their absorbance with a Nanodrop
1000 Spectrophotometer (ThermoScientific), at 280 nm
with a molar extinction coefficient of 36000 M cm−1 and
at 495 nm with a molar extinction coefficient of 71000
M cm−1, respectively. To change the ionic strength of
the solution, sodium chloride (NaCl) has been diluted in
bidistilled water getting molar concentrations of 20mM,
50mM, 100mM and 150mM. Then these solutions are
used to dilute the protein and the dye. The above men-
tioned chemically labelled Lysozyme molecules have been
obtained by homemade labelling using 2 mg/mL of pro-
teins with 0.7 times of A488 5-TFP in sodium bicarbon-
ate at a pH ≈ 8.5, during one hour. This has been done
in order to compare the results of AF488 diffusion time in
our experiments with the Lysozyme diffusion time. Un-
conjugated dye was removed using a PD-mini-trap G25
(GE Health Care) according to the instructions of the
manufacturer, using gravity protocol, and the degree of
labelling was determined spectroscopically. As a con-
tainer for the solutions, 8-wells Labtek chambered cover-
glass has been used.

B. FCS measurements

FCS measurements were performed on a custom-made
apparatus based on an Axiovert 200 M microscope (Zeiss,
Germany) with an excitation 488 nm Ar+-ion laser beam
focused through a Zeiss water immersion Apochromat
40X/1.2 numerical aperture objective. The fluorescence
was collected by the same objective, separated from the
excitation light using a dichroic mirror, and then deliv-
ered to an avalanche photodiode (SCPM AQR-13, Perkin
Elmer) through 545/20 nm bandpass filter. A 50 µm
diameter confocal pinhole reduced the out-of-focus flu-
orescence. The system has been switched on around
60 min prior to the measurements to allow for stabi-
lization of all components. The laser waist ωx,y was
set by selecting with a diaphragm the lateral extension
of the laser beam falling onto the back-aperture of the
microscope objective [22] and was then estimated us-
ing the well known diffusion of Rhodamine 6G in wa-

ter [18] ωx,y =
√

4DτD. The literature diffusion coeffi-

cient for Rh6G [23] (DRh6G,22.5◦C = 426µm2/s) has been
corrected to account for the experimental temperature
(30◦C) and the viscosity of water at the same tempera-
ture (Eqs.(8) and (9)), giving DRh6G,30◦C = 517µm2/s.
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For Rhodamine 6G sample we used a power of 300µW
at the back-aperture objective, while for all the other
samples, to avoid any saturation effect that would affect
the shape of the excitation volume, we used a power of
100µW.

The measurements have been performed in 8 well
chamber slide using a volume of 400 µL. In order to check
whether some artifacts could be caused by the sticking of
either the dye or the protein molecules to the well walls,
some tests have been performed with coated labteks. The
coating was performed overnight, at room temperature,
by putting 700µL of BSA in PBS at a concentration of
10 mg/ml in each well of the labtek. Then the labtek has
been gently rinsed two times and dried. Tests performed
with coated labtek have not shown differences (data not
shown). The measurement time was of 200 s divided into
10 s runs. The experiments were performed at a tem-
perature of 30◦C and the samples were thermostated in
the microscope system at least during two hours. Each
measurement was repeated at least three times succes-
sively in different labtek wells. The AF488 concentration
was fixed at 1 nM in all samples. The diffusion coeffi-
cients were determined by measuring the apparent dif-
fusion time of the fluorescent molecules through a con-
focal volume, always using the formula D = ω2

x,y/4τD.
The normalization of the diffusion coefficients was done
by taking for D0 the value of the diffusion coefficient of
the AF488 obtained at 1 nM. Each reported value of D
and its corresponding error bar are the outcomes of 20
measurements performed on four different samples and
repeated for three independent experiments.

Autocorrelation function calculations and fits were
performed using the analytical expression given by
Eq.(6). The ACF data were fitted to estimate the pa-
rameters N , τD, τT . Then, the resulting value of N and
the corresponding count rate, were used to determine the
brightness per molecule. The accuracy of the fit for each
data set was assessed through the value of the χ2 param-
eter and by inspection of the residuals, which were to be
distributed uniformly around zero.

