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1. Introduction

1 Introduction
Since the seminal contributions by Gregorio Weber in the second part of the last
century, it became clear that fluorescence is a useful tool in the studies of
biomolecules. The vast progress within the last decade in instrumentation and
development of new concepts, however, promoted fluorescence to be the main tool
when it comes to studies of dynamics and organisation of biomolecules, biomolecular
assembles, and living cells. There is a relatively large number of emerging new
techniques having single molecule sensitivity, nanometer resolution, or resolving
picoseconds processes and some of them were developed or implemented in our
group. In this work, some of those methods are described and applications in DNA
and lipid bilayer research are presented.
Specifically, fluorescence correlation spectroscopy (FCS) is an advanced
application of fluorescence microscopy based on analysis of fluctuations of
fluorescence light coming from the detection volume of a confocal microscope. It
allows determination of diffusion properties of fluorescently labeled molecules of
nanomolar concentrations in solutions and even in living cells. Moreover,
fluorescence lifetime correlation spectroscopy enables distinguishing between
diffusing species with different lifetimes. Due to this specific benefit it was possible
to elucidate the compaction mechanism of a DNA molecule smaller then a resolution
of a confocal microscope (see chapter 3 and appendix 1).
Fluorescence correlation spectroscopy is a suitable tool also for measuring
lateral diffusion of lipids in a bilayer. Its advanced extensions, which does not need
any external calibration, Z-scan FCS and dual-focus FCS were employed to measure
lateral diffusion in membranes influenced by presence of oxidized lipids (see chapter
4 and appendix 4) and in the bilayer affected by heavy water (section 5 and appendix
5).
Time dependent fluorescence shift method explores the time evolution of the
emission spectrum of a fluorescent dye. In membranes, this process occurs on
nanosecond time scale and reflects the rearrangement of the hydrated functional
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groups of phospholipid molecules. The total spectral shift mirrors the polarity of the
chromophore’s environment which is closely related to the level of hydration of the
corresponding part of the bilayer. The changes in hydration and local mobility in the
headgroup region of membranes containing oxidized lipids were explored (section 4
and appendix 4). The effect of heavy water on the biophysical properties of a bilayer
was also investigated using this method (see section 5 and appendix 5).
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2 Advanced fluorescence methods used in DNA and lipid
membranes studies
2.1

Fluorescence correlation spectroscopy and its advanced
extensions

2.1.1 Principle of fluorescence correlation spectroscopy
A paper containing comprehensive description of fluorescence correlation
spectroscopy method in Czech language is to be found in appendix 2.
Fluorescence correlation spectroscopy [1, 2] is an advanced microscopic
technique which is based on analysis of fluctuations of fluorescence light coming
from the detection volume of a confocal microscope. The fluctuations arise mainly
from diffusion of fluorescently labeled molecules across the focal volume (and this is
the property we were focused on) but can be also caused by other physicochemical
processes and therefore investigate them (flow, chemical reactions, transition to a
nonfluorescent state). The signal-to-noise ratio in FCS is optimal when there is
approximately one or very few individual fluorescent molecules in the focal volume
of the microscope. Therefore the concentration of the fluorescent molecules is
usually very low and FCS is considered as “single molecule technique”. The standard
experimental setting is depicted on Figure 1. It involves confocal microscope with
high numerical aperture objective and sensitive single-photon detector.
The fluorescent signal is correlated by means of an autocorrelation function
(ACF):
G (τ ) =

δI (t )δI (t + τ )
I (t )

(1)

2

where I(t) is the intensity of fluorescence at time t, τ is the lag-time,
for the mean value over the time of the measurement and

δI (t ) = I (t ) − I (t )

stands
(2)
(3)

.

A more detailed explanation of the autocorrelation is given on Fig 2.
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Fig. 1: Scheme of confocal microscope

The autocorrelation function has to be fitted to an a priori known mathematical
model that describes the processes leading to the fluctuations, for freely diffusing
uniform particles it is:
G(τ ) =

1
1
⋅
⋅
PN 1 + (τ / τ D )

1

(1 + (τ / τ

D

)(r0 / z0 ) )

1
2 2

(4)

where PN („particle number“) stands for average number of diffusing species within
the focal volume, τD is the mean residence time of a particle within the focal volume,
r0 and z0 are half axes of the focal volume.
From the residence time τD one can calculate the diffusion coefficient D of the
molecule (a parameter which is not dependent on the particular experimental setting)
if the size and shape of the focal volume are known. As these parameters are usually
unknown, external calibration using a solution of particles with a known diffusion
coefficient is needed for getting the diffusion coefficient.
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Fig. 2: Explanation of the autocorrelation function: A – measured fluctuations of
fluorescence, B – calculated autocorrelation function. For short lag-times (τ1) the
autocorrelation is high, for longer intervals (τ2) it is going down because the
intensity values at the beginning and at the end of the interval are not related. τ D is
average residence time of a particle in the focal volume. For this particular example:
PN = 3, τD = 54 ms, z0/r0 = 7.
When the diffusion is not the only process which affects the autocorrelation
function, e.g. the molecule undergoes transition to a non-fluorescent triplet state and
back during the diffusion through the focal volume, the autocorrelation function has
to be modified and further parameters fitted.
Crosscorrelation is a correlation between two different signals. It is used for
overcoming afterpulsing of the detectors, a drawback which detectors used for FCS
measurements often suffer from. This means that genuine output pulses are followed
5
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by an afterpulse. This secondary phenomenon is correlated to an initial output pulse
so the autocorrelation function is seriously influenced by this artefact, especially in
the area of shorter delay times. This drawback is often overcome by splitting the
emission light on two different detectors and crosscorrelating their outputs.
Other more sophisticated applications of FCS use autocorrelations and
crosscorrelations of two fluorescent signals coming from two different dyes with
different emission wavelengths (dual colour FCS [3, 4]) or with different lifetime
(FLCS - fluorescence lifetime correlation spectroscopy) [5, 6].
2.1.2 Fluorescence lifetime correlation spectroscopy
A review of fluorescence lifetime correlation spectroscopy is to be found in appendix
3.
Fluorescence lifetime correlation spectroscopy [5, 6] enables to correlate
signals coming from two dyes with different lifetime (alternatively it can be the same
dye located in different environments which results in having different lifetime).
Additional equipment is required in comparison with standard FCS: sub-nanosecond
pulsed excitation instead of continuous wave illumination is needed. The second
requirement is the ability to measure the fluorescence photon arrival time in the
special time-tagged time-resolved mode. This means to measure on two different
scales:
1) relative to the last excitation pulse with picosecond resolution – this so-called
microtime contains information about the fluorescence decay,
2) relative to the start of the experiment with nanosecond precision – this so-called
macrotime is measured on continuous time axes and contains information related e.g.
to diffusion motion just like in standard FCS.
Consequently, the measured data consist of a list of all detected photons with
two different arrival time values – microtime and macrotime – see Fig. 3.
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laser pulses

photon 1

photon 2

microtime
of photon 2

microtime
of photon 1

macrotime of photon 1

macrotime of photon 2

[ps]

[ns]

Fig. 3: Demonstration of measuring on two different time-scales: microtime with
respect to last laser pulse, macrotime with respect to the beginning of the
measurement.
Consider a sample with two fluorescent components (in general it is possible to
do it for more than two), which have different fluorescence lifetimes. The
fluorescence decay histograms („decay patterns“) of both components are known (e.
g. from measurements on pure samples). From the measurement of photon arrival
times on microtime scale one can get the fluorescence decay of the mixture of both
components (see Fig. 4).

Fig. 4: Fluorescence decays of two fluorophores (1 and 2) and the decay of a mixture
of these two components
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At every macroscopic arrival time t (macrotime) and in each channel j
(microtime) the fluorescence intensity Ij (t) is a linear combination of patterns pj1 and
pj2 (these are normalized lifetime decays of the two fluorophores):
I j (t ) = w1 (t ) p1j + w2 (t ) p 2j ,

(5)

where w1(t) and w2(t) are the contributions of the individual fluorophores to the total
fluorescence signal. These individual contributions are needed for calculation of the
autocorrelation function of individual species. Solving the equation (5) we get
N

wk (t ) = ∑ f jk I j (t ) ,

(6)

j =1

where k is the number of the component, N is the number of channels and fjk is a
discrete filter function, which is constructed from the fluorescence decay histograms
of the different fluorescence species and the time-averaged histogram of the
compound signal. Explicitly, fjk is given by:

[

 )
f jk =  M T ⋅ diag I j (t )


−1
t

)
⋅M

]

−1

)
⋅ M T ⋅ diag I j (t )

−1
t


 ,
 kj

(7)
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Fig. 5: Filter functions for two fluorophores (1 – fluorophore with shorter lifetime, 2
– fluorophore with longer lifetime)
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where the matrix elements are:
Mˆ jk = p kj .

(8)

The filters corresponding to the decays depicted in Fig. 4 are plotted in Fig. 5.
Due to the high filter function at the beginning of the decay, photons with small
channel number are more probable to be emitted by fluorophore 1. On the other hand,
it is more probable that a photon coming in later microtime (larger channel number)
belongs to fluorophore 2.
Using these filters, it is possible to obtain fluorescent intensity trace w(t) for all
the components, which can be further autocorrelated or crosscorrelated.
Autocorrelation of the kth component is calculated as:
N

G k (τ ) =

w k (t )w k (t + τ )
w k (t )

2
t

N

∑∑ f
t

=

i =1 j =1
N

k
i

f jk I i (t )I j (t + τ )

N

∑∑ f
i =1 j =1

k
i

f

k
j

I i (t )

t

I j (t )

t

.

(9)

t

Using FLCS approach, several drawbacks of FCS can be overcome, e.g. the
contribution of detector afterpulsing or light scattering can be filter out [6, 7].
Further interesting use of this method involves distinguishing between the molecules
of the same dye surrounded by different microenvironment and thus having different
lifetime. The processes leading to the fluorescence fluctuations can be analysed
separately for these two different fractions. The change in lifetime can be caused by
presence of light-absorbing surface [8], conformation change in a dye-protein
complex [9], metal-fluorophore interaction [10] or different conformation of DNA at
the place where the dye is intercalated [11].
Furthermore, it was proven that the separation is possible to realize even when
the patterns of some components are inaccessible, specifically, one can filter out all
the components which have a known pattern [12]. Suppose the system consists of
two lifetime patterns p1 and p2, but the pattern p2 is not experimentally accessible, i.e.,
we can measure only p1 and an arbitrary linear combination of p1 and p2 – the mixture
of both the species.
Let us construct a new series of patterns:
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*

p 1j = p 1j
p

2*
j

=

ap 1j + bp 2j

(10,11)

a+b

where a and b are the coefficients of the arbitrary linear combination of the patterns
p1 and p2.
The Eq. 5 has to be fulfilled for both the series of patterns as follows:
I j (t ) = w1 (t ) p 1j + w 2 (t ) p 2j = w1 (t ) p 1j + w 2 (t ) p 2j
*

*

*

*

(12)

where the asterisk stays for the amplitude of the particular new decay histogram to
the overall signal. It has to be fulfilled:
w1 (t ) = w1 (t ) +
*

w

2

(t ) =

*
a
w 2 (t )
a+b

(13, 14)

*
b
w 2 (t )
a+b

From the combination of the Eq. 9 and Eq. 14, it results:
G 2 (τ ) =

w 2 (t )w 2 (t + τ )
w (t )
2

2

w 2 (t )w 2 (t + τ )
∗

t

=

t

∗

w

2∗

(t )

2

t

(15)

t

where G2(τ) denotes an autocorrelation function of the second species. Thus, using
the new set of patterns, we are able to reconstruct the autocorrelation function of the
fraction with the inaccessible decay pattern. In other words, the contribution of the
species with the known histogram was filtered out from the entire ACF. It is possible
to derive by analogical way that this method can be used also for larger number of the
species with different lifetime. One can filter out signal contributions of all the
species with known lifetime histogram. As a result, the autocorrelation function that
is obtained corresponds only to the mixture of remaining species present in the
studied system.
2.1.3 FCS in lipid membranes
In membranes lateral diffusion of lipid molecules is investigated as an
important parameter characterizing physicochemical properties of the bilayer [13].
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Concerning Brownian diffusion in a two-dimensional Gaussian profile, the
theoretical shape of autocorrelation function has a more simple shape than the
movement in 3D (Eg. 4)
G(τ ) =

1
1
⋅
.
PN 1 + (τ / τ D )

(16)

The lateral diffusion coefficient D can be extracted from τD using the following
relation
r02
D=
4τ D

(17)

where r0 is the radial distance from the optical axis, where the intensity drops by e-2
[13]. The radius r0 is usually estimated by measurement in a solution of a reference
fluorophore with known diffusion coefficients and fitting the measured
autocorrelation function with a model for three-dimensional diffusion assuming a
three-dimensional Gaussian shape of the detection volume. This external calibration
has several drawbacks – the real shape of the detection volume may differ from the
assumed one and the radius of the beam-waist in the reference solution may vary
from that in the sample of interest [13]. In addition, FCS in planar systems also
suffers from errors caused by unreproducible axial positioning of the very thin
sample – when it does not coincide exactly with the waist of the focus, the
divergence of the beam leads to larger τD [13]. Those problems motivated
development of several calibration-free FCS techniques.
2.1.4 Z-scan FCS
Z-scan FCS is a modification of fluorescence correlation spectroscopy. It is a
calibration-free technique developed for measurements of diffusion in phospholipid
membranes. The diffusion time τD and particle number PN depend quadratically on
the distance between the sample and the waist of the focus (∆z) [13, 14] according to

ω 02 

λ2 ∆2Z

1+
τ D (∆ Z ) =
4 D  π 2ω 04


 λ2 ∆2
, PN (∆ Z ) = πω02 c1 + 2 Z4

 π ω0
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(18,19)
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where λ is the wavelength of the excitation light in the medium of the sample, ω0 is
the radius of the detection area in the waist of the focus and c is the average
concentration of diffusing fluorescent molecules.
Therefore, when the τD and PN are measured at different positions of the sample
along the optical axis of the microscope (Z axis), by fitting these data, physically
relevant parameters D and c are accessible without further calibration measurements.
The precision of Z-scan is limited by the temporal stability of the sample axial
positioning. Axial movement of the membrane can disrupt the parabolic dependence.
Another possible source of artefacts can be caused by distortions of the detection
volume shape [13].
2.1.5 Dual-focus FCS
In dual-focus FCS the excitation beam is split into two laterally shifted
overlapping laser foci at a fixed and known distance. This is performed by two lasers
with orthogonal polarizations alternatively pulsing and a Nomarski prism which split
the light according to its polarization. The distance d is used as a intrinsic ruler and
the measurements therefore do not need any further calibration [13, 15].
Autocorrelation functions GA for each focus and crosscorrelation function GC
between the two foci are calculated. Assuming autocorrelation function derived from
(16 and 17)
GA (τ ) =

1
r02
⋅
PN 4 Dτ + r02

(20)

the theoretical form of crosscorrelation function is
GC (τ ) =

 −d2 
1
r02


⋅
exp
2 .
PN 4 Dτ + r02
 4 Dτ + r0 

(21)

Global fit of individual autocorrelation functions and the crosscorrelation provides
values of D and r0 if the distance d between the foci is known.

12

2. Advanced fluorescence methods used in DNA and lipid membranes studies
2.2

Hydration and mobility studied by time dependent fluorescence
shift method (TDFS)

2.2.1 Fluorescence emission spectrum and the influence of the solvent

Fig. 6: Jablonski diagram
The Stokes shift, the difference in wavelength of absorbed and emitted light is an
inherent attribute of fluorescence [16]. This loss of energy is caused by the fact that
after the excitation and before the emission of the fluorescence photon the molecule
of the dye undergoes a non-radiative transition to the lowest vibration level of the
first electronic excited state (see Fig. 6).
Furthermore, the presence of solvent molecules around the fluorescent dye
cause an additional loss of energy [16]. As a result of the absorption of a photon, the
dipole moment of the dye is changed. Immediately after the absorption the system is
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in a so called Franck-Condon state when the dipoles of the solvent are not in
equilibrium with the new dipole moment of the dye. The molecules of the solvent
rearrange according to the new situation and the whole system lowers its energy. In a
similar way, after the emission of the fluorescence dye, the energy of the system is
further decreased by re-aligning the solvent molecules according to the dipole
moment in the ground state. In conclusion, the presence of the solvent thus shifts the
emission wavelength towards the red additionally to the standard Stokes shift. A
graphical representation of this process is to be found on Fig. 7.

Fig. 7: Influence of solvent on the wavelength of the emission light. S 0 – ground
state, S1FC -Franck-Condon excited state (unrelaxed solvent molecules), S1Rel – excited
state with relaxed solvent molecules, S0FC -Franck-Condon ground state. The blue
arrow represents the dipole moment of the dye, the brown arrows the dipole moments
of the solvent molecules (the illustration of the dipoles is simplified, for many
fluorophores it is rather change in magnitude and not in orientation).
The magnitude of this effect is influenced by the intrinsic properties of the
fluorescence dye (i. e. magnitude of the change of the dipole moment after the
excitation) and by

polarity and viscosity of the solvent [16] (for a graphical

explanation of this effects see Fig. 8). Molecules of a more polar solvent have a
larger dipole moments and thus cause a larger energy decrease induced by their
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reorientation. As a result, the same fluorescence dye can e. g. emit green light in a
non-polar solvent and orange light in a polar solvent.

Fig. 8: Influence of solvent polarity and viscosity on the magnitude of the solvent
effect on the emission light. The more polar is the solvent, the bigger difference is
between the energy levels corresponding to unrelaxed and relaxed solvent molecules.
This difference corresponds to ∆ν parameter of the TDFS method which is described
in the main text. The viscosity influence the fraction of the photons originating from
the systems at different stages of relaxation (represented by vertical arrows of
different colours). This time scale of the relaxation process reflected in fluorescence
emission spectrum is described by TDFS parameter τr.
Emission of the fluorescence photon typically occurs on a nanosecond timescale while the solvent relaxation occurs in 0.3-100 ps in fluid solvents at room
temperature. Therefore the emission spectra represent the fully relaxed state. On the
other hand, in high viscous solvents the contribution of photons coming from non
fully relaxed state is significant, the red shift of the emission spectrum is thus
smaller. As the viscosity is highly correlated with the temperature of the solution, the
red shift is increasing with increasing temperature [16].
Emission spectrum is often influenced by the solvent also in a more specific
way. Internal charge transfer within the molecule of some fluorophores (e.g. Laurdan
or Prodan) cause a longer wavelength emission appearing in solvents with high
polarity. Hydrogen bonding of the solvent to the fluorophore is another example of a
specific solvent effect [16].
15
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2.2.2 Time dependent fluorescence shift method
Due to the effect of the solvent on the emission spectrum fluorescent dyes are widely
used as probes of polarity and viscosity via time dependent fluorescence shift method
(TDFS). Time-resolved emission spectra (TRES) are used for determining the total
spectral shift and for exploring the dynamics of the solvent reorientation process.
One of the experimental methods enabling to get TRES is measurement of
time-resolved fluorescence intensity decays by time-correlated single photon
counting (TSCPC) at different wavelengths as well as estimation of the steady-state
fluorescence spectrum [16]. In concrete terms, at a specific emission wavelength a
fluorescence decay is measured by TSCP and parametrized as a sum of exponential
decays using deconvolution. It is divided by its integral intensity and multiplied by
the steady-state intensity at this wavelength. The decays are gained for several
different wavelengths spanning the steady-state emission spectrum of the
fluorophore. Using these scaled decays, it is possible to determine the emission
spectrum for any desired time after the excitation pulse. Figure 9 shows the timeresolved decays for three wavelengths scaled according to the steady-state spectrum
and the corresponding TRES.

Fig. 9: Construction of the time resolved emission spectra (right) from the
fluorescence decays measured at different emission wavelengths normalized by the
intensity of the steady-state spectrum (left). Note that the decay at the longest
wavelength has a maximum around 2 ns because a photon of this wavelength arises
from a relaxed state and hence cannot be emitted immediately after the excitation.
Picture is adapted from [16].
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Analysis of TRES provides parameters well correlated with polarity and
viscosity of the solvent [17, 18]. Polarity is characterised by total shift of the
emission spectra ∆ν defined as

∆ν =ν 0 ν ∞

(22)

where ν0 is wavenumber of a photon emitted immediately after the excitation from
the Franck-Condon state and ν∞ is the wavenumber of a photon coming from a fully
relaxed state. Practically, ν0 can be determined by measuring of emission and absorption spectra of the dye in non-polar solvent and absorption spectrum of the dye in the
system of interest [19].
Viscosity of the solvent is characterised by correlation time τr
∞

τ r=∫ C (t )dt

(23)

0

which is obtained by integration of following correlation function:
C (t)=
2.2.3

ν (t ) ν ∞ .
∆ν

(24)

TDFS in membranes

A solvent sensitive probe can be incorporated into a phospholipid bilayer. According
to its chemical modification (e. g. addition of an aliphatic chain of a specific length)
it resides in the membrane at a well defined position and thus reflects the
microenvironment at different depths of the membrane. In case of a phospholipid
bilayer surrounded by water, TDFS parameter ∆ν reports on the level of hydration of
the place where the fluorophore is located, because presence of polar water molecules
predominantly influence the total shift of the fluorescence emission spectrum, while
τr mirrors the local mobility [20].
A range of fluorophores are located at the headgroup region (Fig. 10) of the
membrane. Specifically, Laurdan is located close to the sn-1 carbonyl of the
phospholipid molecules. This fact has been proven both experimentally by parallax
quenching measurements [21] and theoretically by quantum chemical calculations
combined with molecular dynamics simulations [22]. The relaxation process at this
site occurs on nanosecond time scale and reflects the rearrangement of the hydrated
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functional groups of phospholipid molecules [20] (bulk water responds about 1000
times faster).
Exploring headgroup region by TDFS shift of Laurdan brings important
information about different factors influencing the phospholipid bilayer. In this work,
we investigated influence of oxidized lipids with truncated acyl chain (see chapter 4
and appendix 4) and the changes of biophysical properties of membrane arising from
the presence of heavy water (see chapter 5 and appendix 5).

