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Chapter 5

Hydration properties
of DMPC/resorcinol membranes investigated by
the solvent relaxation technique

Abstract

Extensive studies on alkyloresorcinolic lipids (also called resorcinols or ARs) have shown
a dual effect on phospholipid membranes. Preincorporated resorcinols increase the order
having a condensing effect on the alkyl tails of phospholipids. On the other hand, resor-
cinols that incorporate from the external solution can induce leakiness of the membrane.
In order to investigate this aspect, fluorescence solvent relaxation (SR) experiments have
been performed both for mixed dimyristoylphosphatidylcholine (DMPC)/resorcinol vesicles
(preincorporated) and for pure DMPC vesicles to which resorcinols were added from the so-
lution (incorporated). The SR method provides direct information on membrane hydration
and rigidity using simple instrumentation and facile data processing. The hydration level of
large unilamellar vesicles (LUVs) was investigated using Patman – a fluorescent probe lo-
cated in the region of the carbonyl groups of DMPC membrane. Our studies show that after
the preincorporation of resorcinols from the external solution the hydration in the glycerol
region of the DMPC decreases. In contrast, after incorporation of resorcinols the mobility
of the phospholipid headgroups is decreased but not the level of hydration. These observa-
tions point to loss of order within the bilayer and the disturbance of its lamellar organization
upon incorporation of resorcinols into DMPC membranes. The SR results are in line with
our observations from molecular dynamics simulations.

5.1 Introduction

Resorcinolic lipids (1,3-dihydroxy-5-n-alk(en)ylbenzene) are naturally occuring com-
pounds that are common components of biological membranes. The basic element,
orcinol, consists of a benzene ring with two hydroxyl groups substituted at positions 1
and 3 and with alkyl tail attached at position 5 (see Figure 4.1 of chapter 4). Resorcinolic
lipids primarily occur in higher plants (i.e. Anacardiaceae, Ginkoaceae) but also in algae,
fungi, and mosses. In particular, ARs are found in high concentration in the bran of cer-
tain cereals (i.e. wheat, oats and rye). Recently much attention is directed toward their
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important role in cellular physiology. A number of effects of resorcinols on both biolog-
ical and model membranes have been identified [121, 133, 127, 144]. One characteristic
feature is their dual effect on phospholipid membranes. It has been shown that resor-
cinols can act as membrane stabilizers (the so-called ’cholesterol–like’ effect) or localy
disturb the membrane inducing the formation of transient water pores (’surfactant–like’
effect) [117]. The first effect is obtained when resorcinols are mixed with phospholipids
before formation of the vesicles and hereby we will refer to as preincorporation. A
’surfactant–like’ effect is observed when resorcinols are added into a suspension of the
preformed phospholipid vesicles instead and it is referred to as incorporation.

Characteristic properties of resorcinols suggest that resorcinols are strong modula-
tors of the hydration properties of membranes [141]. The dehydration effect of prein-
corporated resorcinols could have an important biological role in certain systems, for
instance, in the membranes of cysts. Reutsch and Sadoff [142] suggested that alkylre-
sorcinols can provide the cyst of certain bacteria with a protecting envelope so that it
can withstand environmental stresses. This protecting activity can be explained by the
ability of the hydroxyl groups of resorcinols to form strong hydrogen bonds with the
lipid headgroups, thereby substituting water molecules resulting in dehydration of a
membrane. FT-IR-ATR spectroscopy experiments suggest that the long-tail ARs form
hydrogen bonds with the carbonyl groups of the phospholipids and that the hydroxyl
groups of resorcinols can serve as water substitute in dry lipid films [145]. Hydration
properties of bilayers, e.g. the amount of water hydrating lipids, the mobility of water
molecules, and the mobility of the hydrated lipids, are important factors characterizing
the state of a membrane and the way it interacts with its surroundings. Several meth-
ods exist to study the interactions between water and lipids, including NMR [146, 147]
and fluorescence [148, 149, 150, 151] spectroscopy, as well as X-Ray and neutron diffrac-
tion [152, 36, 153].