C. FCCS measurements

FCCS measurements were performed on a commer-
cial FCS setup (ALBA FCSTM, from ISS Inc., Cham-
paign, America) with two excitation picosecond/CW
diode lasers operation at 488 and 640 nm (BDL-488-
SMN, Becker and Hickl, Germany) with a repetition rate
of 80 MHz, focused through a water immersion objective
(CFI Apo Lambda S 40X/1.25 WI, Nikon). The fluores-
cence was collected by the same objective, splitted into
two detection paths by a 50/50 beam splitter (Chroma
21000) and filtered by two Emission filters (525/40 nm
band pass, Semrock FF02-525/40 and 675/67 nm band
pass, Semrock FF02-675/67 for the green and red chan-
nels, respectively) and detected by two avalanche pho-
todiodes (SPCM AQR-13 and SPCM ARQ-15, Perkin

Elmer / Excelitas).

Figure 6. (Color online) Schematic diagram of the FCCS
apparatus. The excitation beam starts from the diode laser
(on the top right of the image), goes through an optic fiber,
through a set of lenses and a dichroic mirror (on the middle
of the image), and reaches the sample placed in a confocal
microscope through the objective (on the right). The emitted
fluorescence beam goes back through the objective, is reflected
on the dichroic mirror, then is splitted into two beams that
are finally collected by two detectors (on the left). Other
details in section III C.

IV. NUMERICAL SIMULATIONS

We consider a system composed of two different molec-
ular species A and B, modelled as spherical Brownian
particles of radii RA, RB , and of net number of electric
charges ZA, ZB , respectively. We refer to the number
of each type of particle as NA and NB , respectively, and
to N = NA +NB as the total number of particles. Such
molecules move in a fluid of viscosity η at a fixed temper-
ature T . The friction exerted by the fluid environment on
the particles is described by the Stokes’ law γi = 6πηRi.
Particles interact through pairwise potentials U(r) which
depend on the distance r between their centers. For the
mutual distance between the ik particle of type k and the
jl particle of type l we introduce the notation:

rikjl = |rik − rjl | , (16)

where ri is the coordinate of the center of i-th particle
so that Ukl(rikjl) represents the total interaction energy
between these particles. We work under the assumption
that the dynamics of the system is given by N coupled
Langevin equations in the so called overdamped limit,
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where inertial effects are neglected [3, 24]:

driA
dt

= − 1

γA

[
NA∑
jA=1
jA 6=iA

∇riA
UAA (riAjA) +

−
NA+NB∑
jB=NA+1

∇riA
UAB (riAjB )

]
+

√
2kBT

γA
ξiA(t)

(17)

driB
dt

= − 1

γB

[
NA+NB∑
jB=NA+1
jB 6=iB

∇riB
UBB (riBjB ) +

−
NA∑
jA=1

∇riB
UAB (riBjA)

]
+

√
2kBT

γB
ξiB (t) (18)

iA = 1, ..., NA iB = NA + 1, ..., NA +NB

where kB is the Boltzmann constant, and ξ(t) =
(ξ1, ..., ξN ) stands for a 3N -dimensional random process
modelling the fluctuating force due to the collisions with
water molecules, which is assumed to satisfy the following
relations: 

〈ξα(t)〉ξ = 0

〈ξαi (t)ξβk (t′)〉ξ = δαβδikδ(t− t′)
(19)

A. Model potential

The interactions among the molecules are linear com-
binations of pairwise potentials regularized as follows:

Ukl(rikjl) =

{
USC(rikjl) rikjl ≤ 1.01Rkl
UElStat(rikjl) rikjl > 1.01Rkl

(20)

where Rkl = Rk + Rl is the sum of the two molecular
radii, USC(rikjl) is a soft-core potential and UElStat(rikjl)
is the Coulomb electrostatic potential. The choice of a
soft-core potential is related to the fact that a small ficti-
cious compenetration among the interacting molecules is
allowed in numerical simulations for computational rea-
sons (that is, to avoid the need of very short integration
time steps). The soft-core potential has the form:

