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Due to the growing importance of controlled drug delivery systems (DDS), the main task of nanotechnol-
ogy is to develop stable, effective and non-toxic nanocarriers in which the drug can be encapsulated and
delivered to a specific diseased site in the patient’s body. Currently, one of the most popular ways to
improve the pharmacokinetic and physicochemical properties of liposomes is introducing into their
structure poly(ethylene glycol) chains conjugated with 1,2-disteroil-sn-glycero-3-
phosphoethanolamine (DSPE) molecules. Because the research so far does not give an unequivocal
answer which length of PEG chains is more beneficial for liposomes properties, the aim of this work
was to investigate the influence of this parameter (DSPE-PEG350, DSPE-PEG750 and DSPE-PEG2000)
on model DPPC membrane. The studies were performed on monolayer and bilayer systems and were
related to the surface pressure measurements, Brewster angle microscopy experiments, Grazing
Incidence X-ray Diffraction studies, dynamic light scattering and zeta potential measurements and the
experiments with the calcein release and steady-state fluorescence anisotropy of DPH. The obtained
results proved that the molecular organization of the DPPC membrane strongly depends on the length
of poly(ethylene glycol) chains conjugated with DSPE. Moreover, the addition of different lengths of poly-
mer chains changes the properties of formulated liposomes, especially their stability, permeability, size
and surface charge.
� 2021 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

In recent decades, the drug delivery system (DDS) has become
one of the most popular topics in modern pharmacology due to
multiple benefits that it brings to the patient’s health. In DDS the
drug substance is encapsulated in special carriers (e.g. liposomes,
micelles and polymeric nanoparticles) which leads to the longer
and more effective therapeutic effect. The application of carriers
of medicinal substances allows for keeping the concentration of
the drug at the same level over a long period of time and delivering
of the active substance exactly to the affected site [1,2]. Liposomes
are closed spherical lipid bilayers filled with water or an aqueous
solution. A lipid bilayer is composed of two sheets of tightly
arranged phospholipids. The unique structure of liposomes enables
the encapsulation of many different substances inside: polar (the
water space inside the liposome) and non-polar (the core of the
bilayer). The properties of phospholipid vesicles can be varied
depending on the composition of the lipid layer, size and method
of their obtaining [3–5]. One of the ways to improve the physico-
chemical and pharmacokinetic properties of lipid – based carriers
is introducing polyethylene glycol (PEG) into their structure. PEG
is a neutral, crystalline and thermoplastic polymer that is charac-
terized by high biocompatibility, lack of toxicity, low immuno-
genicity and excellent excretion kinetics. The perennial research
on unmodified liposomes has shown that they easily interact with
serum proteins after intravenous injection. This fact results in mas-
sive uptake by cells of the mononuclear phagocyte system (MPS).
The most popular hypothesis that explains the ability of polyethy-
lene glycol to improve the properties of nanocarriers is based on
‘‘steric stabilization” which reduces liposome aggregation and
plasma protein adsorption whereby the uptake by MPS could be
retarded [6–8]. Surface modification of liposomal formulations
with PEG is achieved among others by physical adsorption of the
polymer onto the surface of the vesicles or covalent attachment
of reactive groups onto the surface of liposomes. At present, the
most popular method of PEG incorporation on the liposomal sur-
face is anchoring the polymer in the liposomal membrane via a
cross–linked lipid, such as DSPE-PEG (1,2-distearoyl-sn-glycero-3
-phosphoethanolamine-N-[methoxy(polyethylene glycol)]), during
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liposomes preparation [9]. PEGylated liposomes have a prolonged
circulation lifetime in the blood stream which increases their dis-
tribution in target tissues. In addition, the presence of PEG chains
increases the solubility of drugs and prevents aggregation of lipo-
somes, improving their stability [10–12]. The unquestionable
advantage of PEG molecules is the ability to easily modulate their
structure and molecular weight for specific purposes. The cross–
linked DSPE-PEG lipid in its structure may contain various polymer
chain lengths because PEG can be synthesized with wide range of
molecular weight (MW, 400 Da to 50 kDa). Thus the question
arises - which length of the polymer chain is most beneficial for
the circulation lifetime of liposomes? The answer is not so unam-
biguous. The research presented in literature shows that in many
cases the longer PEG chains have caused the greatest improvement
in blood residence time [10,13]. T.M. Allen published in 1991 that
PC/SM/Chol/DSPE-PEG liposomes containing longer PEG chains
(PEG1900 or PEG5000) exhibited higher blood level at 24 h in com-
parison to vesicles with shorter polymer chains (PEG190 or
PEG750) [14]. On the other hand, K. Maruyama reported in the
same year that DSPE-PEGs with lower molecular weights
(PEG1000 or PEG2000) prolonged the circulation lifetime of
DSPC/Chol liposomes more than DSPE-PEGs with higher molecular
weights (PEG5000 or PEG12000) [15]. This fact indicates the neces-
sity for further research in this field.

The basic task of nanotechnology is to develop and optimize
effective, stable and non-toxic nanocarriers of therapeutic sub-
stances. The diverse and complex structure of the biological mem-
brane significantly hinders the study of processes occurring within
it, the type of interactions occurring between its components or
the impact of active biomolecules on its structure. For this reason,
the research uses a number of simplified, artificial model systems
such as Langmuir monolayers or liposomes [16–18]. Despite the
creation of a monomolecular surface film, the Langmuir monolayer
technique is particularly important in modeling natural biological
membranes. Many years of research have shown that, at the sur-
face pressure of 30–35 mN/m, the properties of lipid monolayers
are similar to those of bilayers made of the same lipids [19]. Due
to the fact that the Langmuir monolayer method applies to model-
ing only a single membrane layer, it cannot be used in studies of
transmembrane processes but it is most suited to mimic processes
at membrane surfaces [20,21]. One of the major group of lipids
used to modeling of cell membranes is phosphatidylcholines.
Because dipalmitoylphosphatidylcholine (DPPC) is prominent
phospholipid in the mammalian cell membrane and predominant
lipid component of lung surfactant (about 40 wt% of mammalian
lung surfactant), it is a natural focus of attention for research
[22–24].

