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The aim of the present study is to investigate the kinetics and the penetration degree of Poloxamer 188
(P188) of different concentrations to Langmuir lipid monolayers at the air-water interface formed from
dipalmitoleoylphosphatidylethanolamine (DPoPE) in different liquid crystalline phase states, lamellar
L, and non-lamellar (inverse hexagonal Hy; and inverse bicontinuous cubic Qyy) phases, in static and
dynamic conditions. It was found that the penetration of P188 to the DPoPE monolayers in all three
lipid phases is very fast, strong and concentration dependent, and the strongest effect was detected for
the non-lamellar DPoPE monolayers. Moreover, the dynamic characteristics of the mixed DPoPE +
P188 monolayers revealed stronger interactions between P188 and DPoPE in Qy; phase, than in the
other two, and more packed surface structures. In addition, by using Brewster angle microscopy
(BAM), the surface morphology of mixed DPoPE + P188 monolayers was determined. The BAM
images showed that the addition of P188 to DPoPE monolayers led to decrease in the lipid domain size
and to formation of more homogeneous films. Furthermore, the effects of P188 on the hydrodynamic
properties and the stability of lipid thin liquid films (LTLFs) were studied. A strong stabilization effect
of P188 to the LTLF films was proved. This effect was probably influenced by the appearance of steric
repulsion (in addition to the electrostatic repulsion and van der Waals attractive forces). The results
suggested that the non-lamellar lipid phases have higher potential to act as a “reservoir” for penetrating
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agents, and as a pool for membrane repairing substances such as P188.

1. Introduction

Lipid-water dispersions are able to self-organize into different
geometrical structures including lamellar and non-lamellar
phases,' and the membrane lipids may form different kinds of
monolayers of physiological significance at the air—water inter-
face.* The phosphatidylethanolamines (PEs) are a major lipid
class in the cell membranes that could form both lamellar and
non-lamellar structures under physiological conditions.>” In the
cell the PEs are predominately in a bilayer, fluid lamellar (L,)
state. The role of the non-lamellar PEs phases—the inverse
hexagonal Hy; and the inverse bicontinuous cubic Qp; phases—
has been subject of many investigations. The non-lamellar lipid
phases are characterized by a curvature of their component in the
lipid structures where the molecules are assembled not into
bilayers but into cylinders (Hy;) and cubes (Qp). These non-
lamellar phases take part in some important cell processes such
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as membrane fusion;>® cell division;® cell signal transduction;*!®
transmembrane transport of ions and large molecules,'! etc.

The poloxamers are a class of water soluble non-ionic multi-
block copolymers that have important surface-active properties
and could interact with membrane lipids. The poloxamer series
covers a range of liquids, pastes and solids, with molecular
weights varying from 1100 Da to about 14000 Da. It is demon-
strated that the poloxamers are effective in sealing permeabilized
cell membranes: against loss of carboxy-fluorescein dye after
electroporation;'*'* membrane pores in skeletal muscle cells after
electrical injuries; heat shocks; thermal burns; frostbite; radiation
and ischemia-reperfusion injuries’**® efc., that lead to cell
membrane structural integrity loss. The possibility to repair cell
membrane wounds using synthetic surfactants is now well
established but the exact mechanism of sealing is still under
investigation.

The noncytotoxic biosurfactant Poloxamer 188 (P188) is
a three-block copolymer (hydrophilic polyethylene oxide, PEO,
hydrophobic polypropylene oxide, PPO, hydrophilic poly-
ethylene oxide, PEO) with amphiphillic structure which is known
to repair damaged membranes and thus to restore the structural
integrity and function of the cells both in vitro and in vivo.'™
P188 has a molecular weight of about 8400 Da and its hydro-
philic part is about 80% of the total molecular weight. The PEO
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chains (each including 76 monomer units) are hydrophillic due to
their short carbon units between the oxygen bridges whereas the
PPO center (formed from 29 monomers) is hydrophobic due to
the larger propylene unit. P188 was the first copolymer tested for
membrane recovery widely used in medicine, pharmacy and
cosmetic industry as a solubilizing, wetting and emulsifying agent
with low toxicity and high solubility. It is proven that P188 can
seal membrane pores in skeletal muscle cells after heat shock,*
enhance the functional recovery of lethally heat-shocked fibro-
blasts,”® and damages after high dose ionizing radiation.?®
Moreover, it is shown that P188 can repair damages to cardiac
muscle cell membrane;?’ effectively restores, protects fat grafts,
and improves cell survival via decreased fat graft apoptosis;*® has
neuroprotection against a broad range of clinically relevant
neural insults;? supports the delivery of drug nanoparticles into
the brain®® and is being used in breast cancer therapy to over-
come multidrug resistance of tumor cells.*’

