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Ganglioside (Gyy;) micelles have been studied by means of three different techniques: fluorescence
correlation spectroscopy (FCS), electronic energy transfer, as monitored by time-resolved

fluorescence spectroscopy, as well as static and dynamic light scattering. The aggregation numbers
obtained, 168 + 4, remain constant over a wide range of Gy, concentrations (0.764-156 uM), are

very consistent when using different donor—acceptor energy transfer pairs and have served as
reference values in tests of the FCS method. It is recommended to calibrate the focal volume by
using known dye concentrations. For this the rhodamine dye, 5-TAMRA, turns out to be most
suitable. It is also shown that FCS provides correct values of the aggregation numbers, provided
that the focal volume is calibrated by using updated values of the diffusion constant of
Rhodamine 6G. These results also support recent methodological advances in FCS.

Introduction

Gy gangliosides are amphiphilic molecules whose hydrophobic
part consists of a sphingosine and a fatty acid, while the bulky
hydrophilic part is built up by several sugar units. One of these
is a negatively charged sialic acid. In all vertebrate cells, the
gangliosides are generally expressed in the outer leaflet of the
plasma membrane but are also found in endocytic organelles,
trans-Golgi network and in nuclear membranes.!? The
gangliosides are thought to be involved in various biological
processes, such as cell—ell recognition and interaction, as well
as signal transduction.>* Gy, is also present in detergent
resistant domains (rafts)®” and exhibits self-aggregation in
model lipid membranes.®

Frequently, the Gyy; ganglioside is discussed in the context
of Alzheimer’s disease, which is associated with the formation
of amyloid deposits in the human brain. The deposits mainly
consist of aggregates of amyloid B-peptides accompanied by
G On the other hand, the disease Gy, gangliosidosis is
caused by a deficiency of the B-galactisidase enzyme, which
causes lysosomal swelling, cell damage and organ dysfunction.'®
It has also been speculated whether Gyy; molecules serve as
receptors for the cholera toxin.'!"!?

Due to its bulky headgroup, the Gy lipid forms micelles
over a broad range of concentrations ( > 2.10~% M) in water,
which also includes physiological conditions.>!*>"'> The
reported aggregation numbers (N) of Gy micelles suggest
strong temperature dependence. Upon heating, the value of N
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remains constant up to 30 °C and then it decreases almost
linearly from 30 to 55 °C. Then, upon lowering the tempera-
ture, the N-value is not changed. The co-existence of
two molecular conformations of the Gyy; chains has been
suggested to be a possible explanation for this.'®!” According
to the model, heating promotes the transition from states of
higher N-values to lower ones. Upon cooling, the reverse
transition is not observed due to the long equilibration time
needed. However, this explanation is not supported by the
data of Orthaber and Glatter'® who, in addition to small Gy,
micelles, also observed larger aggregates. It was therefore
concluded that the decrease of the aggregation numbers is
caused by the poor solubility of Gy in water.

In the present study, the aggregation numbers of Gy
micelles have been determined by using fluorescence correla-
tion spectroscopy (FCS) and electronic energy transfer (ET)
experiments, as well as static/dynamic light scattering (LS). LS
provides information about the polydispersity of the system
and was applied here to reinvestigate the controversial
temperature behaviour of Gy micelles. In addition, it yielded
mass average aggregation numbers, N5, and hydrodynamic
radii, RS>, of Gy micelles. Both quantities have been studied
by two other techniques. In order to determine the aggregation
numbers from FCS experiments, a precise knowledge of the
focal volume is needed. Although FCS experiments can
provide an absolute value of the diffusion constant or the
concentration'®?! (and consequently N¥5), the applicability
is mostly restricted to measuring relative values. This can be
ascribed to the experimental difficulty in obtaining an accurate
determination of the focal volume (V;).?* Actually, the value
obtained for V;is, in fact, influenced by external factors such
as variation of the sample refractive index, optical saturation
and optical alignment.

To accurately determine the focal volume, two different
procedures have been applied. The calibration methods, which

This journal is © the Owner Societies 2009

Phys. Chem. Chem. Phys., 2009, 11, 4335-4343 | 4335



make use of known dye concentrations, involve no approxi-
mations concerning the shape of V; but they are elaborate and
time consuming. On the other hand, the calibration method
which assumes a known diffusion constant is very fast but
comprises assumptions regarding the shape of V7, as well as
the precise value of the diffusion constant. In the past, the
latter method has been proved to be technically difficult.
However, two recent publications®*?* report values on the
translational diffusion constant of Rhodamine 6G (R6G),
which is a compound frequently used for calibrating V. Both
values obtained differ substantially from the value® that has
hitherto been used for more than three decades. To probe the
different calibration methods of FCS by making use of the
updated diffusion constant of R6G, electronic energy transfer
experiments were applied, which provided independent values
of aggregation numbers. In the ET experiments, three DA
pairs have been used. Some of the ET and FCS experi-
ments were performed in the range of physiological Gy
concentrations.