The aim of this research was to investigate the influence of the
concentration and the length of polyethylene glycol chain (DSPE-
PEG350, DSPE-PEG750 and DSPE-PEG2000) on the physicochemi-
cal properties of the DPPC monolayer. Additionally, the effect of
polyethylene glycol chain modification on the properties of DPPC
lipid bilayer, such as size, surface charge, stability and permeabil-
ity, was determined. These studies were conducted to optimize
stable and effective potential carriers for drugs.
2. Materials and methods

2.1. Materials

The investigated phospholipid DPPC (1,2-dipalmitoyl-sn-
glycero-3-phosphocholine) and the PEG-ylated lipids: DSPE-
PEG350 (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[m
ethoxy(polyethylene glycol)-350] (ammonium salt)), DSPE-
PEG750 (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[m
2

ethoxy(polyethylene glycol)-750] (ammonium salt)) and DSPE-
PEG2000 (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[
methoxy(polyethylene glycol)-2000] (ammonium salt)) were syn-
thetic powders of purity higher than 99%, purchased from Avanti
Polar Lipids (Alabaster, AL). HPLC – grade (>99,9%) methanol and
chloroform were purchased from POCH and used as a mixed sol-
vent (1:9 v/v) for dissolving of the lipids. The mixed solutions were
prepared by mixing the proper volumes of the respective stock
solutions. The other substances used in the liposome experiments,
such as: bis[N,N � bis(carboxymethyl)aminomethyl]fluorescein
(calcein), m1,6-diphenyl-1,3,5-hexatriene (DPH) were purcheased
from Sigma Aldrich, whereas 4-(1,1,3,3-Tetramethylbutyl)phenyl-
polyethylene glycol (Triton X-100) from POCH.

2.2. Methods

2.2.1. Langmuir monolayer technique
The measurements of the p-A isotherm were recorded with

using a Nima (U.K.) Langmuir through (total area = 300 cm2)
located on an antivibration table. The surface pressure measure-
ments (with the accuracy of ± 0,1 mN/m) were conducted with
the application of theWilhelmy plate made of filtration paper (ash-
less Whatman Chr1) linked to an electrobalance. The prepared
pure and mixed lipid solutions were deposited onto the ultra-
pure water subphase (resistivity � 18.2 MX�cm�1) obtained from
Mili-Q system with the application of the Hamilton microsyringe,
precise to 1 µL. The temperature of the water subphase (20 �C)
was controlled thermostatically to within 0.1 �C by circulating
water system. After complete evaporation of the volatile solvents
(about 5 min) the monolayer was compressed. Since no influence
of the compression velocity (within the range of 1–6 Å2�molecule-
1�min�1) was found for the investigated films, in all of the experi-
ments monolayers were compressed with the speed of 3.5 Å2-
�molecule-1�min�1. The measurements were conducted for binary
DPPC/DSPE-PEG350, DPPC/DSPE-PEG750 and DPPC/DSPE-
PEG2000 systems in a wide range of PEG-ylated lipid mole fraction
(0, 0.02, 0.05, 0.1, 0.3, 0.5, 0.7, 0.9, 1). To check the reproducibility
of the obtained results, each experiment was repeated at least
three times (the uncertainty of measurement for the area per
molecule and surface pressure does not exceed 0.3 Å2/molecule
and 0.2 mN/m, respectively).

2.2.2. Brewster angle microscopy (Bam)
The BAM imagining was performed using UltraBAM device

(Accurion GmbH, Göttingen, Germany) with the resolution 2 µm.
The Brewster angle microscopy consisted of a 50 mW laser emit-
ting light of p polarization at a wavelength of 658 nm, a 10 �mag-
nification objective, a polarizer, an analyzer and a CCD camera. The
BAM instrument was located above the KSV Langmuir through
with total area of 700 cm2 and equipped with two compressing
barriers which was situated on an antivibration table.

2.2.3. Grazing incidence X-ray diffraction (Gixd)
The experiments were performed on the SIRIUS beamline at

SOLEIL synchrotron (Gif-sur- Yvette, France) using the dedicated
liquid surface diffractometer. The Langmuir trough (R&K GmbH
electronics, Germany) was mounted on the goniometer in a gas
tight box with Kapton windows. Before each experiment, the can-
ister was sealed and flushed with helium to reduce the oxygen
level. Such a procedure guaranteed the reduction of the scattering
background and minimized the beam damage during the experi-
ment. After at least 30 min, the monolayer was compressed to
the target surface pressure of 30 mN/m, which afterward was held
constant during the entire experiment. The length of the X-ray
beam was 1.553 Å. The detailed construction of the diffractometer
working at the SIRIUS beamline and the parameters of the
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synchrotron beam applied in the GIXD experiments are described
on the SOLEIL web site (www.synchrotron-soleil.fr). The scattered
signal was detected using a Pilatus3 2D pixel detector (Dectris Ltd.,
Switzerland). This detector is used as 1D detector through the com-
bined use of a Soller slits collimator oriented vertically to fix the in-
plane 2h resolution and an integration of the 2D image horizontally
to obtain a 1D spectrum. The achieved resolution was about
0.002 Å�1. The spectra were obtained by scanning the in-plane
2h angle. At each point, the vertically scattered intensity was
recorded to obtain finally the intensity map I(Qxy,Qz) where Qxy
is the scattering vector component in the monolayer plane, and
Qz is the vertical component along the z-axis. The I(Qxy,Qz)
diffractograms were integrated along the vertical distribution of
Qz to obtain the Bragg peaks I(Qxy). Simultaneously the spectra
were integrated over the Qxy values to obtain the Bragg rods, I
(Qz). The estimation of the full width at half maximum (FWHM)
of Bragg peak enables the calculation of the Lxy parameter, which
is related to the range of 2D crystallinity, according to the Scherrer
formula Lxy � 0.88�2p/FWHM Bragg peak. Further details regard-
ing the foundations of GIXD can be found in the literature [25,26].

2.2.4. Preparation of unloaded liposomes
Liposome formulations were obtained by dry lipid film method

by mixing the appropriate amounts of stock DPPC and PEG-ylated
DSPE solutions. Then, the solvents were evaporated under a gentle
stream of nitrogen until complete dryness. The formed dry lipid
film was hydrated in 0,1M PBS (pH 7.4) and intensively vortexed.
To obtained unilamellar liposomes, the multilamellar liposome for-
mulations were subjeted to five cycles of freezing (liquid nitrogen
temperature) and thawing (temperature around 60 �C). Finally, the
prepared mixture of liposomes was extruded six times through the
polycarbonate filters with 100 nm pores with the appliction of
LiposoFast extruder (Avestin Inc.). The final concentration of lipids
in each systems was 0.5 µmol/mL.

2.2.5. Preparation of calcein-loaded liposomes
The calcein was encapsulated inside the liposomes at the stage

of their preparation. The formed dry lipid film was hydrated in
20 mM calcein solution dissolved in 1 M PBS at pH 7.4. The
untrapped calcein molecules were separated with employment of
size-exclusion chromatografphy on a Sephadex G-50 chromatogra-
phy column with PBS buffer as eluent.

2.2.6. Liposome size and zeta-potential measurements
To determine the size and zeta-potential of formulated lipo-

somes, the dynamic light scattering (DLS) experiments were per-
formed. For this purpose the Malvern Nano ZS light-scattering
apparatus (Malvern Instrument Ltd., Worcestershire, UK) was
applied. For each probe, the size and zeta-potential were measured
three times and as a results their average values were presented.
The zeta potential measurements were conducted with the appli-
cation of Laser Doppler Velocimetry (LDV) technique and based
on the electrophoretic mobility equation (1):

UE ¼ 2ef að Þ
3

ð1Þ

where: UE is the electrophoretic mobility, e is the dielectric con-
stant, f is the zeta-potential, g is the viscosity, f(ja) is the Henry’s
function (1.5 for particles > 200 nm in solutions with I > 10�3 mol/
dm3 or 1 for small particles). All measurements were repeated at
least three times.