Fig. 10: Location of fluorescence dyes Patman, Laurdan and Prodan in a DOPC
membrane. Note that Laurdan is located in the vicinity of sn-1 carbonyl of the
phospholipid molecule. Picture is adapted from [20].
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3 Compaction mechanism of a linear DNA molecule induced
by spermine and CTAB
This topic is based on the paper presented in appendix 1.
3.1

DNA compaction process

DNA condensation plays a crucial role in living systems since it allows for DNA
storage in highly concentrated and tightly packed states. Whereas in the case of
eukaryotes, the condensation occurs in a multi-step hierarchical way, where DNA
assembles along specific proteins (histones) in chromosomes [23], in the case of
viruses, bacteria and prokaryotes, the compaction is realized by an interaction with
cationic polyamines, spermine (4+), spermidine (3+) [24] or cationic polymers. The
self-assembly of DNA is extensively studied in vitro as it has a potential application
in constructing DNA carriers for a non-viral gene therapy.
The studies done at high concentration of DNA base pairs revealed that the
crucial factor determining the process is the stoichiometric neutralization of the
phosphate groups at the DNA backbone. In this case, usually broad distribution of
aggregates of several DNA molecules with not well-defined morphology is formed
[25]. Such an aggregation appeared to be a continuous process.
With the approach of fluorescence microscopy allowing observation of single
molecules and thus, investigation of diluted DNA solutions with considerably lower
concentration of base pairs (in micromolar range), the mechanism of the process
became again an important issue. Theoretical and experimental works [26] showed
that in the case of low molecular compacting agents with multivalent positive charge,
only 90 % of the negative charge has to be neutralized by the condensing counter ions
before the compaction starts occurring. The compact molecules then behave like
colloidal particles with negative charge that do not adhere [27, 28] and thus they start
to form supramolecular aggregates only when more of the condensing agent is added.
Thus, the continuous mechanism had to be replaced by a concept accounting for an
onset of the compaction, i.e. the compaction starts when the concentration of the
compacting agent exceeds a certain threshold level, and the intermolecular
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aggregation was regarded as a process that subsequently occurs after the compaction.
The compaction followed by the aggregation is regarded as so called DNA
condensation.
Thanks to fluorescence microscopy, it has become clear for large linear DNA
molecules, that the compaction with multivalent cations is an all-or-non process, i.e.,
there are three distinguishable regimes of the process depending on the amount of the
condensing compound: i) free unfolded DNA molecules, ii) coexistence of unfolded
(coil) and folded (globule) state of particles with no intermediate conformation
present and iii) presence of the mere compact state [29].
When the compaction is achieved by cationic surfactants, not only mere
neutralization of negative charge, but also the hydrophobic interaction of the aliphatic
chains plays important role in stabilizing the polymer-colloid complexes [30-32]. It
was shown that for the linear 166 kbp DNA, the transition between coil and globule
state is also discrete, i.e., in the certain concentration region of the cationic surfactant,
both states are found in a coexistence [30, 31].
Since the resolution of fluorescence microscopes is diffraction limited, it is not
surprising that most of the mechanistic investigation were performed on DNA
molecules bigger than hundred kilobasepairs. There is much less literature on the
compaction mechanism of smaller DNA molecules. Sato et al. [33] applied
fluorescence microscopy combined with Brownian motion analysis on spermine
induced compaction of circular 12.5 kbp DNA and concluded a continuous
mechanism. Interestingly, Dunlap et al. [34] characterized the condensation of 5-7
kbp DNA plasmids induced by positively charged, amphiphilic molecules as
continuous. In our group, the spermine induced compaction of the 10 kbp circular
DNA was studied by FLCS and the all-or-non transition was revealed [35].
In the following study the mechanism of compaction induced by the polycation
spermine versus the cationic surfactant cetyltrimethylammonium bromide (CTAB) is
compared. The measurements were performed on linear lambda DNA (48,5 kbp).
I present the results here together with the case of circular 10 kbp DNA which was
characterised in our group with analogous results. The detailed description of all our
findings can be found in Humpolíčková et al. [12].
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3.2

FCS and FLCS approach to DNA compaction

Fluorescence correlation spectroscopy (see section 2.1) is widely used for measuring
diffusion of molecules in the solution. It can also be used for investigation of DNA
compaction, because the size and thus the diffusion coefficient of the DNA molecule
is changed during the compaction process [36]. However, using standard FCS it is
not possible to elucidate the mechanism of compaction (either it is all-or-non or
continuous process). The correlation curve reflects the movement of an average
molecule so it is not possible to distinguish between the state where half of the
molecules is fully compact and half is fully uncondensed and the state where all the
molecules are partially condensed (usually it is not possible to differentiate the
movement of different states of molecules only by fitting the autocorrelation curve
with more parameters).
In contrast, fluorescence lifetime correlation spectroscopy (see section 2.1.2) is
able to elucidate the compaction mechanism of DNA even for the DNA molecules
smaller then the resolution of a confocal fluorescence microscope. The success of
this technique is based on different fluorescence lifetimes of the intercalating
fluorophore PicoGreen (PG) in the folded and unfolded domains of DNA. Thus on
the base of different lifetime it allows for distinguishing the diffusion properties of
condensed and uncondensed forms and calculate the autocorrelation curve for them
separately. FLCS was applied to study the spermine induced compaction mechanism
of the 10 kbp circular DNA and demonstrated the all-or-non transition [35].
The usefulness of this technique is limited by the fact that all the lifetime
components in the system have to be well identified and the fluorescence decay
(lifetime pattern) has to be accessible for all of them. For the case of a complicated
condensation mechanism, where it is not possible to exclude presence of several
different stages of condensed DNA molecules with different lifetime patterns of PG,
FLCS has to be modified.
Humpolíčková et al. [12] introduced an extension of this method applicable
also in case when the lifetime patterns of some compounds can not be accessed (see
section 2.1.2). Using this approach, one can filter out the contribution of all
components which have the known lifetime pattern from the autocorrelation function.
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In case of DNA compaction mechanism, it is always possible to measure the lifetime
pattern of the PicoGreen intercalated in DNA without the presence of the condenser,
so the pattern for uncondensed form is accessible. Thus we can get the
autocorrelation curve of the condensed forms, to be more precise, of all of the
partially or fully condensed particles.
Using this approach it is possible to elucidate the compaction mechanism of
relatively small DNA molecules.
3.3

Compaction mechanism of a 48.5 kbp long linear DNA molecule
induced by spermine or CTAB

We explored the compaction mechanism of Lambda DNA (48,5 kbp). The
concentration of

DNA base pairs was 10 µM. We used the labelling ratio

1 fluorescent molecule (intercalating dye PicoGreen) for 100 DNA base pairs.

Fig. 11. Chemical formula of spermine (a polycation at physiological pH)

Fig. 12. Chemical formula of CTAB
Using classical FCS changes in residence time and particle number can be observed
during the titration of the condenser, which was spermine (a multivalent cation – see
Fig. 11), respective CTAB (a cationic surfactant – see Fig. 12). At the same time,
changes in the lifetime of the fluorescence dye PicoGreen can be distinguished. The
drop in the residence time corresponds to the change in the hydrodynamic radius of
the DNA molecules, while the decrease in the particle number refers to the formation
of the point-like rigid particles, which no more contribute with the segmental
motions to the entire signal [37]. The lifetime brings the information on the changes
of microenvironment of PicoGreen.
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When the DNA was titrated with spermine, a step-like change in both the FCS
read-out parameters, particle number and residence time was observed, revealing the
threshold concentration value upon which the compaction starts to be around
1 spermine molecule to 1 bp of the DNA (Fig. 13). The fluorescent lifetime drop
parallels the change in FCS parameters.
The FCS measurement is in good agreement with dynamic light scattering
measurement [12] which notice a large drop in the DNA hydrodynamic radius,
indicating the transition of the loose coil to the compact globular structure, in the
region of one spermine per 1 bp of DNA.
More detailed overview of the compaction process can be obtained by FLCS. In
our system, the decay pattern of uncondensed DNA can always be measured
independently, thus FLCS is utilized to filter out the signal that belongs to free DNA.
This already enables to gain the information exclusively on the diffusion of those
particles that already started to condense.
Fig. 14 shows four autocorrelation curves at several points of the titration
experiment where the contribution of free DNA was filtered out. At the
concentrations of spermine below the threshold (black curve), the autocorrelation
function is very noisy confirming that there are almost no molecules in the condensed
state. Immediately after the onset is reached, the ACFs become smooth.
Above that threshold level, when the steep drop in lifetime appears, up to the
certain spermine-to-basepair ratio where the further aggregation prevail, all the
particle number - normalized ACFs remain almost the same (red and blue curves). In
other words, in the certain concentration region of spermine, above the onset and
beyond the aggregation, the size of the condensed particles does not depend on the
amount of added spermine. This is in agreement with the expected all-or-non
transition, i.e. each DNA molecule first becomes neutralized and than step-likely
switches to the condensed state. With even more added spermine, the residence time
gets longer due to formation of bigger aggregates (yellow curves).
Fig. 13. FCS read-out parameters PN (black squares) and residence time (red
circles) and fluorescence lifetime of PG (blue triangles) during the titration of a)
circular 10 kbp and b) linear 49 kbp DNA with spermine.
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Fig. 14. PN-normalized ACFs, the signal of uncondensed DNA was filtered out. The
ACFs correspond to the particular points of the titration with spermine, where the
considerable decrease in the lifetime was observed a) for circular 10 kbp DNA at
spermine-to-basepair ratio 1 (black), 1.25 (red), 2.5 (blue) and 4 (yellow), b) for
linear 49 kbp DNA at spermine-to-basepair ratio 1 (black), 1.3 (red), 2 (blue) and 3
(yellow). For comparison, the orange curves stay for uncondensed DNA molecules,
circular 10 kbp (a), linear 49 kbp (b).
Concerning compaction of DNA by CTAB, even standard FCS revealed some
changes in comparison with spermine, however, a detailed information about the
condensation process was revealed by FLCS. The residence time and lifetime of
PicoGreen reveal a drop, but at higher concentrations of CTAB than it was for
spermine (Fig. 15). At a lower concentrations, a gradual change in apparent particle
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number is observed. The particle number is related to the number of fluctuations in
the focal volume. Apart from the fluctuations arising from the translational diffusion,
there are also those caused by segmental movements of the multiple labelled finitesized particles. The drop in the apparent particle number in the concentration range
where other parameters do not change is thus probably caused by decrease of the
segmental motions due to DNA - CTAB interaction.
More detailed explanation is accessible by FLCS measurements. Figure 16
shows that the diffusion properties of the condensed particles differ at various stages
of the titration. Beyond the onset in lifetime, i.e. at the concentrations of CTAB,
which do not cause any changes in lifetime, the ACFs are as in the case of spermine
noisy (black curves). Exceeding the lifetime onset, the “uncondensed-DNA-free”
ACFs reveal gradual shortening of the residence time (red and blue curves). At the
moment when all DNA is condensed, the particles start to aggregate and the
residence time prolongs as well as in the case of spermine (yellow curves).

Fig. 15: FCS read-out parameters PN (black squares) and residence time (red
circles) and fluorescence lifetime of PG (blue triangles) during the titration of a)
circular 10 kbp and b) linear 49 kbp DNA with CTAB.
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Fig. 16: PN-normalized ACFs, the signal of uncondensed DNA was filtered out. The
ACFs correspond to the particular points of the titration with CTAB, where the
considerable decrease in the lifetime was observed a) for circular 10 kbp DNA at
CTAB-to-basepair ratios of 2.5 (black), 3.5 (red), 4 (blue) and 6 (yellow), b) for
linear 49 kbp DNA at CTAB-to-basepair ratios of 2 (black), 2.5 (red), 3 (blue) and 4
(yellow). For comparison, the orange curves stay for uncondensed DNA molecules,
circular 10 kbp (a), linear 49 kbp (b).
In conclusion, using standard FCS, it is possible to find out the concentration of the
agent when the condensation starts – the residence time is shortened, the particle
number is getting smaller and also the lifetime of the intercalated PicoGreen is
shortened. In higher concentrations of the condensing agents, the DNA starts to
aggregate. FLCS enables to look into the compaction mechanism in a detailed way.
According to the fluorescence lifetime it is possible to filter out the contribution of
all uncondensed molecules and thus get the autocorrelation functions of the
condensed particles exclusively. In the case of spermine, there is a concentration
range, where the lifetime of PG rapidly drops and where the spermine-to-basepair
ratio does not influence the size of the condensed species. In the concentration region
that corresponds to the same changes in lifetime observed for spermine, for CTAB,
we observe gradual shortening of the residence time - the size of the condensed form
of DNA changes. In other words, FLCS visualizes the fact that the investigated DNA
molecules condense via all-or-none and gradual mechanism in the case of spermine
and CTAB, respectively.
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4 Influence of oxidized lipids on physical properties of
phospholipid bilayer
This topic is based on the paper enclosed in appendix 4.
4.1

Introduction to oxidized lipids

Biological membranes are affected by oxidizing processes caused by radical and nonradical oxygen species (·OH, ·NO, ozone, singlet oxygen...). These can arise either
from endogenous processes such as respiration, metabolism and phagocytosis or
from exogenous sources (exposure to pollutants and radiation) [38]. Phospholipids
modified by oxidation are related to a range of pathologies as atherosclerosis,
Alzheimer and cancer [39-41] they have been found in pathological conditions often
at raise levels compared to normal physiology [39,41].
A characteristic attribute of one class of oxidized phospholipids is a truncated
sn-2 acyl chain arisen from oxidation of polyunsaturated lipids [42]. These species
have a polar group at the end of the truncated chain - either carboxylic (1-palmitoyl2-glutaryl-sn-glycero-3-phosphocholine (PGPC), 1-palmitoyl-2-azelaoyl-sn-glycero3-phosphocholine (PazePC)) or aldehyde (1-palmitoyl-2-(5'-oxovaleroyl)-sn-glycero3-phosphocholine

(POVPC),

1-palmitoyl-2-(9´-oxononanoyl)-sn-glycero-3-

phosphocholine (PoxnoPC)).
Oxidatively modified lipids influence the living cells in several distinct ways.
They interact with specific receptors and play role in signalization pathways [42].
Lipids with aldehyde group form Schiff base with proteins [42]. They also act on
purely biophysical way. As the shape of a phospholipid with truncated acyl chain is
modified, their ability to form a bilayer is changed. Different biophysical properties
of the membrane then influence the function of membrane proteins which deserve
specific embedding in the membrane for the right function. Electron paramagnetic
resonance (EPR) revealed a loss of ordered lamellar structure and micelle formation
brought about by truncated oxidized phospholipids (several EPR studies reviewed by
Jurkiewicz et al. [43]). Studies of phospholipid monolayers with truncated oxidized
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lipids using Langmuir balance brought first hypotheses of looping back of sn-2 acyl
chains of PoxnoPC and PazePC with their aldehyde or carboxylic moieties
accommodating in the vicinity of the lipid headgroups [44]. This idea was further
supported by the fact that cytochrome c binds to PazePC micelles which indicate
carboxylic group of the oxidized lipid pointing towards the water phase [45]. The
first direct observation of so-called “extended lipid conformation“ was done using
molecular dynamics by Khandelia and Mouritsen [46]. The carboxylic groups were
able to raise up to 1 nm into the water phase above the average position of
phosphorous atoms. For neutral PoxnoPC, the chain reversal was also observed,
although it was not complete.
4.2

TDFS measurements of hydration and mobility

In our work we investigated the influence of PGPC and POVPC on the biophysical
properties of the membrane using fluorescence TDFS method [47]. We made large
unilamellar vesicles composed of 90 % 1-palmitoyl-2-oleoyl-sn-glycero-3phosphocholine (POPC) and 10 % either PGPC or POVPC. The vesicles were
labelled with 1 % of Laurdan, a fluorescence dye sensitive to polarity of its
environment.
We observed a decreased relaxation time τr induced by presence of both
oxidized lipids in comparison with pure POPC bilayer (Table 1). The TDFS method
thus reveals the fact that the dynamics of hydrated functional groups in the headgroup
region, or more specifically, at the sn-1 carbonyl where Laurdan is located, is
increased.
The total spectral shift, ∆ν, proportional to headgroup hydration, increased
slightly upon addition of both oxidized lipids.
The more hydrated and mobile Laurdan microenvironment in the membrane
with oxidized phospholipids likely results from the presence of short sn-2 chains,
which may introduce free space below the glycerol level facilitating water penetration
and reorientation of hydrated lipid moieties (water at this level is fully constrained by
the lipids).

28

4. Influence of oxidized lipids on physical properties of phospholipid bilayer
Lipid
composition

5°C

10°C

∆ν (cm-1)a

τr (ns)b

Observed

∆ν (cm-1)a

τr (ns)b

Observedc

POPC

3750

4,05

89 %

4000

3.30

86 %

10% PGPC

3800

3,85

85 %

4000

3.10

85 %

10%POVPC

3900

3,55

86 %

4050

2.85

87 %

c

Table 1: Fluorescence solvent relaxation parameters for Laurdan incorporated into
bilayer consisted of POPC and oxidized phospholipids measured at 5°C and 10°C.
a

total spectral shift; b integrated relaxation time; c extent of the relaxation process
captured by the instrumentation obtained by comparison of the ∆ν value calculated
using the ν0 value from the time-zero estimation with that obtained by TRES
reconstruction (specifically, a value of 86% indicates that 14 % of the SR is
occurring faster than the resolution of the experiment).
4.3

Z-scan FCS exploring lateral diffusion

The lateral mobility of phospholipids in the bilayer was explored by Z-scan
fluorescence correlation spectroscopy. We prepared supported phospholipid bilayers
(SPB) on a glass surface. The membrane consisted of 10 % of an oxidized lipid
(PGPC or POVPC) and 90 % of POPC. The control experiment was done with
a membrane with 100 % of POPC. The FCS traced the diffusion of Bodipy C 12-HPC
lipid analogue of a fluorescence dye and provided the following mean diffusion
coefficients: DPOPC = (2.86 ± 0.07) µm2s-1, D10%

PGPC

= (3.18 ± 0.16) µm2s-1, and

D10% POVPC = (3.08 ± 0.09) µm2s-1. The slightly faster lateral diffusion in the both
oxidatively modified bilayers pairs well with elevated headgroup fluidity probed by
Laurdan. On the other hand, the effect was small with a big experimental error and
suggested the need of more precise measurements involving a fluorescent label
directly attached to the oxidatively-modified lipid molecule.
4.4

Molecular dynamics simulations

Molecular dynamics simulation of the same system was performed by other member
of our group to explain observed effect on a molecular level.
The main finding of the study is demonstrated in Fig. 17. Tiltangle distributions
of sn-1 and sn-2 chains in oxidized lipid molecules compared with those of the pure
POPC were calculated. Unoxidized sn-1 chains of oxidized lipids behave similarly to

29

4. Influence of oxidized lipids on physical properties of phospholipid bilayer
sn-1 chains of POPC, namely, they are oriented mostly towards the membrane
interior with a relatively small deviation of tilt angles from the 180° value. In
contrast, the orientation of oxidized sn-2 chains is qualitatively different from that of
the sn-2 chains in POPC. Oxidized chains of POVPC, each terminated by the neutral
but polar aldehyde group, undergo reorientation which is evidenced by the tilt angle
spread between 0° and 180° with a strong diminishment in the 180° region. In other
words, sn-2 chains of POVPC become mostly reoriented from the direction into the
bilayer pertinent to pure POPC, pointing now in all directions, and even being able to
stick out of the membrane surface. In the case of PGPC the reorientation of
negatively charged sn-2 chains is even more radical, with most of the oxidized chains
sticking out of the membrane surface and with their tilt angle being mostly between
0° (i.e., sticking out perpendicular) and 90° (i.e., being parallel to the bilayer).
Schematic representation of probable position of sn-2 change is depicted in the inset
of Fig. 17. A snapshot of the membrane during the simulation showing a position of
an oxidized lipid molecule is in Fig. 18. Analogous changes in chain orientation upon
oxidation have also been observed in previous simulations of PazePC and PoxnoPC
[46].
The reversal of the orientation of the oxidized sn-2 chains can explain the
changes observed in TDFS experiments. Most of the chains of PGPC and a
significant fraction of POVPC move away from the region of sn-1 carbonyls where
the fluorescent probe senses an increase of local mobility.
4.5

Further fluorescence studies of oxidized lipids

Since our work was published already in 2010, I would like to mention a few
following fluorescence studies of oxidized lipids to broaden the picture I present in
this work.
The lateral diffusion of lipid molecules in the membrane was studied by FCS
using a fluorescently modified PGPC [48]. Diffusion coefficient was found to be
considerably higher in comparison with a fluorescent analogue of a non-oxidized
lipid. This finding confirms our hypotheses, that truncated oxidized lipids induce
increased lateral mobility within the membrane.
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Fig. 17: Tiltangle distributions of sn-1 and sn-2 chains in oxidized lipid molecules
compared with those of the pure-POPC simulation. Tiltangle of 180° corresponds to
a chain oriented in parallel to the membrane normal and pointing towards the
membrane interior; 0° characterizes chains pointing towards water phase; 90°
corresponds to a chain oriented perpendicular to the membrane normal. Angle
histograms were divided by sin(angle) factor in order to get probability distribution
of angles. Typical configurations observed for the three considered molecules are
schematically depicted. The reversal of sn-2 chains of oxidized lipids is evident, for
PGPC the effect is particularly strong as its tiltangle distribution is concentrated
mostly for <90°. The picture is adapted from [47].
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Fig. 18: Typical configurations of PGPC (A) and POVPC (B) lipids in the POPC
membrane. The truncated sn-2 chain of PGPC typically protrudes into the water
phase whereas in the sn-2 chain of POVPC resides in the head groups region.
Colour coding: oxidized lipids — green balls, POPC — black lines, choline groups
— small blue balls, phosphate groups — small yellow and red balls. Polar terminal
groups of sn-2 chain of oxidized lipids are depicted as yellow (PGPC) and orange
(POVPC) balls. The picture is based on molecular trajectories from simulations in
Beranová et al. [47]and is adapted from review of Jurkiewicz et al. [43].