Here we use the solvent relaxation fluorescence technique to study the hydration
properties of resorcinol/phospholipid membranes. The advantage of fluorescence is
that it is a very sensitive, almost non-invasive (low concentrations of dyes 10−12-10−11M
compared to 10−5 M in the case of NMR) and selective. In the last 20 years the de-
velopment of the instrumentation and rapid advances in fluorescent probe technology
resulted in immense growth in applications of fluorescence [154, 155]. Fluorescence
techniques have enabled researchers to characterize a number of physicochemical pro-
cesses such as energy transfer, dye adsorption, lifetime and excimer formation in dif-
ferent systems. A widely used method to study biological and model membranes is
fluorescence anisotropy. Upon excitation with polarized light the emission of samples
is also polarized. The anisotropy measurement reveals the angular displacement of the
fluorophore, which depends on the rate, and extent of rotational diffusion. This diffu-
sion is sensitive to the viscosity of the solvent and size and shape of the molecule. This
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method is, however, limited to the interior of the membrane due to the lack of sensi-
tivity to environmental changes in the headgroup region and the high scattering of the
liposomal suspensions in the liquid crystalline phase.

The solvent relaxation (SR) technique is a unique tool to study fully hydrated liquid
crystalline bilayers [156]. In SR experiments, fluorescent probes are able to overcome
the limitations of the probes used in fluorescence anisotropy measurements. A signif-
icant part of the solvent relaxation in phospholipid bilayers occurs on a nanosecond
time scale that is also characteristic of the lifetimes of typical fluorophores [157, 158].
It has been shown that suitable fluorescent probes can allow direct observations of the
viscosity and the polarity changes in the vicinity of the probe molecule that can inten-
tionally be located in the hydrophilic headgroup region of the phospholipid bilayer.
In this work a probe of a well defined location in the membrane, which allowed us
to monitor the state of hydration at the headgroups of the DMPC was used [158]. The
fluorophore of Patman (6-hexadacanoyl-2-(((2-(trimethylammonium)ethyl)methyl)ami-
no)naphthalene chloride) binds in the internal interface of the bilayer. Therefore the
solvation dynamics at the ester groups of the phospholipids can be probed. The struc-
ture of Patman is presented in Figure 5.2. Its position in the membrane with respect
to DMPC is also indicated. Recently the SR method has been employed in studies of
phase transitions of lipids [159], protein binding with mixed phospholipid/surfactants
bilayers [149], membrane binding of antibacterial peptides [160, 161], and the influence
of curvature on the water structure in the headgroup region of PC bilayers [150].

The remainder of this chapter is organized as follows. In the next sections the gen-
eral theory of fluorescence and the solvent relaxation method are discribed. This is
followed by a description of the Methods and of the Results obtained. A discussion
section concludes this chapter.

5.2 Fluorescence theory

The fluorescence technique is broadly discussed in a number of reviews and hand-
books [162, 163, 164, 154]. Here, we describe the basic concepts of fluorescence.

A fluorescence phenomenon is based on the emission of light (energy) from the sin-
glet excited state of the fluorescent molecule which is happening according to Einstein’s
model of absorption and spontaneous/stimulated emission [165]. A quantum mechan-
ical basis of this process is described by the Jablonski diagram illustrated in Figure 5.1.
A fluorescent molecule is a molecule or part of this molecule that can absorb certain
wavelengths of UV/visible light. The part of the molecule, which is able to absorb and
to emit light, is called a fluorophore. Fluorescent molecules are referred to as fluores-
cent dyes or probes and they are often used in biological investigations as markers to
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visualize and localize certain biomolecules or structures.
The analysis of the steady-state spectra (excitation and emission) gives important

information on the heterogeneity of the environment of the fluorophore, through mea-
surement of the so-called Stokes shift (see Figure 5.1). Steady-state fluorescence permits
the study of slow kinetic processes in biological systems (down to milliseconds), by in-
vestigating their effects on the fluorescence intensity or spectrum position. Information
about the dynamics of the environment around probe can be obtained by monitoring
the changes of fluorescence intensity at time steps. Fluorescence decays when mea-
sured at many emission wavelengths give an opportunity to reconstruct the so-called
time-resolved emission spectra (TRES). The analysis of TRES is the basis of the SR tech-
nique providing information on the Stokes shift kinetics (see paragraph Spectral shift
kinetics).