USC(rikjl) = ASCkl
exp

[
−rikjl
Rkl

+ 1

]
. (21)

The parameter related with the potential strength ASCkl

has been chosen such that:

∆rSCik(0.95Rkl) + ∆rSCjl(0.95Rkl) = 0.05Rkl , (22)

where ∆rSCik is the drift of the particle ik due to the
soft-core potential in a discrete time interval ∆t:

∆rSCik(rikjl) =
∆t

γk

∣∣∣∣dUSC(rikjl)

dr

∣∣∣∣ . (23)

This yields the following expression for ASCkl
:

ASCkl
= 0.05 exp [−0.05]

R2
kl

∆t

(
1

γk
+

1

γl

)−1

. (24)

The electrostatic Coulomb potential UElStat(rikjl), de-
scribing the experimental condition where no salt is dis-
solved in solution, is:

UCoul(rikjl) =
Zk Zl e

2

ε rikjl
, (25)

where e is the elementary charge and ε is the electric
permittivity of the medium, for which the static value at
room temperature is ε = εwater ' 80.

B. Numerical algorithm

We have numerically studied systems of two popula-
tions of molecules confined in a cubic volume of size L.
The number of particles for each type is fixed: NA is the
number of A-type particles (Lysozyme molecules), and
NB is the number of B-type particles (AF488 molecules).
To avoid spurious boundary effects, periodic boundary
conditions (PBC) have been assumed, which is equivalent
to the existence of an infinite number of images/replicas
throughout the space. In order to study diffusion at dif-
ferent concentrations, the numbers of molecules NA and
NB are kept fixed, and the average intermolecular dis-
tance 〈d〉 among the molecules of type A and B is then
controlled according to the relation

L = 3
√
NA +NB 〈d〉 . (26)

We remark that such a choice is not entirely equiva-
lent to the experimental situation described in the previ-
ous paragraphs where the dye (AF488) concentration was
fixed; in fact, in molecular dynamics simulations (MDS)
both the concentration of Lysozyme and dye change with
〈d〉, the ratio of concentrations being constant. This
choice is justified by the fact that in real experiments
NA/NB varies in a range [1−5×105]; fixing NB = 50, the
experimental situation would correspond to taking NA in
a range [1−2.5× 106], which is very highly demanding for
computation. In MDS the ratio NA/NB has been chosen
as large as possible (NA/NB = 10 in our case) to avoid
that dye molecules (AF488) dynamics could significantly
affect the biomolecules (Lysozyme) dynamics.

In the presence of long-range interactions and PBC,
each molecule contained in the previously mentioned box
interacts with all the molecules contained in the above
mentioned images/replicas, that is, the pairwise potential

Ukl(rikjl) = U(|rik − rjl |) (27)

in Eq. (19) has to be replaced by an effective potential
U eff
kl (rikjl) of the form:

U eff
kl (rikjl) =

∑
n∈Z3

U(|rik − rjl + nL|) , (28)
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where Z3 is the space of 3-dimensional integer vectors.
It is clear that short and long-range interactions (in the

sense specified in the Introduction) have to be managed
in two different ways. For short range interactions it is
always possible to define a cutoff length scale λcut such
that the effects of the interactions beyond this distance
are negligible. In the systems we have studied by means
of numerical simulations, the Debye electrostatic poten-
tial is a short range potential with a cutoff scale of the
order of some units of the Debye length λD. For long-
range interactions as the Coulomb potential Eq.(25), it is
not possible to define a cutoff length scale λcut so that, in
principle, an infinite sum should be considered. A clas-
sical way to account for long-range interactions resorts
to the so called Ewald summation [25]. In the following
Section we describe a more recent and practical method -
replacing Ewald’s one - known as Isotropic Periodic Sum
(IPS). The equations of motion (19) were numerically
solved using a second order Euler-Heun algorithm [26],
that is, a predictor-corrector scheme.

The initial position of each particle is randomly as-
signed at t0 using a uniform probability distribution in a
cubic box of edge L.