The knowledge of hydration and mobility deviations presented in this work
were further extended in publication of Volinsky et al. [49]. Increased hydration and
mobility in the vicinity of the fluorescence dye Laurdan relative to POPC membrane
was confirmed also for two other oxidized lipids with truncated chains – PazePC and
PoxnoPC (see Figure 19). Changes in the hydration and polarity profile of the
membrane by the presence of oxidized lipids was associated with faster flip-flop of
phosphatidylserine, which was reported by Volinsky et al. [49] in model membranes.
Maintaining the compositional asymmetry is crucial for a living cell and presence of
phosphatidylserine in the outer leaflet of a cell is connected with the apoptotic
process.
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Fig. 19: Relative polarity/mobility profiles of a POPC bilayer containing oxidized
lipids. TDFS was measured at several positions within the membrane using different
fluorescence dyes with a known location in the membrane. For the sake of clarity of
presentation the position of Laurdan has been shifted by 0.1 nm outward from
Patman. The figure is based on Volinsky et al. [49]and is adapted from review of
Jurkiewicz et al. [43]. PAzPC = PazePC, PONPC = PoxnoPC.
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5 Effect of heavy water on phospholipid membranes
This topic is based on the paper enclosed in appendix 5.
5.1

Introduction the the effect of heavy water on biomolecules

Although the physicochemical properties of D2O (heavy water, deuterium oxide) are
very similar to H2O, replacement of H2O by D2O affects several biological processes.
At concentrations higher than 20 % of body weight D2O is toxic to animals. It
influences the nervous system, liver, formation of blood cells [50] and has a cytotoxic
effect on malignant cells [51]. On the molecular level, deuterium oxide disturbs
development of the mitotic spindle during cell division [52]. Contact with D2O
increases the rigidity of the native structure of proteins which is assigned to the
replacement of H2O solvent molecules by D2O (“solvent isotope effect”) rather than
to the exchange of H and D in the protein molecule itself (“deuterium isotope effect”)
[53]. In general the solvent isotope effect is connected to the higher stability of the
interactions between D2O molecules when compared to H2O molecules [53], i.e. the
binding energy of a D2O dimer is higher than that of a H2O dimer [54]. More
restricted atomic vibrations in D2O reduce Van der Waals repulsions and thus
increase the binding energy of hydrogen bonds.
Concerning the impact of heavy water on phospholipid bilayer organization and
properties, a comprehensive study has recently been carried out using atomistic-level
classical molecular dynamics (MD) simulations [55]. According to these calculations,
average

surface

area

per

one

lipid

molecule

in

the

membrane

of

dipalmitoylphosphatidylcholine (DPPC) is about 2 % smaller when the membrane is
hydrated with D2O. This decrease is associated with a very slight increase in
membrane thickness. Substitution of H2O by D2O in membrane hydrating water
raises the order of the DPPC acyl chains. Also, the packing of atoms in the bilayer
core is tighter and D2O penetrates the bilayer less deeply than H2O. It is important to
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note, that all these effects are very small but apparently distinguishable. The
predicted decrease of area per lipid is in relation to previously reported water isotope
effects on the experimentally determined phase behavior of phospholipid bilayer
[56]. Non-ideal mixing of two types of saturated lipids in the membrane observed by
nearest-neighbor recognition method [57] can be explained by the tighter packing and
dehydration of the membrane. Electron spin resonance measurements revealed an
increase in anisotropic maximal splitting in D2O for the probe located both in the
headgroup region and in the upper part of the hydrocarbon region. This can be
interpreted as a decrease in membrane fluidity or an increase in water penetration
[58].
Compared to the above mentioned very small differences in the time-averaged
properties, a much stronger water isotope effect was observed in time-resolved
character of the interactions between solvent and lipid molecules [55]. H/D bonds
between water and DPPC headgroups, water bridges between two DPPC molecules
and even charge pairs between cholines and carbonyls are much more persistent
when the solvent was D2O. The longer lifetimes of the noncovalent bonds
significantly slow down the diffusion of water molecules in the vicinity of the
membrane [55]. The diffusion of lipids in the bilayer may be influenced vice versa.
Lipid diffusion has been experimentally measured both in H2O and D2O for several
lipid species [59-60, 47] but to our knowledge nobody has so far investigated both
these systems using comparable experimental conditions and methods.
Although the theoretical results give a detailed picture on the differences
between lipid bilayers suspended in D2O versus H2O, it is apparent that only some
predictions found confirmation in experiments. In our work we addressed parameters
such as headgroup hydration and mobility, lateral lipid diffusion coefficients, and
lipid backbone packing through selected fluorescence experiments: time-dependent
fluorescence shift, two-focus fluorescence correlation spectroscopy and fluorescence
anisotropy. We also revisited the transition temperature shift in defined differential
scanning calorimetry experiments.
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5.2

Specific biophysical properties of a phospholipid bilayer
influenced by heavy water

5.2.1 Differential scanning calorimetry: shift in phase transition temperature
First, we focus on the dependence of the phase behavior of phospholipid bilayers on
the isotopic character of the solvent. Therefore, differential scanning calorimetry
(DSC) experiments were performed on multilamellar vesicles prepared from pure
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) upon hydration in H2O or
D2O. As seen in Fig. 20, the temperatures of the phase transitions were increased in
D2O when compared to H2O. The temperature of the pretransition from the lamellar
gel phase to the ripple phase increased from 13.5 °C to 14.8 °C when H2O was
replaced by D2O and the temperature of the main transition from the ripple phase to
the liquid crystal phase increased from 23.2 °C to 23.5 °C when heavy water was
used.

Fig. 20: DSC thermogram of multilamellar vesicles of DMPC in D2O (black line)
and H2O (grey line).
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Similar shifts in the temperature of phase transitions have been already observed for
DMPC [61-62], DPPC [56, 61-62], DSPC (distearoylphosphatidylcholine) [56, 6162] and other lipids [62]. Nevertheless, Kennedy et al. [63] observed no significant
shift of phase transition for DPPC vesicles. Unlike these experiments, where all
measurements were done in salt and buffer free H2O or D2O, our systems consisted
of lipid vesicles in 140 mM NaCl, 10 mM KCl and 0.5 mM EDTA with pH set to 7.4
which is closer to physiological conditions. The difference between H2O and D2O in
the main phase transition of DMPC in our measurements corresponds to previously
published results for DMPC in salt and buffer free D2O or H2O [61-62], although
absolute values of the temperatures of the transitions are slightly different. This
means that the presence of salts does not reduce the solvent isotope effect.
Matsuki [56] explains such a shift in the phase transition temperatures by the
connection between stronger hydrogen bonds formed by D2O [54] and the magnitude
of the area per lipid (it should shrink in the presence of stronger hydrogen bonds).
This effect explains the shifts in phase transitions temperatures. As the area per lipid
increases in the order lamellar gel phase < ripple gel phase < liquid crystal phase,
there is a shift of the phase transition toward higher temperatures in the presence of
D2O both for the pretransition and the main transition because in D2O the phases
with smaller area per lipid are more stabilized. This interpretation of calorimetric
data is apparently in good agreement with the molecular picture given by the recent
MD simulations, which reveal that the area per one DPPC molecule is reduced by
approximately 2 % when the lipid bilayer is deuterated [55].
5.2.2 Time-dependent fluorescence shift: mobility and hydration of the
headgroup region
While calorimetry explores the behavior of the lipid bilayer as a complex system,
fluorescence is a technique which allows a detailed look into a specified segment of
the membrane where the fluorescence dye is located. Our focus was on the behaviour
of the headgroup region where most significant isotope effects might be expected.
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Therefore, we used Laurdan, which is a fluorescent dye sensitive to the polarity and
mobility in the phospholipid bilayer in the vicinity of sn-1 carbonyls.
We determined the time dependence of the emission spectra of Laurdan
incorporated in either DMPC or POPC large unilamellar vesicles. The bilayer was in
a liquid crystal phase (37 °C for DMPC and 10 °C for POPC). The results are
presented in Figure 21, relaxation times τr in Table 2. Relaxation time is increased in
D2O compared to H2O by 17 % for POPC and 14 % for DMPC. For both lipids the
relaxation process occurs at a slower rate when D2O is used as a solvent. This
corresponds to a reduced mobility of the hydrated functional groups (predominately
sn-1 carbonyls) of the lipid molecules surrounding the dye.

Fig. 21: Position of the maxima of time resolved emission spectra of Laurdan
embedded in (a) POPC (10 °C) or (b) DMPC (37 °C) large unilamellar vesicles
suspended in D2O (black line) and H2O (grey line).
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Lipid composition and
temperature

∆ν (cm-1)
H2O/D2O

τr (ns)
H2O/D2O

POPC 10 °C

(3940 ± 30)/
(3800 ± 40)

(3.3 ± 0.1)/
(3.9 ± 0.1)

DMPC 37 °C

(3990 ± 20)/
(3950 ± 20)

(1.17 ± 0.07)/
(1.33 ± 0.07)

Table 2: TDFS parameters for Laurdan incorporated into bilayer consisted of POPC
or DMPC – the difference between H2O and D2O
This decrease in mobility of the headgroup region is in good agreement with
molecular dynamics simulations of a DPPC bilayer. The time-resolved parameters
connected with the headgroup region of the membrane estimated based on MD
trajectories are strongly influenced by the solvent isotope effect [55]. The
calculations reveal that the lifetimes of H/D bonds between water and DPPC
headgroups, water bridges between two DPPC molecules and even charge pairs
between cholines and carbonyls increase when the solvent is D2O. Specifically, when
we look at the sn-1 carbonyl region where the dynamics was explored by TDFS, the
average lifetime of a single H/D-bond between a water molecule and an sn-1
carbonyl oxygen of a DPPC headgroup is 1.9 times longer when the solvent is D 2O.
In addition, charge pairs between sn-1 carbonyls and choline groups are 1.4 times
more persistent in time for D2O. Molecular dynamics simulations reveal a big
difference in the self-diffusion coefficient of H2O and D2O molecules hydrating the
membrane. The diffusion is by 43 % slower if D2O is used [55] and this isotopic
effect on the diffusion is much more pronounced than in bulk water where D2O
molecules are only by 21 % slower than H2O molecules [64]. Our TDFS
measurements agree with these simulations. Experimentally determined changes in
the τr parameter of TDFS correlate with changes in the time-resolved properties of
water-lipid bonds and charge pairs revealed by MD. An analogous relation was
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previously seen between τr probed at the headgroup region of phospholipid
membranes and lifetime of noncovalent bonds of different cations to the carbonyls
[65]. Hindered mobility in the headgroup region for the D2O case revealed by TDFS
is also in agreement with smaller area per one lipid molecule [55]. The connection
between the calculated area per lipid and the headgroup mobility estimated by TDFS
was already thoroughly explored for cationic phospholipid membranes [20].
The second parameter accessible by TDFS method is the total emission shift
which gives direct information on the level of hydration within the headgroup region.
The total shift of the emission spectrum of the chromophore ∆ν (Figure 21, Table 2)
is slightly smaller when the solvent is D2O. The difference is small but
distinguishable. This means that the sn-1 carbonyl region is less hydrated by D2O
than H2O which is in agreement with molecular dynamics simulations of DPPC
membrane showing D2O penetration in the bilayer is less deep than H2O [55]. When
we look specifically at the sn-1 carbonyl where Laurdan is located, MD shows a
decrease by 7 % in the average number of direct D bonds when compared to H
bonds.
We performed TDFS measurements also for the mixture of D2O and H2O for
several D2O/H2O ratios and get this τr parameters: 3.3 ns for 0 % D2O/100 % H2O,
3.5 ns for 25 % D2O/75 % H2O, 3.6 ns for 50 % D2O/50 % H2O, 3.8 ns for 75 %
D2O/25 % H2O, 3.9 ns for 100 % D2O/0 % H2O. The changes with increasing D2O
to H2O ratio are gradual, no qualitatively new effects with regard to pure water or
D2O solution are observed. These gradual changes are in contradiction with the D 2O
effect on the mixing of phospholipids in bilayers reported by Tokutake et al. [57]
who have seen the effect of D2O totally disappearing when even only 2 % of H2O
was present.
Moreover, we compared the temperature dependence of the TDFS kinetics for
D2O and H2O in order to get insight into the energetics of the water phospholipid
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interaction. We measured TDFS of Laurdan in POPC membrane for four different
temperatures (10 °C, 15 °C, 28 °C and 37 °C) and processed the data in Arrhenius
manner. Since the integrated relaxation time τr contains several processes [22, 6667], we fitted the time-evolution of the TDFS by a 3-exponential model. Figure 22
shows the Arrhenius plot for the predominant nanosecond component for both
solvents: Apparently for all temperatures the TDFS probed by Laurdan is
significantly slower for D2O than for H2O confirming the above described
observations. The activation energy of the process estimated from the slope of the
plot (49 ± 1 kJ/mol for H2O, 50 ± 1 kJ/mol for D2O) is rather high indicating the
collective nature of the reorganization of the hydrated acyl groups embedded in the
membrane matrix. The difference for the two solvents is very close to the
experimental error and thus we do not want to speculate on that. In a recent study of
Bernsten et al. [68] the activation energy barrier of about 50 kJ/mol was attributed to
„the breaking of two hydrogen bonds“ within the headgroup region of DMPC
bilayers, which can be interpreted as breaking water bridges between two lipid
molecules. Moreover, a barrier of about 60 kJ/mol was connected to the
reorientation of lipid headgroups. The comparison of our TDFS Arrhenius data with
that findings is supporting the interpretation of the nanosecond TDFS in membranes
as reporting on the headgroup mobility – for Laurdan, specifically, the reorientation
of the hydrated sn-1 acyl group [20-21].
5.2.3 Steady state and time-resolved fluorescence anisotropy: lipid order
parameter
As we deduce from our previously mentioned TDFS experiments, there is a
difference between H2O and D2O with respect to their penetration into the
membrane. However, based on density profiles obtained with MD simulations, they
penetrate on average not much deeper than 10 Å from the centre of the bilayer [55].
Connected to that a question arisen whether the presence of a different isotope affects
also the hydrophobic core of the bilayer.
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Figure 22. Temperature dependence of TDFS time evolution (i.e. of the predominant
nanosecond component) represented as a Arrhenius plot for POPC membrane in
H2O (open circles) or in D2O (closed circles). For all temperatures the TDFS is
significantly slower in D2O, while the activation energy of the process (the slope of
the graph) is similar for both solvents.

Here we employed fluorescence anisotropy measurements on large unilamellar
vesicles composed of POPC and labeled with the fluorescence probe 1,6-diphenyl1,3,5-hexatriene (DPH) [69-70]. The probe is incorporated in the hydrophobic core of
the bilayer. Fluorescence anisotropy reflects how the movement of the rod-like DPH
molecules is restricted depending on the rigidity of the surrounding acyl chains of the
lipids.
The results of both steady state and time resolved anisotropy are presented in
Table 3. Steady state anisotropy rss revealed no significant shift dependent on the
isotope composition of the solvent. The lipid order parameter, calculated from the
fitted time-resolved anisotropy decay (for details see [71]), is slightly larger for the
bilayer in D2O. To our experience, this difference is on the border of experimental
error. Nevertheless, this rather empirical parameter is correlated well with the
molecular order parameter Smol, which reflects the distribution of the angles between
individual carbons and which has been shown to slightly increase in the presence of
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D2O in MD simulations [55]. A slightly larger anisotropy in D2O correlates also with
the increased packing of atoms (number of neighbors no further than 0.7 nm
belonging to other molecule) as calculated for the DPPC membrane in D2O [55]. In
conclusion, fluorescence anisotropy results, showing isotope effects which are very
close to the errors of the experiments, are in line with the suggestion given by
simulations that not only the headgroup region but also the hydrophobic core is
slightly stiffer when the bilayer is hydrated by D2O.

Table 3: Fluorescence anisotropy parameters of DPH incorporated into POPC large
unilamellar vesicles. rss is steady state anisotropy, other parameters are obtained by
the fitting and further analysis of the time-resolved anisotropy decays (r0 stands for
the limiting anisotropy, r∞ for the residual anisotropy, S for the lipid order
parameter).
5.2.4 Two-focus fluorescence correlation spectroscopy: lateral lipid
diffusion coefficient
Lateral diffusion coefficients D of lipids have already been measured independently
for different lipid species in both solvents. However, nobody (to our knowledge) has
determined D values in D2O and H2O using the same method and the same
experimental system. For a quantitative determination of lipid diffusion coefficients
we employed two-focus fluorescence correlation spectroscopy. The innovative
optical system used in this method consists of two laterally shifted laser foci at a
fixed and known distance which enables one to measure the diffusion coefficients
without further calibration [15]. We measured the diffusion of Bodipy C12-HPC
(glycerophospholipid

with

fluorescently labeled

acyl

chain)

in

supported

phospholipid bilayers consisting of POPC formed on a glass surface at temperature
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(23.8 ± 0.3) °C. The diffusion coefficient of Bodipy C12-HPC in the POPC bilayer
was estimated to be (4.6 ± 0.3) µm2/s for H2O and (4.2 ± 0.3) µm2/s for D2O. These
results suggest that the difference in lateral diffusion of lipids is very small if at all
distinguishable. The lipids apparently tend to move slightly slower in the presence of
D2O which is in agreement with the presence of stronger and more persistent D
bonds and slower diffusion of D2O molecules surrounding the bilayer. This confirms
the prediction given in the theoretical work that the presence of D 2O may slow down
the diffusion of the lipid molecules [55]. These results are, however, in contradiction
with the fact which could be concluded from comparison of previously published
results for POPC where the diffusion coefficients were measured by different
methods, that hydration with D2O increases the diffusion significantly; for H2O the
published values are 4.5 µm2/s (FRAP in multibilayers) [59] and 2.9 µm2/s (Z-scan
FCS in SPB) [47], and for D2O it is 8.87 µm2/s (NMR in multibilayers) [60].
5.3

Summary of the effect of heavy water on phospholipid membrane

The time-dependent fluorescence shift method revealed reduced mobility and
hydration in the headgroup region of the membranes hydrated with D 2O.
Fluorescence anisotropy and two-focus FCS were employed to explore the lipid order
parameter in the bilayer core and lateral diffusion of the lipids, respectively. None of
these parameters changed dramatically, however, the slight changes which were
observed may also refer to the stiffer and less mobile membrane embedded in D2O.
Heavy water is widely used as a replacement for normal water in certain experiments.
Although the physical and chemical properties of both solvents are almost the same,
when it comes to the phospholipid bilayer, the assembly is entirely dependent on the
weak interactions between water and lipid molecules, and this slight alternation can
cause measurable changes in the properties of the membrane. Especially when it
comes to time-resolved physicochemical properties, the change can be significant.
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6 Conclusion
Water environment is an essential requirement for proper function of all
biomolecules. Proteins as well as nucleic acids needs the surrounding water
molecules to get the right conformations, the existence of a biomembranes is
determined by the ability of lipid molecules to form bilayers in the water
environment. Advanced fluorescence methods give us an opportunity to study the
conformation of fully hydrated biomolecules, their interaction with the water
molecules via hydrogen bonds and the influence of other chemical compounds.
Fluorescence correlation spectroscopy brings insight into the mechanism of
DNA compaction in diluted water solutions induced by polycations or cationic
surfactants. During titration with the condenser, the decrease of the diffusion time of
the DNA molecule (indicating faster movement of a more compact molecule) is
followed by an increase (pointing at aggregation of DNA molecules in higher
concentrations of the condenser). Nevertheless, this method is not able to discover
the details of the compaction process because it does not distinguish between the
already compacted and still uncompacted molecules and give us information about
the diffusion properties of an average molecule in the assemble. Fluorescence
lifetime correlation spectroscopy overcomes this problem by distinguishing between
the molecules according to the lifetime of the fluorescent label which is getting
shorter in the compact molecules. Using FLCS, it is possible to filter out the
contribution of all uncondensed molecules and thus get the autocorrelation functions
of the condensed particles exclusively. In case of polycation spermine as a condenser,
there is a concentration range, where the lifetime of the fluorescent dye rapidly drops
and where the spermine-to-basepair ratio does not influence the size of the condensed
species. This indicates that some of the molecules are completely compacted and
some are still in the uncondensed state ("all or non" process). In the concentration
region that corresponds to the same changes in lifetime observed for spermine, for
cationic surfactant CTAB, we observe gradual shortening of the residence time which
points to gradual mechanism of the compaction. Thus, using FLCS, it was for the

45

6. Conclusion
first time possible to distinguish unambiguously those two different compaction
pathways of DNA molecules smaller than the resolution of an optical microscope.
Biophysical properties of a phospholipid bilayer influenced by presence of
oxidized phospholipids with truncated sn-2 chain were explored via time dependent
fluorescence shift method. This contribution is part of the recent efforts in lipid
sciences to understand the mechanism of the pathological and physiological role of
these oxidized phospholipids in nature. The dynamics of hydrated functional groups
in the headgroup region was proved to get faster while the hydration of the headgroup
region increased. These effects are in relation with the reorientation of the short sn-2
chains observed in molecular dynamics simulations. The sn-2 chain, terminated with
the polar aldehyde or even negatively charged carboxylic group is replaced from the
hydrophobic core of the membrane and sticks now out of the membrane or is parallel
with the surface. This reorientation of the acyl chain can introduce the changes
observed via TDFS method and also may influence the lateral diffusion of the lipids
– a slight increase of the diffusion coefficient was observed via Z-scan FCS.
Heavy water is widely used as a replacement for normal water in certain
experiments, which gave the motivation to study its influence on the lipid bilayer
organization. As the biophysical properties of the phospholipid bilayer are strongly
dependent on the weak interactions between water and lipid molecules, even such a
small change as the replacement of H2O with its counterpart with different hydrogen
isotope, D2O, can have an effect on the membrane properties. Time dependent
fluorescence shift method revealed decreased mobility and hydration in the
headgroup region of the bilayer. The observed results are in line with molecular
dynamics simulations which show that the time-resolved parameters connected with
the headgroup region of the membrane are strongly influenced by the solvent isotope
effect: the lifetimes of H/D bonds between water and DPPC headgroups, water
bridges between two DPPC molecules and even charge pairs between cholines and
carbonyls increase when the solvent is D2O. When employing fluorescence
anisotropy and two-focus FCS, only small differences were observed in lipid order
parameter and lateral mobility, respectively. The results suggest a slightly more rigid
nature of the membrane interacting with heavy water.
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In conclusion, using advanced fluorescence methods as fluorescence
correlation spectroscopy, Z-scan FCS, dual-focus FCS, fluorescence lifetime
correlation spectroscopy, time-dependent fluorescence shift and fluorescence
anisotropy we were able to bring more insight into the mechanism of DNA
compaction and into the biophysical properties of biomembranes affected by lipid
oxidation and by the presence of heavy water.
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ACF

Autocorrelation function

BP

Base pair(s)