Figure 5.1: A Jablonski diagram. Absorption of the photon emitted by a laser leads to the exci-
tation of the fluorophore of the probe molecule and the transition into a higher energetic level,
the so-called Franck-Condon state. Emission of the energy on a nanosecond time scale follows,
bringing back the molecule into its ground state. The emitted energy is always lower than the
energy absorbed. The different wavelengths of the absorption and emission gives rise to the
so-called Stokes shift. Solvent relaxation occurs on a picosecond timescale during the transition
from the Franck-Condon state to relaxed state. During this transition the time-resolved spectra
are recorded.

5.3 The process of solvent relaxation

The rapid excitation of the fluorescent dye leads to a change in its charge distribution.
However, according to the Franck-Condon principle the excitation does not influence
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Figure 5.2: Chemical structure of the fluorescent probe used in our studies, Patman, and its
position in the membrane with respect to the DMPC phospholipid.

the position of the surrounding solvent molecules [166]. Consequently, the solvent
molecules are forced to adapt to a new environment and start to reorient in order to
reach an energetically more favorable state. This dynamic process starting from the ini-
tial non-equilibrium Franck-Condon state and gradually proceeding toward the relaxed
excited state is called solvent relaxation (SR). According to the Jablonski diagram (see
Figure 5.1) the energy of the excited state is reduced during this process, and thus the
emitted light is substantially red-shifted (shift to the longer wavelengths, smaller ener-
gies) compared to the absorbed light. The type of solvent effects the magnitude of the
shift. In polar solvents the red-shift is enhanced by the solvent relaxation phenomenon.
This shift is usually caused by vibrational relaxation. The contribution of the polarity of
the solvent changes the meaning of the Stokes shift and therefore the shift is referred to
as the total or overall spectral shift (see next paragraph). The quantitative interpretation
of solvent-dependent emission spectra is a demanding task due to the possible coupling
of the general solvent effects with specific fluorophore-solvent interactions, as well as
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factors related to the photochemistry of the dye itself. Since no universal procedure has
been found one must be careful with interpretation of the SR data.

The most common method of extracting the solvent relaxation information from a
fluorescence signal is to analyze the time-resolved emission spectra (TRES) of a suitable
fluorescent probe. The two main factors that can be extracted from the analysis of the
TRES are: i) the total spectral shift, i.e. how far is the emission spectrum shifted dur-
ing the whole process and ii) the kinetics of the process, i.e. how fast the spectrum is
shifting.

5.3.1 Total spectral shift

The frequency of the maximum of the TRES, ν, changes with time ν(t). From ν(t) and
its width, the micropolarity and microviscosity of the dye environment can be charac-
terized. The overall shift, ∆ν corresponds to the difference between the energies of the
Franck-Condon (ν(0)) and the fully relaxed states (ν(∞)) [167], and is defined as

∆ν = ν(0)− ν(∞) (5.1)

The ’dielectric continuum solvation model’ predicts that ∆ν is directly proportional to
the polarity of the environment in which the dye is found [167]. In biological and model
membranes the polarity in the vicinity of the probe is to a large extent determined by
the dipoles of hydrating water. Thus, ∆ν usually reflects the degree of hydration of the
membrane at the level where the fluorophore is located.