Materials and methods
Chemicals

Tetra-2,5,8,11-tert-butylperylene was synthesised as reported
previously,?® perylene was purchased from Sigma Aldrich.
BODIPY-FL-Gy,; was synthesized as described elsewhere.®
564/570-BODIPY -Gy, was synthesized as described elsewhere®”
and the Gy, ganglioside was isolated from bovine brain as
described by Svennerholm.?® Octadecylrhodamine B (ORB),
5-TAMRA and Rhodamine 6G were purchased from
Molecular Probes and tris(thydroxymethyl)aminomethane
hydrochloride from Sigma Aldrich.

Preparation of Gy;; micelles

Appropriate amounts of Gy, with respect to the experimental
technique, were dissolved in a chloroform—methanol mixture
(2:1, v/v) to which the desired amount of fluorophore was
added. ORB was an exception because it was dissolved in
ethanol and then immediately added into the aqueous lipid
solution. The concentration of ethanol was kept below 1% by
volume. After the evaporation of the organic solvents, the
sample was dried under high vacuum for 3 h. The obtained
lipid film was hydrated to the desired concentration by adding
a TRIS-HCI buffer (pH 7.4) containing 150 mM NaCl.

Light scattering (LS)

The light scattering equipment (ALV, Langen, Germany),
which enables static and quasi-elastic light scattering measure-
ments, consists of a 633 nm He—Ne laser, a goniometer
(ALV CGS/8F), a detector (ALV High QE APD) and a
multi-bit multi-tau autocorrelator (ALV 5000/EPP). The measure-
ments were carried out on lipid solutions with differing mass
concentrations (4-10 g L™!) at different angles ranging from
30 to 150° at 21 °C. All lipid samples were filtered through
0.45 pum Acrodisc filters after ensuring that the solution did
not contain Gy particles larger than the pore dimensions.

The obtained static LS intensities were used to construct
Zimm plots according to:

Kw

1
= 2A4,w. 1
AR(O,w) e ()

P(0)M,

The constant K = 4n’n} (dn/dc)®/2*Ns depends on the
refractive index of the solvent (ny) and the refractive index
increment of the scattering object in the solution (dn/dc), the
wavelength of incident light (1) and Avogadro’s number (Ny).
The excess Rayleigh ratio [AR(0, w)] is measured at an angle
(0) between the incident and scattered light and depends on the
lipid mass concentration (w). P(f) stands for the particle
scattering function, which describes the angular dependence
of the scattered intensity, M., is the mass-average molar mass
of the particles and A, is the “light-scattering-averaged”
osmotic second virial coefficient of the solution. Further
details are given elsewhere.?’

The refractive index increment of Gy in water was
measured by means of a Brice-Phoenix differential refracto-
meter. The obtained value dn/de = 0.147 cm® g~ ' is in perfect
agreement with previously published data.'®

The evaluation of the dynamic light scattering data is based
on the analysis of the measured normalized autocorrela-
tion function, g»(f), which is related to the electric field
autocorrelation function, g;(f) by the Siegert relation;
2(0) = g1(©) + Blgi(9)). The distribution of relaxation times
tA(t) can be expressed as the inverse Laplace transform
according to

a1(n) = / 1A(t) exp(—t/7)dIn 7. (2)
0

This is conveniently performed by using the constrained
regularisation algorithm (CONTIN).

To obtain the averaged hydrodynamic radius of the particles,
Ry (z-average for Ry Y, the g,(¢) functions for various Gy,
concentrations and scattering angles were fitted to the second
order cumulant expansion:

gi(1) = exp(—Dypp ¢t + p121/2), 3)

where D,,, is the apparent translational diffusion constant
and pu, (the 2" cumulant) is the second moment of the
distribution function of relaxation times and ¢ = 4mnnysin(0/2/2)
is the magnitude of the scattering vector g. The obtained D,
values were further extrapolated to zero ¢ and c to yield the
z-averaged diffusion constant of the particles, (D),, using the
relationship?’

Dapp (¢,¢) = (D), (1 + kpc + CRXP). 4)

In eqn (4) kp is the hydrodynamic virial coefficient and C is a
coefficient determined by the slowest internal motion and
polydispersity of the scattering particles. R, denotes the radius
of gyration. The hydrodynamic radius was calculated from
(D), and the Stokes—Einstein equation, Ry = kgT/6m 1o (D),
in which 5, is the viscosity of the solvent and kg and T have
their usual meaning.
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Aggregation numbers determined by using light scattering (LS)

LS experiments yield information concerning the micellar
aggregation number (N-5) from the mass-averaged molar
mass (M) derived from a Zimm graph, according to the
following relation;