CTAB

Cetyltrimethylammonium bromide

FCS

Fluorescence correlation spectroscopy

FLCS

Fluorescence lifetime correlation spectroscopy

FRAP

Fluorescence recovery after photobleaching

KBP

Kilo base pairs

MD

Molecular dynamics

PG

PicoGreen

PN

Particle number

TCSPC

Time-correlated single photon counting

TDFS

Time dependent fluorescence shift

TRES

Time-resolved emission spectra

DMPC

1,2-dimyristoyl-sn-glycero-3-phosphocholine

DOPC

1,2-dioleoyl-sn-glycero-3-phosphocholine

DPH

1,6-diphenyl-1,3,5-hexatriene

DPPC

1,2-dipalmitoyl-sn-glycero-3-phosphocholine

DSC

Differential scanning calorimetry

DSPC

1,2-distearoyl-sn-glycero-3-phosphocholine

PazePC

1-palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine

PGPC

1-palmitoyl-2-glutaryl-sn-glycero-3-phosphocholine

POPC

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

POVPC

1-palmitoyl-2-(5'-oxovaleroyl)-sn-glycero-3-phosphocholine

PoxnoPC

1-palmitoyl-2-(9´-oxononanoyl)-sn-glycero-3-phosphocholine

SPB

Supported phospholipid bilayer
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Fluorescence Lifetime Correlation Spectroscopy Reveals Compaction Mechanism of 10 and
49 kbp DNA and Differences between Polycation and Cationic Surfactant
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and Martin Hof*,†
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Within the past decade single molecule techniques contributed significantly to the understanding of the
mechanism of DNA condensation induced by various kinds of condensers. While observation of single DNA
molecules bigger than 100 kbp (kilobasepairs) can be achieved by fluorescence microscopy, smaller DNA
molecules can be visualized directly only via methods allowing higher resolution like atomic force microscopy
(AFM), with the drawback that the observed particles interfere with the surface. Here, we introduce a robust
utilization of a novel technique based on the detection of single molecules, fluorescence lifetime correlation
spectroscopy (FLCS). The method simultaneously determinates diffusion coefficients and fluorescence lifetime.
We demonstrate that FLCS can distinguish between different compaction mechanisms of DNA molecules
being even smaller than the resolution of a fluorescence microscope. The success of this unique technique is
based on the fact that FLCS allows for characterizing the diffusion properties of the condensed forms exclusively
in presence of uncondensed DNA molecules. We focus on the condensation mechanism of circular 10 and
linear 49 kbp DNA induced by spermine and cetyltrimethylammonium bromide (CTAB). We show that
spermine induces an all-or-none transition, while the condensation with CTAB is gradual. The conclusions
drawn are furthermore supported by two standard techniques, dynamic light scattering (DLS), and fluorescence
correlation spectroscopy (FCS).
Introduction
DNA condensation plays a crucial role in living systems since
it allows for DNA storage in highly concentrated and tightly
packed states in the cellular nucleus. Whereas in the case of
eukaryotes, the condensation occurs in a multistep hierarchical
way, where DNA assembles along specific proteins (histones)
in chromosomes,1 in the case of viruses, bacteria, and prokaryotes, the compaction is realized by an interaction with cationic
polyamines, spermine (4+), spermidine (3+),2,3 or cationic
polymers. The self-assembly of DNA is extensively studied in
vitro as it has a potential application in constructing DNA
carriers for a nonviral gene therapy.
The studies done at high concentration of DNA basepairs
revealed that the crucial factor determining the process is the
stoichiometric neutralization of the phosphate groups at the DNA
backbone. In this case, usually a broad distribution of aggregates
of several DNA molecules with not well-defined morphology
is formed.4 Such an aggregation appeared to be a continuous
process.
With the approach of fluorescence microscopy allowing
observation of single molecules and thus, investigation of diluted
DNA solutions with considerably lower concentration of basepairs (in micromolar range), the mechanism of the process
became again an important issue. Theoretical and experimental
work5 showed that in the case of low molecular compacting
agents with multivalent positive charge, only 90% of the
* Corresponding author. E-mail: hof@jh-inst.cas.cz.
†
J. Heyrovský Institute of Physical Chemistry.
‡
Charles University in Prague.

negative charge has to be neutralized by the condensing
counterions before the compaction starts occurring. The compact
molecules then behave like colloidal particles with negative
charge that do not adhere,6,7 and thus, they start to form
supramolecular aggregates only when more of the condensing
agent is added. Thus, the continuous mechanism had to be
replaced by a concept accounting for an onset of the compaction,
i.e. the compaction starts when the concentration of the
compacting agent exceeds a certain threshold level, and the
intermolecular aggregation was regarded as a process that
subsequently occurs after the compaction. The compaction
followed by the aggregation is regarded as so-called DNA
condensation.
Nowadays, especially thanks to fluorescence microscopy, it
has become clear for large linear DNA molecules, that the
compaction with multivalent cations is an all-or-none process,
i.e., there are three distinguishable regimes of the process
depending on the amount of the condensing compound: (i) free
unfolded DNA molecules, (ii) coexistence of unfolded (coil)
and folded (globule) state of particles with no intermediate
conformation present, and (iii) presence of the mere compact
state.8
When the compaction is achieved by cationic surfactants, not
only mere neutralization of negative charge, but also the
hydrophobic interaction of the aliphatic chains plays important
role in stabilizing the polymer-colloid complexes.9-11 It was
shown that for the linear 166 kbp DNA, the transition between
coil and globule state is also discrete, i.e., in the certain
concentration region of the cationic surfactant, both states are
found in a coexistence.9,10
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be attributed to the cooperative character of the surfactant
binding. In summary, FLCS (a) enabled us to reveal the
condensation mechanism of DNA molecules smaller than the
resolution of an optical microscope and (b) showed distinct
mechanistic differences between multivalent cations and
surfactants.
Material and Methods

Figure 1. DLS relaxation time distributions for solutions of (a)
DNA-spermine and (b) DNA-CTAB complexes (circular 10 kbp
DNA). The condenser-to-basepair molar ratios, [c]/[bp], are (1) 0, (2)
0.23, (3) 1.13, and (4) 3.14.

Since the resolution of fluorescence microscopes is diffraction
limited, it is not surprising that most of the mechanistic
investigation were performed on DNA molecules bigger than
hundred kilobasepairs. Specifically, a series of conclusive
contributions were done12 using T4 DNA (166 kbp) with a
hydrodynamic radius of about 800 nm in the uncondensed
form.13 However, there is much less literature on the compaction
mechanism of smaller DNA molecules. Sato et al.14 applied
fluorescence microscopy combined with Brownian motion
analysis on spermine induced compaction of circular 12.5 kbp
DNA and concluded a continuous mechanism. Moreover, there
are several atomic force microscopy (AFM) studies on the
condensation of DNA molecules equal or smaller that 49 kbp
adsorbed onto mica induced by several types of condensers.15-18
Interestingly, Dunlap et al.16 characterized the condensation of
5-7 kbp DNA plasmids induced by positively charged, amphiphilic molecules as continuous. In our group, we recently
applied a new technique fluorescence lifetime correlation
spectroscopy (FLCS)19 to study the spermine induced compaction mechanism of the 10 kbp circular DNA20 and demonstrated
the all-or-none transition. FLCS can elucidate the mechanism
in the case of freely diffusing DNA molecules beyond the
resolution of a fluorescent microscope. However, we found that
this, rather sophisticated, FLCS approach used in ref 20 is not
applicable for the case of a complicated condensation mechanism, where it is not possible to exclude presence of several
different stages of condensed DNA molecules with different
lifetime patterns. In this paper, we present a new, robust FLCS
approach, which is supposed to be applicable to a broader range
of condensers.
We use FLCS to elucidate subtle differences in mechanisms
of the compaction, which hydrophobic interactions are responsible for. In particular, we demonstrate different effect of
spermine, a multivalent cation, and cetyltrimethylammonium
bromide (CTAB), a typical surfactant molecule. With both
compounds, we performed a titration experiment of diluted
solution of circular 10 and linear 49 kbp DNA and followed
free diffusion of DNA-spermine (CTAB) mixture by dynamic
light scattering (DLS), fluorescence correlation spectroscopy
(FCS), and, eventually, by FLCS. (For all the fluorescence based
techniques, the PicoGreen (PG)-labeled DNA was used.) A new,
robust use of FLCS is introduced, which enables to filter out
the fluorescence signal of all PG-labeled DNA molecules that
are in the unfolded coil state. FLCS shows considerable
differences in the mechanism of both examined condensing
agents: While we confirm our recent finding that the spermine
induced compaction mechanism is of all-or-none nature, the
CTAB induced condensation appears to be gradual, which can

DNA Samples and Labeling. The 10 kbp pH βApr-1-Neo
plasmid was a gift from the laboratory of Prof. Maciej Ugorski
(Ludwik Hirszfeld Institute of Immunology and Experimental
Therapy, Wrocław, Poland). It was prepared as described
elsewhere21 with slight modifications during the final purification
stage.22 Lambda DNA (48.5 kbp) was obtained from Fermentas
(Burlington, Ontario). The concentration of DNA basepairs used
in all measurements was 10 µM. PicoGreen was purchased from
Molecular Probes (Leiden, Netherlands), spermine, and CTAB
from Sigma. We used the labeling ratio 1 PG/100 basepairs.
Experiments were performed in a TE buffer (pH 7.95, 10 mM
Tris, 1 mM EDTA) at room temperature (25 °C).
Instrumental Setup. FLCS measurements were performed
on a MicroTime 200 inverted confocal microscope (PicoQuant,
Germany). We used a pulsed diode laser (LDH-P-C-470, 470
nm, PicoQuant) providing 80 ps pulses at 40 MHz repetition
rate, dichroic mirror 490 DRLP, band-pass filter 515/50
(Chroma, Rockingham, Vermont), and a water immersion
objective (1.2 NA, 60x) (Olympus). Low power of 6 µW (at
the back aperture of the objective) was chosen to minimize
photobleaching and saturation.23 In the detection plane, a pinhole
(50 µm in diameter) was used and the signal was subsequently
splitted on two single photon avalanche diodes (SPADs, PDMs,
Micro Photon Devices, Bolzano, Italy). For calculating fluorescence correlation curves, we correlated only photons from
different SPADs to prevent detector afterpulsing.
Data Acquisition and Processing. Photon arrival times were
stored using fast electronics (Picoharp 300, PicoQuant) in timetagged time-resolved recording mode. Every detected photon
was assigned (i) a time after the beginning of the measurement
and (ii) a time after the previous laserpulse. All the data were
acquired for one hour in order to achieve good photon statistics.
The FLCS data analysis was done using home-built routines
(DevC++, Bloodshed Software and OriginPro70, OriginLab
Corporation).
Dynamic Light Scattering (DLS). The light scattering setup
(ALV, Langen, Germany) consisted of a He-Ne laser operating
at the wavelength λ ) 632.8 nm, an ALV CGS/8F goniometer,
an ALV High QE APD detector, and an ALV 5000/EPP
multibit, multitau autocorrelator. Measurements were performed
at the temperature of 20 °C and the scattering angle θ ) 90°.
Prior to measurement, samples were filtered through 0.45 µm
Acrodisc filters.
The DLS data, i.e., scattered light intensities, I(t), at time t,
were evaluated by means of fitting the autocorrelation functions,

g(2)(τ) )

〈I(t)I(t + τ)〉
〈I(t)〉2

(1)

where τ is the lag-time, to the equation,

[∫

g(2)(τ) ) 1 + β

∞

0

( ) ]

A(τr) exp -

τ
dτr
τr

2

(2)
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where β is the coherence factor and A(τr) is the distribution
function of relaxation times, τr. The fitting was performed using
the inverse Laplace transform (ILT) by means of constrained
regularization algorithm (CONTIN).
Theory
FCS. FCS24 is a microscopical technique that analyses
fluctuations in the fluorescence intensity arising mainly from
the diffusion of the fluorescently labeled species in and out of
the diffraction limited focal volume. The fluorescence signal is
correlated by means of an autocorrelation function (ACF):

where k stands for a particular emitter with a specific
fluorescence decay, n is the number of different emitters with
different fluorescence decays, and wk(t) is the contribution
of the kth fluorescent species to the total fluorescence
signal.
Equation 5 is an overdetermined set of linear equations.
Assuming that the photon detection obeys a Poissonian distribution and applying singular value decomposition, the solution
of eq 5 can be written as follows:
N

∑ f jkIj(t)

wk(t) )
〈I(t)I(t + τ)〉
G(τ) )
〈I(t)〉2

(6)

j)1

(3)

where I(t) is the fluorescence intensity at time t and τ is the
lag-time. The ACFs have to be fitted to the a priori known
mathematical model that describes the processes leading to the
fluctuations: free diffusion, chemical reactions, or flow. In all
the cases discussed in this contribution, we used the mathematical model accounting for a single freely diffusing species and
transition of the fluorophores to the triplet state:

where N is the number of channels and f kj is a discrete filter
function, which is constructed from the fluorescence decay
histograms of the different fluorescence species and the total
intensity of the compound signal. Explicitly, f kj is given by

f jk ) ([M̂T ·diag〈Ij(t)〉t-1·M̂]-1·M̂T·diag〈Ij(t)〉t-1)kj

(7)

where the matrix elements are

1
G(τ) ) 1 +
(1 - T(1 - e-τ/τ0)) ·
PN(1 - T)

(

)

1
1
(4)
1 + (τ/τres) (1 + (τ/τ )(ω /ω )2)1/2
res
0
Z

where PN stands for number of diffusing species, τres is the
mean residence time, ω0 and ωZ are halfaxes of the focal
volume, T and τ0 are the fraction of molecules undergoing the
triplet transition and the triplet constant, respectively. In the
case of multiple labeled DNA molecules, the triplet transition
is screened. The internal motions of the labeled DNA segments,
however, contribute to the overall ACFs and superimpose with
translation.25 Apart from that, the fact of the finite size of the
molecule is reflected in ACFs. Thus, finally the number of
particles and both triplet characteristics are affected by this
phenomenon and are therefore only empirical. Thus the only
parameter we quantitatively interpret in this study is the mean
residence time of the particle in the focus, i.e., the full width in
the half-maximum of the ACFs.
FLCS. FLCS19 is an alternative technique to the dual-color
FCS.26 It allows for distinguishing of the species with different
fluorescent lifetime while the dual-color FCS uses different
excitation and emission spectra for the same purpose. The
advantage of FLCS is based on the fact that the lifetime is
considerably more sensitive to the microenvironmental changes
than the spectral characteristics.
FLCS requires the special time-tagged time-resolved mode of
data acquisition, which assigns every detected photon two times,
the time that elapsed since the beginning of the measurement t
(macrotime) and a discrete channel j, which corresponds to the
time that elapsed since the previous laser pulse (microtime).
At every macroscopic arrival time, the fluorescence intensity
Ij(t) in each channel is a linear combination of normalized
fluorescence histograms pkj :

M̂jk ) pjk

(8)

Finally, the ACF of the kth species is calculated as
N

Gk(τ) )

〈wk(t)wk(t + τ)〉t
〈w (t)〉t
k

2

)

N

∑ ∑ f ikf jk〈Ii(t)Ij(t + τ)〉t
i)1 j)1
N
N

∑ ∑ f ikf jk〈Ii(t)〉t〈Ij(t)〉t
i)1 j)1

(9)
So far, it was shown that FLCS can be used to separate signal
coming from fluorophores with different decay histograms. This
approach was recently applied for the characterization of the
spermine induced compaction mechanism of the 10 kbp circular
DNA.20
In the following, we show that FLCS can be utilized also in
the cases when not all the lifetime components are known and,
thus, suggest a more universal use of FLCS. We prove that the
method can be used to filter out signal contributions of all the
species with known lifetime histogram. As a result, the ACF
that is obtained corresponds only to the mixture of remaining
species present in the studied system. This is extremely useful
if not all the decay patterns are accessible.
We show the proof of this idea on the example of two lifetime
patterns. The general proof is described in the Supporting
Information.
Suppose the system consists of two lifetime patterns p1 and
2
p , but the pattern p2 is not experimentally accessible, i.e., we
can measure only p1 and an arbitrary linear combination of p1
and p2sthe mixture of both the species. Let us construct a new
series of patterns:

n

Ij(t) )

∑ wk(t)pjk

k)1

(5)

pj1* ) pj1

(10)
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(11)

where a and b are the coefficients of the arbitrary linear
combination of the patterns p1 and p2.
Equation 5 has to be fulfilled for both the series of patterns
as follows:

Ij(t) ) w1(t)pj1 + w2(t)pj2 ) w1*(t)pj1* + w2*(t)pj2* (12)
where the asterisk stands for the amplitude of the particular new
decay histogram to the overall signal. It has to be fulfilled:

w1(t) ) w1*(t) +

w2(t) )

a
w2*(t)
a+b

b
w2*(t)
a+b

(13)

(14)

From the combination of eqs 9 and 14, the following results:

G2(τ) )

Figure 2. Hydrodynamic radii, RH, of DNA (circular 10 kbp)
complexes with spermine (curve 1) and with CTAB (curve 2) as
functions of condenser-to-basepair molar ratio, [c]/[bp] (means and
standard deviations of 3 measurements). RH corresponds to the peak
attributed to the nonaggregated DNA molecules.

〈w2(t)w2(t + τ)〉t
〈w2*(t)w2*(t + τ)〉t
)
(15)
〈w2(t)〉t2
〈w2*(t)〉t2

where G2(τ) denotes an autocorrelation function of the second
species. Thus, by using the new set of patterns, we are able to
reconstruct the ACF of the species with the inaccessible decay
pattern. In other words, the contribution of the species with the
known histogram was filtered out from the entire ACF.
In the case of the DNA condensation experiment, the decay
pattern of PG in uncondensed DNA can be always measured
separately, whereas decay patterns of PG in compact forms of
DNA are difficult to access. Instead of the arbitrary linear
combination of all the patterns, the decay histogram of the
mixture of DNA molecules at various stages of the condensation
can be used. As a result, the ACF is calculated, where all the
contribution of the uncondensed molecules are filtered out. In
other words, FLCS enables to calculate ACF of the mixture of
DNA molecules at various steps of the condensation, where all
the contributions of uncondensed DNA molecules do not
contribute.
Results
Titration Experiment Observed via Dynamic Light Scattering. Dynamic light scattering (DLS) represents a label free
benchmark technique for measurements of diffusion coefficients
of macromolecules in solution.27 The advantage of DLS in
comparison with FCS consists in the exponential form of
individual contributions to ACF, which facilitates the treatment
of polydisperse systems and/or separation of translational
diffusion motions of the particles from their internal motions
by means of ILT.
Figure 1 shows the relaxation time distributions obtained for
the solutions of DNA complexes (10 kbp circular molecule)
with (a) spermine and (b) CTAB. The distribution for free DNA
(curve 1) consists of two relaxation modes: While the slow and
intensive mode corresponds to the translational diffusion of the
DNA coils, the fast and weak one can be ascribed to internal
motions of DNA chains.28 With increasing concentration of
condensers, the relaxation mode of DNA diffusive motions shifts
to faster times, indicating the increase in the diffusion coefficient.
Concomitantly, a new, slower relaxation mode (or a pair of

modes) appears. This relaxation most probably corresponds to
the diffusion of large aggregates of condensed DNA molecules.
In the case of DNA-CTAB complexes, the aggregates are
already visible at low condenser-to-basepair ratio ([c]/[bp]) and
entirely dominate the scattering behavior at high [c]/[bp].
However, one has to keep in mind that the distributions are
weighted by scattering intensity, which is strongly sizedependent. Hence, even for a DNA/CTAB system with [c]/[bp]
) 3.14, the molar concentration of aggregates is still much
smaller than that of individual DNA-CTAB complexes.
The mean relaxation times of the diffusion of DNA complexes, 〈τr〉, allow for the calculation of their hydrodynamic radii,
RH, according to the relationship

RH )

8πn02kBT
3η0λ2

( θ2 )〈τ 〉

sin2

r

(16)

where n0 and η0, respectively, are the refractive index and
viscosity of the solvent, kB is the Boltzmann constant, and T
the temperature.
Hydrodynamic radii of the DNA complexes with spermine
and CTAB are shown in Figure 2 as functions of condenserto-basepair molar ratio, [c]/[bp]. Spermine (curve 1) causes a
large drop in the DNA hydrodynamic radius, indicating the
transition of the loose coil to the compact globular structure, in
the region of [c]/[bp] ratios close to 1. In the case of CTAB
(curve 2), the change of the DNA coil size occurs at higher
[c]/[bp] values. Neither the inspection of Figure 1 nor Figure 2
allows for conclusions on the mechanism of the condensation
process.
A reviewer suggested considering the possibility of overcharging of DNA18 to induce the unfolding at higher concentration of spermine or CTAB as an explanation of the increase in
the hydrodynamic radii observed at high CTAB or spermine
concentrations. However, as shown in Figure 1, the particles
appearing at those higher condenser concentrations are magnitudes larger than single uncondensed DNA molecules, which
in our eyes supports the aggregation hypothesis.
Titration Experiment Observed via Classical FCS and
Simultaneous Fluorescence Lifetime Determination. It has
been already shown that classical FCS is a useful tool for
observation of the DNA compaction induced both by spermine
and CTAB.22,29 Apart from that, we show changes in lifetime
of PG (mean lifetimesintensity weighted average of the
lifetimes of the double exponential decay) that were simultaneously measured during the titration. The lifetime brings the
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Figure 3. FCS read-out parameters PN (black squares) and τres (red
circles) and fluorescence lifetime of PG (blue triangles) during the
titration of (a) circular 10 kbp and (b) linear 49 kbp DNA with spermine.