2.2.7. Fluorescence anisotropy measurements
The fluidity of the liposomal membrane was investigated based

on the measurements of the steady-state fluorescence anisotropy
(r) of DPH (1,6-diphenyl-1,3,5-hexatriene), which as a matter of
3

its hydrophobic character is anchored into the hydrocarbon core
of the membrane. Liposome formulations with fluorescence probe
embedded in the membrane were obtained by adding a DPH solu-
tion (in chloroform/methanol = 4:1 v/v) to the appropriate volume
of lipid solutions. Final lipid concentration in the sample was
0.5 µmol/ml. DPH concentration in the liposomal membrane was
at the level of 1.67 µM. In the measurements the Hitachi F-7100
spectrofluorometer was applied. All measurements were repeated
at least three times. The fluorescence anisotropies were deter-
mined using vertically polarized light at k = 350 nm for excitation
and both parallel (IVV) and perpendicular (IVH) light at k = 428 nm
for emission. The steady-state fluorescence anisotropy (r) was cal-
culated using the equation (2):

r ¼ IVV � GIVH
IVV � 2GIVH

ð2Þ

where G = IHV/IHH is an instrumental correction factor which is
defined as the ratio of the intensity with horizontal excitation and
vertical emission to the intensity with horizontal excitation and
horizontal emission, IVV is the intensity with vertical excitation
and vertical emission, IVH is the intensity with vertical excitation
and horizontal emission.

2.2.8. The liposomal membrane permeability
Liposomal membrane permeability was tested by measuring

the changes in fluorescence intensity caused by the release of cal-
cein from liposomes over time. In this experiment the Hitachi F-
7100 spectrofluorometer was used. Spontaneous calcein leakage
was monitoring during 14 days. Each experiment was repeated at
least three times. The fraction of calcein released (RF) over time
was calculated according to equation (3):

RF %ð Þ ¼ 100 It � I0ð Þ
Imax � I0

ð3Þ

where RF is the fraction of calcein released, I0, It and Imax are the flu-
orescence intensities measured at the beginning of the experiment,
at time t, and after the addition of 3% triton X-100, respectively.
3. Results and discussion

The surface pressure (p) – area (A) isotherms recorded for one–
component lipid monolayers and binary DPPC/DSPE-PEG350,
DPPC/DSPE-PEG750, DPPC/DSPE-PEG2000 systems are shown in
the Fig. 1a, b, c. The characteristic of the isotherm registered for
pure one–component DPPC monolayer is in agreement with results
presented in literature [23]. The presence of the plateau in the
course of the DPPC isotherm indicates phase transition between
the liquid-expanded (LE) and the liquid-condensed (LC) states.
Fig. 1d demonstrates the p-A isotherms of pure DSPE-PEG350,
DSPE-PEG750 and DSPE-PEG2000 monolayers. On the p-A curves
of the DSPE-PEG can be observed two transition regions, known
as low and high pressure transition region, which is in accordance
with presented literature [27,28]. The low pressure transition
region is correlated with a structural change in PEG chains, called
pancake-to-mushroom conformational change, which is observed
nearly at 10 mN/m for DSPE-PEG750 and at 12 mN/m for DSPE-
PEG2000 monolayer. The low pressure transition region is not
observed for DSPE-PEG350 monolayer because this region
becomes less noticeable as the polymer chain length decreases
[29]. The character of the high pressure transition region, visible
on the DSPE-PEG isotherms as a plateau (16 mN/m for DSPE-
PEG350 and DSPE-PEG750, 19 mN/m for DSPE-PEG2000), is still
under discussion. According to the theoretical predictions pre-
sented by de Gennes and Alexander, the transition observed at
high pressure is related with a mushroom-to-brush conformational



Fig. 1. The surface pressure (p) – area (A) isotherms for a) DPPC/DSPE-PEG350, b) DPPC/DSPE-PEG750, c) DPPC/DSPE-PEG2000 systems and d) pure DSPE-PEG350, DSPE-
PEG750 and DSPE-PEG2000 monolayers.
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change of polymer chain. However, the recent study conducted by
Lonzano and Longo in 2009 have demonstrated that the high pres-
sure transition is a result of the strong local ordering of the alipha-
tic chains in the phospholipid part of the lipopolymer [30,31]. The
p-A isotherms for mixed monolayers of DPPC/DSPE-PEG350, DPPC/
DSPE-PEG750 and DPPC/DSPE-PEG2000 showed more expanded
behavior than pure DPPC and lied between those obtained for pure
one-component films. With the increase of the molar fraction of
DSPE-PEG, the shape of the curves for the mixed monolayers
became more and more similar to pure DSPE-PEG isotherms which
pointed out a presence of transition regions related with conforma-
tional changes within the lipopolymer. With the increase of the
concentration of PEG-lated lipid in the mixed monolayer the high
transition region appeared at higher surface pressure and was
widened. Moreover, it is also worth noting that as the lipopolymer
concentration in the mixed film increases, the plateau correspond-
ing to the LE-LC phase transition (visible at p � 10 mN/m for DPPC
monolayer) also shifts towards higher surface pressures. This indi-
cates that the presence of the lipopolymer in the mixed monolayer
hinders the transition between the liquid expanded and the liquid
condensed phase. In the case of DPPC/DSPE-PEG350 and DPPC/
DSPE-PEG750 systems the surface pressure at which the mono-
layer collapses (pcollapse) increases with the increase of lipopolymer
concentration in the system, thus the stability of the mixed surface
films increases. The reverse dependency have been observed for
the DPPC/DSPE-PEG2000 system, the pcollapse decreases with the
increase of the molar fraction of DSPE-PEG2000, therefore the sta-
bility decreases.

