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Abstract The aggregation behavior of the biocompatible and
naturally occurring zwiterionic phospholipid 1,2-dipalmitoyl-
sn-glycero-3-phosphatidylcholine (DPPC) combined with its
syn the t i c ca t ion ic ana logue 1 ,2 -d ipa lmi toy l -3 -
trimetylammonium-propan (DPTAP) was studied. Further, the
physical properties of the formed DPPC/DPTAP liposomes
were determined. The phase transition temperature of
DPPC/DPTAPmixtures was studied using the steady-state fluo-
rescence of laurdan, and the results were compared with those
obtained from microcalorimetry measurements. The phase tran-
sition temperature was higher for all DPPC/DPTAP mixtures
compared to that for pure DPPC andDPTAP, this increase being
particularly pronounced for equimolar mixtures of DPPC and
DPTAP. Membrane fluidity was determined by means of 1,6-
diphenyl-1,3,5-hexatriene fluorescence anisotropy measure-
ments. While the ratio of DPPC in DPPC/DPTAP liposomes
was increased, the results suggest the formation of more tightly
packed membranes. The interaction of DPPC/DPTAP lipo-
somes with hyaluronan (Hya) was also studied. The formation
of complexes was observed at a specific DPTAP/Hya concen-
tration ratio independently of DPPC concentration or the molec-
ular weight of Hya.
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Introduction

Liposomes are important delivery systems composed of lipid
bilayers, which have considerable potential for application in
medicine and cosmetics. Liposomes can undergo aggregation,
fusion, and flocculation due to interactions with serum proteins
under physiological conditions [1]. They have the capability to
solubilize various forms of bioactives, regardless of hydrophi-
licity. Bioactives soluble inwater can be loaded into hydrophilic
regions while hydrophobic therapeutics can be captured in lipid
regions at high densities. Lipid encapsulation can provide pro-
tection of the loaded bioactive from harsh environmental con-
ditions and limits systemic exposure, which is advantageous in
the case of therapeutics having undesired cytotoxic side effects
[2]. Cationic liposomes have been shown to be absorbed by
immature vascular endothelial cells due to the negative electric
charge of their outer cell membrane. The antitumor efficacy of
paclitaxel encapsulated in cationic liposomes was demonstrated
as a promising new method for the treatment of prostate cancer
reducing the primary tumor mass [3].

The instability of membrane conformation, which is essen-
tial to the delivery function of liposomes, could be improved by
inclusion of a helper lipid. Stable and relatively small
unilamellar vesicles were obtained by the insertion of lipid with
cationic head groups such as 1,2-dioleyl-3-trimetylamonium-
propan (DOTAP) in zwitterionic phosphatidylcholine (PC)
membranes [4]. The mixture of 1,2-dipalmitoyl-sn-glycero-3-
phosphatidylcholine (DPPC) and 1,2-dipalmitoyl-3-
trimetylammonium-propan (DPTAP) is widely used in a vari-
ety of applications, e.g., for the formation of lipoparticles [5, 6]
or the coating of superparamagnetic iron oxide nanoparticles
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[7]. The proportion of each one in the formulation controls the
cationic charge of the vesicle surface [8]. Independently of
DPPC/DPTAP molar ratios, DPPC and DPTAP spontaneously
assemble into vesicles in water media. Significant electrostatic
interactions between lipids can be demonstrated by a higher
phase transition temperature compared to that of pure lipids.
The strongest interactions were found in the case of equimolar
mixtures of DPPC and DPTAP revealing the tightest packing
density of lipids [9].

Phospholipids are in the gel or liquid crystalline phase at
physiological temperature. The DPPC phase transition tem-
perature is around 41.5 °C and can be modified by the incor-
poration of other lipids. This change in phase transition tem-
perature depends both on the length and saturation of the acyl
chain and the type of polar residues [10]. For example, the
incorporation of DOTAP into DPPC membranes causes a de-
crease in its phase transition temperature [4], while DPTAP
has the opposite effect [9]. For steady-state fluorescence re-
search into phase transition temperature, the prodan derivative
laurdan can be utilized, this containing the lauric acid tail; this
compound is thus tightly anchored within the hydrophobic
core by cooperative van der Waals interactions between the
lauric acid tail and the lipid hydrocarbon chains [11]. Due to
the presence of naphthalene moiety, it is sensitive to both the
polarity of the local environment and the membrane phase
state [12, 13]. The essence of this sensitivity to polarity is
subsumed in the partial charge separation between the 2-
dimethylamino and 6-carbonyl residues forming a dipole mo-
ment, which increases upon excitation and may cause reori-
entation of the surrounding solvent dipoles. This solvent re-
orientation consumes energy and decreases the probe’s excit-
ed state energy resulting in a continuous red shift of the
probe’s emission spectrum [12, 14]. Thus, the red shift in
laurdan emission spectra indicates the increased concentration
of water in the bilayer and its increased mobility [12].