5.3.2 Spectral shift kinetics

The kinetics of the spectral shift depends on the mobility of the system, i.e. the reorien-
tational freedom of the molecules, which is determined by the frictional forces present
in the environment of the probe. It was shown that in homogenous, isotropic polar sol-
vents, the kinetics of solvation is directly related to the viscosity of the solvent. For a
quantitative evaluation of such kinetic effects it is convenient to normalize the spectral
response ν(t) to the overall shift as follows:

C(t) =
ν(t)− ν(∞)

ν(0)− ν(∞)
=

ν(t)− ν(∞)

∆ν
(5.2)

The spectral response function, C(t), a correlation function, reflects the dynamics of
the relaxation process with respect to the total energy loss given by ∆ν. In fact, C(t)

represents the relaxation of naturally occurring fluctuations of the solvation energy δE

from its average equilibrium value in the unperturbed system [168]:

C(t) ≈ CE ≡
< δE(0)δE(t) >

δE2
(5.3)



5.3. The process of solvent relaxation 91

Relation 5.3 has been shown to be valid even for fluorescent probes that undergo a
protonation upon their electronic excitation, illustrating the fact that the method probes
the properties of the solvent, no matter how severe the solute perturbation may be [168].
Although there have been several attempts to simplify the characterization of the SR
process [154, 169], the determination of the normalized spectral response function C(t)

is presently the most general and most precise way to characterize the time course of
the solvent response. The dynamics of the relaxation is characterized by the relaxation
time τr:

〈τr〉 ≡
∫ ∞

0

C(t)dt (5.4)

where < τr > corresponds to the average relaxation time which is nearly proportional
to the viscosity of the solvent. A more detailed analysis of the correlation function, C(t)
usually requires multi-exponential fitting (third or higher order).

5.3.3 TRES reconstruction

The time-resolved emission spectra (TRES) can be obtained by the ”spectral reconstruc-
tion” method [161, 170, 167]. The procedure of the reconstruction involves the following
steps. First, a series of emission decays are recorded over a range of wavelengths (typi-
cally 10-20) spanning the steady-state emission spectrum. Second, in order to obtain the
parameterized form of the intensity decay D(t, λ) at each single wavelength, these raw
decays are fitted to a sum of exponentials using an iterative reconvolution algorithm1

until a satisfactory fit is obtained. It is, however, important to mention that the recon-
volution method, which provides us with parameterized real fluorescent decay, is not a
physical interpretation of this decay. The multi-exponential model is used as a standard
but other functions could be applied as well.

The TRES (S(λ, t)) are obtained by a relative normalization of those fitted decays
D(t, λ) to the steady-state spectrum, S0(λ):

S(λ, t) =
D(t, λ) ∗ S0(λ)∫∞

0
D(t, λ)dt

(5.5)

In order to calculate the overall spectral shift, ∆ν and the spectral response function
C(t), the position of the spectrum at time zero after excitation ν(t = 0) needs to be

1The reconvolution means that in every iteration of the fitting procedure the theoretical model is con-
voluted with so-called Instrument Response Function (IRF) before comparing it with the measured de-
cay. The IRF characterizes the imperfections in the instrumentation (lamp, detector and electronics time
profiles) and is measured by simply replacing the sample with a scattering suspension and setting the
emission monochromator at the excitation wavelength to measure elastic light scattering, which occurs
on a timescale much faster than fluorescence.
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known. The so-called time-zero spectrum is the hypothetical fluorescence emission
spectrum of the molecules, which are in the Franck-Condon state (i.e. are vibrationally
relaxed but emit before any nuclear solvent motions occur). Unfortunately, such a the-
oretical spectrum cannot be directly observed even using an ideal instrument with in-
finite time resolution [171] and therefore has to be approximated. In this study a sim-
plified method of time-zero estimation based on the model of the electronic spectra of
solvatochromic probes was applied [172]. In this method the time-zero spectrum is es-
timated using only the steady-state emission and absorption spectra. The extrapolated
time-zero spectrum is, however, strongly affected by the experimental time resolution
and its application often leads to significant errors in the calculated solvation relaxation
times. Knowing a proper position of TRES at time t = 0 one can not only correctly
calculate the main SR parameters (equations 5.1 and 5.4) but also calculate the percent-
age of the observed solvation kinetics by comparison of the estimated ν(0) with the one
generated by the spectral reconstruction method. Thus time-zero estimation indicates
which part of the process occurs faster than the time resolution of the apparatus and
is therefore missed in the recorded data. Only when there is strong evidence that the
entire SR process takes place in the experimental time window, the time-zero estimation
can be omitted. The uncertainty of the time-zero estimation method, which was found
to be less than 200 cm−1 [173], dominates the absolute uncertainty of the ∆ν calculated
from equation 5.1.