To better describe the effect of the length of DSPE-PEG on the
DPPC monolayer the compressional modulus (in-plane elasticity)
was calculated with the use of the following equation:

C�1
s ¼ �A

dp
dA

� �
ð4Þ

where A is the value of the mean area per molecule at a given sur-
face pressure (p). The calculated values of the compressional mod-
4

ulus (Cs
-1) for mixed systems of DPPC/DSPE-PEG350, DPPC/DSPE-

PEG750 and DPPC/DSPE-PEG2000 are presented in Fig. 2a, b, c as
a function of the surface pressure (p). The LE-LC phase transition
region of the DPPCmonolayer had been identified as a characteristic
minimum visible in the Cs

-1 vs p dependency. The compressional
modulus (Cs

-1) values of the pure DSPE-PEG750 and DSPE-
PEG2000 monolayers showed two minima which corresponds to
transition regions of the isotherms given in Fig. 1d. The Cs

-1 vs p
dependency of the pure DSPE-PEG350 monolayer exhibited only
one minimum which denoted the high pressure transition region.
This was in agreement with information obtained from the iso-
therm of DSPE-PEG350 (Fig. 1d). Moreover, the pure DSPE-PEG
monolayer exhibited more compressible behavior than the pure
DPPC monolayer. The addition of the PEG-ylated lipid into
the DPPC monolayer causes a decrease in the values of
the compressional modulus in comparison to the pure
dipalmitoylphosphatidylcholine film. This indicates that mixed
monolayers are more elastic than DPPC film due to the penetration
of the mixed monolayer through polymer chains at lower surface
pressures and less ordering of the acyl chains at higher surface pres-
sures (above phase transition pressure). Comparing the influence of
the length of DSPE-PEG on the maximum compressional modulus
values it can be concluded that the Cs

-1 values decrease with the
increase of the length of the polymer chain. This is due to the fact
that the shorter poly(ethylene glycol) chains can get closer together
resulting in a more condensed and less compressible monolayer.
This is manifested in an increase in Cs

-1 values.
The p-A isotherms for all DPPC/DSPE-PEG systems were also a

starting point for the investigations of the molecular interactions
in the mixed monolayers. The presence of these interactions is ana-
lyzed for example in terms of a miscibility of the mixed film com-
ponents. The miscibility can be studied on the grounds of the
calculations of the mean area per molecule A12. The case of ideal
mixing of monolayer components Aid was calculated according to
the equation (5):

Aid ¼ ðA1X1 þ A2X2Þ ð5Þ



Fig. 2. The compressional modulus (CS
�1) vs. the surface pressure plots for a) DPPC/

DSPE-PEG350 b) DPPC/DSPE-PEG750 c) DPPC/DSPE-PEG2000 systems.

Fig. 3. The mean molecular area (A12) vs. the molar fraction of the PEG-ylated lipid
in DPPC/DSPE-PEG350, DPPC/DSPE-PEG750, DPPC/DSPE-PEG2000 systems at p = 30
mN/m. The error bars represent the maximal values of standard deviations (SD)
calculated from three independent measurements.

Fig. 4. DGexc vs. the molar fraction of the PEG-ylated lipid in DPPC/DSPE-PEG350,
DPPC/DSPE-PEG750, DPPC/DSPE-PEG2000 systems at p = 30 mN/m. The figure does
not contain error bars, as the maximum values of standard deviations (SD)
calculated from three independent measurements did not exceed the value of 8 J /
mol and they would not be visible.

M. Kowalska, M. Broniatowski, M. Mach et al. Journal of Molecular Liquids 335 (2021) 116529
where A1 and A2 are the molecular area of the respective compo-
nents in their pure films at the same surface pressure, and X1 and
X2 are the mole fractions of components 1 and 2 in the mixed
monolayer. Many years of research have shown that at p = 30–35
mN/m the ordering of the phospholipid molecules in Langmuir
monolayers is similar to that found in natural cytoplasmic mem-
branes [32]. Therefore, the values of A12 have been calculated at
p = 30 mN/m. The calculations of A12 are shown in Fig. 3 in the func-
tion of molar ratio of PEG-ylated lipid. The ideal mixing case of two
components was marked in the graph by a dashed line. For all the
tested binary systems the A12 vs. XDSPE-PEG dependency showed
deviations from linearity which indicates the non-ideal behavior
of the investigated mixed films. The results of these calculations
proved that in the investigated range of surface pressure (30 mN/
m) DPPC mixes with DSPE-PEG in the whole range of the monolayer
composition. This non-ideal behavior of the mixed monolayers is a
5

result of the intermolecular forces that differ from those existing in
the pure films of the respective components. Moreover, for almost
all DPPC/DSPE-PEG systems, deviations from ideality are negative
indicating that mixed monolayers are packed denser in comparison
with the respective hypothetical ideal systems.

To obtain a deeper analysis of the miscibility between DPPC and
DSPE-PEG and to get to know more about the thermodynamic sta-
bility of formulated binary monolayers, the excess Gibbs energy of
mixing (DGexc) for p = 30 mN/m have been calculated based on the
equation (6):

DGexc ¼ N0

Z p

0
A12 � ðA1X1 þ A2X2Þð Þdp ð6Þ

where N0 is Avogadro’s number, A12, A1, and A2 are the mean area
per molecule in a binary mixed monolayer and in one-component
films, respectively, and X1 and X2 are the mole fractions of compo-
nents 1 and 2 in mixed film. The result of calculations of DGexc are
presented in Fig. 4 as a function of mole fraction of DSPE-PEG. As
can be seen in Fig. 4, the values of DGexc – 0 proves the non-
ideality of the DPPC/DSPE-PEG films. In the case of DPPC/DSPE-
PEG350, DPPC/DSPE-PEG750 and DPPC/DSPE-PEG2000 systems
incorporation of the PEG-ylated lipid into DPPC monolayer causes
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a decreases in values of the excess Gibbs energy of mixing in almost
whole range of the monolayer components. The negative values of
DGexc indicate that the interactions between DPPC and DSPE-PEG
molecules are less repulsive as compared to those in their respec-
tive pure films. In all the tested systems, the lowest value of DGexc

is achieved for 30 mol% addition of DSPE-PEG in the mixed film. For
XDSPE-PEG > 0,3 the values of DGexc was less negative than the value
for 30 mol% content of DSPE-PEG. This is probably due to the fact
that the molecules in DPPC/DSPE-PEG systems could not get closer
to each other with increasing amount of the PEG-ylated lipid in the
system because of the expansion and repulsive effect of PEG chains.
Comparing the values of excess Gibbs energy for several PEG-
ylation degrees of DSPE it can be noticed that the system with the
shortest polymer chains has the most negative DGexc values. The
reason for this is most likely the fact that short PEG350 chains
can near to DPPC molecules on much smaller distances and create
less repulsive interactions than in case of PEG750 or PEG2000
chains. Thus, the DPPC/DSPE-PEG350 system is characterized by
the highest thermodynamic stability among the investigated
systems.