IPS correction to long-range potentials

Because of the long-range nature of the Coulomb po-
tential described by Eq.(25), the force acting on each
particle is given by the sum of the forces exerted by all
the particles in the box and by the particles belonging
to the images. For the computation of these forces, we
used the IPS method [27, 28], a cutoff algorithm based
on a statistical description of the images isotropically and
periodically distributed in space.

Let us consider an infinite system obtained when as-
suming PBC for an elementary cubic cell with edges of
length L. Under the hypothesis that the system is ho-
mogeneous on a length scale Rcut, an effective interaction
potential for the molecules contained in the elementary
cell is given by

UIPS(r) =

{
U(r) + φIPS(r) , r ≤ Rcut
0 , r > Rcut

(29)

where φIPS(r) is a correction to the potential energy
which takes in account the interactions of a single particle
with the isotropically distributed images of the system.
Such a potential can be written as the sum of two contri-
butions. The first one takes into account the interaction
of a test particle with the infinite number of images of the
source particle along the axes joining the two particles of
the pairwise potential

φIPSaxial(r) = ξ

∞∑
m=1

[U(2mRcut − r) + U(2mRcut + r)] .

(30)

The other contribution is given by the average of the
potential over all the images isotropically distributed
around the region delimited by the cutoff radius

φIPSrandom(r) =

∞∑
m=1

[n(m)− 2ξ]φshell(r,m) . (31)

where n(m) = 24m2+2 is the number of images in a shell
around the source particle with radii [(2m−1)Rcut; (2m+
1)Rcut] in 3D-space, and

φIPSshell(r,m) =
1

2

∫ π

0

[
U
(
r2 + (2mRcut)

2+

− 4mRcut
)

cos θ
]1/2

sin θdθ

(32)

is an average of the contribution to the potential of the
images which are not along the axes joining the test and
source particles. It has to be noticed that for some po-
tentials the series appearing in the equations above do
not converge: for this reason a different reference level is
chosen for the potential energy, i.e.

φIPS(r) =[φIPSaxial(r)− φIPSaxial(0)]+

+ [φIPSrandom(r)− φIPSrandom(0)] .
(33)

Finally, the parameter ξ is set to a value such that the
force due to the effective potential vanishes on the cut off
radius:

∂

∂r
[U(r) + φIPS(r)]

∣∣∣∣∣
r=Rcut

= 0 . (34)

The IPS potential allows to control the introduction of
spurious effects due to the presence of infinite replicas of
the system in a way that generalises Ewald’s sums also
to potentials other than the electrostatic one.

Assuming that the system is homogeneous on a length
scale Rc, we can define an effective pairwise IPS potential
U IPS = U IPS(|ri,j |, Rc) which takes into account the
sum of pair interactions within the local region around a
particle

U IPS(|ri,j |, Rc) =


U(|ri,j |) + φ(|ri,j |, Rc) , |ri,j | ≤ Rc

0 , |ri,j | > Rc
(35)

where φ(|ri,j |, Rc) is a correction to the potential ob-
tained by computing the total contribution of the inter-
actions with the particle images beyond the cutoff ra-
dius Rc [27, 28]. For the Coulomb potential of Eq.(25),
we obtained an analytical expression for the IPS correc-
tion φCoul(ri,j , Rc). For computational reasons this has
been approximated by a polynomial of degree seven in
x = |ri,j |/Rc with x in the interval (0; 1]:

φCoul(x) =− 9.13636× 10−7 + 0.000100298x+

+ 0.298588x2 + 0.0151595x3+

+ 0.00881283x4 + 0.10849x5+

− 0.0930264x6 + 0.0482434x7

(36)
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We have chosen Rc = L/2 under the hypothesis that on
this scale the system is homogeneous.