M,

NS =—%. 5

= (5)
Here, M is the molecular mass of the monomer molecule,
ie. GM1~

Time-correlated single-photon counting

Fluorescence lifetime decays were measured with an instrument
from IBH Consultants Ltd (Glasgow, Scotland) equipped with
dichroic sheet polarisers. The pulsed excitation source was a
laser diode with intensity maximum centred either at 404 or
467 nm. The laser repetition rate was approximately 800 kHz
and the count rate never exceeded 1% of this rate. The
excitation and emission wavelengths were selected by mono-
chromators. The fluorescence lifetime decays were measured
with the emission polariser set at the magic angle (54.7°) relative
to the excitation polariser. The instrumental response func-
tion, I(f), was determined by using a light scattering solution
(LUDOX). The true fluorescence decay f{t), was approximated
by a sum of exponential functions, and obtained by using a
deconvolution method based on the Levenberg—-Marquard
algorithm,**3! which accounts for the following equations;

F(i) = /I(z— AL (6)

flt) = ia; exp(—1/1;)

m B (7)
Zai =1
i=1

where F{(#) stands for the measured fluorescence decay and 7; is
the lifetime of the ith component. The fluorescence decays
recorded for the reference sample as well as the samples
containing donors and acceptors have been fitted over the same
time span.

Aggregation numbers determined by using energy transfer (ET)

The idea of using electronic energy transfer for determining
micellar aggregation numbers (NFT) rests on fluorescence
quenching methods which have previously been developed.* 3
For ET studies, two different samples are needed. One serves
as a reference system and contains donor molecules solubilised
in the micelles, while donors as well as acceptors (A) are
solubilised in the second sample. In the analysis of fluores-
cence data it is assumed that all acceptors are distributed
among micelles according to Poisson statistics. Hence the
probability of finding n acceptors in a micelle is given by
P, = (n)" exp (—(n))/n!, where (n) denotes the average number
of acceptors per micelle.

To calculate NET, it is necessary to determine (1) from
experiments. Having knowledge of the acceptor concentration

([A]), the total lipid concentration and the critical micelle
concentration (cmc), the aggregation number can be calcu-
lated according to the relation: NET = ([Lipid]—cmc)(n)/[A].
Provided the rate of migration of donors and acceptors among
the micelles is negligible, the fraction of micelles lacking
acceptor molecules is given by (n) = —In Py, which is related
to the experimental fluorescence intensities in the presence
(Fa(?)) and absence (Fy(1))) of acceptors. This equation reads:

FA(I> Ilim)

<}’l> :71nP0 = 7lnm

(®)
To obtain the correct value of (n), the fluorescence intensities
in eqn (8) that must be used are at times (¢ > #;;,) for which

all micelles containing donors accessible to acceptors have
been quenched (c¢f. Fig. 4).

Fluorescence correlation spectroscopy (FCS)

FCS measurements were performed using an upgraded
Confocor 19 (Carl Zeiss GmbH, Jena; Evotec Biosystems
GmbH, Hamburg; PicoQuant GmbH, Berlin, Germany).35
Briefly, it consists of an inverted confocal microscope Axiovert
100 with a water immersion objective C-Apochromat40_/1.2 W,
an adjustable pinhole, cw He/Ne 543 nm laser, original Zeiss’
filters, a single-photon counting detector SPCM-AQR-13-FC
(Perkin-Elmer, Fremont, MA), and a time-tagged time-
resolved (TTTR) data-storing card TimeHarp 200 (PicoQuant
GmbH, Berlin, Germany). FCS data fitting was performed
with the OriginPro70 software package (OriginLab Corp.,
Northampton, MA) using home-written macros. The laser inten-
sity ranged from 1.37 to 13.7 uW, depending on the dye concen-
tration. Within each experimental set, the intensity remained
unaltered. The principles of FCS are further outlined elsewhere.*®

For a free 3D translational diffusion, the fluorescence
intensity correlation function is related to the fraction of
fluorescent molecules converted to the triplet state (¢1) and
the triplet state lifetime (1) according to’’

1 GT((Z)T,TT).
1+L, 1+ Np
D Pitp

In eqn (9) N, is the particle number expressing the number of
fluorophores in the illuminated focal volume, Py = b/a is the
structure parameter, where b and « are the long and short axes
of the 3D gaussian focal volume (¥77%). The diffusion correlation
time (tp) is related to the diffusion constant D = &*/4tp
and, finally, G"(¢r,7r) is a function which accounts for the
intersystem crossing to the triplet state:

1 — ¢r + ppexp(=t/tr)
1—¢r

G()y=1+

©)

G'(¢r,1) = : (10)

Aggregation numbers determined by using fluorescence
correlation spectroscopy (FCS)

Provided all micelles contain at least one fluorescent label
visible for FCS, the aggregation numbers are obtained from
rcs  |Lipid] — cme

= (11)

[Mic] Fes
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If the number of particles (V,,) obtained from the fluorescence
correlation G(z) equals the number of micelles found in the
focal volume, the concentration of micelles is given by

Np,lim

. JFCS
[Mic] ™ = NV (12)

where Np jim is the limiting particle number and V5 is the focal
volume.