We assume that the non-lamellar lipid phases, possessing
different geometry, are an appropriate model for the investiga-
tion of the interaction between P188 and local damages in the
biomembranes. It is known that the damaged membranes have
higher surface tension in comparison to the normal bio-
membranes. Our previous results are in accordance with the
literature data that P188 can penetrate into lipid monolayers
when the surface tension is above 50 mN m~'.171%32 At lower
surface tension the poloxamers can be “squeezed out” from the
lipid bilayer of the biomembrane,? thus recovering its structural
integrity. Moreover, we previously demonstrated that the
DPoPE lipid structures of different geometry are able to disin-
tegrate at the air—water interface to a different extent and that in
comparison to the non-lamellar structures the L, phase showed
higher molecular repulsion in the plane of the monolayer during
monolayer compression and much better molecular re-spreading
during decompression.3*-3*

In addition, lipid thin liquid films (LTLFs) has been success-
fully used as an appropriate model system for molecular inter-
actions between phospholipids and membrane-active agents, like
dextrane sulfates, free PEGs and phospholipid linked PEGs at
the air—water interfaces.***® LTLFs are also a useful model of
cell fusion processes,*® the physiology of lung surfactant,**** ezc.
The LTLFs consist of two lipid monolayers at the air—water
interface, which contact each other through their polar head
groups. It is shown that the use of both model systems (lipid
monolayers and LTLFs) is very effective for studying the inter-
actions at interfaces of membrane lipids in a different phase state
with membrane-active agents from the bulk,*34:36-39.45-47

The aim of the present study is to investigate the kinetics and
penetration degree of P188 to the DPoPE monolayers of
different liquid crystalline phase states, lamellar L, and non-
lamellar (Hy; and Qyy), and to observe the surface morphology of
the mixed DPoPE + P188 films. Another goal is to determine the
differences in the dynamic characteristics of mixed DPoPE +
poloxamer monolayers in different lipid phase states and P188
concentrations, during compression/decompression. Moreover,
by using BAM and LTLFs the effects of P188 on the DPoPE film
morphology, hydrodynamic properties and stability were
studied. Our motivation was to attempt to clarify the molecular
mechanisms of the interactions between P188 molecules and
damaged cell membranes.

2. Experimental
Materials

1, 2-Dipalmitoleoyl-sn-glycero-3-phosphoethanolamine (DPoPE)
was purchased from Avanti Polar Lipids (Alabaster, USA) and
Poloxamer 188 was purchased from Anatrace (USA). By per-
forming thin layer chromatography the purity of the DPoPE was
checked. All solutions were made with deionized water with
conductivity less than 1 uS cm~'. (Crystal 5, Adrona Laboratory
Systems, Latvia).

Surface tension measurements

Lipid dispersions of L, and Hj; phases were prepared by
mechanical agitation in 0.5 M NaCl (Merck) solutions at
different temperatures.®* This DPoPE dispersions display L, —
Hy; transition at 39 °C during heating and this transition is
reversible with a hysteresis of ca. 15 °C during cooling. Consid-
ering the above-mentioned hysterisis we accepted that the
dispersions of DPoPE in 0.5 M NaCl at 37 °C after the first
heating—cooling cycle are in Hy; phase. An inverse bicontinuous
cubic phase, Qyy of Pn3m (Q***) type of DPoPE, was prepared by
temperature cycling between 0 and 60 °C of the latter dispersion,
as previously described.*® After the preparation of the three lipid
phases, they remain stable at 22 °C and at 37 °C as well, at which
the experiments were conducted.

The monolayers of DPoPE in different phases (L,, Hy and
Qn) were formed by spreading the DPoPE dispersion on
a subphase of 0.5 M NaCl in a Langmuir trough with area of
1710 mm?. The surface tension v (mN m~') was followed with
time by the Wilhelmy plate method,** using an automatic Wil-
helmy tensiometer (Biegler Electronic, Austria). The trough was
provided with a thermostat and the temperature in all experi-
ments was 37 + 0.5 °C. The amount of DPoPE dispersions was
calculated to a definite surface concentration of 100 A2 per lipid
molecule and v decrease was detected until reaching an equilib-
rium value (yeq). After reaching y.q definite amounts of Polox-
amer 188 (MW = 8400 Da) dissolved in 0.5 M NaCl solution
were injected into the subphase at the bottom of the through. The
amounts of P188 injected were calculated to correspond to a final
P188 volume concentration of 1 pg ml~' (low P188 concentra-
tion), 10 ug ml~' (middle P188 concentration) and 20 pg ml™!
(high P188 concentration). The decrease in surface tension with
time after the injection of P188, due to P188 adsorption and
interaction with DPoPE at the interface, was detected until
reaching the equilibrium values of .

By measuring the surface tension during compression/
decompression between 100% (ymax) and 20% (ymin) of the initial
monolayer area the dynamic characteristics of pure (DPoPE)
and mixed (DPoPE + P188) monolayers were studied. The
compression/decompression rate was 3 min per cycle. The
monolayer surface tension was monitored up to the 3th cycle.

Experimental errors are + 0.5 mN m~' for the surface tension
of three different measurements.