C. Long-time diffusion coefficient

We aim at assessing the experimental detectability of
long-range interactions between biomolecules using quan-
tities accessible by means of standard experimental tech-
niques. A meaningful approach to this issue is the study
of transport properties. For this reason, in our simula-
tions we chose the long-time diffusion coefficient D as
the main observable of the system described by Eqs.(19).
This coefficient is defined, consistently with Einstein’s
relation [25], as:

D = lim
t→+∞

〈|∆ri(t)|2〉
6t

, (37)

∆ri(t) = ri(t) − ri(0) being the total displacement of a

particle in space and 〈ai〉 = 1/N

N∑
i=1

ai the average over

the particle set. We remark that in our system the dis-
placements ∆ri(t) are not mutually independent due to
the interaction potential U(|ri − rj |) in Eqs.(19), which
establishes a coupling between different particles; in that
case, the average over particles index concerns corre-
lated stochastic variables. Nevertheless, as our system
is non-linear with more than three degrees of freedom, it
is expected to be chaotic [29] so that, in this case, the
statistical independence of particle motions is recovered.
Moreover, when a chaotic diffusion gives 〈|∆ri(t)|2〉 ∝ t
(which is the case of the models considered in the present
work), the diffusion coefficient D is readily computed
through a linear regression of 〈|∆ri(t)|2〉 expressed as a
function of time. In what follows we refer to 〈|∆ri(t)|2〉
as Mean Square Displacement (MSD).

D. Simulation Parameters

Molecular Dynamics simulations were performed con-
sidering a solution with NA = 500 and NB = 50 rep-
resenting respectively Lysozyme molecules and AF488
molecules. This choice seemed to be a good compro-
mise between the need of a large NB for a good statis-
tics, a sufficiently large ratio NA/NB and the request
of a not too high computation time. The A-type parti-
cles, which represent Lysozyme molecules, have a radius
RA = 2 × 10−3 µm and a net electric charge expressed
in elementary charge units ZA = +10. The B-type par-
ticles, which represent AF488 molecules, have a radius
RB = 0.5× 10−3 µm and a net electric charge expressed
in elementary charge units ZB = −2.

The medium where diffusion takes place represents an
aqueous solution, so that the viscosity η = 8.90×10−4Pa·
s−1 is the water viscosity at T ' 300K. The relative

Figure 7. (Color online) Comparison among experimental
results and numerical simulations for non-screened Coulomb
potential.. Semilog plot of the normalized diffusion coeffi-
cients D/D0: experimental values (red diamonds), NA = 200
and NB = 20 (light green circles), NA = 500 and NB = 50
(light blue squares). Red squares and full black circles cor-
respond to experimental and numerical results, respectively,
in the case of a Debye-Hückel potential with a Debye length
λD = 27Å.

dielectric permittivity has been taken to be ε = 80 as for
pure water.

The time step has been chosen to ∆t = 5×10−4 µs: this
choice can allow important compenetration among parti-
cles in MDS and does not permit a correct description of
excluded volume effects, i.e. the drift due to stochastic
forces on dye molecules in a single time steps is compara-
ble with RB . Nevertheless the effects we are interested in
concern the diffusive behaviour of dyes on larger length
and time scales and we considered acceptable such com-
penetrations. The number of time steps was fixed such
that the dynamics was simulated for tmax = 5000µs so

that for the dye particles
√

6D0tmax ' 4µm � 〈d〉,
where D0 is the brownian self-diffusion coefficient of the
dye molecules, for any considered case. These 5 ms-long
simulations are considered adequate because this time
interval is much longer than the relevant dynamical pro-
cesses (like trapping and free diffusion) which occur in
the real system on much shorter time scales, as esti-
mated in Section II A. In Figure 7 the outcomes of the
above described numerical simulations are compared to
the experimental results obtained for the same quantity:
the diffusion coefficient D, normalized with respect to
its Brownian value D0, as a function of the average in-
terparticle distance 〈d〉. The numerical outcomes for D
quantify the diffusion of the small particles that model
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the dye molecules. We observe that the choice NA = 500
and NB = 50 yields a less noisy pattern with respect to
the choice NA = 200 and NB = 20, what is of course
sound. In Figure 7 we have also reported the outcomes
of numerical simulations performed with NA = 500 and
NB = 50 and replacing the Coulombic potential with a
screened one, that is, the Debye-Hückel potential. We
used a Debye length λD = 27Å. In so doing a direct
comparison can be made with the experimental outcomes
obtained with 50 mM of NaCl in solution. Also in this
case the agreement is very good. Even though the num-
ber of particles considered in our numerical simulations is
very small with respect to the actual number of molecules
in laboratory experiments the agreement among numer-
ical and experimental results is excellent. This is not
surprising because it is a common situation in standard
Molecular Dynamics simulations. The birth and success
of Molecular Dynamics was just due to the possibility of
obtaining good values of macroscopic observables out of
numerical simulations performed with a few hundreds of
particles [31].