Results and discussion

One main goal of the present study concerns the comparison
of the aggregation number of Gy micelles as obtained by
means of three physically different experimental approaches.
Prior to this comparison, it is necessary to characterise the
micelles with respect to temperature since there is a contro-
versy among previous investigations.!”"!® Static and dynamic
light scattering (LS) experiments have been used for this
purpose.

Characterisation of Gy, micelles by LS techniques

The LS from freshly prepared Gy micelles in a TRIS-HCl
buffer was studied at a scattering angle of 90°. The Laplace
transform of dynamic LS correlation curves provides a dis-
tribution of relaxation times, which contains information
about the polydispersity of the system. The distribution reveals
one narrow peak, centred at ca. 0.07 ms (¢f. Fig. 1), which
corresponds to a hydrodynamic radius Ry ~ 5.4 nm. A more
precise value of the apparent diffusion coefficient was obtained
by an extrapolation to the zero concentration and the zero
scattering angle. The value thus obtained, 5.9 + 0.03 nm,
agrees very well with the value published by Brocca et al.
(5.87 nm),*® as well as that found by Orthaber and Glatter
(5.75 nm).'® In the latter study, this value was observed after
larger aggregates were completely dissolved over time
(vide infra). To ensure that no larger particles were lost in
the filtering procedure, the samples in this study were
examined before and after filtration. No significant difference
was observed.

Except for the aggregate size reported above, no Gy
aggregates were detected in the range between 0.1 and
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Fig. 1 Dynamic light scattering relaxation time distributions (mea-
sured at the scattering angle 90° and at the temperature 21 °C) of Gy,
micelles. The lipid concentration in the TRIS buffer was 10 g L™".
Insert: zoomed region of the peak in Fig. 1.
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Fig. 2 Kw/AR proportional to 1/MiPP, where MyFP is the apparent
molar mass of Gy, micelles at different heating cycles (see the text).
Solid line: reference sample with no heating, dashed line: heating up to
40 °C until the sample is equilibrated and then up to 45 °C, dotted line:
heating up to 50 °C until the sample is equilibrated and then up to
55 °C. The concentration of the lipid was 7 g L™".

5000 nm. Furthermore, the distribution did not change within
several days. These results contradict the study by Orthaber
and Glatter,'® who observed one main peak at ca. 4.5 nm and
two more peaks at ca. 100 and 1000 nm. The latter peaks
disappeared, however, within 42 days at room temperature.
This has been interpreted as a slow dissolution of higher
aggregates due to the poor solubility of Gy in water. On
the other hand, neither Brocca ef al.'” nor Cantu et al.'® report
on the presence of larger aggregates. If the aggregation
number changes then it would be induced by a shift in
temperature and would not be a consequence of poor Gy
solubility. In this work, repeating studies of the temperature
behaviour of Gy micelles gave similar results to those
obtained by Cantu et al. Three identical samples were exposed
to three different heating cycles (cf. Fig. 2), where one sample
served as a reference and was kept at 21 °C during the whole
experiment. The second sample was heated to 40 °C during
approximately one day, cooled to, and measured at, 21 °C. It
was then heated again to 40 °C in order to check whether the
sample had already reached its equilibrium and finally heated
up to 45 °C and measured again at room temperature. The
third sample was exposed to the identical cycle as the second
one at 50 and 55 °C. The results are summarized in Fig. 2,
where Kw/A R is plotted as a function of time. Note that
Kw/AR is inversely proportional to the apparent molecular
mass. This confirms that, for one population of micelles, the
aggregation numbers do irreversibly decrease upon heating
but are not further changed upon repeated cooling. Thus, the
decrease in the average aggregation number is not the result of
a slow dissolution of larger aggregates.'® Cantu ez al.'®'” have
proposed a ““cooperative transition model”, which assumes the
co-existence of two molecular conformations of the Gy
molecules in micelles. Upon heating, an energetically more
favourable conformation is adopted, whereas cooling leads
to a metastable state due to a long equilibration time. Experi-
ments carried out by Brocca et al.!” support this model.
Taken together, it is concluded that the Gy,; micelles exhibit
a relatively narrow size distribution. Moreover, the SAXS
experiments show that the aggregation numbers of Gy are
concentration independent in the range of ca. 0.1 to 100 mM.®
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Aggregation numbers obtained from LS experiments

The Zimm plot for Gy;; micelles was obtained by measuring
the scattered light intensity at different angles and concentra-
tions (Fig. 3). Since the micelles are small, the scattering
particle function P(0) ~ 1 for all scattering angles. Therefore,
Kw/R exhibits only a weak linear dependence. An extrapola-
tion to zero concentration and zero scattering angle yields the
micellar molar mass M,, = (4.07 & 0.07) x 10° g mol~', from
which the aggregation number, N*5 = 263 + 5, and the molar
mass of Gyyy, M(Gpp) = 1546 g mol ™!, were calculated using
eqn (5) . Cantu et al.'® obtained a slightly higher value of N*5
~ 300, most likely since their value of Kw/AR was not
extrapolated to the zero concentration.