Figure 4. FCS read-out parameters PN (black squares) and τres (red
circles) and fluorescence lifetime of PG (blue triangles) during the
titration of (a) circular 10 kbp and (b) linear 49 kbp DNA with CTAB.

information on the changes of microenvironment of PG and
thus, on the possible helix distortion,6 which is valuable
complementary information to the diffusion properties. However, at this stage, we are not able to assign the observed lifetime
shortening to a specific molecular change in the microenvironment of picogreen.
Spermine. The detailed explanation of the titration with
spermine was described elsewhere.20 Figure 3 displays the
steplike change in both the FCS read-out parameters, particle
number, and residence time, revealing the onset of the condensation (threshold concentration value upon which the compaction
starts).
The drop in the residence time corresponds to the change in
the hydrodynamic radius of the DNA molecules, while the
decrease in the particle number refers to the formation of
the pointlike rigid particles, which no more contribute with the
segmental motions to the entire signal.25 The data are consistent
for both different DNA sizes that were investigated and are in
a good agreement with the light scattering data. The fluorescent
lifetime drop parallels the change in all the mentioned parameters.
CTAB. The changes in the FCS read-out parameters are
depicted in the Figure 4. The residence time and fluorescence
lifetime revealssimilar to sperminesa substantial drop. However, as already shown by DLS, higher concentrations of CTAB,
compared to spermine, are needed.
The dependence of the apparent particle number, however,
is significantly different for CTAB when compared to spermine:
Even though there is no significant decrease of the residence
time and DLS also does not reveal changes in the hydrodynamic
radius at low concentrations of the condenser, a continuous drop
of the apparent particle number can be observed in the case of
CTAB. Thus, FCS suggests that already in the low concentration
range certain changes occur. As the particle number is inversely
proportional to the amplitude of the FCS curves, its changes
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Figure 5. PN-normalized ACFs. The signal of uncondensed DNA was
filtered out. The ACFs correspond to the particular points of the titration
with spermine, where the considerable decrease in the lifetime was
observed (a) for circular 10 kbp DNA at spermine-to-basepair ratios
of 1 (black), 1.25 (red), 2.5 (blue), and 4 (yellow), (b) for linear 49
kbp DNA at spermine-to-basepair ratios of 1 (black), 1.3 (red), 2 (blue),
and 3 (yellow). For comparison, the orange curves stand for uncondensed DNA molecules: circular 10 kbp (a) and linear 49 kbp (b).

are related to the number of fluctuations in the focal volume.
Apart from the fluctuations arising from the translational
diffusion, there are also those caused by segmental movements
of the multiple labeled finite-sized particles. The drop in the
apparent particle number is thus probably caused by decrease
of the segmental motions due to DNA-CTAB interaction.
In summary, the two condensers mainly differ in their
aggregation tendencies (as observed via DLS) and the apparent
particle number dependence. In the case of spermine, particle
number parallels the step like drop in fluorescence lifetime and
residence time. Addition of CTAB, on the other hand, leads to
a continuous decrease in the apparent particle number starting
already at low CTAB concentrations.
Titration Experiment Observed via FLCS. Even though
FCS uses a single molecule approach, the ACF curves give the
information on the ensemble of molecules. During the condensation, individual DNA molecules at different stages of the
process are present. Usually the residence times corresponding
to the stages are not enough separated and therefore we get
merely an averaged information on the condensing process.
FLCS brings the advantage of distinguishing between DNA
molecules labeled with PG of a different lifetime, i.e., in
different steps of the condensation process.20 The only drawback
of this approach is that the decay histograms of all the
compounds have to be known. In the case of a continuous
change in lifetime or if one or more histograms are not
measurable (as in the case of CTAB induced condensation),
FLCS cannot be used to separate the signal of all the
components, but it can at least be employed in filtering out all
the signal that belongs to the components with known decays,
as was explained in the Theory section.
In our system, the decay pattern of uncondensed DNA can
always be measured independently, thus FLCS is utilized to
filter out the signal that belongs to free DNA. This already
enables to gain the information exclusively on the diffusion of
those particles that already started to condense.
Spermine. Figure 5 shows exemplary 4 ACFs where the
contribution of free DNA was filtered out at several points of
the titration experiment. At the concentrations of spermine below
the onset (i.e., below the concentration threshold which starts
the condensation) (black curves), the ACFs are very noisy
confirming that there are almost no molecules in the condensed
state. Immediately after the onset is reached, the ACFs become
smooth.
Above that threshold level, when the steep drop in lifetime
appears, up to the certain spermine-to-basepair ratio where the
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Figure 6. PN-normalized ACFs. The signal of uncondensed DNA was
filtered out. The ACFs correspond to the particular points of the titration
with CTAB, where the considerable decrease in the lifetime was
observed (a) for circular 10 kbp DNA at CTAB-to-basepair ratios of
2.5 (black), 3.5 (red), 4 (blue), and 6 (yellow), (b) for linear 49 kbp
DNA at CTAB-to-basepair ratios of 2 (black), 2.5 (red), 3 (blue), and
4 (yellow). For comparison, the orange curves stay for uncondensed
DNA molecules: circular 10 kbp (a) and linear 49 kbp (b).

further aggregation prevail, all the particle number-normalized
ACFs remain almost the same (red and blue curves). In other
words, in the certain concentration region of spermine, above
the onset and beyond the aggregation, the size of the condensed
particles does not depend on the amount of added spermine.
This is in agreement with the expected all-or-none transition,
i.e. each DNA molecule first becomes neutralized and than
stepwise switches to the condensed state. With even more added
spermine, the residence time gets longer due to formation of
bigger aggregates (yellow curves).
CTAB. In the case of CTAB, these ACFs obtained by
filtering out the uncondensed DNA contribution reveal
different behavior compared to spermine.
Figure 6 shows that the diffusion properties of the condensed
particles differ at various stages of the titration. Beyond the
onset in lifetime, i.e. at the concentrations of CTAB, which do
not cause any changes in lifetime, the ACFs are as in the case
of spermine noisy (black curves). Exceeding the lifetime onset,
the “uncondensed-DNA-free” ACFs reveal gradual shortening
of the residence time (red and blue curves). At the moment when
all DNA is condensed, the particles start to aggregate and the
residence time prolongs as well as in the case of spermine
(yellow curves).
Discussion
It is accepted that, in the case of spermine, the compaction
process of large DNA molecules is driven by electrostatics, the
sodium ions are exchanged by spermine, and the collapse occurs
in a steplike manner. All the methods, we use here, support
these facts for both investigated DNA molecules (10 and 49
kbp). The steep synchronous changes in hydrodynamic radius
in the case of DLS, in residence time and particle number in
the case of FCS, and in the fluorescence lifetime show a clear
onset of the process. FLCS, moreover, distinguishes whether
the compaction is gradual or whether it is an all-or-none
transition. For both DNA sizes, it is shown that the size of the
condensed DNA molecules does not depend on the concentration
of spermine used, until the secondary aggregation occurs, which
clearly claims that both investigated DNA molecules appear only
in a single condensed form.
In the case of CTAB, a positively charged surfactant
molecule, the condensation is simultaneously mediated by the
electrostatic interaction of the positively charged headgroup and
hydrophobic interaction of the aliphatic tail.11 The compaction
process can be divided into two steps: (i) before the change in
lifetime occurs and (ii) during the lifetime change.

Humpolı́čková et al.
In the first part of the condensation, the lifetime of PG does
not change, i.e., the microenvironment of the dye is not affected.
This suggests that the secondary double-helical structure of DNA
is almost unchanged. CD spectra measured on calf thymus DNA
upon incremental addition of CTAB30 confirm this hypothesis.
FCS residence time as well as DLS hydrodynamic radius are
unchanged here, indicating that the size of the molecule remains
constant. Even though the particle number can be understood
only semiempirically, it reflects the number of fluctuations
arising from the confocal volume. The fluctuations originate
either in translational diffusion of the entire molecule or in
the motion of the PG-labeled DNA segments. Thus, the decrease
in PN upon CTAB addition might be attributed to the decrease
in segmental motions caused by alteration of hydration of the
helix in the vicinity of phosphate groups.30 It is worth noticing,
that during the replacement of the sodium ions with tetravalent
ions of spermine, no significant change in PN and in hydrodynamic radius is observed until the onset is reached. The
amphiphilic molecules such as CTAB were shown to interact
with DNA molecules after a certain critical aggregation
concentration was reached,11 i.e. the surfactants already start to
interact in a cooperative manner. In other words, the individual
DNA segments are not neutralized randomly, but those that are
in a close proximity of already neutralized ones are more prone
to the further neutralization. We consider this to be responsible
for formation of stiffer domains on the DNA molecules and
consequently, for the drop in PN.
In the second part of the DNA condensation mediated by
CTAB, the lifetime of PG gets shortened. The shortening
probably reflects the entire change in the secondary DNA
structure. The change in PN, residence time and lifetime is steep,
resembling the steep drop in the parameters that occurs under
the spermine titration. The changes in this concentration range
can not be observed by DLS, since apart from single condensed
molecule, there is a certain amount of larger aggregates, which
prevail in the intensity-weighted signal. We speculate that in
the case of CTAB, apart from the pure charge-charge effect,
the hydrophobic interaction plays a role also in the second part
of the condensation. Indeed, if in the second part of the
condensation the contribution of uncondensed DNA molecules
is filtered out with the use of FLCS, the residence times of the
DNA particles in various degrees of condensation gradually
decrease with increasing amount of CTAB. It can be explained
as follows: when the number of adjacent neutralized segments
is sufficiently high, the hydrophobic interaction of the tails
causes the partial collapse of such a neutralized domain
independently on the rest of the DNA molecule. With increasing
amount of CTAB, more domains get collapsed and eventually
the entire DNA molecule get compacted. Our hypothesis agrees
with the recently observed phenomenon of intrachain segregation
during the DNA compaction process,31,32 which means that DNA
might collapse in separated domains. However, since the here
presented robust FLCS approach averages all condensed forms,
it cannot provide information on the existence of such “pearling
structures”.
Comparing our finding with the literature we find certain
disagreements. Sato14 regards the mechanism of compaction for
spermine as continuous, using DNA of comparable size as we.
However, when carefully inspecting the hydrodynamic radii
distribution at certain steps of the titration shown in Figure 2,
we got the impression that found pattern does not unambiguously exclude a possible all-or-none transition. Melnikov9,10 who
observed compaction of DNA by CTAB using fluorescence
microscopy found an all-or-none mechanism. However, he
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investigated a large 166 kbp DNA which might condensate in
a different way then the smaller one. On the other hand, in the
AFM work by Dunlap et al.16 on 5-7 kbp DNA plasmids
continuous mechanism for condensation induced by positively
charged, amphiphilic molecules was suggested.
Conclusion
The main impact of this manuscript is the employment of a
new techniquesFLCSsand the conclusions drawn for the
condensation mechanism of 10 and 49 kbp DNA. Originally,
FLCS was meant to distinguish between different lifetime
components and to calculate ACFs for each of them separately,
analogically to dual-color FCS. The usefulness of this technique
is strongly limited by the fact that all the lifetime components
in the system have to be well identified. For the case of a
complicated condensation mechanism, where it is not possible
to exclude presence of several different stages of condensed
DNA molecules with different lifetime patterns of PG, a robust
alternative of FLCS is introduced. In the theoretical section, it
is shown that a contribution of every known lifetime pattern
can be filtered out from the entire ACF. Here, the advantage is
taken from the fact that the decay histogram of the uncondensed
DNA can be always measured separately. Thus, it is possible
to calculate exclusively ACFs of those particles that already
started to condense. This new, robust FLCS approach is useful
when comparing the mechanism of compaction induced by
spermine and CTAB. In the case of spermine, there is a
concentration range, where the lifetime of PG rapidly drops and
where the spermine-to-basepair ratio does not influence the size
of the condensed species. In the concentration region that
corresponds to the same changes in lifetime observed for
spermine, for CTAB, we observe gradual shortening of the
residence time. This reveals that the size of the condensed form
of DNA changes and is given by the amount of the condenser.
In other words, FLCS clearly visualizes that the investigated
DNA molecules condense via all-or-none and gradual mechanism in the case of spermine and CTAB, respectively.
Acknowledgment. We acknowledge support of the Ministry
of Education of the Czech Republic via grant LC06063 (L.B.,
A.B.,M.H.)andviaLongTermResearchProjectMSM0021620857
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ZAHRADA
vzorky s řádově nanomolární koncentrací fluorescenčně
označených molekul, je v tomto objemu průměrně pouze
jedna fluoreskující molekula. Na fluktuacích signálu se
proto výrazně projeví, jak molekuly termálním pohybem
přicházejí do detekčního objemu a jak ho opouštějí. Ze
statistické analýzy časově proměnlivého fluorescenčního
signálu pak lze určit průměrnou dobu, po kterou molekula
zůstává v detekčním objemu, difuzní koeficient a koncentraci dané látky. Pro určení těchto parametrů je potřeba
sledovat fluktuace několik minut až několik hodin.
Můžeme zkoumat roztok in vitro, vnitřek živých buněk nebo jejich membránu. Lze získat informace o dějích,
které ovlivňují difuzní koeficient určité molekuly – například o sbalení proteinu nebo nukleové kyseliny, proteinproteinových interakcích, navázání substrátu na protein,
navázání molekuly na membránu.
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2. Experimentální uspořádání
Experimentálním zařízením pro FCS je invertovaný
konfokální fluorescenční mikroskop (obr. 1). Používá se
objektiv s velkou numericku aperturou, většinou s vodní
imerzí. Laserový paprsek excitačního světla je fokusován
do zkoumaného vzorku. Vytváří ohnisko, jehož velikost je
limitovaná difrakcí. Fluorescence excitovaných molekul je
snímána objektivem a pomocí dichroického zrcadla
a emisních filtrů je oddělena od excitačního záření. Do
detekční části optické dráhy je umístěna konfokální štěrbina (pinhole) o průměru 40–100 µm, která efektivně blokuje světlo, které pochází z oblastí mimo ohniskovou rovinu.
Velikost detekčního objemu (oblasti, ze které snímáme
fluorescenci) je asi 0,3–1,0 femtolitrů (obr. 2).
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1. Úvod
vzorek

Mít možnost sledovat proteiny nebo nukleové kyseliny na úrovni jednotlivých molekul je přáním všech, kdo se
snaží objasnit klíčové procesy v živých buňkách. Jednou
z technik, která se snaží toto přání naplnit, je fluorescenční
korelační spektroskopie (FCS). Metoda vznikla
v 70. letech 20. století1. Od té doby se podařilo výrazně
zlepšit její experimentální uspořádání a byla využita
v širokém spektru biologických aplikací včetně měření
uvnitř živých buněk2,3.
Fluorescenční korelační spektroskopie využívá konfokální mikroskop. Nevytváří se při ní ale skenováním obraz
vzorku jako v klasické konfokální mikroskopii. Principem
této metody je sledování časových fluktuací intenzity fluorescence pocházející z malé ohniskové oblasti mikroskopu.
Tyto fluktuace jsou způsobeny difuzním pohybem fluoreskujících molekul.
Mikroskop je zaostřen do malé oblasti – detekční
objem je asi 1 femtolitr. Vzhledem k tomu, že sledujeme

objektiv
laser

excitační filtr
dichroické zrcadlo
čočky
rozšiřující
excitační
paprsek

emisní filtr
čočky
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Obr. 1. Schéma konfokálního mikroskopu
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δF (t ) = F (t ) − F (t )

(3)

Autokorelační funkce ukazuje, jak souvisí intenzita
fluorescence s intenzitou fluorescence po určité časové
prodlevě τ (viz obr. 3). Z fluktuujícího fluorescenčního
signálu (část měření je schematicky znázorněna na obr. 3a)
určíme G(τ) pro různé intervaly τ . Typický tvar autokorelační funkce je na obr. 3b. Pro τ = 0 dává funkce podle
rovnice (1) druhou mocninu průměrné relativní odchylky.
Autokorelační funkce má své maximum pro malé τ,
pro delší časy τ funkce klesá k nule. Proč vypadá právě
takhle? Zkusme to kvalitativně vysvětlit. Do detekčního
objemu přicházejí difuzním pohybem jednotlivé molekuly
označené fluorescenčním barvivem a zase z něj odcházejí.
Ve zjednodušeném příkladu budeme předpokládat, že je
v něm buď jedna fluoreskující molekula, nebo žádná.
V okamžiku, kdy v detekčním objemu molekula je, je od-

fokusovaný paprsek
excitačního světla

detekční objem,
ze kterého snímáme
fluorescenci

Obr. 2. Detekční objem v ohnisku mikroskopu

τ1

a
intenzita fluorescence F(t)

Jinou možností je použití dvoufotonového fluorescenčního mikroskopu. Pro excitaci dvěma fotony je
zapotřebí mnohem vyšší hustota záření než pro jednofotonovou excitaci, proto se výrazně omezí oblast, ve které
jsou molekuly excitovány. V tomto uspořádání už není
potřeba použít pinhole. Výhodné je také, že se zmenšením
excitované oblasti omezí fotodestrukce vzorku – to je
zvláště důležité u intracelulárních měření.
FCS klade velké požadavky na použitá fluorescenční
barviva. Stejně jako při tradiční spektroskopii je důležitý
vysoký účinný průřez absorpce a kvantový výtěžek fluorescence, navíc hraje velkou roli fotostabilita barviva, které musí vydržet vysokou intenzitu světla v ohnisku mikroskopu. Mezi používaná barviva pro FCS patří např. skupina barev Alexa s různými excitačními a emisními vlnovými délkami, rhodaminy a cyaniny. Používají se také fluorescenční proteiny – různé formy GFP a DsRed.

autokorelační funkce G(τ)

b

Informace o pohybu jednotlivých molekul lze získat
statistickou analýzou fluktuací fluorescenčního signálu, F.
Vytváříme tzv. autokorelační funkci G(τ). Ta je definována
δF (t ) ⋅ δF (t + τ )
F (t )
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kde
značí průměrnou hodnotu v čase, F(t) intenzitu
fluorescence a δ okamžitou odchylku signálu od jeho průměrné hodnoty:

F (t ) =

A
80

0

3. Autokorelační funkce

G (τ ) =

100

Obr. 3. Vytvoření autokorelační funkce: a) naměřené fluktuace
fluorescenčního signálu, b) autokorelační funkce. Pro krátké
časové intervaly (τ1) je hodnota autokorelační funkce velká, pro
větší časové intervaly (τ2) se snižuje, protože hodnoty intenzity
fluorescence na začátku a na konci intervalu už spolu nesouvisí.
Čas τD udává dobu, po kterou se fluoreskující částice průměrně
zdržuje ve fokálním objemu. Autokorelační funkce odpovídá
hodnotám PN = 3, τD = 54 ms, z0/r0 = 7

(2)
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chylka od průměrné hodnoty fluorescence δF kladná,
v okamžiku, kdy tam není, záporná. Pokud je časový interval τ natolik malý, že je pravděpodobné, že pokud na
jeho začátku byla v detekčním objemu fluoreskující molekula, tak na jeho konci tam tatáž molekula stále ještě je (na
začátku i na konci intervalu je δF > 0), případně, pokud
tam na začátku molekula nebyla, pravděpodobně se tam
nestačí za daný časový interval žádná objevit (na začátku
i na konci intervalu je δF < 0), pak součin odchylek na
začátku a na konci intervalu bude většinou kladný a jeho
vystředováním přes celé měření dostaneme kladné číslo.
Pokud zvolíme dlouhý časový interval τ, v detekčním objemu se během něj vystřídá několik různých molekul. Intenzita fluorescence na začátku intervalu nijak nesouvisí
s intenzitou na konci. Součin odchylek na začátku a na
konci intervalu má náhodné hodnoty, někdy kladné, někdy
záporné. Při vystředování přes celé měření dostaneme
nulu.
Časový interval τD, pro který má autokorelační funkce
poloviční hodnotu, než má ve svém maximu, pak můžeme
považovat za průměrnou dobu, po kterou se jedna molekula zdržuje v detekčním objemu.
Odchylku od průměrného fluorescenčního signálu
v čase t je možné vyjádřit jako
δF (t ) = W (r )δ(ηC (r ,t ))dr

∫

τD je tzv. difuzní čas, parametr udávající, jak dlouho je
částice v detekčním objemu, souvisí s difuzním koeficientem D fluoreskující molekuly vztahem:

τD =

W (r ) = e

x2 + y2
r02

⋅e

−2

z2
z 02

PN =

1
1
1
⋅
⋅
2
Veff C ⎛
τ ⎞
⎛ r0 ⎞ τ
⎜⎜1 +
⎟⎟
⎜⎜ ⎟⎟ ⋅
1
+
τ
D
⎝
⎠
⎝ z0 ⎠ τ D

Veff =

⋅ r02 ⋅ z0

(9)

4. Tripletní stav fluoreskující molekuly
Při odvozování předchozích vztahů jsme předpokládali, že se v čase nemění fluorescenční vlastnosti fluoroforu – parametr η. Pro reálná fluorescenční barviva to ale
neplatí. Po excitaci ze základního singletního stavu do
excitovaného singletního stavu může totiž barvivo přejít
do tripletního stavu. Přechod z tripletu zpět do základního
singletního stavu trvá řádově delší dobu než vyzáření fluorescenčního kvanta. V této době molekula nemůže vyzářit
foton. To se projeví tmavými intervaly, během kterých
molekula procházející detekčním objemem nesvítí. Díky
tomuto „blikání“ fluoroforu se změní tvar autokorelační
funkce v oblasti krátkých časů τ (viz obr. 4).
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Veff je efektivní detekční objem,
3
π2

1
= Veff C
G (0 )

a pokud známe rozměry detekčního objemu, můžeme určit
difuzní koeficient a koncentraci dané látky.

kde z0 udává charakteristický rozměr detekčního objemu
ve směru optické osy mikroskopu a r0 rozměr v ohniskové
rovině.
Pokud budeme předpokládat, že u částic, které sledujeme, se parametr η nemění v čase a částice se pohybují
volnou difuzí ve třech dimensích, je možné odvodit teoretický tvar autokorelační funkce:
G (τ ) =

(8)

Pokud tedy naměříme fluktuující fluorescenční signál,
spočítáme autokorelační funkci podle vztahu (1) a proložíme ji teoretickou závislostí (6), můžeme získat důležité
informace o sledovaném systému: difuzní čas τD, který
charakterizuje rychlost pohybu molekul ve vzorku, průměrný počet částic („particle number“ – PN ) v detekčním
objemu:

kde integrujeme přes detekční objem. C je lokální koncentrace částic, η parametr nezávislý na prostorových souřadnicích, který určuje počet fotonů detegovaný z jedné částice za jednu sekundu (závisí na celkové intenzitě excitačního světla, účinnosti detekce, účinném průřezu absorpce
světla a kvantovém výtěžku fluorescence). W(r) udává
prostorové rozložení emitovaného světla. Často se aproximuje třídimensionální Gaussovou funkcí
−2

r02
4D

Obr. 4. Tvar autokorelační funkce při přechodu barviva do
tripletního stavu (PN = 3, τD = 54 ms, z0/r0 = 7, T = 0,15, τR =
5 µs)

(7)
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Pokud platí, že doba života tripletního stavu je řádově
menší než τD, lze tyto děje oddělit:
Gcelk (τ ) = Gpohyb (τ ) ⋅ X triplet (τ )

6. Časově rozlišená FCS
Časově rozlišená fluorescenční korelační spektroskopie
(fluorescence lifetime correlation spectroscopy – FLCS)7
využívá spojení dvou experimentálních přístupů – FCS
a TCSPC (časově korelovaného čítání fotonů). Umožňuje
rozlišit ve směsi fluorofory, které se liší dobou života. Lze
tak získat autokorelační funkce jednotlivých fluoroforů
i jejich kroskorelaci.
Vzorek je excitovaný krátkými laserovými pulsy opakovací frekvencí v řádu desítek MHz. Pro každý foton
přicházející na detektor jsou zaznamenány dva časy:
„makročas“, který zaznamenává polohu registrovaného
fotonu na kontinuální časové ose od začátku experimentu,
a „mikročas“, který udává, jaká doba uplynula mezi posledním laserovým pulsem a zaregistrováním daného fotonu. „Makročas“ je měřený s přesností v řádu sto nanosekund, „mikročas“ s přesností v řádu desítek pikosekund.
V „makročase“ se projeví difuze molekul, přechody do
tripletního stavu a podobně. Hodnota „mikročasu“ nám
poskytuje informace o průběhu dohasínání fluorescence
fluoroforu, ze kterého byl daný foton emitován8.
V jednoduchém případě zkoumáme vzorek složený ze
dvou komponent označený dvěma barvivy s odlišnými
dobami života fluorescence. U obou barviv musíme dopředu znát jejich průběh dohasínání (viz fluorofor A
a fluorofor B na obr. 5). Z průběhu dohasínání jednotlivých barviv a z dohasínání měřeného vzorku (údaj získaný
z „mikročasu“ přicházejících fotonů) je možné spočítat
statistické filtry fA a fB (viz obr. 6). Tyto filtry určují, ke
kterému fluoroforu se s jakou vahou mají přiřazovat fotony přicházející v určitých „mikročasech“. Například pokud
přijde foton velmi brzy po laserovém pulzu, je pravděpodobnější, že pochází od fluoroforu A. Do průběhu intenzity fluorescence fluoroforu A, ze které se pak počítá autokorelační funkce komponenty označené fluoroforem A, se

(10)

Dynamiku tripletního stavu můžeme vyjádřit vztahem:

1− T + T ⋅ e
X triplet (τ ) =
1−T

−

τ
τ tr

(11)

kde τtr je relaxační čas tripletního stavu a T je podíl částic,
které se nacházejí v tripletním stavu. Naměřené autokorelační funkci pak můžeme proložit křivku:
1− T + T ⋅ e
G (τ ) =
1− T

−

τ
τ tr

(12)
1
1
1
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⋅
2
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τ ⎞
⎛ r0 ⎞ τ
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⎜⎜ ⎟⎟ ⋅
1
+
τ
D
⎝
⎠
⎝ z0 ⎠ τ D

Analogicky jako přechod do tripletního stavu můžeme do analýzy autokorelační křivky zahrnout další rychlé
jevy, které způsobují přechody mezi stavem, kdy molekula
fluoreskuje, a mezi stavem, kdy nesvítí, a zároveň neovlivňují difuzní koeficient molekuly.