The time dependence of the spectral shifts and the shape of the TRES are then used
to determine the rates of relaxation and the nature of the process. In order to analyze the
time dependent position of the spectrum ν(t) or full width at half maximum (FWHM)
transformation into a wavenumber domain is required. Such transformed decays are
then fitted to the log-normal function [174], which gives a realistic picture of broad
asymmetric electronic emission bands [175]. The time evolution of the fitted parame-
ters e.g. the peak height, h, peak position ν, or the width parameter, fully describes the
observed dynamics.

5.3.4 Full width at half maximum of TRES

The width of the time-resolved spectra provides useful information on the extent of
the relaxation of the solvent. Experiments performed on phospholipid bilayers [159] or
supercooled liquids [176] have shown that the FWHM passes a maximum during the
solvation process. This finding is in agreement with the idea of a non-uniform spatial
distribution of solvent response times [176, 177]. It has been shown that in homoge-
neous systems consisting of small molecules, the FWHM decays monotonically. But
in spatially inhomogeneous systems, where the microenvironments of the fluorophores
vary, the relaxation behavior is different, since the solvent shells of individual fluo-
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rophores distributed in the system, respond with different rates to changes in the local
electric field (which also spatially varies). This gives rise to a new phenomenon, which
reflects the time distribution of phases of relaxations of individual solvation shells dur-
ing the relaxation. The overall transient inhomogeneity increases significantly during
the solvation and then decreases once the solvation finishes and the equilibrated excited
state is reached. That is why the time dependent width of TRES, which is a measure of
the inhomogeneity of the microenvironments of the dyes, passes through a pronounced
maximum. This effect allows one to determine whether the entire response or merely
part of it was captured within the time–window of the experiment. If only a decrease
in the FWHM profile is observed, it means that the early part of the relaxation process
is possibly beyond the time resolution of the instrumentation used. In contrast, if only
an increase is detected, the process is fairly slow under the given conditions and the
lifetime of the fluorophore used is not long enough to completely monitor the relax-
ation. Besides, inspection of the time course of the FWHM is also an excellent tool to
test whether a fluorescent probe has a unimodal positional distribution and how wide
is this distribution. This is of particular importance in view of recently published data
concerning the bimodal distribution of membrane dyes [178] as well as dye relocaliza-
tion upon the addition of ethanol [179] or a change of the hydrostatic pressure [180]. An
extensive discussion of FWHM analysis can be found in the recent review by Jurkiewicz
et al [156].

5.4 Methods

5.4.1 Materials

The measurements of SR were performed for eight formulations including two ho-
mologs of resorcinolic lipids at low (7 mol%) and high (15 mol%) concentrations.
Homologs possessing short (15 carbons) and long (21 carbons) alkyl tails of the ARs
were chosen, hereafter referred to as RES15 and RES21, respectively. As a reference sys-
tem large unilamellar vesicles (LUV) of pure DMPC were also prepared.

The fluorescent probe 6-hexadacanoyl-2-(((2-(trimethylammonium)ethyl)methyl)amino)-
naphthalene chloride (Patman) was used as purchased from Molecular Probes (Karl-
sruhe Germany). 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) has been pur-
chased from Lipid Products (Nutfield, UK). Two saturated homologs of resorcinolic
lipids were isolated chromatographically from rye bran with acetone and extracted ac-
cording to the procedure described in Kozubek et al [181]. All solvents of spectroscopic
grade were purchased from Merck. TRIS and HEPES buffer concentrates supplied from
Fluka (Buchs, Switzerland) were dissolved in Milli-Q (Millipore, Billerica, MA, USA)
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grade water, filtered through 0.45 µm Acrodisc filters and used at pH = 7.4. The con-
centration of NaCl in the liposomal suspension was 100 mM. All organic solvents of
spectroscopic grade were purchased from Merck.