One should realize that when evaluating LS data, the N5
values are usually calculated by dividing the mass-average
molar mass of a micelle with the number-average molar mass
of a monomer. Instead, the value of M, should be used,
provided the degree of polydispersity is not negligible. This is
not an important issue since, in the present study, the Gy
monomers form a uniform distribution. It is also important to
carefully determine the refractive index increment (dn/dc)
because 1/M,, depends on its square (c¢f. Materials and
methods).

Aggregation numbers obtained from ET

LS experiments yield a weight-average molar mass from which
NS can be calculated, whereas the ET and FCS techniques
provide the number-averaged aggregation number (N¥, X =
ET or FCS). For a perfectly monodisperse distribution these
aggregation numbers would all be the same. In the following,
donor—acceptor energy transfer experiments are applied and
the fact that N¥T = NS within experimental errors, which
can be used to calibrate and evaluate different approaches to
the analysis of FCS data. Three different DA pairs, solubilised
in Gy, micelles with different Forster radii, were used in
separate studies. In one system studied, BODIPY-FL-Gy;
transfers its excited electronic energy to 564/571-BODIPY- Gy,
which hence serves as the acceptor (R, = 58.7 A). Both
BODIPY groups were covalently linked in the non-polar part
of Gppp. The fluorescence relaxation of the donor in the
absence of the acceptor shows a major lifetime component
of 6.1 ns (96%) and a minor one of 2.4 ns. Similar results have
been observed in other studies.* In the presence of acceptors,

el T
Lot L

Fig. 3 The Zimm plot obtained for Gy, micelles at 21 °C. The lipid
concentrations ranged from 10 to 4 g L™" and the scattering angle
from 40 to 150°.
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Fig. 4 The instrumental response function (dotted curve) together
with the fluorescence decay curves of the donor BODIPY-FL-Gyyy, in
the absence (solid curve) and presence (dashed curve) of the acceptor
564/571-BODIPY-Gyy;, when solubilised in Gy micelles. F
(t > tim) and Fa (t > fm) denote fluorescence intensities in absence
and presence of the acceptor (¢f. eqn (8)). The Gy concentration was
158 x 10™* uM and the concentrations of the donor and the acceptor
were 0.657 and 0.483 uM, respectively.

the decay of the donor is much more complex but it can be
nicely fitted to a sum of three exponential functions. The
addition of a fourth component did not improve the quality
of the fit and the value of N®T remained unaltered. The
fluorescence decays for this DA pair are depicted in Fig. 4,
and the corresponding aggregation numbers are summarised
in Table 1.

Perylene and BODIPY-FL-Gy,; were used as a second DA
pair (Ry = 49.6 A). The reference system, i.e. perylene in Gy,
micelles, exhibits a multi-exponential fluorescence relaxation,
which is likely to be due to the formation of dimers. The
physical details of the fluorescence relaxation are, however,
not needed in the analysis of the DA system by using eqn (8).
This is because the measured decays of the DA system were
always compared with the obtained decays for the reference
system, which contains only donors. Indeed, the obtained
aggregation numbers are very similar to those found for the
above system (cf. Table 1). The invariance with respect to a
complex photophysics decay of the donor is further supported
by experiments where perylene was replaced by TBPe and
BODIPY-FL-Gy; was the acceptor (Ry = 50.7 A). Here, the
donor fluorescence is almost a single exponential function,
which can be ascribed to the bulky ferz-butyl groups having
the ability to suppress the formation of dimers. The analysis
of this DA system yields very similar aggregation numbers
to those found for the previously described DA pairs
(cf. Table 1).

Table 1 Aggregation numbers (N*T) determined from the time-
resolved fluorescence relaxation experiments using different donor
and acceptor pairs at 21 °C. The average aggregation number obtained
from these experiments is N°T= 168 + 4

Donor Acceptor [GMi1]/M NET
BODIPY-FL-Gy; 564/571-BODIPY -Gy, 1.56 10~ 172
BODIPY-FL-Gy; 564/571-BODIPY -Gy 1.59 107* 166
BODIPY-FL-Gy; 564/571-BODIPY -Gy 1.59 1073 166
TBPe BODIPY-FL-Gyy; 1.56 107* 172
Perylene BODIPY-FL-Gy; 1.46 10~* 164
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Fig. 5 Gy aggregation numbers obtained using ET (N®T) are
plotted as a function of time elapsed after the excitation for three
different DA pairs: BODIPY-FL-Gy; & 564/571-BODIPY-Gyyy
(dotted line, [Gy;] = 158 uM); perylene & BODIPY-FL-Gyy; (dashed
line, [Gymi] = 147 pM); TBPe & BODIPY-FL-Gyy; (solid line,
[Gyi] = 158 uM).