All the investigated binary systems (DPPC/DSPE-PEG350, DPPC/
DSPE-PEG750, DPPC/DSPE-PEG2000) were also tested with the
application of Brewster Angle Microscopy (BAM). The BAM images
of pure and mixed films of DPPC/DSPE-PEG350 taken at various
surface pressure values are presented in Fig. 5. The BAM results
for DPPC/DSPE-PEG750 and DPPC/DSPE-PEG2000 was presented
in Supporting Materials (Figure S1a and S1b). The registered BAM
images demonstrate changes in the morphology of the pure DPPC
monolayer upon its compression which is in agreement with the
data presented in literature [33]. The characteristic lobe-shaped
domains of the condensed phase are observed at the beginning
of the LC-LE phase transition region. As the DPPC monolayer is
compressed these domains grow, get closer together and beyond
the LE-LC coexistence region connect into homogeneous liquid-
condensed film. The BAM images registered for DSPE-PEG350
demonstrate the homogeneous character of the monolayer in the
whole range of the surface pressure. The BAM pictures of pure
Fig. 5. BAM images for DPPC, DSPE-PEG350 and

6

DSPE-PEG350 became brighter what indicate the growing degree
of the condensation with the surface pressure. The same results
were obtained for pure DSPE-PEG750 and DSPE-PEG2000 mono-
layers. At high molecular areas and low surface pressures for X-

DSPE-PEG350 = 0,05 two areas of varying contrast are observed. This
situation suggests the coexistence of the gas phase (dark area) with
the phase of higher degree of condensation (light area). In the case
of other mixtures, while maintaining similar parameters, as the
molar fraction of the lipopolymer increases, it becomes more diffi-
cult to notice the transition from a gaseous state to a higher con-
densation state. For two-component monolayers the formation of
domains with a dendritic shape can be observed. The presence of
these objects indicates the nucleation of the condensed liquid
phase (LC) in the matrix of the expanded liquid phase (LE). Further
compression leads to an increase in the number of condensed
domains with a higher degree of condensation and the formation
of a homogeneous film, which morphology does not change until
the monolayer collapse. With increasing DSPE-PEG350 concentra-
tion in the mixture, the existing domains become smaller and
the surface morphology becomes more and more similar to the
surface film of pure DSPE-PEG350. Based on the plot of the com-
pressional modulus vs. the surface pressure (Fig. 2) and the
decreasing dendritic domains, which are probably enriched in
DPPC, it can be concluded that the DSPE-PEG350 hinders the for-
mation of condensed domains. Comparing the BAM images of
monolayers DPPC/DSPE-PEG350 at the surface pressure 30 mN/m
can be noticed a difference in their contrast, which is most likely
caused by the ordering of polymer chains in the surface film.

To have the insight into the organization of the investigated
lipids at the molecular level the Grazing incidence X-ray diffrac-
tion technique was applied. All the experiments were performed
for Langmuir monolayers compressed to 30 mN/m, that is in the
conditions corresponding to cellular membranes. The structural
parameters calculated from the GIXD data for the investigated
lipids were gathered in Table 1. DPPC is well known from the sci-
entific literature [34-36] to form in that conditions 2D crystalline
monolayers. Indeed three diffraction signals can be observed for
selected DPPC/DSPE-PEG350 monolayers.



Table 1
In-plane structural parameters obtained from GIXD experiments for the investigated lipids at the surface pressure p = 30 mN/m: a and b – the lengths of the unit cell vectors, c
the angle between the vectors a and b, A – area of the 2D unit cell, Lxy – in-plane coherence length, s – tilt angle.

Sample a, b (Å) ± 0.001 c (deg) ± 0.2 A (Å2) ± 0.03 Lxy (Å) ± 2 s (deg) ± 0.6

DPPC 5.006; 5.091 118.026 22.50 L<0,1> 99; L<1,0> 83,
L<-1,1> 291

24.7

DSPE-PEG350 a = b = 4.986 120 21.53 100 0
DSPE-PEG 750 5.077; 8.514 90 43.2 L<-1,1> 78; L<0,2> 132 14.5
DSPE-PEG2000 a = b = 4.783 120 19.81 43 0

The errors for the GIXD parameters correspond to the maximum values estimated from the fitting procedure and calculated with the exact differential method.
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DPPC monolayer. One of them (<-1,1 > ) has its intensity maxi-
mum close to horizon at very low Qz values, the other two max-
ima are partially overlapped and can be observed at much higher
Qz values. This pattern of diffraction signals is typical to the obli-
que crystal lattice, which is in accordance with scientific litera-
ture. The phospholipid molecules in the monolayer are
periodically packed and organized in such a way that the hydro-
carbon chains are collectively tilted from the normal of the mono-
layer with the intermediate tilt azimuth [26,37]. The tilt angle
calculated from the GIXD data was 24.7� which is in good agree-
ment from the literature [34]. The 2D order parameter Lxy is ani-
sotropic in the oblique lattice with the largest range for the < -
1,1 > direction. The influence of PEGylation degree of the phos-
pholipid headgroup on the crystal packing was studied by Majew-
ski and co-authors [27,37,38] for a series of PEG-ylated DSPE. It is
well known from the scientific literature that DSPE forms 2D
crystalline monolayers, and that the ordering of the hydrocarbon
chains at high surface pressures is hexagonal with the chains ori-
ented perpendicular to the plane of the monolayer [39,40]. PEG-
ylation of the amine group is compensated by the tilt of the
chains from the molecular normal resulting in the distortion of
the hexagonal unit cell [27]. For large PEG-helices grafted to the
phospholipid head the monolayers were still 2D crystalline but
the range of crystallinity (Lxy parameter) decreased drastically
as compared to the pure DSPE monolayer [38].

In Fig. 6 the GIXD data collected for the three PEG-ylated phos-
pholipids applied in our studies are presented.

Regarding the data for DSPE-PEG350 one broad signal with its
intensity maximum at Qz = 0 was observed proving the that pack-
ing of the hydrocarbon chains can be described by the hexagonal
lattice. The size of the 2D crystalline domains is low which is
reflected in the value Lxy parameter 100 Å. These data are generally
Fig. 6. GIXD data: Intensity maps I(Qxy, Qz) and Bragg peaks I(Qxy) for the PEGylated phos
were performed at p = 30 mN/m.
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in agreement with the papers by Majewski and co-authors [37].
Interestingly, the diffraction signal for DSPE-PEG750 is narrower
than observed for DSPE-PEG350. It is a superposition of two sepa-
rate signals – one with its intensity maximum at the horizon
(Qz = 0) and one with the intensity maximum at higher Qz values.
Such a sequence of the diffraction signals is typical to the rectangu-
lar centered lattice with the hydrocarbon chains inclined to nearest
neighbor (NN azimuth). A distinct feature of Fig. 6b is the so-called
Scherrer arc [41–44], which means that the strict location of the
maximum of the < -1,1 > signal at the intensity I(Qxy,Qz) map is dif-
ficult. The intensity is rather smeared on a characteristic bow,
shifting to lower Qxy at higher Qz values. The presence of the Scher-
rer arc in the 2D diffractogram means that there is no one collec-
tive tilt of the hydrocarbon chains. There are rather multiple 2D
crystalline domains in the DSPE-PEG750 Langmuir monolayer dif-
fering in the tilt of the alkyl chains. The large cushion of the PEG
moiety lowers also the order parameter Lxy as compared to DPPC.
Lxy is here also anisotropic but Lxy in the < 0,2 > direction is now
132 Å, which is more than two times lower than for DPPC.

Although it was stated in the scientific literature that DSPE-
PEG2000 is unable to pack periodically in Langmuir monolayers
[38] our results indicate that there is a wide, diffused diffraction
signal, centered at Qxy of ca. 1.5 Å�1. The signal quickly weakens
and disappears with growing Qz values. The integration over the
Qz values leads to a wide Bragg profile of low intensity (Fig. 6c
lower panel). As there is only one signal the 2D crystal lattice is
hexagonal with the hydrocarbon chains oriented perpendicular
to the monolayer plane. The Lxy parameter of only 43 Å indicates
very small sizes of the 2D crystalline domains.