V. CONCLUDING REMARKS

The work reported in the present paper concludes a
feasibility survey aimed at assessing the adequacy of dif-
fusion studies to detect long-range intermolecular forces,
hence - among them - electrodynamic intermolecular in-
teractions in a future adequate experimental setup. The
two preceding works of Refs. [2, 3] dealt with this prob-
lem from the theoretical and numerical sides, respec-
tively. The present work contains a leap forward in what
it provides an experimental assessment of the adequacy
of Fluorescence Correlation Spectroscopy to detect in-
termolecular long range interactions. Even though our
ultimate goal is to detect long range electrodynamic inter-
molecular interactions, for the time being we have tested
this technique against a system where long range interac-
tions are built-in, that is, a solution of oppositely charged
molecules interacting through non-screened electrostatic
interactions. As a matter of fact, we have found that
FCS is certainly appropriate to detect intermolecular in-
teractions in dilute systems, that is, when the solvated
molecules interact at large distances, in the present study
up to 2500Å approximately. Furthermore, the excellent
quantitative agreement between the experimental out-
comes and the corresponding numerical simulations has a
twofold relevance. From the one side it confirms that the
observed phenomenology, namely, the sudden bending of
the diffusion coefficient when the average intermolecular
distance is lowered below a critical value, as well as its
pattern as a function of the intermolecular distance, are
actually due to the electrostatic interaction among the
solvated molecules. From the other side this validates the
numerical algorithm and approximations adopted, sug-
gesting that this numerical scheme can be safely applied
to interpret the readouts of experiments where electro-

dynamic interactions will be possibly excited.
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APPENDIX

A. Quenching of the dye

The fluorescence intensity of AF488 is known to be in-
fluenced by a quenching effect that the protein exerts on
the fluorophore via four aminoacids: Trytophan and Ty-
rosine (strong quenchers) and Histidine and Methionine
(weaker quenchers) [32, 33]. These effects are attributed
to photoinduced electron transfer (PET) occurring when
the two molecules are in close contact, thus due to short-
range interactions (< 2Å) [34].This van der Waals con-
tact takes place on time scales which are not resolved by
our FCS apparatus. When AF488 binds to the Lysozyme
the consequent conformational rearrangement influences
the dye diffusion time and it also changes the dye flu-
orescence quantum yield [35]. The non specific binding
of AF488 on the protein surface is supported by the ob-
served fluorescence quenching factor of about 1.6 between
free AF488 and AF488 bound to Lysozyme, as shown in
the table reported in Figure 11. This value is compatible
with steady state fluorescence measures reported in the
literature [35] where the same quenching factor has been
found equal to 1.9.

B. Checking possible crowding effects

Even though a-priori we do not expect any relevant
role played by molecular crowding at our low working
concentrations, we have also fitted our ACFs by means
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of the following analytic expression

G(τ) = 1 +
1

N

1 + nT exp

(
− τ

τT

)
[
1 +

(
τ

τD

)α]√
1 + s2

(
τ

τD

)α . (38)

where the anomalous exponent α becomes a free param-
eter in the fitting. Using FCS, it has been shown that
anomalous diffusion, which corresponds to a mean square
displacement of the molecules proportional to tα with α
smaller than 1, is an indication of the degree of molecular
crowding. Figure 8 clearly indicates that crowding effects
are negligible because there is no evidence of anomalous
diffusion which is commonly assumed when α < 0.6−0.7
[17].