5. Korelace dvou různých signálů
a dvoubarevná FCS
Kromě autokorelační funkce lze také spočítat korelaci
dvou různých signálů (kroskorelaci). V tomto případě sledujeme podobnost jednoho signálu s jiným signálem po
daném časovém intervalu τ.
Typické využití kroskorelace dvou signálů je
v dvoubarevné fluorescenční korelační spektroskopii4,5. Při
použití této techniky se dva druhy molekul označí dvěma
fluorescenčními barvivy, která mají dostatečně odlišné
emisní vlnové délky. Fluorofory jsou vybuzeny excitačním
světlem o dvou různých vlnových délkách. Pomocí dichroického zrcadla a filtrů je rozlišena jejich fluorescence. Je
detegována dvěma detektory. Můžeme pak spočítat autokorelační funkce jednotlivých komponent i jejich kroskorelaci. Tato technika se používá např. při sledování vytváření komplexů dvou molekul.
U dvoubarevné FCS je nicméně obtížné nastavit optickou aparaturu tak, aby se přesně překrývaly oba fokusované svazky o různých vlnových délkách. Tento problém
lze omezit při dvoufotonové excitaci – lze najít dvojice
barviv s dostatečně vzdálenými maximy emisního spektra,
které je možné excitovat zářením o jedné infračervené
vlnové délce6.
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Obr. 5. Dohasínání směsi dvou fluorescenčních barviv; A –
fluorofor s kratší dobou života, B – fluorofor s delší dobou života,
D – dohasínání fluorescence ve směsi fluoroforů A a B
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7. Závěr

2.0

fA

1.5

Fluorescenční korelační spektroskopie (FCS) měří
a analyzuje fluktuace fluorescenčního signálu způsobené
difuzním pohybem fluorescenčně značených molekul.
Z těchto fluktuací je možné určit difuzní koeficient dané
látky a její koncentraci. V dvoubarevné FCS se navíc kroskorelují signály pocházející ze dvou skupin molekul označených barvivy s odlišným emisním spektrem. Tato metoda je vhodná pro sledování vytváření komplexů. Časově
rozlišená FCS je založená na použití pulsní excitace,
umožňuje rozlišit signály pocházející od fluorescenčních
značek, které se liší dobou života.
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Obr. 6. Statistické filtry pro dvě fluorescenční barviva; A –
fluorofor s kratší dobou života, B – fluorofor s delší dobou života

tak tento foton započítá s koeficientem fA = 1,5. Celkově
se ale tento foton smí započítat pouze jednou, proto se do
průběhu intenzity fluorescence komponenty označené
fluoroforem B započítá s koeficientem fB = –0,5. Pro fotony přicházející ve vyšších „mikročasech“ je pravděpodobnější, že patří fluoroforu B, proto se započítají s kladnou
vahou do intenzity fluoroforu B a se zápornou vahou do
intenzity fluoroforu A (obr. 6).
Použitím filtrů vzniknou ze signálu celého vzorku dva
oddělené signály – od komponenty označené fluoroforem
A a od komponenty označené fluoroforem B. Jejich intenzity fluktuují v čase (v našem označení se jedná
o „makročas“). Z těchto signálů můžeme spočíst jak autokorelační funkce obou komponent, tak jejich vzájemnou
kroskorelaci.
Výhodné je využít FLCS při zkoumání procesů, při
kterých se mění doba života fluorescenčního barviva
v důsledku změny jeho nejbližšího okolí. Příkladem takového děje je kondenzace DNA. Interkalační barvivo, kterým je DNA obarvená, má jinou dobu života
ve zkondenzované a nezkondenzované molekule DNA.
Proto můžeme sledovat zvlášť signál od nezkondenzovaných a zkondenzovaných molekul DNA a získat tak bližší
informace9 o mechanismu sbalení řetězce DNA.

L. Beranová, J. Humpolíčková, and M. Hof
(J. Heyrovský Institute of Physical Chemistry, Academy of
Sciences of the Czech Republic, Prague): Fluorescence
Correlation Spectroscopy
Basic principles of fluorescence correlation spectroscopy (FCS) are explained. The method affords diffusion
coefficients and concentrations of fluorescent-labeled species by studying temporary fluctuations of fluorescence
signal caused by diffusion through the focal volume of
confocal microscope. In dual-color FCS, cross-correlation
of two signals from molecules labeled with two spectrally
shifted dyes allows to observe interactions between the
two molecules. It is also possible to distinguish between
the signals of two dyes with different lifetimes. FCS uses
pulsed laser excitation.
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ABSTRACT
Two fluorescence spectroscopy concepts, fluorescence correlation spectroscopy and time correlated single photon
counting (TCSPC) are employed in fluorescence lifetime correlation spectroscopy (FLCS) - a relatively new technique
with several experimental benefits. In FLCS experiments, pulsed excitation is used and data are stored in a special timetagged time-resolved mode. Mathematical treatment of TCSPC decay patterns of distinct fluorophores and their mixture
enables to calculate autocorrelation functions of each of the fluorophores and thus their diffusion properties and
concentrations can be determined separately. Moreover, crosscorrelation of the two signals can be performed and
information on interaction of the species can be obtained. This technique is particularly helpful for distinguishing
different states of the same fluorophore in different microenvironments. The first application of that concept represents
the simultaneous determination of two-dimensional diffusion in planar lipid layers and three-dimensional vesicle
diffusion in bulk above the lipid layers. The lifetime in both investigated systems differed because the lifetime of the dye
is considerably quenched in the layer near the light-absorbing surface. This concept was also used in other applications:
a) investigation of a conformational change of a labeled protein, b) detection of small amounts of labeled
oligonucleotides bound to metal particles or c) elucidation of the compaction mechanism of different sized labeled DNA
molecules. Moreover, it was demonstrated that FLCS can help to overcome some FCS experimental drawbacks.
Keywords: FCS, TCSPC, FLCS, confocal microscope, lifetime.

1. INTRODUCTION
Fluorescence lifetime correlation spectroscopy (FLCS)1, 2 is a technique which combines two approaches – fluorescence
correlation spectroscopy (FCS) and time correlated single photon counting (TCSPC).
FLCS relies on pulsed excitation and picosecond time-resolved detection. It allows for distinguishing the fluorophores
with different fluorescence lifetimes. The principle is analogous to dual-color FCS3 which distinguishes the species with
different spectral properties.
Mathematical treatment of TCSPC decay patterns of the fluorophores and their mixture enables to separate different FCS
contributions. Resolving of the contributions does not involve fitting of a complex autocorrelation function by a
multiple-parameter model. Instead, a separate autocorrelation function is calculated for each component. Additionally, a
crosscorrelation of the signals can be performed.
The FLCS approach has several different applications. It can help to overcome some of the shortcomings of standard
FCS technique like contribution of light scattering and afterpulsing of the detector to the measured FCS signal. It enables
to observe two differently labeled species at the same time and distinguish them like dual-color FCS but avoiding
complications caused by chromatic aberrations and by differences in the focused spot sizes resulting from the
wavelength difference.4 Since the fluorescence lifetime of a chromophore is sensitive to changes in its particular
microenvironment, FLCS offers an unique advantage: the same dye in different environments can be observed.5 In
comparison, one can hardly imagine conditions which would lead to environment-driven spectral shifts sufficiently large
for using dual-color FCS.
*martin.hof@jh-inst.cas.cz; phone +420266053264; fax +420286582307; www.jh-inst.cas.cz/~fluorescence/
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2. THE PRINCIPLE
2.1 Fluorescence correlation spectroscopy
FCS4 is a microscopical technique that analyses fluctuations in the fluorescence intensity arising mainly from the
diffusion of the fluorescently labeled species in and out of the diffraction limited focal volume of epifluorescence
microscope. The fluorescence signal is correlated by means of an autocorrelation function:

δI (t )δI (t + τ )

G (τ ) =

I (t )

(1)

2

where I(t) is the fluorescence intensity at time t, τ is the lag-time,

I (t ) =

1
I (t )dt and
T∫

δI (t ) = I (t ) − I (t )

(2)

.

(3)

A more detailed explanation of the autocorrelation is given on Fig 1.
The autocorrelation function has to be fitted to an a priori known mathematical model that describes the processes
leading to the fluctuations: free diffusion, chemical reactions, or flow. As an example the equation of freely diffusing
uniform particles is:

G(τ ) =

1
1
⋅
⋅
PN 1 + (τ / τ D )

1

(1+ (τ /τ

D

)(r0 / z0 ) )

1
2 2

(4)

where PN („particle number“) stands for average number of diffusing species within the focal volume, τD is the mean
residence time of a particle within the focal volume, r0 and z0 are halfaxes of the focal volume.
Additionally, it is also possible to make the crosscorrelation of two different signals.
2.2 Pulsed excitation and time-tagged time-resolved detection
Standard experimental equipment for FCS involves epifluorescence microscope with high numerical aperture objective
and sensitive single-photon detector.
For FLCS, sub-nanosecond pulsed excitation instead of continuous wave illumination is additionally needed.2 The
second requirement is the ability to additionaly measure the fluorescence photon arrival time in the special time-tagged
time-resolved mode.
This means to measure on two different scales:
1) relative to the last excitation pulse with picosecond resolution – so-called microtime contains information about
the fluorescence decay
2) relative to the start of the experiment with nanosecond precision – so-called macrotime is measured on
continuous time axis; it contains information related to e. g. diffusion motion – just like in conventional FCS.
Consequently, the measured data consist of a list of all detected photons with two different arrival time values –
microtime and macrotime – see Fig. 2.
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Fig 1: Explanation of the autocorrelation function: A – measured fluctuations of fluorescence, B – calculated autocorrelation
function. For short lag-times (τ1) the autocorrelation is high, for longer intervals (τ2) it is going down because the
intensity values at the beginning and at the end of the interval are not related. τD is average residence time of a particle
in the focal volume. For this function: PN = 3, τD = 54 ms, z0/r0 = 7.
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Fig. 2: Demonstration of measuring on two different time-scales: microtime with respect to last laser pulse, macrotime with
respect to the beginning of the measurement.

2.3 Filtering of the signal
Consider a sample with two fluorescent components, which have different fluorescence lifetimes. The fluorescence
decay histograms („decay patterns“) of both components are known (e. g. from measurements on pure samples). From
the measurement of photon arrival times on microtime scale one can get the fluorescence decay of the mixture of both
components (see Fig. 3).
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Fig. 3: Fluorescence decays of two fluorophores (1 and 2) and the decay of a mixture of these two components.

At every macroscopic arrival time t (macrotime) and in each channel j (microtime) the fluorescence intensity Ij (t) is a
linear combination of patterns pj1 and pj2 (these are normalized lifetime decays of the two fluorophores):

I j (t ) = w1 (t ) p 1j + w 2 (t ) p 2j

(5)
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where w1(t) and w2(t) are the contributions of the individual fluorophores to the total fluorescence signal. These
individual contributions are needed for calculation of the autocorrelation function of individual species. Solving the
equation (5) we get
N

wk (t ) = ∑ f jk I j (t ) ,

(6)

j =1

where k is the number of the component, N is the number of channels and fjk is a discrete filter function, which is
constructed from the fluorescence decay histograms of the different fluorescence species and the time-averaged
histogram of the compound signal. Explicitly, fjk is given by:

[

⎛ )
f jk = ⎜ M T ⋅ diag I j (t )
⎝

−1
t

)
⋅M

]

−1

)
⋅ M T ⋅ diag I j (t )

−1
t

⎞
⎟ ,
⎠ kj

(7)

where the matrix elements are:

Mˆ jk = p kj .

(8)

The filters corresponding to the decays depicted in Fig. 3 are plotted in Fig. 4.
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Fig. 4: Filter functions for two fluorophores (1 – fluorophore with shorter lifetime, 2 – fluorophore with longer lifetime.

Using these filters, it is possible to obtain fluorescent intensity trace w(t) for all the components, which can be further
autocorrelated or crosscorrelated.
Due to the high filter function of at the beginning of the decay, photons with small channel number are more probable to
be emitted by fluorophore 1. On the other hand, it is more probable that a photon coming in later microtime (larger
channel number) belongs to fluorophore 2.

3. APPLICATIONS
3.1 Separating signals from two different dyes
FLCS is able to separate the fluctuation signal from two different dyes in a mixture and thus obtain simultaneously
diffusion time and concentration of both dyes.1 In this sense, it is an alternative to dual- or multi-color FCS. The major
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advantage of FLCS with respect to multi-color FCS is that excitation and detection is performed, for all dyes, with a
single excitation source and within a single detection channel, avoiding any problems caused by chromatic aberrations.
Using FLCS, Böhmer et al.1 obtained the autocorrelation functions of Cy5 and squaraine dye FR662 from the mixture of
the two dyes. At the same time the authors determined concentration of these two dyes in several different mixtures.
The concentration of BODIPY and DIC18 labeled vesicles in a mixture was determined by Benda et al.6 In this work
crosscorrelation of the signals from these two dyes was observed, which shows that there is a transfer of one of the labels
between different types of the unilamellar vesicles.
3.2 Overcoming FCS experimental drawbacks
Detector artifacts and parasitic contribution of scattered excitation light are common shortcomings of FCS measurements
which can be elegantly overcome by FLCS.
Detectors used for FCS measurements often suffer from afterpulsing. This means that genuine output pulses are followed
by an afterpulse. This secondary phenomenon is correlated to an initial output pulse so the autocorrelation function is
seriously influenced by this artifact, especially in the area of shorter delay times. This drawback is often overcome by
splitting the emission light on two different detectors and crosscorrelating their outputs. Using FLCS it is possible to get
rid of the parasitic contribution using only one single detector.2, 7 The afterpulsing events are distributed over the TCSPC
histogram, appearing as a constant offset. This very simple temporal behavior makes it easy to obtain lifetime patterns
and corresponding filters. The contribution of afterpulsing can be filtered out by FLCS statistical filters.
At the low concentrations of dyes used in FCS, a considerable portion of the detected intensity may come from scattered
excitation light. This contribution strongly affects the amplitude of the autocorrelation function. As the “pure” TCSPC
histogram of the dye can be estimated in a measurement of a more concentrated dye and the pattern of the scattering can
be obtained by subtracting, the autocorrelation function unaffected by scattering can by calculated.2
3.3 Lifetime tuning by presence of light-absorbing surface5
The environment of the fluorescence dye (e. g. presence of quenchers) influences the lifetime. Therefore, the same type
of fluorophore in several different environments can be distinguished by FLCS. Benda et al.5 used this approach for
simultaneous characterizing of two-dimensional diffusion in the planar lipids layers and three-dimensional vesicle
diffusion in bulk above the lipid layers. The BODIPY-tail-labeled lipid had different decay patterns in two different
environments. The difference is reached by locating one population of the dye (the dye in the layer) close to a lightabsorbing surface. The fluorescence lifetime, being 5.6 ns in small unilamelar vesicles, is getting shorter when the
fluorophore is in supported phospholipid bilayer adsorbed onto solid supports.
3.4 Conformation dynamics of dye-protein complex8
Furthermore, FLCS was applied to the study of dynamic transitions between two fluorescence lifetime states in a dye–
protein complex. The transitions between long-lifetime and short-lifetime conformational states of a complex of Cy5 and
streptavidin were observed. A four-state model consisting of dye-protein complex at two different lifetime states and two
corresponding triplet states was applied. Except from the transition dynamics, also the transition of the dye itself between
fluorescent and non-fluorescent state was examined.
3.5 Metal-fluorophore interaction9
The metal-fluorophore interaction can significantly influence fluorescent properties of the dye. In the study of Ray et al.,9
a single-stranded oligonucleotide was chemically bound to a 50-nm-diameter silver particle, and a Cy5-labeled
complementary single-stranded oligonucleotide was hybridized with the silver particle-bound oligonucleotide. The
distance between fluorophore and silver particle was 8 nm. The Cy5-DNA-Ag particles showed significant decrease in
lifetime and increase in fluorescence intensity as compared with Cy5-DNA free molecules in the absence of metal. Using
FLCS, even small fractional populations of the metal-bound species were detected in the presence of a large number of
less bright free molecules.
3.6 Change of lifetime as a result of conformational change during DNA compaction10-12
FLCS is able to elucidate the compaction mechanism of DNA molecules even for the DNA molecules which are smaller
than the resolution limit of a confocal fluorescence microscope. The success of this technique is based on different
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fluorescence lifetimes of the intercalating fluorophore PicoGreen in the folded and unfolded domains of DNA. It allows
for distinguishing the diffusion properties of condensed and uncondensed forms. Humpolíčková et al. showed the
robustness of this technique which can be employed even when the lifetime pattern of one of the compounds can not be
accessed. For 10 kbp and 49 kbp DNA, different compaction mechanism was revealed for different condensing agents.
Polycation spermine induced an all-or-non transition, while the condensation with cationic surfactant CTAB was
gradual.

4. CONCLUSION
FLCS is a relatively new technique which can, combining FCS approach and TCSPC detecting mode, get new insight in
several fields.
The main contribution of this technique is based on the fact that the lifetime of fluorescence dyes is often very sensitive
to the microenvironment – more sensitive than the spectral properties of the dyes. The different dye states in different
environments can be distinguished, autocorrelation functions calculated and diffusion properties estimated for the
distinct states. This can not often be done by fitting of one autocorrelation function with two diffusion times because the
diffusion times differ only slightly.
Further benefit of FLCS is overcoming experimental drawbacks of FCS. The contribution of detector afterpulsing can be
filter out without the need of using two detectors and light scattering parasitic signal can be suppressed.
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Physical properties of oxidized phospholipid (OxPL) membranes consisting of binary mixtures of 1-palmitoyl-2oleoyl-sn-glycero-3-phosphocholine (POPC) and 10 mol % of one of two OxPLs, 1-palmitoyl-2-glutaryl-sn-glycero-3phosphocholine (PGPC) or 1-palmitoyl-2-(50 -oxo-valeroyl)-sn-glycero-3-phosphocholine (POVPC), were investigated
experimentally and computationally. Fluorescence solvent relaxation (SR) and fluorescence correlation spectroscopy
z-scan (FCS z-scan) show increased headgroup hydration and mobility, and faster lateral diffusion in POPC membrane
upon addition of OxPLs. The magnitudes of both effects are distinct for each of the two OxPLs. Molecular dynamics
simulations corroborate the experimental findings, providing at the same time a detailed molecular interpretation in
terms of changes in bilayer structure and phospholipid orientation.

Introduction
Oxidized phospholipids (OxPLs), which are oxidation products of polyunsaturated phospholipids,1 are involved in pathogenesis of atherosclerosis,2,3 cancer,4 Alzheimer’s disease,5 and
other diseases.6 The molecular mechanisms of their actions,
however, remain unclear. 1-Palmitoyl-2-glutaryl-sn-glycero-3phosphocholine (PGPC) and 1-palmitoyl-2-(5’-oxo-valeroyl)-snglycero-3-phosphocholine (POVPC) that were identified as critical markers of atherosclerotic progression are also among the
most active OxPLs in apoptotic signaling.2,7 The two molecules
differ only in groups terminating their truncated sn-12 chains
(carboxyl in the case of PGPC and aldehyde in POVPC; see
Figure 1); however, their biological functions were found to be
distinct.8,9 It was shown that POVPC binds to human macrophages via the platelet-activating factor receptor (PAF-R), but
not all of the PAF-R stimulated genes are affected.10 This suggests
that POVPC regulatory function is also realized by alteration of
physical properties of cellular membranes.
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The conical shape of the truncated OxPLs and the presence of
the polar groups at their sn-2 chains can promote positive
membrane curvature11 or lead to partial interdigitation12 or even
cell disintegration.13 The conical shape of the OxPL may be
further enhanced by reversing of its sn-2 acyl chain, which may
even protrude from the plasma membrane.14 This effect was
studied experimentally14-16 and computationally.17-19
Dynamics of oxidized phospholipid membranes have been
measured using fluorescence anisotropy. Unfortunately, the obtained results are contradictory.12 Fluorescence recovery after
photobleaching applied to sperm plasma membranes was not
sensitive enough to capture any changes in lipid lateral diffusion
upon oxidation.20 Here, we investigate physical properties of
binary lipid mixtures of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) with either PGPC or POVPC. Phospholipid
headgroup dynamics and hydration were assessed using a solvent
relaxation (SR) method, while lateral diffusion of a fluorescence
lipid analogue in planar supported phospholipid bilayers (SPBs)
was measured using fluorescence correlation spectroscopy z-scan
(FCS z-scan) technique. Measurements were complemented by
molecular dynamics simulations of the same systems aimed at
capturing at a detailed atomistic level structural and dynamical
changes induced in the membrane by the presence of OxPLs.
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Figure 1. Chemical structures of POPC, PGPC, POVPC, Laurdan, and Bodipy C12-HPC. Fluorophores are positioned in accordance with
refs 21 and 32.