Fluorescence anisotropy can be utilized for the investiga-
tion of lipid order. For this purpose, the fluorescent probe 1,6-
diphenyl-1,3,5-hexatriene (DPH) allows information about
the degree of membrane fluidity or physical changes in mem-
branes to be obtained on the basis of the determination of the
molecular orientational order and reorientational dynamics of
the fluorescent probe in the core of the membrane bilayer [15,
16]. DPH is a rather rigid, linear, rod-like fluorophore charac-
terized by an absence of polar groups; therefore, it is distrib-
uted spontaneously into the hydrophobic acyl chain region of
the membrane [17], oriented such that the long axis of DPH
along its rod-like shape is approximately aligned normal to the
bilayer, thus reflecting the ordering of lipid acyl chains [17,
18]. The fluorescence anisotropy of DPH works well for stud-
ies of membrane fluidity in systems that are in the liquid-
disordered phase. In the liquid-ordered phase, the fluorescence
anisotropy of DPH serves well as a qualitative tool, while the
quantitative accuracy is limited [19].

Hyaluronan (Hya) is a carbohydrate polymer occurring
naturally in all living organisms. Hya is a linear, unbranched
polymer, which is composed of a repeating disaccharide struc-
ture [20]. It can be several thousands of disaccharide units
long [21] but can also exist as small fragments or oligosac-
charides. At physiological pH, Hya exists mostly as a sodium
salt and is therefore highly charged. This highly charged na-
ture of Hya provides its solubility and ability to bind water
extensively [22]. Hya plays a critical role in the physiology of
joint function, including lubrication of the synovial surfaces.
Interactions between Hya and phospholipids were studied as a
simplified model of synovial fluid. Phospholipids could facil-
itate Hya binding to cells due to its strong affinity to cell
surfaces. A complex of Hya and phospholipids (Haplex) was
prepared using the film dispersion and sonication method,
resulting in the enhancement of the oral absorption of Hya
[23]. After the addition of Hya to monolamellar or
multilamellar phospholipid suspensions, phospholipid organi-
zation was significantly affected by the presence of Hya in
dependence on its molecular weight, not by the initial organi-
zation of the phospholipid or its nature (DPPC or egg lecithin)
[24]. The presence of liposomes (DPPC) leads to an abrupt
decrease in the viscosity of Hya because DPPC membranes
bound to Hya cause the collapse of Hya chains. The possible
explanation is that DPPC membranes bind to hydrophobic
Bpatches^ situated along the Hya polymer resulting in the
collapse of the Hya chain [25, 26].

This work is aimed at preparation and characterization of
DPPC/DPTAP vesicles with positive charge and study of their
interactions with negatively charged Hya.

Experimental section

Materials

Sodium hyaluronate (137, 458, 1697 kDa) was purchased
from Contipro (Czech Republic); 1,2-dipalmitoyl-3-
trimetylammonium-propan, chloride salt (DPTAP) was pur-
chased from Avanti Polar Lipids. 1,2-Dipalmitoyl-sn-
glycero-3-phosphatidylcholine (DPPC), 1,6-diphenyl-1,3,5-
hexatriene (DPH), pyrene, and chloroform were purchased
from Fluka. All experiments were performed in water purified
by an ELGA lab system (PURELAB flex).

Vesicle formation

The required amount of DPTAP or DPPC and DPTAP (with
molar ratios 0:100, 50:50, 75:25, 80:20, 90:10) was dissolved
in chloroform. After the removal of chloroform by evapora-
tion, the required amount of water was added and the solution
was sonicated at a temperature above the phase transition tem-
perature until opalescent.
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Microcalorimetry measurements

Microcalorimetry studies were conducted using a TAM III
thermal activity monitor (TA Instruments, New Castle, DE,
USA). Two-and-a-half-gram lipid or lipid mixture samples
prepared as described previously in vesicle formation (with a
total lipid concentration of 2.7 mM) were placed into dispos-
able crimp seal ampoules. Samples were equilibrated for
15 min at 25 °C. The scanning rate was set to 2 °C/h. Any
heat generated or absorbed by the sample was measured con-
tinuously over time. Measurements were carried out in the
temperature range 25–65 °C. The baseline was subtracted.