Brewster angle microscopy of monolayers

Brewster angle microscopy (BAM) provided a well-suited
approach for visualization of the lateral domains formation in
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monolayers without fluorescent probes.*-** Insoluble DPoPE
monolayers (in absence or presence of P188) at the air-water
interface of Langmuir trough were formed by spreading the
phospholipid molecules dissolved in chloroform over the
subphase of 0.15 M NaCl. At least 20 min were provided for
chloroform evaporation. At surface lipid concentration of 20 A2
mol~' the monolayer morphology changes after the addition of
P188 into the subphase were monitored and BAM images with
dimensions 3600 x 4000 um using Micro BAM2 (Nima Tech-
nology Ltd, Coventry, UK) equipped with laser diode (659 nm,
30 mW at laser aperture) were recorded. The temperature of the
subphase was controlled to be 22 + 0.5 °C. The polarizer and
analyzer were set to p-polarization and the incoming laser light
was limited to an angle of incidence of 53 £+ 2° (Brewster angle
for water or aqueous solutions). The images obtained were
analyzed and processed using the integrated software.

Formation of lipid thin liquid films (LTLFs)

LTLFs were investigated by the microinterferometric method of
Scheludko and Exerowa’** using a modified measuring cell by
Lalchev et al* In a specially constructed glass cell microscopic
horizontal DPoPE films with a radius of 0.22 mm were formed in
the middle of a biconcave drop. The glass cell was equipped with
an optical system for observation and investigation of LTLFs
(microscope for reflected light). The lipid solution volume in the
glass cell was 70 pl and the DPoPE concentrations were varied
from 20 to 60 ug ml~'. Different electrolyte concentrations, from
0.001 M NacCl to 0.5 M NacCl, were used. Before film formation
at least 30 min were given the LTLFs for reaching equilibrium
phospholipid adsorption to the monolayers, for vapour pressure
saturation in the glass cell and for temperature adjustment. The
measuring cell was thermostatted at 22 °C with an accuracy
within £+ 0.1 °C. After sucking the solution from the biconcave
drop, thick LTLF was formed, as previously described.¢>?
Further, the film spontaneously became thinner, changing its
color from yellow to gray and dark-gray with decreasing its
thickness, respectively. After a characteristic film thinning time,
11 (sec), a critical film thickness was reached (ca. 300 A). Then
a black spot (BS), a local thinning in the film, expanded to fill up
the whole area of the film and at different experimental condi-
tions two types of stable black films could be formed: common
black films, CBFs and Newton black films, NBFs.*>52 CBF
contains a free water layer between the two monolayers with
thickness ranging from 10 to 25 nm, while NBF contains no free
water and its thickness is less than 8§ nm. The formation of both
stable CBF and NBF is possible only at lipid concentration
above the threshold concentration Ci, since bellow C; the films
always rupture, i.e. the films are in unstable state. The kinetics of
the film formation was detected by measuring the film thinning
time (¢;) and the film lifetime (). The film lifetime represented the
time of its formation to its rupture. It is considered that the films
with a lifetime of more than 15 min are stable films. The LTLFs
photographs were made by a digital camera Olympus (C-7070)
connected to an inverted light microscope (Carl Zeiss Jena) with
an optical adaptor (C3040-ADU) provided by the manufacturer.
The LTLFs images were captured in the camera’s manual mode
in equal conditions (camera speed, microscope illumination etc.).

Determination the effects of the addition of Poloxamer 188 to
DPoPE films

8 ul Poloxamer 188 (with concentration 0.84 mg ml~', 1 x 10~*
M) was added dropwise to 70 ul DPoPE solutions of 0.001 M
NaCl to 0.1 M NaCl (with lipid concentration from 20 to 60 pg
ml"). The final volume concentration of P188 was 86 pg ml™!
(10 uM). The concentrations of the pure DPoPE films were
chosen to be bellow C; needed for stable DPoPE films formation.
At this concentration films always rupture and thus we studied
the effects of P188 on unstable lipid films. The effects of Polox-
amer 188 were tested by measuring the film thinning time (z;),
the film type and color and the film lifetime (7). At least
10 measurements were made at each sample preparation.