In our studies we are interested in the interactions of PEG-
ylated DSPE with DPPC – the archetypic animal plasmatic mem-
brane phospholipid, frequently applied for liposome formulations.
pholipids a) DSPE-PEG350, b) DSPE-PEG750 and c) DSPE-PEG2000. The experiments
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In the GIXD experiments the mixtures of the three investigated
here DSPE-PEG lipids with DPPC were investigated in the whole
range of mutual compositions at XDSPE-PEG = 0.05, 0.1, 0.3, 0.5 and
0.7. It turned out that all the binary Langmuir monolayers were
2D crystalline; however, the organization of the phospholipid
molecules depended strongly on the size of the PEG cushion. The
resultant GIXD data are presented in the form of intensity maps I
(Qxy,Qz) and Bragg peak profiles I(Qxy) in Supporting Materials.
All the parameters calculated from the GIXD data for these systems
are gathered in Table 2.

In Fig. 7 the dependences of the tilt angle vs. XDSPE-PEG and crys-
tallographic area per chain were plotted.

The small addition (XDSPE-PEG = 0.05 and 0.1) of the PEG-ylated
DSPE to DPPC monolayer leads to the increase of the tilt angle.
The tilt angle is also slightly higher at XDSPE-PEG = 0.3, whereas the
situation changes at XDSPE-PEG = 0.5. At this composition in the
equimolar binary mixtures the chains remain tilted for the systems
containing DSPE-PEG350 and DSPE-PEG750, whereas remain not
tilted in the system containing DSPE-PEG2000. The lipids DSPE-
PEG350 and DSPE-PEG2000 had the hydrocarbon chains not tilted
in their one-component monolayers and the same was observed in
the mixtures where these lipids dominated (at XDSPE-PEG = 0.7);
whereas at XDSPE-PEG750 the chains remained tilted with the tilt
angle comparable with that observed for the one-component
DSPE-PEG750 monolayer. Regarding the crystallographic area per
chain the small addition of PEG-ylated DSPE at XDSPE-PEG = 0.05
leads in all the cases to the increase of the unit cell which is corre-
lated with the tilt rise. In the range of concentrations from XDSPE-

PEG = 0.1 to 0.7 a monotonic decrease of the crystallographic area
is observed for all the systems, the lowest values of A are observed
for the mixtures with DSPE-PEG350 and DSPE-PEG2000 at XDSPE-

PEG = 0.7.
At a given proportion of the PEG-ylated phospholipid differ-

ences in the tilt azimuth can be observed between the systems.
At XDSPE-PEG = 0.05 and 0.1 for DSPE-PEG350 and DSPE-PEG750
the chains are inclined towards the nearest neighbor, which is typ-
ical to the rectangular centered lattice. At the greater proportion of
these lipids – XDSPE-PEG = 0.3 and 0.5 the tilt azimuth changes from
the nearest neighbor to the intermediate orientation. This results
in the degeneration of the diffraction signal observed over the
Table 2
In-plane structural parameters obtained from GIXD experiments for DPPC/DSPE-PEG system
the angle between the vectors a and b, A – area of the 2D unit cell, Lxy – in-plane coheren

Sample a, b (Å) ± 0.002 c (deg) ± 0.2

XDSPE-PEG350 = 0.05 5.363; 8.637 90
XDSPE-PEG350 = 0.1 5.271; 8.601 90
XDSPE-PEG350 = 0.3 4.956; 5.043; 117.9

XDSPE-PEG350 = 0.5 4.920; 4.996; 118.5

XDSPE-PEG350 = 0.7 a = b = 4.846 120
XDSPE-PEG750 = 0.05 5.337; 8.727 90
XDSPE-PEG750 = 0.1 5.328; 8,721 90
XDSPE-PEG750 = 0.3 5.040; 5.142; 117.8

XDSPE-PEG750 = 0.5 4.998; 5.098; 118.2

XDSPE-PEG750 = 0.7 5.054; 8.531 90
XDSPE-PEG2000 = 0.05 4.981, 5.168, 116.8

XDSPE-PEG2000 = 0.1 4.964; 5.123; 117.1

XDSPE-PEG2000 = 0.3 4.950; 5.081; 117.5

XDSPE-PEG2000 = 0.5 a = b = 4.876 120
XDSPE-PEG2000 = 0.7 a = b = 4.879 120

The errors for the GIXD parameters correspond to the maximum values estimated from
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horizon (Qz > 0) and its split to two separate signals [45]. Thus,
the sequence of three diffraction signals is typical to the oblique
2D lattice. For DSPE-PEG2000 at smaller XDSPE-PEG from 0.05 to
0.3 the chains remain tilted with the intermediate tilt azimuth
and the 2D crystal lattice is oblique, whereas for higher propor-
tions of this lipid from XDSPE-PEG = 0.5 to 1 the chains are oriented
perpendicular to the monolayer plane, which ends the degenera-
tion of the diffraction signal – only one diffraction signal with its
intensity maximum at Qz = 0 is observed, thus the 2D crystal lattice
is hexagonal.

A structure of liposomes can be considered as a set of two
monolayers, so that the thermodynamic parameters obtained for
the Langmuir monolayers can be very useful to predict properties
and elucidate controlling factors in liposome design [46]. It has
been noticed in literature [47] that the blood circulation lifetime
of PEGylated liposomes achieved a maximum for about 10 mol%
of PEG-lipid concentration in the bilayer. The higher PEG-lipid con-
tents reduce the action of PEGylated liposomes as drug carriers.
The research conducted by Kenworthy [48] in 1995 showed that
for PEG molecular weights above 750 using the PEG-lipid concen-
trations higher than 15 mol % causes a solubilization of the lamel-
lar phase and leads to a phase transition to micelles. Due to this
fact, during experiments on liposomal formulations only small
amounts of DSPE-PEG (2, 5 and 10 mol%) in DPPC bilayer were
examined. To obtained the better insight into the effect of DSPE-
PEG on DPPC bilayer the DLS and zeta potential measurements
were initially performed. The physical characteristic of examined
liposomes, such as particle size, polydispersity index and zeta
potential, are collected in Table 3.

Analyzing the data presented in Table 3 it can be noticed that
the subsequent additions of lipopolymer reduce the diameter of
the formed liposomal formulations. The decrease in the size of
PEG-ylated liposomes is caused by a steric repulsion between poly-
mer chains exposed from the inner and outer leaflet of the liposo-
mal bilayer membrane. The PEG chains located on the inner leaflet
of the liposomal bilayer will decrease its curvature, whereas the
PEG chains exposed from the outer leaflet will cause the opposite
effect. Due to the fact that more DSPE-PEGmolecules are presented
in the outer leaflet of liposomal membrane, introducing increas-
ingly larger additions of lipopolymer to the DPPC liposomal bilayer
s at the surface pressure p = 30 mN/m: a and b – the lengths of the unit cell vectors, c
ce length, s – tilt angle.