Samples for fluorescence measurements

A fluorescence probe (laurdan, DPH, pyrene) dissolved in
acetone was added to vials. After the evaporation of acetone
under reduced pressure, an increasing amount of DPTAP or
DPPC/DPTAP bulk solution and water was added into the
vials to achieve a DPTAP or DPPC/DPTAP concentration
series (in the range of 10−4–1 mM) or to achieve a specific
lipid concentration (in the case of samples containing laurdan
or DPH). Eventually, a given amount of Hya bulk solution
was added. Samples were measured after 24 h of agitation.

Laurdan generalized polarization

The characteristics of the laurdan emission spectrum describ-
ing the presence/absence of water molecules in the vicinity of
laurdan naphthalene moiety may be expressed by the general-
ized emission polarization (GP) value [10, 27] given by the
following:

GP ¼ I440−I490
I440 þ I490

where I440 and I490 are the fluorescence intensities measured at
440 and 490 nm [10, 12], the wavelengths at which laurdan
emission maxima occur in the gel phase and in the liquid
crystalline phase, respectively [12, 14]. The phase transition
temperature was determined from the first intersection of
straight-line segments fitting plots of the laurdan GP value
versus temperature.

All steady-state fluorescence measurements were per-
formed using a Fluorolog Horiba Jobin Yvon spectrofluorim-
eter. Laurdan emission spectra were collected in the range
380–550 nm using an excitation wavelength of 329 nm. All
samples were measured as a function of temperature in the
range 35–65 °C or wider when necessary. Temperature was
controlled by a circulating water bath. Sample temperature
homogeneity was maintained by magnetic stirring.

Phospholipid CAC determination

For samples containing pyrene as a fluorescence probe, exci-
tation spectra (in the range 330–340 nm with an emission
wavelength of 392 nm) and emission spectra (in the range
360–540 nm with an excitation wavelength of 335 nm) were
measured. The emission polarity index (EmPI) was obtained
from the emission spectrum by dividing the fluorescence in-
tensity of the first emission band (373 nm) by that of the third
emission band (383 nm). The excimer to monomer (Ex/Mo)
ratio was determined by dividing the fluorescence intensity of
the excimer band (470 nm) by that of the monomer (383 nm)
band. The excitation polarity index (ExPI) was calculated
from excitation spectra as the ratio of fluorescence intensities
at 333 and 338 nm. The dependences of EmPI (or ExPI) on
lipid concentration were analyzed using the OriginLab soft-
ware by fitting a Boltzmann sigmoid with the following form:

y ¼ A1−A2

1þ e
x−x0
Δx

þ A2

where y corresponds to EmPI or ExPI, A1 and A2 are the upper
and lower limits of the sigmoidal curve, the independent var-
iable x represents the total concentration of surfactant, x0 rep-
resents the point of inflection, and Δx is the gradient at which
the step change takes place. Critical concentrations of aggre-
gation (CACs) were obtained as the point of inflection (x0).

Anisotropy of DPH determination

Samples were prepared as described earlier in BSamples for
fluorescence measurements^ section. The concentration of the
DPPC/DPTAP mixture was above the concentration corre-
sponding to the second break in the sigmoidal curve. DPH
anisotropy was measured using a time-resolved fluorescence
spectrometer (FluoroCube Horiba). Samples were excited at
372 nm using a laser diode with an appropriate filter, and the
DPH emission was measured at 426 nm with the slit adjusted
to 8 nm.

For each vesicle composition with different DPPC/DPTAP
ratios, fluorescence intensities were measured under four sep-
arate polarizer conditions: Ivh (vertically polarized excitation
and horizontally polarized emission), Ivv (vertically polarized
excitation and emission), Ihh (horizontally polarized excitation
and emission), and Ihh (horizontally polarized excitation and
emission).