3. Results and discussion

Spreading kinetics of DPoPE and penetration of P188 to the
lipid monolayers

The surface behavior of the three different DPoPE phases spread
at the air-water interface at a surface concentration corre-
sponding to 100 A2 per lipid molecule was studied. The surface
tension—time (7y/f) curves for the three liquid crystalline lipid
phases recorded at 37 °C showed that y decreased rapidly to the
equilibrium value (v.q). The best spreading observed was for the
lamellar L, phase (Fig. 1), followed by the cubic Qy; (Fig. 2) and
Hy; phase (Fig. 3). At this surface concentration v decreased to
64.2 mN m™! for the L,, phase, to 67.3 mN m~' for the Qy phase,
and to 68.6 mN m~! for the Hyy phase respectively (Fig. 1-3).
The monolayers formed by the adsorption of pure P188 to the
air-water interface with a volume concentration of 1 pgml~' (low
P188 concentration) reduced the surface tension from 72.9 to
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Fig. 1 Surface tension (y, mN m™') as a function of time (min) for
spread monolayers of DPoPE lamellar L,, phase on 0.5 M NaCl subphase
at 37 °C. The arrow points at the addition of P188 dispersion into the
subphase. The dotted line shows the reduction of the surface tension by
adsorption of pure P188 with a high volume concentration of 20 pug ml—".
The symbols denote: (O) — 100 Az/phospholipid molecule + low P188
concentration (1 pg ml™"); (x) — 100 Azlphospholipid molecule + middle
P188 concentration (10 pg ml~"); ([J) - 100 Azlphospholipid molecule +
high P188 concentration (20 ug ml™").
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Fig. 2 Surface tension (y, mN m™') as a function of time (min) for
spread monolayers of DPoPE inverse bicontinuous cubic Qy; phase on
0.5 M NacCl solution at 37 °C. The arrow points at the addition of P188
dispersion into the subphase. The dotted line shows reduction of the
surface tension by adsorption of pure P188 with a high volume concen-
tration of 20 pg ml~'. The symbols denote: (O) — 100 A%phospholipid
molecule + low P188 concentration (1 pg ml™'); (x) — 100 Az/phospho-
lipid molecule + middle P188 concentration (10 ug ml~"); (CJ) - 100 A
phospholipid molecule + high P188 concentration (20 pg ml™").
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Fig. 3 Surface tension (y, mN m™') as a function of time (min) for
spread monolayers of DPoPE inverse hexagonal Hj; phase on 0.5 M
NaCl solution at 37 °C. The arrow points at the addition of P188
dispersion into the subphase. The dotted line shows reduction of surface
tension by adsorption of pure P188 with a high volume concentration of
20 pg ml-'. The symbols denote: (O) — 100 A%/phospholipid molecule +
low P188 concentration (1 pg ml~'); (x) — 100 Az/phospholipid molecule
+ middle P188 concentration (10 pg ml~'); ((7) — 100 A¥phospholipid
molecule + high P188 concentration (20 pg ml™").

65.6 mN m~!' (Ay = 7.3 mN m™'), and with a volume concen-
tration of 20 pg ml~' (high P188 concentration, being below its
critical micelle concentration, CMC = 1.25 x 10 =* M) reduced v
to 62.4 mN m~!, (Table 1). Our results demonstrated that P188
displayed high surface activity and adsorption to the air-water

interface and reached a decrease in the surface tension of
Ay = 10.5 mN m™' at the highest concentration studied.

The penetration effect of the Poloxamer 188 injected into the
subphase of the DPoPE monolayers showed that the P188
insertion is very strong and concentration dependent (Fig. 1-3).
In all cases the penetration of P188 and the formation of
DPoPE + P188 mixed monolayers was fast and the equilibrium
values of the mixed monolayers was reached within 20-30 s. The
data summarized in Table 2 revealed that the insertion of P188
molecules of low concentration was stronger to the DPoPE
monolayers of L, and Hy; phases (Ay = 12.4 mN m™! for both
phases) in comparison to the Qy; phase (Ay = 6.7 mN m™).
However, at concentration of 20 pg ml~! the strongest penetra-
tion was detected to the Hi; DPoPE monolayers (Ay = 18.0 mN
m™"), followed by Qp (Ay = 142 mN m™'), and L, (Ay = 11.7
mN m™') phases. Thus regarding the insertion of high concen-
tration of P188 molecules to monolayers of different phases the
order Hy; > Qqp > L, was observed. The results showed that the
increase in P188 concentration practically did not change the y.q
value of the mixed poloxamer + L, monolayer (even slightly
increased it from 51.8 to 52.5 mN m™"). In the same concentra-
tion range the y.q values (after the addition of P188 to the non-
lamellar phases) decreased significantly, from 60.6 to 53.1 mN
m~! for P188 + Qy; and from 56.2 to 50.6 mN m~' for P188 + Hy;
(Table 2). Based on the results obtained we could conclude that
the increase in P188 concentration affected the penetration
ability to the monolayers of the different lipid phase states in
a different way. At low P188 concentration the poloxamer
penetrated easily in to Hyy and L,, phases predominantly, while at
high bulk P188 concentration the penetration was easier to the
non-lamellar phases but not to L, phase. Thus at equal surface
concentration these partially disintegrated Hy; and Qypp phases
provide more “free area” for the insertion of the surface-active
agent P188. Hence, one can speculate that the non-lamellar Hyy
and Qyq phases could serve as a “surface reservoir” of bulk agents
(like P188) at very high concentration (Table 2), and conse-
quently, as a pool for membrane repairing substances. In addi-
tion, according to the literature data P188 penetrates into
dipalmitoylphosphatidylcholine and dipalmitoylphosphatidyl-
glycerol monolayers only at surface tension equal to and higher
than 50 mN m~!, but not at lower .13 Qur results confirm
these observations for the monolayers of the three DPoPE phases
studied.