5.4.2 Preparation of liposomes

Two types of experiments were performed, namely ’preincorporation’ and ’incorpora-
tion’ (see Introduction). The preparation of liposomes, in the case of ’preincorporation’
and for pure DMPC, was carried out according to the standard procedure as follows.
The required volumes of the ethanolic stock solutions of the resorcinolic lipids (respec-
tively for both homologs and concentrations) and DMPC lipids were mixed and added
using Hamilton syringes to a glass tube together with a selected fluorescent probe. The
final content of the fluorescent probe in the liposomes was 1 mol%. Solvents were evap-
orated under a stream of nitrogen while being continuously heated. The dry lipid film
was then suspended in 10 mM Hepes buffer at pH = 7.4 and vortexed for 4 minutes.
The LUVs were formed by extrusion [35] through polycarbonate membranes (Avestin,
Ottawa, Canada) with 100 nm pores diameter. The prepared samples were transferred
into a 1 cm quartz cuvette and equilibrated at the desired temperature for 10 minutes
before each measurement. All measurements were carried out at a temperature of 323
K. The final concentration of phospholipids in the cuvettes was 1 mM. In the case of ’in-
corporation’, the required stock solutions of the resorcinolic lipids and phospholipids
were prepared separately. 1 mol% of the fluorescent probe was added into the phos-
pholipid solution. Solvents were evaporated under a stream of nitrogen while being
continuously heated. The dry films of both solutions were again suspended in the same
buffer, vortexed (vigorously mixed), and finally extruded (only for the DMPC solution).
The sample of DMPC was initially transferred into a cuvette and then the suspension of
resorcinols was injected.

5.4.3 Steady-state fluorescence

All steady-state excitation and emission spectra acquisitions were performed on a
Fluorolog-3 spectrofluorimeter (model FL3-11; Jobin Yvon Inc., Edison, NJ, USA) equip-
ped with a Xenon-arc lamp. The spectra were collected in 1 nm steps (2 nm bandwidths
were chosen for both the excitation and emission monochromators). The temperature
in the cuvette holder was maintained within ±0.1K using a water-circulating bath.
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5.4.4 Time-resolved fluorescence

Fluorescence decays were recorded on a 5000U Single Photon Counting setup (IBH,
Glasgow, UK), using an IBH laser diode NanoLED 11 (370 nm peak wavelength, 80
ps pulse width, 1 MHz maximum repetition rate) and a cooled Hamamatsu R3809U-
50 microchannel plate photomultiplier. For the solvent relaxation method, decays were
recorded at series of emission wavelengths spanning the dye steady-state emission spec-
trum in 10 nm steps. For emission wavelengths ≥ 400 nm, the 399 nm cutoff filter was
used in order to eliminate scattered light. Since the application of polarizers at a magic
angle was found to have no effect on the fluorescence decays measured for the systems
investigated, the polarizers were not used. The signal level was kept below 2% of the
light source repetition rate (1 MHz). Data was collected in 8192 channels (0.014 ns per
channel) till the peak value reached 5000 counts. The time resolution, calculated as
1/5 of the full width at half maximum (FWHM) of the instrument response function,
was about 16 ps. Fluorescence decays were fitted to multi-exponential functions (2 or
3 exponential components were used), using the iterative reconvolution procedure im-
plemented in the IBH DAS6 software. The average time of an experiment was about 3
hours.