These intensities were then fitted by impulse reconvolution
using the general equation:

F tð Þ ¼ R infð Þ þ Biexp
−t
τ i

� �

where R(inf) corresponds to the intrinsic anisotropy, t is the
fluorescence lifetime, τi is the rotational correlation time, and
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Bi a pre-exponential factor. The actual DPH fluorescence de-
cay (I(t)) is assumed to follow a double exponential model:

I tð Þ ¼ R infð Þ þ B1exp
−t
τ1

� �
þB2exp

−t
τ2

� �

Then, the G-factor was calculated as the average value of
the intensity ratio to minimize the consequences of the fact
that monochromators do not transmit polarized components of
light equally.

G ¼ Ihv tð Þ
Ihh tð Þ

� �

Using the G-factor and intensity values, the anisotropy r(t)
was then calculated according to the relationship:

r tð Þ ¼ Ivv tð Þ−GIvh tð Þ
Ivv tð Þ þ 2GIvh tð Þ

Lipid order parameter calculation

The lipid order parameter (S) and effective lipid order param-
eter (Seff) were calculated using values of fluorescence anisot-
ropy as follows [28, 29]:

S ¼ r
r0

� �1=2

; Seff ¼ r
0:4

� �1=2

where r is the observed anisotropy and r0 is the intrinsic an-
isotropy of the molecule. The term r0 is used to refer to the
anisotropy observed in the absence of other depolarizing pro-
cesses such as rotational diffusion or energy transfer. For
DPH, r0 values as high as 0.39 have been measured. The
anisotropy of 0.39 corresponds to an angle of 7.4° between
the dipoles, whereas an r0 value of 0.4 corresponds to an angle
of 0° [30].

Results and discussion

The phase transition temperature was studied by means of
fluorescence spectroscopy and microcalorimetry. The results
of microcalorimetry measurements are shown in Fig. 1. A
sharp phase transition is clearly observable in the case of pure
lipids (DPPC, DPTAP) and mixtures with a DPPC/DPTAP
ratio of 50:50. The phase transition temperatures for DPPC
and DPTAP are localized at 42 and 43 °C, respectively, while
it moves to higher temperatures in the case of mixed vesicles
prepared from these two lipids. The highest phase transition
temperature was found for a mixture with a DPPC/DPTAP
ratio of 50:50 and was localized approximately at 57 °C.
The reason for the shift of the phase transition temperature

to higher values in the case of all DPPC/DPTAP mixtures
probably lies in the DPPC headgroup dipole orientation
resulting from the presence of DPTAP. Charge repulsion be-
tween DPTAP and the terminal N+(CH3)3 group in DPPC
hinders the dipole reorientation that accompanies melting
(from perpendicular to the interface to parallel to the interface)
and prolongs the gel phase [7].

The dependences of normalized heat flow on temperature
corresponding to DPPC/DPTAP mixtures with an excess of
DPPC (90:10, 80:20, and 75:25) are noticeably broader than
the others. Vesicles of these compositions are probably not
homogenous through the entire sample volume; thus, they
do not exhibit a sharp phase transition, but rather a continuous
one.

The spectral shifts with increasing temperature in laurdan
emission spectra were quantified using generalized polariza-
tion (GP) values. GPs as a function of temperature are shown
in Fig. 2 and have a sigmoid character for all studied mixtures.
We observed the same character in all dependencies—a slight

Fig. 1 Normalized heat flow in DPPC/DPTAP vesicles

Fig. 2 Laurdan generalized polarization (GP) as a function of
temperature in DPPC/DPTAP vesicles
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decrease in GP in the first stage, followed by sharp GP de-
cline, and then a further slight decrease in GP at the end. We
quantified the differences between the location and slope of
the intermediate area, which are both summarized and com-
pared with results obtained by microcalorimetry in Fig. 3. The
small deviation between the obtained results can be explained
on the basis of the different principles of these two techniques.
The phase transition temperature was higher for all studied
mixtures compared to that for pure lipids, this increase being
the highest for the equimolar DPPC/DPTAP mixture.

It is worth noting the low values of GP at low temperatures
for mixtures with DPPC/DPTAP ratios of 25:75 and 0:100.
According to the literature, GP ranges from −0.3 to 0.3 for the
liquid phase of lipid bilayers and from 0.5 to 0.6 for the gel
phase [12, 14]. According to these values, mixtures consisting
mainly of DPTAP should not be in the gel state. However, if
we consider the essence of GP, the decrease in GP is caused by
an increase in the laurdan emission band located at around
490 nm, resulting from an increased polar head group area
and the presence of some water molecules in the vicinity of
laurdan naphthalene moiety, this indicating a larger head
group area per molecule as a consequence of repulsion due
to the presence of the positive charge located at the
trimethylammonium group.