Dynamic characteristics of mixed DPoPE + P188 monolayers

In our study two types of tensiometric experiments with DPoPE
films (pure or in the presence of P188) were performed: (i)
registration of the kinetics of the surface tension decrease until
reaching the equilibrium value (7yeq), and (i) measurement of the
dynamic (at interfacial compression/decompression) surface
tension characteristics, Ymax and <ymin. The minimal surface
tension (7yn;,) realized at the final stage of interfacial compres-
sion depends on the maximal surface packing density. The
maximal surface tension (ygn..) observed after interfacial
expansion reflects the degree of surface readsorption and rear-
rangement of the film.

The v values for pure P188 obtained during compression/
decompression cycles showed that v, values increased from
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Table1 Equilibrium values of the surface tension, yeq (mN m™), of pure
P188 adsorption monolayers at different volume concentrations into the
subphase of 0.5 M NaCl at 37 °C. The experimental errors are + 0.5 mN
m~' for the surface tension from three different measurements

Table 3 Values of Ypax/Ymin (MN m~') during 3 compression/decom-
pression cycles of mixed DPoPE + P188 monolayers at different phase
states. The experimental errors are + 0.5 mN m~' for the surface tension
from three different measurements

Concentration Concentration vy equilibrium, Ay (mN m™')
of P188 (ug ml~') of P188 (uM)  (mN m™') (AY = YH20"Yeq)
1 0.119 65.6 7.3

10 1.19 63.4 9.5

20 2.38 62.4 10.5

Table2 Equilibrium values of the surface tension, yeq (mN m™), of pure
DPoPE monolayers and mixed DPoPE + P188 monolayers. The exper-
imental errors are + 0.5 mN m™' for surface tension from three different
measurements

'qu; Loc Phase qu; QII Phase 'qu; HII phase

DPoPE (100 A? 64.2 67.3 68.6
mol™")
DPoPE+ low P188  51.8 Ay =124 60.6 Ay =6.7 562 Ay =124

concentration

DPoPE+middle P188 52.5 Ay =11.7 56.5 Ay =10.8 56.2 Ay =12.4
concentration
DPoPE+ high P188
concentration

52.5Ay = 11.7 53.1 Ay = 142 50.6 Ay = 18.0

62.4 mN m™' in the first cycle to 65.8 mN m™' in the 3th cycle.
The corresponding values of v, were 42.1 mN m~" in the first
and 40.6 mN m™! in the 3th cycle, ie. in contrast to yna.x, the
values of i, slightly decreased during cycling of the poloxamer
monolayers (data not shown).

By the addition of P188 into the subphase under the equilib-
rium DPoPE monolayer the dynamic characteristics of mixed
DPoPE + P188 monolayers were studied. The y decrease to the
equilibrium value with time was monitored and then the mixed
monolayers were cycled to 5-fold reduction of the initial area.
Based on the results shown in Table 3 the vy values of the
mixed DPoPE + P188 monolayers (at low P188 concentration)
increased between the first and the second compression/decom-
pression cycle in all cases, and were much higher for the lamellar
L, (AyYmax = 16.3 mN m™') in comparison with both non-
lamellar phases (Aymax = 8.1 mN m™"). It should be noted that
a hysteresis phenomenon was observed in all cases: the decom-
pression curves of the mixed monolayers lied above the
compression curves (data not shown), which could be both due
to the “loss” of molecules from the surface (irreversible desorp-
tion) during compression and/or to the molecular rearrangement
and reorganization at the surface of the mixed monolayers
during cycling.

The different surface behavior of the lamellar phases
compared to the non-lamellar ones at the low P188 concentration
was much less pronounced according to the values of y,,;, (Table
3). Moreover, the +yn;, values at compression of all mixed
DPoPE + P188 monolayes are similar to those of the pure
DPoPE monolayers, thus confirming previous results indicating
that at lower surface tensions (higher surface pressures) P188 is
“squeezed out” from the films, leaving the lipid monolayers.'”*?

Since not only molecular desorption but also molecular reor-
ganization at the surface occurred during monolayer cycling it was
informative (using the results in Table 3) to follow the change in
Ymax between the 3rd and the Ist cycle (AYmax = Ymax: — Ymax') fOr

Values of Ymax/Ymin (mN m™")

No of L, phase Qy phase Hj; phase

Sample cycle Yeq = 04.2 veq = 67.3 yeq = 68.6
DPoPE+low P188 1 51.8/26.2 60.6/30.3 56.2/27.1
concentration 2 68.1/26.5 68.7/30.3 64.3/28.1
3 66.8/27.5 67.8/29.3 63.7/28.1
DPoPE+middle P188 1 52.5/30.3 56.5/28.4 56.2/29.0
concentration 2 59.3/31.8 59.3/26.5 61.5/30.0
3 61.2/32.5 61.2/25.9 63.4/29.6
DPoPE+ high P188 1 52.5/29.2 53.1/31.5 50.6/28.4
concentration 2 55.0/29.4 61.2/25.9 51.8/28.1
3 61.5/29.6 60.3/26.2 52.5/28.5

each P188 concentration. Thus defined, we can assume qualita-
tively that higher Avy,.. values reflect a bigger “loss” and/or
desorption of molecules from the surface. The dependence
between Ay, of the mixed monolayers and the P188 concen-
tration are illustrated in Fig. 4. It was shown that Ay ., for L, and
Hy phases increased with the decrease in P188 content (from
group 3 to 1) in the monolayers (higher degree of desorption),
while Ay .y values for Qp phase remained practically the same at
the different P188 concentrations. Based on these results we could
speculate that the effects of desorption and reorganization in the
monolayers during cycling are much more slightly pronounced in
the Qp phase. Thus we could suggest stronger interactions
between P188 and DPoPE molecules in the Qq; phase than in the
other two.