Materials and Methods
Experimental. POPC, PGPC, and POVPC were purchased
from Avanti Polar Lipids, Inc. (Alabaster, AL) and Laurdan and
Bodipy C12-HPC (2-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diazas-indacene-3-dodecanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine) fluorescent dyes from Invitrogen (Eugene, OR). The
structures of lipids and fluorescent dyes are shown in Figure 1.
SR experiments were performed on extruded large unilamellar
vesicles (1 mM lipid) labeled with 1 mol % Laurdan and
suspended in 10 mM Hepes, pH=7.4 and 150 mM NaCl. Laurdan
is precisely located in the lipid bilayer at the level of sn-1
carbonyl,21 and the recorded time-dependent Stokes shift correlates to headgroup hydration and mobility.22
FCS z-scan was used to study lateral diffusion of Bodipy C12HPC in SPBs. FCS autocorrelation curves acquired at a series of
z-positions of the focal plane with respect to the bilayer spaced by
0.2 μm were fitted with a standard one-componential 2D model
(see eq 5 in ref 23) to obtain diffusion times and particle numbers.
The axial parabolic dependence of these parameters allows
quantitative determination of 2D diffusion coefficients and surface concentration (eq 11 in ref 23). Five SPBs were prepared for
every lipid composition and at least three z-scans were performed
for every SPB. The weighted-mean diffusion coefficient was
calculated using the reciprocal of the variance of diffusion coefficient obtained from the ith z-scan fitting as a weight, wi. The error
of such a weighted mean was estimated as the reciprocal squared
root of the product of the sum of all weights and the number of
z-scan. For a detailed description of the method and its possible
application, please see ref 23.
The methodology of both experimental techniques, including
sample preparation, was identical to the previously described
one,24 except that the SPBs were formed on the bottom glass of
LabTek slides (Thermo Fisher Scientific, Waltham).
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Computational. In molecular dynamics (MD) simulations,
performed using the Gromacs program package,25 the unitedatom Berger force field was employed for both lipid and OxPLs
molecules17,26 and combined with the SPC model for water.27
Simulations were performed for a periodic box containing 128
lipid molecules and 4476 molecules of water. The initial size of the
unit cell was equal to 6.5  6.5  7.1 nm3. The constant pressure
and temperature canonical ensemble was employed with the
pressure of 1 bar controlled using a semi-isotropic ParrinelloRahman barostat,28 and the temperature of 310 K imposed by a
Nose-Hoover thermostat.29 A cutoff of 1 nm was used for
nonbonded interactions, with the particle-mesh Ewald algorithm
accounting for long-range electrostatic forces.30 A time step of 2 fs
was employed, and 100 ns trajectories were collected. Simulations
were started by exchanging 14 randomly chosen POPC molecules
(7 in each leaflet) in the previously equilibrated pure POPC bilayer
with either PGPC or POVPC molecules. To neutralize the anionic
PGPC system, 14 sodium counterions were added to the water
phase. The first 50 ns of each trajectory were treated as equilibration and were omitted from the analysis.

Results and Discussion
Experiment. SR results for Laurdan, reflecting hydration and
mobility at the sn-1 carbonyl groups of the bilayer, are summarized in Table 1. The total spectral shift, Δν, proportional to
headgroup hydration, increased upon addition of both OxPLs
(evident in particular at 5 C), with the membrane containing
POVPC being considerably more hydrated than that with PGPC.
Local mobility was even more affected by the presence of OxPLs.
Also in this case, the observed shortening of relaxation time, τr,
was larger for POVPC than for the PGPC containing bilayer. The
more hydrated and mobile Laurdan microenvironment likely
results from the presence of OxPL short sn-2 chains, which may
introduce free space below the glycerol level, facilitating water
penetration and reorientation of hydrated lipid moieties (water at
(26) Berger, O.; Edholm, O.; Jahnig, F. Biophys. J. 1997, 72, 2002–2013.
(27) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; Hermans, J. In
Intermolecular Forces; Pullman, B., Ed.; D. Reidel Publishing Company: Dordrecht,
1981; pp 331-342.
(28) Parrinello, M.; Rahman, A. J. Appl. Phys. 1981, 52, 7182–7190.
(29) Hoover, W. G. Phys. Rev. A 1985, 31, 1695–1697.
(30) Darden, T.; York, D.; Pedersen, L. J. Chem. Phys. 1993, 98, 10089–10092.
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Table 1. Fluorescence Solvent Relaxation Parameters for Laurdan Incorporated into a Bilayer Consisting of POPC and Oxidized
Phospholipids Measured at 5C and 10C
5 C

lipid compositiona

Δν (cm-1)b

τr (ns)c

10 C
observedd

Δν (cm-1)b

τr (ns)c

observedd

POPC
3750
4.05
89%
4000
3.30
86%
10% PGPC
3800
3.85
85%
4000
3.10
85%
10% POVPC
3900
3.55
86%
4050
2.85
87%
a
b
Large unilamellar vesicles composed of either pure POPC or POPC with 10 mol % of one of the oxidized lipids labeled with Laurdan (1:100).
Δν =
R
ν(0) - ν(¥), where ν(0) was estimated to be 23 800 cm-1 and ν(¥) was obtained by TRES reconstruction. c Integrated relaxation time: τr = ¥
0 C(t) dt.
d
Extent of the relaxation process captured by the instrumentation obtained by comparison of the Δν value calculated using the ν(0) value from the timezero estimation with that obtained by TRES reconstruction. Specifically, a value of 86% indicates that 14% of the SR is occurring faster than the
resolution of the experiment (i.e., ∼50 ps).

Figure 2. Tilt angle distributions of sn-1 and sn-2 chains in oxidized lipid molecules compared with those of the pure POPC
simulation. Tilt angle of 180 corresponds to a chain oriented in
parallel to the membrane normal and pointing toward the membrane interior; 0 characterizes chains pointing toward the water
phase; 90 corresponds to a chain oriented perpendicular to the
membrane normal. Angle histograms were divided by sin(angle)
factor in order to get a probability distribution of angles. Typical
configurations observed for the three considered molecules are
schematically depicted. The reversal of sn-2 chains of OxPLs is
evident, and for PGPC the effect is particularly strong as its titlt
angle distribution is concentrated mostly for <90.

Comparison of the two OxPLs clearly shows that change of the
functional group terminating the oxidized chain significantly
affects the measured parameters. Thus, the different biological
functions8,9 and cell location7 of PGPC and POVPC can be due to
not only specific receptor recognition but also distinct physical
properties of PGPC- and POVPC-containing membranes.
z-Scan FCS measurements of lateral diffusion of a fluorescent
lipid analogue (Bodipy C12-HPC) provide the following mean
diffusion coefficients: DPOPC = (2.86 ( 0.07) μm2 s-1, D10mol%
2 -1
PGPC = (3.18 ( 0.16) μm s , and D10mol%POVPC = (3.08 (
2 -1
0.09) μm s . Linear fits to the diffusion times measured at
different z-positions and plotted as a function of particle number
have the y-intercept close to zero (data not shown), which means
that free diffusion is observed and there is no sign of phase
separation.23 The faster lateral diffusion in both OxPL-containing
bilayers pairs well with elevated headgroup mobility probed by
Laurdan. The measured differences between PGPC and POVPC
are not intuitive; that is, in the case of POVPC, local mobility is
increased while lateral diffusion is slightly restricted, when comparing to the PGPC-containing bilayer.
Simulations. Orientation of oxidized lipid molecules in a
bilayer can be analyzed by plotting distributions of tilt angles of
the sn-1 and sn-2 chains of OxPLs with respect to the membrane
plane normal. Figure 2 depicts the tilt angle probability distribution for oxidized lipids compared with that of POPC. Unoxidized
sn-1 chains of OxPLs behave similarly to sn-1 chains of POPC,
namely they are oriented mostly toward the membrane interior
with a relatively small deviation of tilt angles from the 180 value.
As a matter of fact, in PGPC and POVPC, they are even more
strongly pointing toward the membrane interior (i.e., perpendicular to the bilayer) than in POPC. In contrast, the orientation of
oxidized sn-2 chains is qualitatively different from that of the sn-2
chains in POPC. Oxidized chains of POVPC, each terminated by
the neutral but polar aldehyde group, undergo reorientation
which is evidenced by the tilt angle spread between 0 and 180
with a strong diminishment in the 180 region. In other words,
sn-2 chains of POVPC become mostly reoriented from the
direction into the bilayer pertinent to pure POPC, pointing now
in all directions, and even being able to stick out of the membrane
surface. In the case of PGPC, the reorientation of negatively
charged sn-2 chains is even more radical, with most of the oxidized
chains sticking out of the membrane surface and with their tilt
angle being mostly between 0 (i.e., sticking out perpendicular)
and 90(i.e., being parallel to the bilayer). Analogous changes
in chain orientation upon oxidation have been also observed
in recent simulations of similar OxPLs.17,18 Reversing of the
oxidized chains of both the lipids is important for biological
recognition of oxidation by various receptors.31

this level is fully constrained by the lipids). However, the obtained
results are not only due to the effect of chain truncation.

(31) Greenberg, M. E.; Li, X. M.; Gugiu, B. G.; Gu, X.; Qin, J.; Salomon, R. G.;
Hazen, S. L. J. Biol. Chem. 2008, 283, 2385–2396.
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Figure 3. Electron density distributions along the membrane normal calculated for either POPC or water molecules. The POPC
density demonstrates that the thickness of both oxidized membranes is decreased with respect to the pure POPC bilayer. For the
POPC þ POVPC membrane, a distinctive deeper water penetration is observed.

In the case of the POPC þ PGPC system, the reversal of
the orientation of the oxidized sn-2 chains has a direct influence
on membrane compactness, which is reflected in the values
of the area per lipid. The membrane becomes more compact
due to removal of sn-2 chains from its interior which causes
the decrease of the area per lipid to a value of about 0.61 nm2,
whereas the area per lipid calculated for the pure POPC membrane is equal to about 0.66 nm2. In the case of the POVPC
enriched bilayer, the decrease of the area per lipid was not
observed. This can be rationalized by taking into account the
spread of orientations of sn-2 chains of POVPC. Fully reversed
chains cause compression of the membrane, but there is also a
significant fraction of sn-2 chains oriented parallel to the membrane surface which, in contrast, contribute to the surface
area expansion. In the particular case of POPC þ 10 mol %
POVPC, these two factors tend to cancel out, resulting in the
unchanged area per lipid. It should be noted that for anionic
PGPC the presence of sodium cations which are attracted to the
membrane is an additional factor which leads to an increase of the
membrane stiffness as observed in previous simulations.18,24 A
similar effect is expected to be operational in the experimental
system where salt solutions of physiological strength were used in
the measurements. Also, in biologically relevant systems, the
presence of electrolyte ions is important and their influence will
be taken into account in future simulations of charged oxidized
membranes.
The reversal of the orientation of the oxidized sn-2 chains can
explain the increased local mobility observed in the SR experiment. Most of the chains of PGPC, and a significant fraction of
them for POVPC, move away from the region of the sn-1
carbonyls, where the fluorescent probe monitors an increase of

(32) Sachl,
R.; Boldyrev, I.; Johansson, L. B. Å. Phys. Chem. Chem. Phys. 2010,
DOI: 10.1039/b926953c.
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Figure 4. Hydration levels calculated as average numbers of water
molecules within 0.5 nm radius of each atom of either sn-1 carbonyl
or headgroups for each simulated system. Hydration of both the
sn-1 carbonyl and headgroup for POPC þ POVPC prevails over
that of POPC þ PGPC (as shown also in Figure 3).

mobility. A significantly stronger increase of headgroup
mobility observed for POVPC than that for PGPC can be
rationalized in terms of differences in membrane hydration.
Figure 3 depicts the calculated electron density profiles which
show a significantly deeper penetration of water molecules
into the POVPC-containing membrane than in the system with
PGPC. Similarly, the calculated hydration levels depicted in
Figure 4 show that both the sn-1 carbonyl and headgroup
hydration of POPC þ POVPC prevails over that of POPC þ
PGPC. These calculations are in agreement with the hydration measured with the SR method (Table 1). The lower
hydration of the PGPC-containing membrane can be understood taking into account the increased packing of lipids in
this membrane as reflected in the above-discussed area per
lipid results.
In order to understand the difference of lipid lateral diffusion
observed experimentally for the membranes containing PGPC
and POVPC, one must again consider the orientation of sn-2
chains. Oxidized chains of POVPC with tilt angle values around
90 are able to interact with neighboring lipid molecules. Such
interactions contribute to the hindering of lateral diffusion of
lipids, even though the local mobility at the glycerol level is not
affected. In the case of PGPC, the interactions of sn-2 chains with
neighboring lipids are less relevant since the majority of oxidized
chains are sticking out of the membrane.

Conclusions
In this paper, we presented results of SR and z-scan FCS
measurements of hydration, local mobility, and lipid lateral
diffusion in POPC bilayers containing 10 mol % of either PGPC
or POVPC, complemented by atomistic-scale molecular dynamics simulations of the same systems. The combination of these
methods allows interpretation of the observed complex effects, at
the detailed molecular level. Both experiments and simulations
show that even a modest addition (10 mol %) of OxPLs changes
the structural properties of the bilayers, which leads to increased
DOI: 10.1021/la100657a
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lipid mobility, that is, both the local headgroup mobility and the
lateral diffusion are increased. Moreover, these changes depend
on the chemical nature of the oxidized chains. The terminal
carboxylic groups (PGPC), which tend to orient into the aqueous
solution, influence the lipid lateral diffusion stronger than
local mobility. In contrast, the chains terminated with aldehydic
groups (POVPC) acquire all orientations including that parallel
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to the bilayer, which affects local mobility more than lateral
diffusion.
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Although there were experimental indications that phospholipid bilayers hydrated with D2O
express diﬀerent biophysical properties compared with hydration by ordinary H2O, a molecular
concept for this behavior diﬀerence was only recently proposed by a molecular dynamics
simulations study [T. Róg et al., J. Phys. Chem. B, 2009, 113, 2378–2387]. Here we attempt to
verify those theoretical predictions by ﬂuorescence measurements on 1,2-dimyristoyl-sn-glycero-3phosphocholine (DMPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
membranes. Speciﬁcally, we determine the water isotope eﬀect on headgroup hydration and
mobility, lateral lipid diﬀusion and lipid backbone packing. Time-dependent ﬂuorescence shift
experiments show signiﬁcantly slower dynamics and lower hydration of the headgroup region for
a bilayer hydrated with D2O, an observation in good agreement with the calculated predicted
diﬀerences in duration of lipid–lipid and lipid–water bridges and extent of water penetration into
the bilayer, respectively. The water isotope eﬀect on the lipid order parameter of the bilayer
core (measured by ﬂuorescence anisotropy) and lateral diﬀusion of lipid molecules (determined by
two-focus ﬂuorescence correlation spectroscopy) is close to the experimental errors of the
experiments, however also refers to slightly more rigid organization of phospholipid bilayers in
heavy water. This study conﬁrms the view that the water isotope eﬀect can be particularly found
in time-resolved physicochemical properties of the membrane. Together with the simulations our
experiments provide a comprehensive, molecular view on the eﬀect of D2O on phospholipid
bilayers.

Introduction
Although the physicochemical properties of D2O (heavy
water, deuterium oxide) are very similar to H2O, replacement
of H2O by D2O aﬀects several biological processes. At
concentrations higher than 20% of body weight D2O is toxic
to animals. It inﬂuences the nervous system, liver, formation
of blood cells1 and has a cytotoxic eﬀect on malignant cells.2
At the molecular level, deuterium oxide disturbs development
of the mitotic spindle during cell division.3 Contact with D2O
increases the rigidity of the native structure of proteins which
is assigned to the replacement of H2O solvent molecules by
D2O (‘‘solvent isotope eﬀect’’) rather than to the exchange of
H and D in the protein molecule itself (‘‘deuterium isotope
eﬀect’’).4 In general the solvent isotope eﬀect is connected to
a
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the higher stability of the interactions between D2O molecules
when compared to H2O molecules,4 i.e. the binding energy of a
D2O dimer is higher than that of a H2O dimer.5 More restricted
atomic vibrations in D2O reduce van der Waals repulsions and
thus increase the binding energy of hydrogen bonds.
Concerning the impact of heavy water on phospholipid
bilayer organization and properties, a comprehensive study
has recently been carried out using atomistic-level classical
molecular dynamics (MD) simulations.6 According to these
calculations, average surface area per lipid molecule in the
membrane of dipalmitoylphosphatidylcholine (DPPC) is
about 2% smaller when the membrane is hydrated with
D2O. This decrease is associated with a very slight increase
in membrane thickness. Substitution of H2O by D2O in
membrane hydrating water raises the order of the DPPC acyl
chains. Also, the packing of atoms in the bilayer core is tighter
and D2O penetrates the bilayer less deeply than H2O. It is
important to note, that all these eﬀects are very small but
apparently distinguishable. The predicted decrease in area per
lipid is in relation to previously reported water isotope eﬀects on
the experimentally determined phase behavior of phospholipid
bilayers.7 Non-ideal mixing of two types of saturated lipids in
This journal is
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the membrane observed by a nearest-neighbor recognition
method8 can be explained by the tighter packing and dehydration
of the membrane. Electron spin resonance measurements revealed
an increase in anisotropic maximal splitting in D2O for the probe
located both in the headgroup region and in the upper part of the
hydrocarbon region. This can be interpreted as a decrease in
membrane ﬂuidity or an increase in water penetration.9
Compared to the above-mentioned very small diﬀerences in
the time-averaged properties, a much stronger water isotope
eﬀect was observed in time-resolved character of the interactions
between solvent and lipid molecules.6 H/D bonds between water
and DPPC headgroups, water bridges between two DPPC
molecules and even charge pairs between cholines and carbonyls
are much more persistent when the solvent was D2O. The longer
lifetimes of the noncovalent bonds signiﬁcantly slow down the
diﬀusion of water molecules in the vicinity of the membrane.6
The diﬀusion of lipids in the bilayer may be inﬂuenced vice versa.
Lipid diﬀusion has been experimentally measured both in H2O
and D2O for several lipid species10–12 but to our knowledge
nobody has so far investigated both these systems using
comparable experimental conditions and methods.
Although the theoretical results give a detailed picture of the
diﬀerences between lipid bilayers suspended in D2O versus
H2O, it is apparent that only some predictions found conﬁrmation
in experiments. In this paper we directly address parameters
such as headgroup hydration and mobility, lateral lipid
diﬀusion coeﬃcients, and lipid backbone packing through
selected ﬂuorescence experiments: time-dependent ﬂuorescence
shift, two-focus ﬂuorescence correlation spectroscopy and ﬂuorescence anisotropy. We also revisited the transition temperature shift
in deﬁned diﬀerential scanning calorimetry experiments. The
comparison between our results and those obtained by MD
simulations yields a comprehensive picture of the D2O/H2O
membrane eﬀects. Since D2O is widely used as a solvent in
speciﬁc biological experiments (e.g. nuclear magnetic resonance,
Fourier transform infrared spectroscopy), understanding its
eﬀect on membrane properties is of interest.