Another point of interest is the slope of the rapidly decreas-
ing part in the dependences of GP on temperature. Figures 2
and 3 clearly show that all dependences have nearly the same
slope for the intermediate part, except for the mixture with a
DPPC/DPTAP ratio of 50:50, where the slope is doubled. This
high slope could indicate the fastest transition from gel to
liquid crystalline phase, as observed in microcalorimetry
experiments.

This observation suggests tightly packed membranes, as
was observed in equimolar dimyristoylphosphatidylcholine
(DMPC)/dimyristoyltrimethylammonium propane (DMTAP)
mixtures [31].

Lipid order parameter

The change in the order of the lipid membrane was expressed
by the effective lipid order parameter (Seff), determined from
the anisotropy of DPH fluorescence measurements. All mea-
sured values (Fig. 4) were higher than those reported in liter-
ature for different membrane constructs formed by 16:0–18:1
PC and cholesterol [28]. The reason for the high measured
values probably lies in the presence of only one acyl chain
type in each lipid, forming a relatively ordered membrane.
The Seff values increased slightly with the increasing propor-
tion of DPPC in the DPPC/DPTAP mixture. This gentle flu-
idization of membranes at low DPPC portions may be caused
by repulsive forces between positively charged DPTAP head
groups, which are suppressed by an increasing amount of
DPPC in the mixture. This would be in good agreement with
the low values of laurdan GP obtained with high proportions
of DPTAP.

These results are in agreement with literature, where the
increase of hydration of the lipid headgroup region was ob-
served with increasing DMTAP portion in DMPC/DMTAP
system, because pure TAP membranes are less packed [32].

Aggregation of DPTAP with Hya

To study the influence of Hya on DPTAP aggregation, we
used Hya of different concentrations and molecular weights
(137, 458, 1697 kDa). On systems containing pyrene as a
fluorescence probe, we measured steady-state fluorescence
excitation and emission spectra and obtained EmPI (and
ExPI) as described earlier.

The dependencies of pyrene EmPI on DPTAP concentra-
tion for pure DPTAP and its mixtures with Hya of different
concentrations (5, 15, 50, 100, and 1000 mg dm−3) and a
molecular weight of 458 kDa are shown in Fig. 5. The

Fig. 3 Phase transition temperature in DPPC/DPTAP vesicles obtained
using laurdan generalized polarization and microcalorimetry and the
slope (absolute value) of the dependence of laurdan GP on temperature

Fig. 4 Detail of the effective lipid order parameter of DPPC/DPTAP
vesicles with different DPPC/DPTAP ratios
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dependence corresponding to DPTAP has a sigmoid character,
with high EmPI values at low DPTAP concentrations indicat-
ing fluorescence from a polar (water) environment. At high
DPTAP concentrations, EmPI values are low, because fluores-
cence occurs from the hydrophobic region.

In the presence of Hya, a reincrease in pyrene EmPI was
observed at a DPTAP concentration dependent on the concen-
tration of Hya, not only a smooth decrease in pyrene EmPI as
observed in the case of pure DPTAP. This pyrene EmPI
reincrease was accompanied by the formation of precipitate.
From this behavior, we can suggest that almost all lipids in the
sample are consumed for precipitate formation. Thus, a small
amount of lipids remains in the solution, and high values of
EmPI are found. The measured values of CAC for systems
containing DPTAP and Hya are listed in Table 1. The

parameters of pyrene EmPI reincrease are also shown.
Values of the CDPTAP/CHya ratio were 1.67 or 2.00. It can be
said, with regard to the number of samples and the concentra-
tion step, that the CDPTAP/CHya ratio of the EmPI increase is
always the same (approaching a value of 2). No reincrease in
EmPI was observed at the Hya concentrat ion of
1000 mg dm−3, because this concentration of Hya was too
high to achieve a CDPTAP/CHya ratio of “2.” In contrast, a
double Boltzmann sigmoid was used to fit the data obtained
at the Hya concentration of 5 mg dm−3. The concentration of
the first point of inflection was lower than that at the Hya
concentration of 15 mg dm−3, and the concentration of the
second point of inflection was nearly the same as CAC in
the case of pure DPTAP. This may be a result of the mixture
separating into two different systems, one of which contains a

Fig. 5 Dependence of pyrene
EmPI on DPTAP concentration
for DPTAP and its mixtures with
Hya of different concentrations
and the same molecular weight of
458 kDa