An important requirement of the ET technique is the energy
transfer rate, which must be fast enough to ensure the detec-
tion of donor fluorescence originating also from solely acceptor-
free micelles. In other words, the reference decay curve and
the quenched fluorescence decay must become mutually
parallel within the time window of a measurement. This
requirement could be difficult to fulfil for larger particles,
whose size exceeds the Forster radius considerably (k ~ 1/R®).
As illustrated in Fig. 5, the apparent aggregation number
reaches a constant limiting value (the ‘true’ N) at approxi-
mately 10 ns after an excitation pulse in the case of TBPe and
BODIPY-FL-Gyyj, and after ca. 30 ns for the two DA pairs
studied.

The approach used here for determining NET, differs some-
what from that developed by Tachiya et a/.>* In particular, the
data cannot be fitted to a theoretical model that assumes one
rate constant of quenching. This could also be expected if one
recalls that the electronic transfer rate strongly depends on the
DA distance and the spatial distribution of donor and
acceptor groups present in the micelles. Despite this deviation
from the Tachia model, the method presented here works very
well, also when the quenching mechanism is Forster energy
transfer.

Aggregation numbers obtained from FCS

Fluorescence correlation spectroscopy (FCS) provides a useful
technique for investigating nanoparticles and their aggrega-
tion properties. In the present study of aggregation numbers,
the FCS experiment concerns determining the number of
fluorophore labelled micelles within a focal volume. For this,
the choice of suitable fluorescent molecules is crucial. For the
following reasons, octadecylrhodamine B (ORB) was used: (i)
the long hydrophobic chain of ORB leads to relatively high
affinities to detergents;'® (ii) the fluorescence intensity from the
small fraction, which theoretically might be dissolved in the
bulk phase, is effectively self-quenched and, consequently, it
has a negligible contribution to intensity fluctuations; (iii) the
rate of intersystem crossing is low; (iv) the self-quenching of
ORB in nanoparticles allows an increase of the ORB: Gy

molar ratio without considerable changes of fluorescence
intensity."”

For the calculation of the aggregation numbers from FCS
data the total concentration of Gy ([Gwy]), the concentration
of micelles in the bulk, as well as the critical micelle concen-
tration, are needed (cf. eqn (11), (12)). Here [G1] 1S a priori
known, as well the value of cmc(Gyp) = 200 uM.*** The
concentration of micelles ([Mic]"“%) has been calculated by
using the parameters obtained from the FCS experiments
(eqn (12)). Since emission is only observed from micelles
containing one or several fluorophores, every micelle needs
to be labelled in the FCS experiments. This certifies that the
correct number of micelles in the focal volume divided by the
size of the focal volume and Avogadro constant (eqn (12)) is
equal to the concentration of micelles in the sample. Therefore
the ORB: Gy, ratio is increased stepwise until a limiting
plateau of the particle number (/) is reached, as is shown
in Fig. 6(a). This ensures that every micelle is visible in
the FCS experiment. Note that quenching influences the
ORB: Gy ratio at which the limiting plateau starts. It might
therefore be that only micelles containing two or more ORB
molecules are detected. In order to visualise a micelle, it is
possible to estimate the average number of probes/micelles
needed by assuming a Poisson distribution of the ORB
molecules among the micelles.'® In the case of Gy, one needs
a ratio of [ORB]/[Gp1] = 0.04, which corresponds to a probe
to micelle ratio of about six (¢f. Fig. 6(a)). The number of
particles needed to calculate [Mic]™“ was obtained by fitting
the fluorescence intensity correlation curves G(z) to the model
described above (c¢f. eqn (9), (10)). All correlation curves
(cf- Fig. 6(b)) can be nicely fitted to a uniform size distribution
of Gyy; micelles. There is then no reason to involve a second
diffusion coefficient in the model, ascribed to freely moving
ORB molecules/aggregates in the bulk phase. Moreover,
the addition of ORB to an excess of GMI micelles
([ORBJ/[GM1] = 4.4 x 107>, [GM1] = 0.32 mM) results in
a 67-fold increase in the intensity as compared to the intensity
of the same amount of ORB molecules dissolved in the buffer.
Similarly, for the GM1 concentrations used in the FCS
experiments ([Gy;] = 15.4 uM and [Gyy] = 0.744 pM) and
the ratio [ORB]/[GM1] = 1.7 1072, the intensity increases
44-49 times upon binding. The intensity does not change much
(from 49 to 67) for a 430 fold increase of the GM1 concentra-
tion at a constant ORB concentration. However, it changes
considerably when compared to the pure buffer. It is therefore
concluded that only the ORB molecules that are solubilised into
Gy micelles are monitored. The partition coefficient for the
PS-PMA micelles has been estimated to be ca. 10°. In the
optimisation of the five free parameters in eqn (9) it was
observed that the obtained values of N, were not particularly
sensitive to a restriction of the number of parameters used.