5.5 Results

5.5.1 Steady-state fluorescence spectra

The steady-state absorption and emission spectra of Patman for all formulations were
measured and the maximum absorption of the probe in these systems determined. Rep-
resentative normalized emission spectra for three systems (preincorporated RES15 and
RES21 at 15 mol% concentration and the pure DMPC, respectively) are shown in Fig-
ure 5.3. The absorption spectra are used for the reconstruction of the ’time-zero emis-
sion spectrum’ and the generation of TRES (see TRES reconstruction section). In pure
DMPC LUVs, the maximum emission of Patman is at a wavelength of 480 nm. In the for-
mulations with resorcinols, the maximum is shifted towards lower wavelengths (blue-
shifted) and overlap. These spectra are also narrower compared to the pure DMPC
spectrum.

5.5.2 TRES and Solvent Relaxation analysis

SR decays were measured near the maximum emission of the fluorophore (400-540 nm).
The zero-time emission spectrum (ν(0)) for the Patman dye in DMPC LUVs has been
measured in non-polar solvents (such as hexane) by Fee et al. [173] and found to be
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Figure 5.3: Emission spectra of Patman for excitation wavelength (λEX) measured in DMPC, or
15 mol% RES15/DMPC or 15 mol% RES21/DMPC LUV’s at 323K.The excitation wavelength
was 373 nm.

23800 cm−1. The process of solvent relaxation can be quantified by the positions of TRES
maxima and their widths (FWHM). These parameters were determined for all formula-
tions. In Figure 5.4, the position of the spectra maxima, ν, as a function of time for both
homologs at 15 mol% has been plotted. The peak position curves show that the red-shift
lines of incorporated resorcinols (RES15, RES21) overlap with pure DMPC, while lines
corresponding to the formulations with preincorporated resorcinols lie above the pure
DMPC line. Moreover, the tails of these curves do not converge to the pure DMPC line
(black line) even if they reached a plateau. It can be anticipated that the relaxation of
the solvent for these systems is finished, but the dye sees different environments. At 7
mol% (data not shown) this division is not so clear. The FWHM profiles for three repre-
sentative formulations (preincorporated and incorporated RES15 at 15 mol% and pure
DMPC) are presented in Figure 5.5. The profiles are shifted with respect to each other.
The profile of preincorporated RES15 (5500 cm−1) is shifted to the lower wavenumbers
with respect to the pure DMPC LUVs (5656 cm−1). The profile of incorporated RES15
is shifted to the lowest wavenumber (5062 cm−1). The shift toward lower wavenum-
bers reflects the increasing heterogeneity of the environment around Patman. In gen-
eral, the formulations with incorporated resorcinols are more heterogeneous than either
those with preincorporated resorcinols or pure DMPC LUVs. The three curves in Fig-
ure 5.5 show also clear maxima, providing evidence that the solvent relaxation takes
place within the timescale of the experiment and suggesting a unimodal distribution of
the fluorophores. The percentage of all observed SR processes is given in the last two
columns in Table 5.1. For these measurements the percentage of observed SR exceeds
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87% which means that almost the entire process of solvent relaxation has been regis-
tered. The kinetics of solvent relaxation are reflected in the spectral response functions,

Figure 5.4: Position of the maximum obtained for Patman at 323K for two homologs: RES15 or
RES21 at 15 mol% concentration in DMPC and pure DMPC as a function of time after excitation.

C(t), calculated according to equation 5.2. A comparison of the C(t) functions of the
RES15 in preincorporated and incorporated systems and the pure DMPC is shown in
Figure 5.6. All functions are similar. The relaxation is slightly faster in the incorporated
RES15 homolog at 15 mol% compared to pure DMPC. All parameters measured, the

Figure 5.5: Illustration of the full width at half maximum (FWHM) for the system containing 15
mol% of RES15 homolog and for the pure DMPC system.
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Figure 5.6: Solvent relaxation functions of Patman in the systems of 15 mol% of RES15 homolog
in preincorporation and incorporation conditions.

relaxation time (τ ) and the overall shift (∆ν) are collected in Table 5.1. The table is di-
vided into two sections which allows the comparison of the effects of preincorporated
and incorporated resorcinols at given concentrations on the DMPC membranes.