In addition, we followed the change in vy, between the Ist
and the 3rd cycle (AYmin = Ymin'® — Ymin)) for each PI188
concentration (Table 3 and Fig. 5). As in Fig. 4, we observed
quite different behavior for the Qpy phase as compared to L, and
Hjy; phases: only for the Qyp phase 7y, values diminished during
cycling from the 1st to the 3rd cycle and accordingly A~y ,;, values
increased from the Ist to the 3rd cycle for Qy phase only (Fig. 5).
In contrast to the increasing Ay, values, the increase in Ay,
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%- ] [ picontinuous cubic O phase
14 4 L]
- [ Hexagonal H, phase
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Fig. 4 Dependence of the P188 concentration on vy,,x values between
the 3rd and the 1st cycle (AYmax = Ymax. — Ymax') of mixed DPoPE +
P188 monolayers on 0.5 M NacCl solution at 37 °C. Group 1 shows low
P188 concentration (1 pg ml™'), group 2 — middle P188 concentration
(10 pg ml™') and group 3 - high P188 concentration (20 pg ml™).
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Fig.5 Dependence of the P188 concentration on v, values between 1st
and 3rd cycle (AYmin = Ymin' — Ymin’) of mixed DPoPE + P188
monolayers on 0.5 M NaCl solution at 37 °C. Group 1 shows low P188
concentration (1 pg ml™'), group 2 — middle P188 concentration
(10 pg ml~') and group 3 - high P188 concentration (20 pg ml™').

during cycling showed a low degree of desorption, which had
increased positive values for the monolayers of the cubic phase
only (Fig. 5). The comparison between the lipid phases showed
that the Qq; phase was characterized with the lowest degree of
molecular desorption, i.e. with strongest interaction with P188
molecules (see Fig. 5 and Table 3).

Therefore, from the results above it was obvious that the lipid
phase state had a strong influence on the behavior of the mixed
films manifested by the dynamic characteristics of the mixed
DPoPE + poloxamer monolayers during cycling. Moreover if we
consider the change in vy, values during cycling of the mixed
monolayers in different DPoPE phases as a quantity of the rate
of molecular desorption we could notice a completely opposite
behavior of the mixed monolayers in the cubic phase in
comparison with the other two.

Brewster angle microscopy of mixed P188 + DPoPE monolayers

Brewster angle microscopy (BAM) is a well established method
for characterization of the morphology of ultrathin surface films
on aqueous subphases. BAM images show contrast within the
film resulted from differences in reflectivity of the p-polarized
light incident at Brewster’s angle from the monolayer as
compared to the pure air-water interface.*-° Without a surface
film the reflection is zero, but when the thin film forms the
reflective index changes. This technique permits visualization of
domains in the monolayer at low surface tension values.>*°

In this study we investigated the changes that occured at the
spread DPoPE monolayers after the addition of P188 solution on
the surface. The insoluble DPoPE monolayers were formed by
spreading monomer phospholipid molecules dissolved in

Panel B

+P188 (1pg/mil)
after 1 min

+P188 (10pg/ml)
after 1 min

+P188 (20pg/ml)
after 1 min

Fig. 6 BAM images of a pure DPoPE spread monolayer (with a surface concentration of 20 Az per lipid molecule) over the subphase of 0.15 M NaC
(Panel A) and BAM images of mixed DPoPE + P188 monolayers | min after the injection of a different volume concentration of P188 into the subphase
of 0.15 M NaCl under previously formed DPoPE monolayer (Panel B). No effects of the increase in NaCl concentration on the surface lipid morphology

were observed.
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Table4 Effects of the addition of Poloxamer 188 on the properties and stability of DPoPE films. 7= 22 °C, pH = 7.0 In the concentration range 0.001—
0.1 M NaCl C; of DPoPE is 60 ng ml~', i.e. in these conditions the pure lipid thin liquid films are unstable and always rupture; ¢ is the film thinning time;

Published on 20 June 2011. Downloaded by Pennsylvania State University on 16/09/2016 10:17:38.

7 is the film lifetime, see Experimental section. The final volume concentration of P188 is 86 pg ml™!