The accuracy of focal volume estimation (V7}) is crucial for
the determination of diffusion constants and micelle aggrega-
tion numbers.?* For instance, the focal volume is influenced by
changes of the refractive index, as well as saturation effects.
This implies that the calibration and the experiments must be
performed under the same conditions. For the different
rhodamine derivatives studied here, the intensities used were
adapted to avoid any saturation.
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Fig. 6 (a): Dependence of the particle number (V,,) as a function of the molar probe : Gy, ratio. (b): Fluorescence intensity correlation curves G(t)
for increasing probe : Gy, ratios. [Gyy] = 0.764 uM, [ORB] = 7.74 nM (dash-dot line), 23 nM (dotted line), 42 nM (dashed line) and 45.8 nM
(solid line). The arrow indicates the increase in particle number with increasing probe: Gy ratio.

In the calibration of V}, the rhodamine derivative, 5-TAMRA,
of known bulk concentration was used. Measurement of the
number of particles in V; as a function of [S-TAMRA] gives a
linear dependence which is described by the equation: N, =
NAV{5-TAMRA]. Thus, V¢ can be calculated from the slope
(¢f. Fig. 7). Frequently used dyes in FCS, e.g. R6G and
Rhodamine B, are not suitable for the calibration due to their
adsorption onto the cuvette surfaces. From the present work
however, 5-TAMRA turns out to be very suitable for the
calibration of the focal volume.

The known value of the translational diffusion constant for
R6G has been used as a second calibration method for V4.
Assuming that the focal volume may be approximated by
Ve = 2 &Pb it is possible to calculate V; from the relation:

Ve = (4ntp Drec)’” Ps. (13)

In eqn (13), Dreg denotes the translational diffusion constant
of R6G. This calibration method is much faster than the one
described above, but less accurate due to the uncertainty in Ps.

The determination of Valso depends on the accuracy of the
diffusion constant. It is experimentally difficult to measure the
diffusion constant at infinite dilution. More than thirty years
ago Madge et al.® published a value of Dgeg(Ma) = 280 pm?*s !
for R6G dissolved in water at 22 °C. Since then this value has
been used in numerous publications. Recently, the develop-
ment of FCS has made it possible to more accurately
determine the diffusion constant. Petrasek and Schwille®* have

used scanning FCS and obtained Dgeg(P) = 426 pm” s™' in

16

14}

3 4 5 6 7 8 9 10
[S-TAMRA]/nM

Fig. 7 Calibration of the focal volume by using S-TAMRA. The
slope equals the product Na V7.

water at 22.5 °C, while Miiller er al.** have applied multi-
colour dual-focus FCS and obtained Dgeg(Mii) = 414 pm? s~ !
in water at 25 °C. A recalculation of the D values to 22.5 °C
yields Dreg(Ma) = 284 ym? s~ !, Dreg(P) = 426 pm*s~! and
Drec(Mit) = 387 pm? s~'. When using the updated values of
the diffusion constant, the focal volume and the aggregation
number become 84 and 59% higher, respectively.

The aggregation numbers of Gy micelles, obtained by
using the different calibration methods of FCS are summarised
in Table 2. One should note that the calibration using
5-TAMRA provides aggregation numbers with an uncertainty
2-3x less than those obtained by using the diffusion constants.
In the determination of the focal volume, the uncertainty is
also smaller. The discrepancy between the different
approaches to calibration originates in the determination of
the structure parameter, together with four other parameters
(cf- eqn (9)). Irrespective of the calibration method used, the
aggregation numbers obtained are spread around the average
value of N°T = 168. A careful inspection of Table 2 then
reveals that N¥“S(P) calculated by means of Dreg(P) is closer
to NET than NFS(Mii). Furthermore, NF<5(P) agrees better
with NFCS(5-TAMRA). Finally it is worth noting that, when
using the old value of the diffusion constant (i.e. Drgg(Ma)),
the value obtained would be N*“S(Ma) ~ 91 which agrees
poorly with NET = 168.