The relaxation times (τ ) measured in the systems labeled ’preincrp’ have changed
only to a minor extent. The exception is the homolog RES21 at 7 mol% the τ value of
which is 0.95 ns or about 10% lower compared to that of the DMPC. Much faster kinetics
are observed in the systems labeled ’incrp’. The decrease of τ is about 12% for the RES15
homolog at 15 mol% and RES21 homolog at 7 mol% (in both cases τ equals 0.92). Only
in the system with RES15 at 7 mol% has the relaxation time decreased relatively little, to
1.01 ns. There are no clear dependencies of the relaxation time on resorcinol concentra-
tion or type. In contrast, the total emission shift (∆ν) decreases remarkably in the series
of preincorporations with respect to pure DMPC, while to a significantly lesser extent
for the vesicles with incorporated resorcinols. A smaller ∆ν reflects a higher polarity
around the fluorescent probe. The decrease of ∆ν observed for three out of four prein-
corporated formulations (3450 cm−1) is about 150-200 cm−1 with respect to the pure
DMPC membrane (see Table 5.1), suggesting dehydration of the membrane. A differ-
ence between ∆ν at the lower and higher concentrations is not observed. In the case of
incorporation of resorcinols into DMPC LUVs, the ∆ν is only slightly changed, which
is almost within the uncertainty of the method (50 cm−1). This unexpected result points
toward a drastic disruption of the lamellar structure of the vesicles and/or dislocation
of the probe (see discussion).
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5.6 Discussion and conclusions

The purpose of the solvent relaxation experiments was to characterize the hydration
state of the phospholipid membranes upon addition of resorcinolic lipids and to dis-
criminate between specific homologs and concentrations. The effect of resorcinols on
the hydration of biological membranes is an important property, knowledge of which
is indispensable in the application of these compounds for medicinal purposes, such as
drug delivery systems.

Before interpretating our results in detail we will discuss the question, which is com-
monly addressed in fluorescence experiments, of what do we actually measure and
whether the fluorescent probe is reliable and does not easily change its location. In this
work a fluorescent probe, named Patman, was used. Patman possesses a trimethyl-
ammonium group (see Figure 5.2), which orients the alkylamino end of the fluorophore
toward the lipid-water interface [182] and stabilizes the dye position in the bilayer due
to interactions with charged phospholipid headgroups. The localization of this probe is
well established. For instance, studies performed by Hof et al. [183] showed that Patman
does not change its location and that single dye populations were always present. Pat-
man is found to be located slightly below the level of a glycerol in the lipid bilayer and
the studies on the phosphatidylcholine isomers confirm that the fluorescence of Patman
is sensitive to the hydration and mobility of the carbonyl groups. It is believed that at
the glycerol level the water is fully bound to the phospholipids. Thus, our observations
reflect the dynamics of the hydrated lipids [184] rather than the slow dynamics of indi-
vidual water molecules.

Our results, in general, show that the presence of resorcinolic lipids in the phos-
pholipid bilayer affects hydration of the region of the glycerol carbonyl groups. Dehy-
dration is reflected by a lower polarity for preincorporated resorcinols compared to the
pure bilayer. This is in agreement with our results from MD simulations. In contrast,
the fact that the polarity for the incorporated resorcinols (see Table 5.1) is unchanged
indicates a high hydration state of the bilayer, comparable to pure DMPC. The inter-
pretation of the faster kinetics observed in this case remains unclear. There is a concern
in this case that the probe may have changed its initial localization. The re-localization
could result from the disruption in the order of the lamellar structure of the bilayer. If
one assumes that incorporation of resorcinols into a preformed bilayer indeed leads to
the formation of transient water pores or in the extreme case even to a transition to a
non-lamellar structure, we can expect Patman to be fully hydrated. The polarity of the
solvent would agree with the results obtained from solvent relaxation. The tendency
of water pore formation and transition towards non-lamellar structures in the case of
incorporation is also seen by the MD simulations. Also in line with our simulations is
the lack of any clear effects of resorcinol type or concentration. A more quantitative
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interpretation requires further investigations and measurements.