Table 1 Measured values of
CAC of DPTAP mixtures with
Hya of different concentrations
and molecular weights and
parameters of pyrene EmPI
reincrease

Hya CAC (mg dm−3) Pyrene EmPI reincrease

Mw (kDa) c (mg dm−3) EmPI CDPTAP

(mg dm−3)
CDPTAP/CHya

(mg dm−3)

– – 52.7 ± 3.1 – –

137 15 5.2 ± 0.2 25 1.67

458 5 4.5 ± 0.2 8.33 1.67

55.9 ± 2.5a

15 7.8 ± 1.4 30 2.00

50 8.9 ± 0.1 100 2.00

100 9.6 ± 0.7 200 2.00

1000 18.3 ± 0.1 – –

1697 15 6.0 ± 0.7 25 1.67

a Parameter of the point of inflection of the second Boltzmann sigmoid
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predominant amount of Hya, while the other behaves rather
like pure DPTAP. A second explanation could be that the
DPTAP concentration (for a CDPTAP/CHya ratio of 2 and the
Hya concentration of 5 mg dm−3) is too low to form vesicles
which should interact with Hya and form a precipitate.

The aggregation was also observed in the case of cationic
liposomes (EPC/DOPE/DOTAP) and low molecular weight
Hya. The increase of size of aggregates occurs in the concen-
tration range of Hya 3 to 20% [33].

The values of CAC for DPTAP mixtures with Hya of dif-
ferent concentrations and a molecular weight of 458 kDa ob-
tained using EmPI are also graphically depicted in Fig. 6. As
can be clearly seen, a slight increase in CAC was observed
with increasing Hya concentration but was not as pronounced
as that obtained in the case of pure DPTAP. For the mixture of
DPTAP with Hya of concentration 5 mg dm−3, two values of
CAC are shown, as described earlier.

The reincrease in EmPI (and also ExPI) was accompanied
visually by the formation of precipitate on the wall of the vial
(Fig. S1). Only in the case of samples with the Hya concen-
tration of 50 mg dm−3 was the precipitate formed at a three
times lower concentration than the concentration at which an
increase in EmPI occurred. In this case, the appearance of the
formed precipitate was different. Then, samples with higher
DPTAP and Hya concentrations were prepared, the CDPTAP/
CHya ratio remaining at 2 (Fig. S2).

The dependencies of pyrene ExPI onDPTAP concentration
(not shown) had a similar character to those of EmPI on
DPTAP concentration; only slightly lower CACs values were
obtained.

In addition, the influence of the molecular weight of Hya
on precipitate formation with DPTAP was studied. Three

molecular weights of Hya were used (137, 458, and
1697 kDa), and its concentration was 15 mg dm−3 in all cases.
No influence of Hya molecular weight was observed (see
Fig. S3), and the measured values of CAC were nearly the
same (Table 1). An abrupt increase in pyrene EmPI (and also
ExPI) was observed in all cases at the same concentrations,
and the formed precipitate had the same appearance.

Aggregation of DPPC/DPTAP mixture in the presence
of Hya

Four mixtures with different DPPC/DPTAP molar ratios
(50:50, 75:25, 80:20, and 90:10) were prepared to study the
effect of Hya on DPPC/DPTAP aggregation. In the case of the
DPPC/DPTAP mixture with a molar ratio of 50:50, the results

Fig. 6 CAC of DPTAP and Hya mixtures with different Hya
concentrations determined by pyrene EmPI. In the case of a Hya
concentration of 5 mg dm−3, a double Boltzmann curve was used to fit
the dependence of pyrene EmPI on DPTAP concentration, and two points
of inflection were obtained

Fig. 7 Dependence of pyrene EmPI on DPPC and DPTAP concentration
for different DPPC/DPTAP ratios in the presence of Hya (15 mg dm−3,
458 kDa)

Fig. 8 Dependence of pyrene EmPI on DPPC and DPTAP concentration
for a DPPC/DPTAP ratio of 75:25 in the presence and absence of Hya
(15 mg dm−3, 458 kDa)
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show that the molecular weight of Hya had no influence on
either the dependence of EmPI on DPPC/DPTAP concentra-
tion (not shown) or CAC values (see Table S1). Therefore,
further experiments were focused only on Hya of middle mo-
lecular weight (458 kDa).