Aggregation numbers obtained by ET and FCS versus LS
techniques

While the aggregation numbers determined by FCS and ET
are in reasonable agreement, these values differ substantially
from those obtained from light scattering experiments. This
discrepancy is not surprising because the latter values are
mass-averaged aggregation numbers and the micellar size is
not strictly monodisperse. An estimate of the polydispersity
can be derived by analysing the width at its half-maximum
(cf- Fig. 1). The corresponding 7p values are used together
with the fact that D oc tp ! and Ry’ o N. It is then
concluded that the particle size may differ by a factor of 3.5.
The observant reader might argue that N could depend on the
Gw1 concentration and that the different techniques used here
work with quite different concentrations. However, Brocca
et al.*® have shown that the micellar size seems to be indepen-
dent of the concentration in the approximate range of
0.1-100 mM Gyy;. In addition, the aggregation numbers
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Table2 Aggregation numbers (NF°5) obtained from fluorescence correlation spectroscopy experiments for different calibration methods at 21 °C.

The focal volume (V7)) is in units of femtoliters (fl)

Calibration method

Diffusion R6G Diffusion R6G Diffusion R6G 5-TAMRA S-TAMRA
[Gpil/ M 0.870 0.764 154 0.870 0.764
Ve ¢ 2.52 +£0.6 249 + 0.8 24409 2.81 £+ 0.04 2.78 £+ 0.04
Ve /i 218 £0.5 2.16 + 0.65 2.08 +£ 0.7 2.81 £+ 0.04 2.78 £+ 0.04
N%“m 7.94 +£0.7 6.56 £ 0.6 120 + 3 7.94 +£0.7 6.56 £ 0.6
N_?S (Pe)* 161 + 23 169 + 41 183 £+ 61 179 £ 13 189 + 14
NFCS (Mi)® 141 + 16 148 + 30 160 + 49 179 + 13 189 + 14
@ Value D(R6G) = 426 pm?s~! at 22.5 °C used to calibrate the focal volume.?* ? Value D(R6G) = 414 um? s~ at 25 °C used to calibrate the focal
volume.?
1200 10
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] J
w800 % Gac °g g/ .
o 150 " g 61 . Q. 0a0
= < o O n IOIOQ%G 09'(‘.
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Fig. 8 (a) The convergence behaviour observed for obtaining N¥CS. The probe : Gyy; molar ratio is displayed for [Gy;] = 15.4 uM (open circles)
and [Gy;] = 0.744 uM (black squares). The higher concentration (ca. 20x) corresponds to the ET regime. Insert: zoomed region for high

probe : Gy ratios. (b) The hydrodynamic radius Ry as a function of the probe : Gy molar ratio, obtained for two concentrations of Gy; in the
bulk: [Gyy] = 15.4 uM (open circles) and [Gyy;] = 0.764 uM (black squares). The higher concentration (ca. 20x) corresponds to the ET regime.

obtained by using ET exhibit no significant variation for
concentrations ranging from 15.9 to 159 uM (c¢f. Table 1).
The values of N¥S (¢f. Fig. 8) converge to very similar
aggregation numbers for the studied concentrations (0.764
and 15.4 pM). The aggregation numbers, as well as the
hydrodynamic radius (Ry), remain unaltered when the Gy
concentration is increased 20 times (cf. Fig. 8B). Ri{"> has been
estimated to be 5.67 + 0.06 nm and this value is in perfect
agreement with the LS results (see above). Fig. 8B shows that
Ry does not change as the ORB: Gy ratio is varied. This
result is not surprising, since the micelles are too small for
probing the influence of the extent of labelling as compared to
the focal volume.

Conclusions

The light scattering experiments performed on ganglioside
Gy micelles are compatible with a rather narrow size
distribution, with a mass-averaged aggregation number of
263. This value is significantly larger than the number-averaged
aggregation numbers (=~ 170) calculated from energy transfer
and fluorescence correlations spectroscopy data. Taken
together, the different techniques show that the micelle size is
very similar over a wide range of concentrations (0.764—156 uM).

The results obtained from the ET experiments on Gy
micelles have been used to check the calibration of the FCS
technique. Although the calibration method gives a reasonably
correct value of the aggregation numbers based on knowledge
of the correct diffusion constants, a calibration using known
dye concentrations (of 5-TAMRA) is preferable. This is
because no assumption regarding the shape of the focal
volume is needed.

List of abbreviations

A Acceptor of electronic energy
BODIPY-FL-Gy;N-(BODIPY-FL-pentanoyl)-
ganglioside Gy
564/571-BODIPY -Gy N-(564/570-BODIPY-
pentanoyl)-ganglioside Gy

D Donor of electronic energy

ET Energy transfer

FCS Fluorescence correlation spectroscopy
Gwmi Ganglioside Gy

LS Light scattering

MEPP Apparent molecular mass

N Aggregation number
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N¥ Aggregation number determined by the technique

X (ET, FCS or LS)

Na Avogadro’s constant

Ny Number of particles in the focal volume
ORB Octadecylrhodamine B

Pe Perylene

Py Structure parameter

Ry Hydrodynamic radius

R6G Rhodamine 6G

5-TAMRA 5-Carboxytetramethylrhodamine
TBPe  Tetra-2,5,8,11-tert-Butylperylene

Vi Focal volume
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