A (Å2) ± 0.03 Lxy (Å) ± 2 s (deg) ± 0.2

46.32 L<-1,1> 63; L<0,2> 145 32.6
45.34 L<-1,1> 63; L<0,2> 135 28.6
22.08 L<0,1> 138; L<1,0> 108;

L<-1,1> 503
25.8

21.60 L<0,1> 178; L<1,0> 197;
L<-1,1> 346

23.2

20.34 L<1,1> 90 0
46.57 L<-1,1> 85; L<0,2> 325 27.8
46.46 L<-1,1> 88; L<0,2> 422 27.7
22.93 L<0,1> 171; L<1,0> 199;

L<-1,1> 381
26.7

22.47 L<0,1> 221; L<1,0> 178;
L<-1,1> 205

22.1

43.10 <-1,1 > 132; <0,1 > 132 14.0
22.98 L<0,1> 100; L<1,0> 83;

L<-1,1> 184
29.6

22.64 L<0,1> 104; L<1,0> 94;
L<-1,1> 213

27.5

22.31 L<0,1> 118; L<1,0> 106;
L<-1,1> 205

25.6

20.59 102 0
20.62 84 0

the fitting procedure and calculated with the exact differential method.



Fig. 7. The dependences of the tilt angle vs. XDSPE-PEG and crystallographic area per chain vs. XDSPE-PEG for DPPC/DSPE-PEG systems. Please note that both oblique and
hexagonal unit cells contain one scattering moiety whereas rectangular centered unit cells contain two scattering moieties therefore in the latter case the crystallographic
area per chain corresponds to half of the area of the unit cell.

Table 3
The values of the mean hydrodynamic diameter (dz ± 2 nma), polydispersity index (DI ± 0.016a) and zeta potentials (f ± 3mVa) for the DPPC/DSPE-PEG liposomes.

XDSPE-PEG DPPC/DSPE-PEG350 DPPC/DSPE-PEG750 DPPC/DSPE-PEG2000

dZ [nm] DI f [mV] dZ [nm] DI f [mV] dZ [nm] DI f [mV]

0 123 0.10 �10.8 123 0.10 �10.8 123 0.10 �10.8
0.02 110 0.06 �16.1 114 0.09 �16.1 111 0.05 �10.5
0.05 108 0.06 –22.6 105 0.07 �19.3 102 0.08 �10.2
0.1 91 0.06 �26.5 95 0.07 –22.2 91 0.08 �10.0

a The maximal values of standard deviations (SD) calculated from three independent measurements.

Fig. 8. The changes of the steady-state fluorescence anisotropy of DPH (r) with the
increase of lipopolymer molar fraction in DPPC/DSPE-PEG350, DPPC/DSPE-PEG750
and DPPC/DSPE-PEG2000 liposomes membrane. The error bars represent the
maximal values of standard deviations (SD) calculated from three independent
measurements.
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reduces their liposomal size [49]. Moreover, for all the tested DPPC/
DSPE-PEG systems small values of the dispersion factor (DI) were
obtained which prove that the formulated liposomes are character-
ized by small size distribution, high stability and do not aggregate..
The zeta potential measurements of the investigated PEG-ylated
liposomes show that for systems stabilized by DSPE-PEG350 and
DSPE-PEG750 the zeta potential (f) values decreased with the
increase of the lipopolymer molar fraction. The reduction in zeta
potential is probably due to the addition of negatively charged
DSPE-PEG molecules, increasing concentrations of which reduce
the surface charge of the liposomes. The molecular structure of
DSPE-PEG demonstrates that the amino moiety of the DSPE is
derivatized and cannot be protonated, leaving an ionized phos-
phate moiety with a negative charge at neutral pH. This consider-
ation clearly explains the existence a negative charge localized on
DSPE-PEG molecule [50]. Analyzing the values of zeta potential for
DPPC/DSPE-PEG2000 system it can be noticed that the measured
electrokinetic potential was practically constant. Furthermore,
the zeta potential values increases as the length of the PEG-
ylated chains increases. This is most likely related with the shield-
ing a negative surface charge by increasingly longer polymer
chains.

To explore the influence of the PEG-ylated lipid on the fluidity
of the DPPC bilayer the steady-state fluorescence anisotropy (r)
measurements were conducted. In the experiments the DPH was
used as a fluorescent probe. According to the literature, the DPH
is the rod-like, fluorescent dye molecule for studying lipid phases
and ordering of the lipid acyl chains [51,52]. The results of the
measurements of the steady-state anisotropy of DPH in DPPC/
DSPE-PEG liposomal formulations were illustrated on the Fig. 8
in a function of molar fraction of DSPE-PEG. It can be noticed that
for all the tested DPPC/DSPE-PEG systems the steady-state aniso-
tropy of DPH (r) only slightly decreases with the increasing
lipopolymer contentment. However, as it can be seen, these
changes are much less drastic in comparison with the decrease of
the Cs

-1 values for the same molar fraction of the respective pegy-
lated lipid. This indicate that the incorporation of DSPE-PEG to
9

DPPC bilayer affect the fluidity of the hydrocarbon region of the
liposomal bilayer membrane to a much lesser extent than in the
monolayer. This is probably due to the different geometry of the
above systems. Contrary to the monolayer, the liposome mem-
brane is curved which results in a tighter packing of acyl chains
in the core of the membrane and also facilitates the packing of
polymer chains that are directed outside the liposome.

A very important property of liposomes, in the context of their
use as potential drug carriers, is the liposomal membrane perme-
ability. Hence, in the last part of our experiments the permeability
of the DPPC lipid bilayers stabilized by distinct amount of DSPE-
PEG was examined. It is common knowledge that DPPC liposome
permeability raises in the range of its main phase transition (about
41 �C) because of the precipitated transport through the
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boundaries of the coexisting crystalline and gel domains. This fact
is very crucial for drug delivery in vivo [53]. During the research
the spontaneous calcein leakage encapsulated inside liposomal for-
mulations was monitored for 14 days in temperature below the
DPPC main phase transition. The results of the calcein release were
presented in Figure S3a-c in Supporting Materials. As can be seen
in Figure S3a-c for all prepared liposomal formulations slow and
spontaneous release of encapsulated calcein is observed which
leads to a gradual disintegration of the liposomal membrane.
Moreover, the permeability of investigated liposomes is dependent
on the concentration of DSPE-PEG and the length of the polymer
chain. Relating to the results obtained for the DPPC/DSPE-PEG350
system (Figure S3a) it can be noticed that the permeability of lipo-
somes was constant regardless of the concentration of the
lipopolymer in the system and moreover was almost the same as
for liposomes without the addition of the lipopolymer. On the
other hand, in the case of DPPC/DSPE-PEG750 and DPPC/DSPE-
PEG2000 systems (Figure S3b and S3c) the permeability of liposo-
mal membrane increases with the DSPE-PEG content. However, it
should be noticed that the dependency of the DSPE-PEG concentra-
tion on permeability of DPPC bilayer is higher for DPPC/DSPE-
PEG750 system. The results obtained for DPPC/DSPE-PEG750 and
DPPC/DSPE-PEG2000 was in accordance with those presented by
Nicholas et al. [54] or Sriwongsitanont and Ueno [55]. Nicholas
et al. reported that the permeability coefficients for D-glucose
increase with mol% DPPE-PEG5000. Sriwongsitanont and Ueno
published that the permeability of Egg PC liposomes increase with
DSPE-PEG concentration. To examine the influence of the polymer
chains length on DPPC liposomes permeability, the calcein release
coefficients for 10 mol% additions of various DSPE-PEGs were pre-
sented in Fig. 9.