Figure 7 compares the dependencies of EmPI on
DPPC/DPTAP concentration as a function of different
DPPC/DPTAP ratios. It is obvious that with a decreasing
DPTAP ratio in the mixture, the reincrease in pyrene EmPI
is localized at higher DPPC/DPTAP concentrations. Figure 8
shows an example of the dependences of EmPI on DPPC and
DPTAP concentration (for a DPPC/DPTAPmolar ratio 75:25)
with and without Hya (of concentration 15 mg dm−3 and mo-
lecular weight 458 kDa). After the addition of Hya, a
reincrease in EmPI was observed (similarly as in the case of
DPTAP and Hya mixtures); however, CAC values increased
for all DPPC and DPTAP mixtures (Table 2, Fig. 9), which
was in contrast to the addition of Hya to DPTAP, when CAC
values decreased by approximately ten times.

Even here, we monitored the parameters when the
reincrease in pyrene EmPI was observed. Similarly as in the
case of DPTAP mixtures with Hya, we monitored the concen-
tration ratio, CDPTAP/CHya, and, moreover, CDPPC/CHya

(Table 2).
CDPPC/CHya ratio increases with decreasing portion of

DPPC in DPPC/DPTAP mixture with Hya; therefore, the de-
pendence ofCDPPC/CHya ratio on DPPC/DPTAP ratio is rather
inconclusive.

Vice versa, the CDPTAP/CHya ratio approached a value of 2
for all DPTAP and DPPC mixtures with Hya. It should be
noted that the CDPTAP/CHya ratio was also equal to 2 in the
case of DPTAP/Hya mixtures (Table 1). Thus, aggregation is
evidently controlled by the DPTAP concentration and
CDPTAP/CHya concentration ratios. It seems that the presence
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of DPPC does not affect the aggregation behavior of these
systems, although the concentration of DPTAP at the CAC
value of the DPPC/DPTAP/Hya mixture decreases with a de-
creasing amount of DPTAP in these mixtures (Fig. 9). The
concentration of DPPC at the CAC of these mixtures shows
no dependence on DPPC/DPTAP ratio (Fig. 9). Therefore, we
can say that DPPC participates in the formation of
DPPC/DPTAP/Hya aggregates but does not affect this forma-
tion directly.

After the addition of higher concentration of Hya
(1000 mg dm−3), no reincrease in EmPI was observed and
the influence on CAC values was insignificant.

Conclusion

In this work, we studied the influence of Hya on vesicles
formed by DPTAP and DPPC/DPTAP mixtures. The forma-
tion of vesicles and their interactions with Hya was confirmed
by fluorescence spectroscopy. In case of DPTAP, the presence
of Hya caused the significant decrease of CAC of the system.
On the other hand, in DPPC/DPTAP mixed system, addition
of Hya resulted in only slight decrease of CAC of the studied
system independently on DPPC/DPTAP ratio. In addition, the
interaction between studied lipid systems caused the forma-
tion of precipitate, which was controlled only by the DPTAP
concentration, even in the case of DPPC/DPTAP mixtures
with Hya. The precipitate was formed after reaching a specific
DPTAP/Hya ratio, not only in the case of DPTAP and Hya
mixtures, but also in the case of DPPC, DPTAP and Hya
mixtures. Thus, the formation of precipitate is managed by
DPTAP.We also focused on the study of DPPC/DPTAPmem-
brane properties. Membrane fluidity was studied by means of
the fluorescence anisotropy of DPH. It was shown that with an
increasing proportion of DPPC, the DPPC/DPTAP membrane
was more rigid. Phase transition was studied by laurdan
steady-state fluorescence and microcalorimetry. The phase
transition temperature was shown to increase for mixtures of
DPPC/DPTAP, this increase being particularly pronounced for
an equimolar mixture of DPPC and DPTAP.

CAC, critical concentration of aggregation; DOTAP, 1,2-
dioleyl-3-trimetylammonium-propan; DPH, 1,6-diphenyl-
1,3,5-hexatriene; DPPC, 1,2-dipalmitoyl-sn-glycero-3-phos-
p h a t i d y l c h o l i n e ; DPTAP, 1 , 2 - d i p a lm i t o y l - 3 -
trimetylammonium-propan; EmPI, emission polarity index;
ExPI, excitation polarity index; GP, generalized polarization;
Hya, hyaluronan; PC, phosphatidylcholine; S, lipid order pa-
rameter; Seff, effective lipid order parameter.
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