DPoPE films

DPoPE +P188 films

Film thinning

Film thinning

DPoPE [pg ml™'] NaCl [M] time (¢,) Film color and type time (¢,) Film color and type
20 0.001 S5s Thin to yellow, unstable 4 min Thin to gray, unstable
(films always rupture) (rupture after 4 min)
0.01 20's Thin to yellow, unstable 8 min Thin to dark gray, unstable
(films always rupture) (rupture after 8 min)
0.1 30s Thin to gray, unstable >8 min Thin to dark gray, stable
(films always rupture) (t > 15 min)
30 0.001 20s Thin to yellow, unstable 4.5 min Thin to gray, unstable
(films always rupture) (rupture after 4.5 min)
0.01 25s Thin to gray, unstable 9.5 min Thin to dark gray, unstable
(films always rupture) (rupture after 9.5 min)
0.1 30s Thin to gray, unstable > 9.5 min Thin to dark gray, stable
(films always rupture) (z > 15 min)
40 0.001 20's Thin to yellow, unstable 3 min Thin to dark gray, stable
(films always rupture) (t > 15 min)
0.01 20s Thin to gray, unstable 3.5 min Thin to dark gray, stable
(films always rupture) (> 15 min)
0.1 30s Thin to gray, unstable 4 min Thin to dark gray, stable
(films always rupture) (t > 15 min)
50 0.001 20's Thin to yellow, unstable 4 min Thin to dark gray, stable
(films always rupture) (t > 15 min)
0.01 25s Thin to gray, unstable 4 min Thin to dark gray, stable
(films always rupture) (t > 15 min)
0.1 40 s Thin to dark gray, unstable 4 min Thin to dark gray, stable

(films always rupture)

(t > 15 min)

chloroform over 0.15 M NaCl subphase. At least 20 min were
provided for chloroform evaporation. DPoPE was spread from
chloroform solution, i.e. monomer lipid molecules, which resul-
ted in better DPoPE spreading and lower equilibrium surface
tension vy.q values than in the case of DPoPE water dispersions
(Fig. 1-3). The amount of DPoPE spread (at a surface concen-
tration of 20 A2 per molecule) was enough to detect v.q of about
29 mN m™' (data not shown) near to that of the native
membranes. Therefore, the aim of our BAM experiments was to
visualize the surface morphology of the pure DPoPE monolayers
in comparison with the mixed DPoPE + poloxamer monolayers
and to detect the size of the domains formed due to their inter-
action at the surface.

The BAM images of the pure DPoPE monolayer in the
absence of P188 are shown in Fig. 6, panel A. Surface lipid
structures with a different size, ranging from 20 to 150 pm were
observed. One minute after the injection of increasing volume
concentrations of the poloxamer (1, 10, and 20 ug ml™") into the
subphase under a previously formed DPoPE monolayer
a significant decrease in the domains size to 10-15 pm was
observed (Fig. 6, panel B, images a to ¢). It should be noted that
in all the proportions studied the effects of the interaction
between DPoPE and P188 were practically the same; the BAM
images obtained were similar and no visible dependence between
the morphology of the surface structures and P188 concentration
was observed. We could explain the decrease in the domains size
with fast and strong poloxamer adsorption, and with its strong
interactions with DPoPE molecules in the plane of the
monolayer.

Effect of the addition of P188 on the properties and stability of
DPoPE lipid thin liquid films (LTLFs)

In addition to the monolayer model system we examined the
effect of the Poloxamer 188 on the morphology and stability of
LTLFs, known in the literature also as foam films. The forma-
tion of both stable CBF and NBF is possible only at lipid
concentration above the threshold concentration C; (see Exper-
imental section), since bellow C; the films always rupture, i.e. the
films are in unstable state. However, it was reported that in cases
of long-chain polymers?”-38:56-57 the black films formed not by the
above mentioned mechanism but by a continuous film thinning,
without BS formation, until an equilibrium black films (so called,
CBF-like) were obtained. It should be noted that we studied
DPoPE films at known conditions (DPoPE and electrolyte
concentrations) in which the film is unstable (below C), since we
wanted to observe the effects of the addition of Poloxamer 188 to
the a priori unstable DPoPE films.

By studying the evolution of the LTLF formation, observed by
the film thinning time (,), type, color, and lifetime (z), the effects
of Poloxamer 188 were tested. The results are shown in Table 4.
It was seen that pure DPoPE films at a concentration ranging
from 20 to 50 pg ml~! (in a different electrolyte concentration of
NaCl) were unstable and always ruptured with increasing thin-
ning time ¢, (between 5 and 40 s). The film color changed from
yellow to dark-gray, indicating a decrease in the film thickness
before DPoPE film rupture. The addition of P188 led in all cases
to an increase in the film thinning time and stabilization of the
mixed films. For example, at 30 pg ml~! DPoPE in 0.1 M NaCl
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Thinning _ Panel A

Panel B Thinning

time  (Pure DPOPE) (DPOPE+P188)  fime

10 sec
25 sec
40 sec . . 210 sec
after 40th sec - . .aﬂarzwt.‘:suc-
film rupture stable film

Fig. 7 Evolution of film thinning of pure DPoPE films (with concentration of 50 pg ml~" in 0.1 M NaCl, Panel A) and after the addition of Poloxamer

188 to the drop of DPoPE (Panel B).