It is evident that the length of the PEG chains have influence on
the permeability of DPPC membrane bilayer. In Fig. 9 it can be
observed that the DPPC liposomes modification with the usage of
DSPE-PEG350 does not significantly change their permeability. It
can be even concluded that addition of 10 mol% DSPE-PEG350 to
DPPC bilayer slightly decrease the calcein leakage. Comparing the
values of spontaneous calcein release for remaining polymer
chains lengths (DSPE-PEG750 and DSPE-PEG2000) it can be noticed
that the longer polymer chains caused lower liposomes permeabil-
ity in comparison to the shorter polymer chains. The reason for this
may be the fact that the PEG chains of DSPE-PEG are exposed from
the liposomal surfaces and shield the calcein leakage from the lipo-
somes. The shielding effect of DSPE-PEG is higher for longer poly-
Fig. 9. The time-course of calcein release from liposomes stabilized by 10 mol%
additions of DSPE-PEG. The error bars represent the maximal values of standard
deviations (SD) calculated from three independent measurements.
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mer chains. It is worth to notice that the prolonged circulation
lifetime of PEG-ylated liposomes allows prolonged drug delivery
in case of low permeability coefficient. However, during liposomes
optimization as drug carriers it is important to take into account
their other properties such as stability, surface charge and size.
4. Conclusions

The conducted experiments allowed to investigate the influence
of the poly(ethylene glycol) chain length conjugated with DSPE on
the model DPPC monolayer and bilayer. The incorporation of dif-
ferent types of DSPE-PEG molecules had remarkable effects on
the physicochemical properties of the DPPC monolayer. The pre-
sented studies clearly show that the addition of a lipopolymer
(DSPE-PEG) to the DPPC monolayer strongly influences the molec-
ular organization and intermolecular interactions between the
components of the investigated systems. First of all the increase
of DSPE-PEG concentration in the mixed DPPC/DSPE-PEG films
increases their elasticity which manifests in the decrease of the
values of the compressional modulus. This is due to the penetra-
tion of the mixed monolayer through polymer chains at lower sur-
face pressures and less ordering of the acyl chains at higher surface
pressures. This is confirmed by the BAM images, which indicate
that the presence of the lipopolymer hinders the formation of con-
densed phase domains as well as leads to a significant reduction in
their size. Also the results obtained by the GIXD technique clearly
show that the incorporation of DSPE-PEG into the DPPC film dras-
tically reduces the extent of the long-range periodic ordering as
well as, for XDSPE-PEG � 0.3, causes the increase of the tilt of the acyl
chains. The foregoing findings lead to the conclusion that DSPE-
PEG exert fluidizing effect on DPPC monolayer resulting mainly
from the disorder of the acyl chains ordering. A similar impact
the investigated lipopolymers exert on DPPC bilayer, which is man-
ifested in a decrease in the value of DPH fluorescence anisotropy
with an increase in DSPE-PEG concentration. It is worth noting,
however, that the fluidizing effect of the lipopolymers on the DPPC
bilayer is not as strong as in the case of monolayer systems. This is
probably the result of the different geometry of the studied sys-
tems, which causes the acyl chains to be densely packed in a
curved bilayer than in a flat monolayer. Additionally, the curved
geometry of the liposomes facilitates the packing of the polymer
chains on their surface thereby reducing steric repulsion between
them. Our studies, carried out for monolayers, also indicate that
the addition of DSP-PEG to the DPPC film leads to the formation
of mixed systems that show negative deviations from ideal behav-
ior. These deviations are the result of different intermolecular
interactions in mixed monolayers compared to those occurring in
the respective one-component films. The difference in these inter-
actions results in a reduction in the mean surface area per mole-
cule compared to that calculated under the assumption of the
ideal mixing of the components, and manifests in the negative val-
ues of the excess free energy of mixing. The contraction of the
mean surface areas per molecule to that calculated for ideal mixing
of the components may seem surprising in view of the fluidizing
effect of DSPE-PEG on DPPC mono- and bilayers previously
described. However, this can be understood by considering the
respective monolayers as reference systems. From the point of
view of the DPPC monolayer, the addition of a lipopolymer disturbs
its ordered structure and thus weakens the attractive intermolecu-
lar interactions. On the other hand, the introduction of DPPC mole-
cules into the DSPE-PEG monolayer separates the negatively
charged lipopolymer molecules thereby reducing their electro-
static repulsion and also reducing the steric repulsion between
the PEG chains. The negative deviations of the mean area per mole-
cule from the ideality as well as the excess free energy of mixing
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indicate that decreasing of the long-range electrostatic repulsions
between DSPE molecules and steric repulsion between polymer
chains prevail over the unfavorable effect caused by the decrease
of the van der Waals attractions between acyl chains.

It is also worth noting that modifying the DPPC bilayer with
DSPE-PEG molecules reduces the diameter of formed liposomal
formulations which is related with the steric repulsion between
polymer chains exposed from inner and outer leaflet of the liposo-
mal bilayer membrane. The presence of DSPE-PEG in DPPC mem-
brane decreases the surface charge which increases with the
length of the PEG-ylated chains. In view of the fact that the zeta
potential value above + 30 mV or below – 30 mV is considered to
be an indicator of liposomal stability [56], the most approximate
value of f-potential was observed for DPPC liposomes with
10 mol% addition of DSPE-PEG350. The low value of zeta potential
of this liposomes (f = -26,5 mV) provides their enhanced unifor-
mity as a result of strong repulsion forces between particles which
limit aggregation. However, in the case of DSPE-PEG molecules we
have to remember about mechanism of steric stabilization which
reduces liposome aggregation and plasma protein adsorption. Fur-
thermore, the presented data suggests that the permeability of
liposomes depends on the concentration of DSPE-PEG and length
of polymer chain. The conclusions from our experiments provide
useful information on the influence of the studied lipopolymers
on the molecular organization of DPPC mono- and bilayers, which
may be helpful in the design, optimization and creation of stable
and effective potential drug nanocarriers.
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