Figure 8. (Color online) Check of Brownian versus anomalous
diffusion. The α values reported here refer to 0 mM of NaCl
in solution ( blue diamonds), and 100mM (green triangles).
α = 1 corresponds to Brownian diffusion, α < 0.6 − 0.7 can
be attributed to anomalous diffusion.

C. Comparison between FCS and FCCS outcomes

In Figure 9 some typical outcomes of the FCCS mea-
surements are displayed. These are cross-correlation
functions of the fluorescence intensity fluctuations δF1(t)
and δF2(t) measured by two independent photo-detectors
to eliminate afterpulsing artefacts. The cross-correlation
functions are defined by

G(τ) =
〈δF1(t)δF2(t+ τ)〉
〈F1(t)〉〈F2(t)〉

(39)

(for graphical reasons the normalized versions are dis-
played). The reported cross-correlation functions corre-
spond to the same concentrations (average intermolec-
ular distance) of the autocorrelation functions reported

in Figure 1. Some difference in their shape is observed
at very short times (where afterpulsing artefacts are ex-
pected), but this does not significantly affect the diffusion
time, apart from the fact that the FCS measurements
were performed at 30oC, whereas the FCCS measure-
ments were performed at 20oC (because of a technical
constraint of our FCCS equipment).

A comparison between the non normalised values of
the diffusion coefficient obtained with FCS and FCCS
is provided in Figure 10. The experimental points lying
on the horizontal lines correspond to Brownian diffusion
of AF488 molecules; the discrepancy between these val-
ues is explained by the temperature difference, in fact,
by inverting Equation (8) to get D = kBT/(6πRHη),

with RH(AF488) ' 5.2Å, η(20oC) = 10−3 Pa s, and
η(30oC) = 0.797× 10−3 Pa s, we obtain D20o = 410µm2

s−1 and D30o = 532µm2 s−1, respectively. Whence the
ratio D30o/D20o = 1.3 to be compared with the value
1.31 of the fraction of the Brownian diffusion coefficients
reported in Figure 10.

Figure 9. (Color online) FCCS measurements. Semilog plot of
the normalized autocorrelation function of fluorescence fluc-
tuations, defined in Eq.(6), obtained at 〈d〉 = 240Å (red line),

at 〈d〉 = 920Å (blue line), and at 〈d〉 = 4200Å (black line).
Working temperature 20oC.

In Figure 10 we also observe a discrepancy in the tran-
sition value of 〈d〉, which appears smaller in the FCCS
case. Again, this is a temperature dependent effect the
physics of which is qualitatively understood by inspect-
ing Eqs. (19). In fact, by lowering the temperature of the
solution the viscosity of water η increases, and the coef-
ficient 1/γ = 1/(6πRHη) results in a weakening of the
Coulombic interactions; then also the strength of ther-

mal noise is weakened but only through a
√

1/γ factor
so that the net effect is a reduction of the strength of the
Coulombic interactions.
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Figure 10. (Color online) Comparison between the FCS and
the FCCS measurements. Semilog plot of the diffusion coeffi-
cients D of AF488 as a function of the distance in Å - and of
the concentration of the solution in Moles - between proteins
and dyes.The FCS results have been obtained at 30oC, 0 mM
(blue diamonds), and 100mM (green triangles), of NaCl in
solution. The FCCS results have been obtained at 20oC, 0
mM (black diamonds), and 100mM (white triangles), of NaCl
in solution.
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Figure 11. Table reporting the fitted values of the parameters
for solutions of variable concentrations of Lysozyme and 1nM
of AF488. Solutions containing 0mM of NaCl (blue diamonds
visible in Figure 2, Figure 3, Figure 4 and Figure 10). Each
value is the result of the averaging of the data recorded during
20 measurements on four different samples and for three inde-
pendent experiments. The fitted parameters are: the number
of molecules (N), the diffusion time in microseconds (τ), the
number of molecules in the triplet state (Nt), the time spent
in the triplet state in microseconds (Tt) and the emission rate
(number of photons emitted per second) per molecule (R/M).
All these data are displayed according to the average inter-
molecular distance between the molecules given in Angstroms
(〈d〉).
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