the films are unstable and rupture after z; = 30 s. However, in the
presence of the poloxamer the thinning time increased to above
500 s until the formation of stable, dark-grey CBF-like films, and
the film lifetime was more than 15 min. At higher DPoPE
concentrations the same stabilization effect of P188 was observed
(Table 4). It should be noted that the type of the mixed, stable
DPoPE + P188 film was CBF-like, which had a thick free water
layer between the monolayers. Even at very high electrolyte
concentration (0.5 M NaCl) and DPoPE concentration above C,,
where pure DPoPE formed a much thinner NBF (without a free
water layer between the monolayers, data not shown), the mixed
DPoPE + P188 films were stable CBF-like. This allowed us to
assume that, in addition to the stabilization effect, the presence of
Poloxamer 188 provoked the appearance of an additional steric
repulsion between the monolayers of the LTLFs, resulting in an
increased thinning time and “disjoining” between the film
monolayers leading to the formation of a thicker, dark grey,
stable CBF-like film (Table 4, Fig. 7). The results, concerning the
film stabilization effect of P188 are in agreement with previous
Studies.37’38’56’57

The differences in the hydrodynamic behavior between pure
lipid films and mixed DPoPE + poloxamer films were also
detected by a digital camera following the evolution of the film
thinning (Fig. 7). It was found that DPoPE films at a concen-
tration of 50 pg ml~' always ruptured after 40 s, while the pres-
ence of Poloxamer 188 led to an increase in the thinning time and

a formation of stable CBF-like films after 240 s with a lifetime of
more than 15 min.

4. Conclusions

In this study, by using two model systems, lipid monolayer at the
air-water interface and lipid thin liquid films the interaction
between the Poloxamer 188 and DPoPE was investigated. The
morphology and heterogeneity of the films surface was visualized
by BAM. It should be noted that in the present work we used the
term “interaction” in the context of molecular attractive/repul-
sive forces that arise between DPoPE and P188 molecules at the
interface. Obviously these interactions influenced the properties,
behavior, rate of desorption during compression, surface
morphology, etc. of the mixed lipid/poloxamer films.

By the monolayer model system a different penetration degree
of P188 to the lipid monolayers at a different lipid phase state
(lamellar L, and non-lamellar Hy; and Qy) was found for the first
time. Regarding the rate and the degree of spreading of the
different lipid phases at the interface the order L, > Qp; > Hyy was
observed. It was shown that the penetration of P188 to the
DPoPE monolayers in all three phases is very fast (within 20—
30 s), strong and concentration dependent. The results revealed
that the penetration of P188 at the low concentration used was
stronger to the DPoPE monolayers in L, and Hy phases in
comparison to the Qp phase. However, at high P188
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concentration the strongest penetration was detected to the non-
lamellar DPoPE monolayers in Hyy and Qpp phases, followed by
L., phase.

The dynamic characteristics of the mixed DPoPE + P188
monolayers illustrated the effects of “loss” of molecules from the
surface and desorption during monolayer compression—decom-
pression, which are much better pronounced for the lamellar L,
phase in comparison to the non-lamellar Hy; and Qg phases. The
results obtained suggested a stronger interaction between P188
and DPoPE during cycling of monolayers in the Qy; phase than
in the other two and more packed structures formed at the
surface in the case of the Qp; phase.

Hence, by the lipid monolayer experiments performed in this
work on the penetration of poloxamer molecules to DPoPE
monolayers in different phases (Fig. 1-3) and on the dynamic
characteristics of the mixed monolayers (Fig. 4 and 5) it was
clearly demonstrated that the lipid phase state strongly affected
the behavior of the mixed films.

Our BAM experiments provided data on the surface
morphology of the domains of the pure DPoPE monolayers
spread from chloroform (at surface concentration at which y.q
values are comparable with that of the native membranes) and
after the addition of the poloxamer to the monolayers. The
results obtained allowed to detect the changes in the size of the
domains formed due to the interaction between P188 and DPoPE
at the surface. These experiments showed that the addition of
P188 to DPoPE monolayers led to a decrease in the lipid domain
size and to formation of more homogeneous films.

It was shown qualitatively by LTLFs for the first time, a strong
stabilization effect of Poloxamer 188 to the a priori unstable
DPoPE films, probably influenced by the appearance of steric
repulsion (in addition to the electrostatic repulsion and van der
Waals attractive forces) between the lipid monolayers of LTLF
(i.e. appearance of steric component of the disjoining pressure),
due to the presence of the amphiphilic polymer molecules in the
water core between them.

On the basis of the results obtained we can conclude that the
three-block copolymer Poloxamer 188 possesses strong affinity
to phospholipid molecules located at the membrane surface. The
results suggested that the non-lamellar Hyy and Qyq lipid phases
have a higher potential to act as a “reservoir” for penetrating
agents, and as a pool for membrane repairing substances, like
P188. Both qualitative and quantitative results obtained could be
of importance in clarifying the mechanisms of effective sealing of
the local damaged cell membranes by Poloxamer 188 molecules.
Our investigations in this direction are in progress.
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