Materials and methods
Materials
1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) were
purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA),
Laurdan (6-dodecanoyl-2-dimethylaminonaphthalene), Bodipy
C12-HPC
(2-(4,4-diﬂuoro-5,7-dimethyl-4-bora-3a,4a-diaza-sindacene-3-dodecanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine) and DPH (1,6-diphenyl-1,3,5-hexatriene) ﬂuorescent
dyes were purchased from Invitrogen (Eugene, OR, USA).
D2O was of 99.9% purity from Sigma Aldrich (St. Louis,
USA). H2O was Milli Q water (Millipore, USA). Buﬀers and
salts were supplied by Sigma Aldrich (St. Louis, USA) or
Fluka (Buchs, Switzerland).
Experiments with POPC were performed in 10 mM Hepes,
pH = 7.4, 150 mM NaCl and 0.1 mM EDTA (buﬀer A),
experiments with DMPC were performed in 10 mM Tris, pH =
7.4, 140 mM NaCl, 10 mM KCl, 0.5 mM EDTA (buﬀer B).
This journal is
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For D2O measurements the H2O was removed from the
solution by evaporation and replaced by D2O.
Diﬀerential scanning calorimetry on multilamellar vesicles
Diﬀerential scanning calorimetry was done on a VP-DSC
calorimeter (MicroCal, Inc., Northampton, MA, USA) with
degassed samples of multilamellar vesicles after at least three
cycles of freezing and thawing. To ensure that the thermal
equilibrium was reached, three thermograms were recorded:
the ﬁrst heating from 5 1C to 50 1C (scanning rate 60 1C h1),
the second cooling from 50 1C to 5 1C (scanning rate 60 1C h1)
and the third heating from 5 1C to 50 1C (scanning rate 5 1C h1).
Only results from the last scan were used. The transition
temperatures were obtained from endothermic peaks in the
normalized, baseline corrected thermograms by the use of Origin
from MicroCal.
Time-dependent ﬂuorescence shift and ﬂuorescence anisotropy
measurements on large unilamellar vesicles
Time-dependent ﬂuorescence shift (TDFS) and ﬂuorescence
anisotropy were measured on extruded large unilamellar
vesicles (1 mM lipid) labeled with 1 mol% Laurdan (for
TDFS) or 0.05 mol% DPH (for ﬂuorescence anisotropy) in
10 1C for POPC and 37 1C for DMPC. The methodology of
sample preparation was identical to the previously described
one13 except that extrusion of DMPC was performed during
heating the sample above the temperature of phase transition.
All steady-state ﬂuorescence measurements were performed
on a Fluorolog-3 spectroﬂuorimeter (model FL3-11; Jobin
Yvon Inc., Edison, NJ, USA). Fluorescence decays were
recorded on an IBH 5000 U SPC equipped with an IBH laser
diode NanoLED 11 (370 nm peak wavelength, 80 ps pulse
width, 1 MHz repetition rate) and a cooled Hamamatsu
R3809U-50 microchannel plate photomultiplier.
Recorded time-dependent Stokes shift correlates to hydration
and mobility in the vicinity of the ﬂuorescent dye. Time-resolved
emission spectra (TRES) were obtained by the spectral
reconstruction method.14 The position of TRES maximum
at t = 0 was estimated according to the method of Fee and
Maroncelli15 to be n(0) = 23 800 cm1. The total emission
shift Dn = n(0)  n(N) and the mean integrated relaxation
R
dt, which reﬂect bilayer hydration and
time tr ¼ nðtÞnð1Þ
Dn
mobility, respectively, were obtained by analysis of TRES.16
The extent of the relaxation process captured by the instrumentation (which has a resolution of about 20 ps) was
estimated by comparison of the Dn value, calculated using
the n(0) value from the time-zero estimation, with that
obtained by TRES reconstruction.
The steady-state ﬂuorescence of DPH was measured at an
excitation wavelength of 350 nm and an emission wavelength
of 440 nm. Steady state anisotropy rss was calculated according
to the formula
rSS ¼

IVV  GIVH
IHV
; G¼
IVV þ 2GIVH
IHH

where IVH stands for ﬂuorescence intensity when the excitation
polariser is placed in the vertical position and the emission
polariser in the horizontal position (IHV, IVV, IHH analogically).
Phys. Chem. Chem. Phys., 2012, 14, 14516–14522
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During time-resolved anisotropy measurements the sample
was excited at 373 nm and the emission monochromator was
set to 450 nm. The measurement and ﬁtting of anisotropy
decays were the same as previously published.17 The anisotropy
decays were ﬁtted to the formula
r(t) = A1exp(t/f1) + A2exp(t/f2) + rN
where rN stands for residual anisotropy, f1 and f2 for
rotational correlation times and r0 = (A1 + A2 + rN) is the
limiting anisotropy.
Two-focus ﬂuorescence correlation spectroscopy (2fFCS) on
supported phospholipid bilayers
2fFCS18 experiments have been carried out on a home built
confocal microscope consisting of an inverted confocal microscope body IX71 (Olympus, Hamburg, Germany). For excitation, the 60 ps pulsed 470 nm diode laser head LDH-P-C-470B
(Picoquant, Berlin, Germany) was used. The polarization of
the laser light was periodically rotated with an electro-optic
amplitude modulator (EO-AM-R-20-C4, Thorlabs, Dachau,
Germany) so that the polarization of every pulse was orthogonal
with respect to the previous one. The laser pulses were
synchronized with the sine voltage wave imposed on the
modulator using a DA4300 30 MS s1 arbitrary waveform
generator (Acquitek, Massy, France) with a voltage output
that was further ampliﬁed.
The laser light was coupled to the polarization maintaining
single mode optical ﬁber and re-collimated at the output with
an UPlanSApo 10, N.A. 0.4 objective lens (Olympus) so that
the beam light under-ﬁlled the principal microscope objective
lens (60, W, 1.2 N.A., Olympus) and the size of the focal spot
was enlarged compared to the diﬀraction limited situation.
The light was up-reﬂected to the objective with a Z470rdc
dichroic mirror (Chroma, Rockingham, VT). Underneath the
objective lens, a Nomarski prism (U-DICTHC, Olympus) was
placed with its axes aligned with the orthogonal polarization
of the laser pulses in order for the pulses of diﬀerent polarization
to be focused into two spatially shifted, overlapping foci. The
distance between the foci was precisely determined by scanning
of the sub-diﬀraction sized ﬂuorescence beads and it uniquely
depends on the prism used.
The emission light was focused on the 150 mm-pinhole and
after having been re-collimated it was split on the two singlephoton avalanche diodes (Micro-Photon Devices, Bolzano, Italy).
Emission ﬁlters (HQ515/50) were placed in front of the detectors.
The auto- and cross-correlation functions (ACFs, CCFs)
corresponding to the ﬂuorescence intensity traces in the individual
foci were calculated and ﬁt in Matlab (Mathworks, Natick, MA)
using home-written scripts that take into account the point spread
function (PSF) and the mathematical model of 2-dimensional
diﬀusion described by Dertinger et al.18
Supported phospholipid bilayers (SPBs) were generated on
the bottom glass of LabTek slides (Thermo Fisher Scientiﬁc,
Waltham). The glass was pretreated by ozonization and
exposed to 1 mM (lipid concentration) suspension of sonicated
vesicles of POPC labeled with 0.001 mol% of Bodipy C12-HPC
in buﬀer A enriched by 2 mM CaCl2. After formation of the
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bilayer the lipid suspension was ﬂushed away with excess of
buﬀer A without calcium.

Results and discussion
Diﬀerential scanning anisotropy: shift in phase transition
temperature
First, we focus on the dependence of the phase behavior of
phospholipid bilayers on the isotopic character of the solvent.
Therefore, diﬀerential scanning calorimetry (DSC) experiments
were performed on multilamellar vesicles prepared from pure
DMPC upon hydration in H2O or D2O. As seen in Fig. 1, the
temperatures of the phase transitions were increased in D2O
when compared to H2O. The temperature of the pretransition
from the lamellar gel phase to the ripple phase increased from
13.5 1C to 14.8 1C when H2O was replaced by D2O and the
temperature of the main transition from the ripple phase to the
liquid crystal phase increased from 23.2 1C to 23.5 1C when
heavy water was used. Similar shifts in the temperature of phase
transitions have been already observed for DMPC,19,20
DPPC,7,19,20 DSPC (distearoylphosphatidylcholine)7,19,20 and
other lipids.20 Nevertheless, Kennedy et al.21 observed no
signiﬁcant shift of phase transition for DPPC vesicles. Unlike
these experiments, where all measurements were done in salt
and buﬀer free H2O or D2O, our systems consisted of lipid
vesicles in 140 mM NaCl, 10 mM KCl and 0.5 mM EDTA with
pH set to 7.4 which is closer to physiological conditions. The
diﬀerence between H2O and D2O in the main phase transition
of DMPC in our measurements corresponds to previously
published results for DMPC in salt and buﬀer free D2O or
H2O,19,20 although absolute values of the temperatures of the
transitions are slightly diﬀerent. This means that the presence of
salts does not reduce the solvent isotope eﬀect.
Matsuki et al.7 explain such a shift in the phase transition
temperatures by the connection between stronger hydrogen
bonds formed by D2O5 and the magnitude of the area per lipid
(it should shrink in the presence of stronger hydrogen bonds).
This eﬀect explains the shifts in phase transition temperatures.
As the area per lipid increases in the order lamellar gel phase o
ripple gel phase o liquid crystal phase, there is a shift of the

Fig. 1 DSC thermogram of multilamellar vesicles of DMPC in D2O
(black line) and H2O (grey line). The endothermic peaks refer to the
pretransition from the lamellar gel phase to the ripple phase (13.5 1C
H2O and 14.8 1C D2O) and the main transition from the ripple phase
to the liquid crystal phase (23.2 1C H2O and 23.5 1C D2O).
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phase transition toward higher temperatures in the presence of
D2O both for the pretransition and the main transition
because in D2O the phases with smaller area per lipid are
more stabilized. This interpretation of calorimetric data is
apparently in good agreement with the molecular picture given
by the recent MD simulations, which reveal that the area per
DPPC molecule is reduced by approximately 2% when the
lipid bilayer is deuterated.6
Time-dependent ﬂuorescence shift: mobility and hydration of the
headgroup region
While calorimetry explores the behavior of the lipid bilayer as
a complex system, ﬂuorescence is a technique which allows a
detailed look into a speciﬁed segment of the membrane where
the ﬂuorescence dye is located. Our focus was on the behavior
of the headgroup region where most signiﬁcant isotope eﬀects
might be expected. Therefore, we used Laurdan, which is a
ﬂuorescent dye sensitive to the polarity and mobility of its
surroundings. Upon incorporation into the phospholipid
bilayer its chromophore is located in the headgroup region
close to the sn-1 carbonyl of the phospholipid molecule. This
fact has been proven both experimentally by parallax quenching
measurements22 and theoretically by quantum chemical calculations
combined with molecular dynamics simulations.23 The TDFS
method explores the time evolution of the emission spectrum
of Laurdan incorporated in the bilayer. This process occurs on
the nanosecond time scale and reﬂects the rearrangement of
the hydrated functional groups of phospholipid molecules
(bulk water responds about 1000 times faster).16 The total
spectral shift mirrors the polarity of the chromophore’s
environment which is closely related to the level of hydration
of the corresponding part of the bilayer.16
We determined the time dependence of the emission spectra
of Laurdan incorporated in either DMPC or POPC large
unilamellar vesicles. The bilayer was in a liquid crystal phase
(37 1C for DMPC and 10 1C for POPC). The results are
presented in Fig. 2, relaxation times tr in Table 1. Relaxation
time is increased in D2O compared to H2O by 17% for POPC
and 14% for DMPC. For both lipids the relaxation process
occurs at a slower rate when D2O is used as a solvent. This
corresponds to a reduced mobility of the hydrated functional
groups (predominately sn-1 carbonyls) of the lipid molecules
surrounding the dye. This decrease in mobility of the headgroup
region is in good agreement with molecular dynamics simulations
of a DPPC bilayer. The time-resolved parameters connected with
the headgroup region of the membrane estimated based on MD
trajectories are strongly inﬂuenced by the solvent isotope eﬀect.6
The calculations reveal that the lifetimes of H/D bonds between
water and DPPC headgroups, water bridges between two DPPC
molecules and even charge pairs between cholines and carbonyls
increase when the solvent is D2O. Speciﬁcally, when we look at
the sn-1 carbonyl region where the dynamics was explored by
TDFS, the average lifetime of a single H/D-bond between a
water molecule and an sn-1 carbonyl oxygen of a DPPC
headgroup is 1.9 times longer when the solvent is D2O. In
addition, charge pairs between sn-1 carbonyls and choline
groups are 1.4 times more persistent in time for D2O. Molecular
dynamics simulations reveal a big diﬀerence in the self-diﬀusion
This journal is
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Fig. 2 Position of the maxima of time resolved emission spectra of
Laurdan embedded in (a) POPC (10 1C) or (b) DMPC (37 1C) large
unilamellar vesicles suspended in D2O (black line) and H2O (grey line).
The corresponding TDSF parameters (total spectral shift Dn and
relaxation time tr) are presented in Table 1.

coeﬃcient of H2O and D2O molecules hydrating the membrane.
The diﬀusion is by 43% slower if D2O is used6 and this isotopic
eﬀect on the diﬀusion is much more pronounced than in bulk
water where D2O molecules are only by 21% slower than H2O
molecules.24 Our TDFS measurements agree with these simulations. Experimentally determined changes in the tr parameter of
TDFS correlate with changes in the time-resolved properties of
water–lipid bonds and charge pairs revealed by MD. An
analogous relation was previously seen between tr probed at
the headgroup region of phospholipid membranes and lifetime
of noncovalent bonds of diﬀerent cations to the carbonyls.13
Hindered mobility in the headgroup region for the D2O
case revealed by TDFS is also in agreement with smaller area
per lipid molecule.6 The connection between the calculated
area per lipid and the headgroup mobility estimated by TDFS
was already thoroughly explored for cationic phospholipid
membranes.16
The second parameter accessible by the TDFS method is the
total emission shift which gives direct information on the level
of hydration within the headgroup region. The total shift of
the emission spectrum of the chromophore (Fig. 2 and
Table 1) is slightly smaller when the solvent is D2O. The
diﬀerence is small but distinguishable. This means that the
sn-1 carbonyl region is less hydrated by D2O than H2O which
is in agreement with molecular dynamics simulations of the
DPPC membrane showing that D2O penetration in the bilayer
is less deep than H2O.6 When we look speciﬁcally at the sn-1
carbonyl where Laurdan is located, MD shows a decrease by
7% in the average number of direct D bonds when compared
to H bonds.
Phys. Chem. Chem. Phys., 2012, 14, 14516–14522
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Table 1

TDFS parameters for Laurdan incorporated into bilayer consisted of POPC of DMPC

Lipid composition and temperature

Dna (cm1) H2O/D2O

trb (ns) H2O/D2O

Observedc (%) H2O/D2O

POPC 10 1C
DMPC 37 1C

(3940  30)/(3800  40)
(3990  20)/(3950  20)

(3.3  0.1)/(3.9  0.1)
(1.17  0.07)/(1.33  0.07)

80/81
74/75

Dn = n(0)  n(N), where n(0) was estimated to be 23 800 cm1, and n(N) was obtained by TRES reconstruction. b Integrated relaxation time.
Extent of the relaxation process captured by the instrumentation obtained by comparison of the Dn value calculated using the n(0) value from the
time-zero estimation with that obtained by TRES reconstruction.
a
c

A reviewer suggested investigating how the lipid bilayer is
inﬂuenced by a mixture of heavy and light water. Therefore we
performed TDFS measurements for the solvent with several
D2O/H2O ratios and get these tr parameters: 3.3 ns for 0%
D2O/100% H2O, 3.5 ns for 25% D2O/75% H2O, 3.6 ns for
50% D2O/50% H2O, 3.8 ns for 75% D2O/25% H2O, 3.9 ns
for 100% D2O/0% H2O. The changes with increasing D2O to
H2O ratio are gradual, no qualitatively new eﬀects with regard
to pure water or D2O solution are observed. These gradual
changes are in contradiction with the D2O eﬀect on the mixing
of phospholipids in bilayers reported by Tokutake et al.8 who
have seen the eﬀect of D2O totally disappearing when even
only 2% of H2O was present.
Moreover, we compared the temperature dependence of the
TDFS kinetics for D2O and H2O in order to get insight into
the energetics of the water phospholipid interaction. We
measured TDFS of Laurdan in the POPC membrane for four
diﬀerent temperatures (10 1C, 15 1C, 28 1C and 37 1C) and
processed the data in Arrhenius manner. Since the integrated
relaxation time tr contains several processes,23,25,26 we ﬁtted
the time-evolution of the TDFS by a 3-exponential model.
For both solvents the major nanosecond component was
systematically shortened with increasing temperature. The
two remaining components were close to the resolution of
the experiment and were ranging from 0.1 ns to 0.25 ns and
from 10 to 50 ns, respectively. Fig. 3 shows the Arrhenius
plot for the predominant nanosecond component for both
solvents: apparently for all temperatures the TDFS probed
by Laurdan is signiﬁcantly slower for D2O than for H2O

Fig. 3 Temperature dependence of TDFS time evolution (i.e. of the
predominant nanosecond component) represented as an Arrhenius
plot for the POPC membrane in H2O (open circles) or in D2O (closed
circles). For all temperatures the TDFS is signiﬁcantly slower in D2O,
while the activation energy of the process (the slope of the graph) is
similar for both solvents (49  1 kJ mol1 for H2O, 50  1 kJ mol1
for D2O).
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conﬁrming the above described observations. The activation
energy of the process estimated from the slope of the plot
(49  1 kJ mol1 for H2O, 50  1 kJ mol1 for D2O) is rather
high indicating the collective nature of the reorganization of
the hydrated acyl groups embedded in the membrane matrix.
The diﬀerence for the two solvents is very close to the
experimental error and thus we do not want to speculate on
that. In a recent study of Bernsten et al.27 the activation energy
barrier of about 50 kJ mol1 was attributed to ‘‘the breaking
of two hydrogen bonds’’ within the headgroup region of
DMPC bilayers, which can be interpreted as breaking water
bridges between two lipid molecules. Moreover, a barrier of
about 60 kJ mol1 was connected to the reorientation of
lipid headgroups. The comparison of our TDFS Arrhenius
data with that recent ﬁnding is supporting our long standing
interpretation of the nanosecond TDFS in membranes as
reporting on the ‘‘headgroup mobility’’.28 Speciﬁcally, for
Laurdan we recently presented evidence that the TDFS reports
on the reorientation of the hydrated sn-1 acyl group.16,22
Steady state and time-resolved ﬂuorescence anisotropy: lipid
order parameter
As we deduce from our previously mentioned TDFS experiments, there is a diﬀerence between H2O and D2O with respect
to their penetration into the membrane. However, based on
density proﬁles obtained with MD simulations, they penetrate
on average not much deeper than 10 Å from the centre of
the bilayer.6 Connected to that it might be of interest whether
the presence of a diﬀerent isotope aﬀects also the hydrophobic
core of the bilayer. Here we employed ﬂuorescence anisotropy
measurements on large unilamellar vesicles composed of
POPC and labeled with the ﬂuorescence probe DPH.29,30
The probe is incorporated in the hydrophobic core of the
bilayer. Fluorescence anisotropy reﬂects how the movement of
the rod-like DPH molecules is restricted depending on the
rigidity of the surrounding acyl chains of the lipids.
The results of both steady state and time resolved anisotropy are presented in Table 2. Steady state anisotropy
rss revealed no signiﬁcant shift dependent on the isotope
Table 2 Fluorescence anisotropy parameters of DPH incorporated
into POPC large unilamellar vesicles. rss is steady state anisotropy,
other parameters are obtained by the ﬁtting and further analysis of
the time-resolved anisotropy decays (r0 stands for the limiting
anisotropy, rN for the residual anisotropy, S for the lipid order
parameter)
rss

r0

rN

S

H2O (0.136  0.013) (0.256  0.018) (0.033  0.011) (0.36  0.06)
D2O (0.139  0.013) (0.277  0.018) (0.050  0.011) (0.42  0.05)
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composition of the solvent. The lipid order parameter, calculated from the ﬁtted time-resolved anisotropy decay,
rﬃﬃﬃﬃﬃﬃ
r1
S¼
r0
is slightly larger for the bilayer in D2O. To our experience, this
diﬀerence is on the border of experimental error. Nevertheless, this
rather empirical parameter is correlated well with the molecular
order parameter Smol, which reﬂects the distribution of the angles
between individual carbons and which has been shown to slightly
increase in the presence of D2O in MD simulations.6 A slightly
larger anisotropy in D2O correlates also with the increased packing
of atoms (number of neighbors no further than 0.7 nm belonging
to other molecule) as calculated for the DPPC membrane in D2O.6
In conclusion, ﬂuorescence anisotropy results, showing isotope
eﬀects which are very close to the errors of the experiments, are
in line with the suggestion given by simulations that not only the
headgroup region but also the hydrophobic core is slightly stiﬀer
when the bilayer is hydrated by D2O.
Two-focus ﬂuorescence correlation spectroscopy: lateral lipid
diﬀusion coeﬃcient
Lateral diﬀusion coeﬃcients D of lipids have already been
measured independently for diﬀerent lipid species in both
solvents. However, nobody (to our knowledge) has determined
D values in D2O and H2O using the same method and the
same experimental system. For a quantitative determination of
lipid diﬀusion coeﬃcients we employed two-focus ﬂuorescence
correlation spectroscopy. The innovative optical system used
in this method consists of two laterally shifted laser foci at a ﬁxed
and known distance which enables one to measure the diﬀusion
coeﬃcients without further calibration.18 We measured the diﬀusion
of Bodipy C12-HPC (glycerophospholipid with ﬂuorescently labeled
acyl chain) in supported phospholipid bilayers consisting of POPC
formed on a glass surface at a temperature of (23.8  0.3) 1C. The
diﬀusion coeﬃcient of Bodipy C12-HPC in the POPC bilayer was
estimated to be (4.6  0.3) mm2 s1 for H2O and (4.2  0.3) mm2 s1
for D2O. These results suggest that the diﬀerence in lateral
diﬀusion of lipids is very small if at all distinguishable. The
lipids apparently tend to move slightly slower in the presence
of D2O which is in agreement with the presence of stronger
and more persistent D bonds and slower diﬀusion of D2O
molecules surrounding the bilayer. This conﬁrms the prediction
given in the theoretical work that the presence of D2O may slow
down the diﬀusion of the lipid molecules.6 These results are,
however, in contradiction with the fact, which could be concluded
from comparison of previously published results for POPC where
the diﬀusion coeﬃcients were measured by diﬀerent methods, that
hydration with D2O increases the diﬀusion signiﬁcantly; for H2O
the published values are 4.5 mm2 s1 (FRAP in multibilayers)10
and 2.9 mm2 s1 (Z scan FCS in SPB),12 and for D2O it is
8.87 mm2 s1 (NMR in multibilayers).11

Conclusions
This study provides direct experimental conﬁrmation of the
solvent isotope eﬀect on phospholipid bilayers which was
previously described in detail based on molecular dynamics
simulations.6 The time-dependent ﬂuorescence shift method
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revealed reduced mobility and hydration in the headgroup
region of the membranes hydrated with D2O. Fluorescence
anisotropy and two-focus FCS were employed to explore the
lipid order parameter in the bilayer core and lateral diﬀusion
of the lipids, respectively. None of these parameters changed
dramatically, however, the slight changes which were observed
may also refer to the stiﬀer and less mobile membrane
embedded in D2O. Note that this agreement between the
theoretical and experimental results may serve as a validation
of classical models used for MD simulations of heavy-water
where the quantum eﬀects, although important, are only indirectly
included.6 Heavy water is widely used as a replacement for normal
water in certain experiments. Although the physical and chemical
properties of both solvents are almost the same, when it comes
to the phospholipid bilayer, the assembly is entirely dependent
on the weak interactions between water and lipid molecules,
and this slight alternation can cause measurable changes in
the properties of the membrane. Especially when it comes
to time-resolved physicochemical properties, the change can
be signiﬁcant.
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M. Hof, Langmuir, 2008, 24, 288–295.
27 P. Berntsen, C. Svanberg and J. Swenson, J. Phys. Chem. B, 2011,
115, 1825–1832.
28 R. Hutterer, F. W. Schneider, W. T. Hermens, R. Wagenvoord and
M. Hof, Biochim. Biophys. Acta, Biomembr., 1998, 1414,
155–164.
29 M. Shinitzky and Y. Barenholz, J. Biol. Chem., 1973, 249,
2652–2657.
30 G. M. Troup, S. P. Wrenn, A. P. Meirav, G. F. Doncel and
T. K. Vanderlick, Ind. Eng. Chem. Res., 2006, 45, 6939–6945.

This journal is

c

the Owner Societies 2012

