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ABSTRACT

Phase behaviors of 1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC) and polyoxyethylene(40)stearate
(PEG40St) were investigated with Langmuir monolayer isotherms and Brewster angle microscopy (BAM) imaging
at DSPC/PEGy4,St molar ratios ranging from 9:1 to 5:5. Two plateaus were found in the Langmuir isotherms
which were relatively shorter for the 9:1 mixture and extended significantly by increasing the PEG4St content,
indicating that the PEG4,St squeezed out whereas more emulsifier retained in the monolayer at higher PEG4,St
contents. A strong hysteresis was observed when the mixed monolayers were subjected to compression-expan-
sion cycles. The degree of hysteresis for the first cycles also increased with increasing PEG4oSt content in the
monolayer. Gray scale intensities in the Brewster angle microscopy images were determined for pure DSPC and
pure PEGy4oSt and a scale was established to better interpret the morphologies for the mixtures. Bud and vessels
formed during the PEG4,St squeezed out upon compression. Upon expansion, PEG4,St and DSPC is reappeared
on the monolayer. When considered BAM images together with the Langmuir isotherm, PEG40St molecules were
found to be well distributed within the DSPC molecules at lower DSPC/PEG4,St mole ratios and mostly phase
separated at higher mole ratios. It was concluded that higher PEG4,St content would be advantageous for the
design of an efficient and cheaper ultrasound contrast agents.

1. Introduction

Ultrasound is a diagnostic imaging modality widely used in medi-
cine because it is non-invasive, low risk, low cost, and portable tech-
nique providing real-time imaging [1]. However, it suffers from poor
image quality because blood, healthy liver, spleen and kidney have
similar acoustic properties [2]. The image quality can be improved
using microbubbles as ultrasound contrast agents [3]. However, low
stability of the microbubbles limits their use for extended period of time
in clinical settings. There are mainly two components playing major
role in microbubble stability, namely, gas core and the shell [4]. Use of
gases with low blood dissolution relatively improved the microbubble
stability; however, the shell needs to be redesigned for more stable and
effective microbubbles [4].

The shell of a microbubble can be biocompatible protein, polymer,
or lipid [1]. Previous studies showed that microbubbles coated with
protein and polymer shells demonstrated gas loss due to formation of
cracks on the shell under ultrasonic pulses. Additionally, protein coated
microbubbles tend to adhere into vasculature [1,5]. On the other hand,
lipid coated microbubbles were found highly echogenic due to their soft
shells resulting from weak intra-lipid interactions [2,6-9]. It is well-
understood that phospholipids form liposomes [10,11]. Addition of
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emulsifiers can transform the bilayers into a monolayer as in micro-
bubbles [12-15]. Tween-40, lipopolymers such as DSPE-PEGsq00, DSPE-
PEG2g00, and Polyoxyethylene-40-stearate (PEG,4St) were used as
emulsifier in microbubble formulations [16-22]. The large size of the
hydrophilic polar headgroups of the polyethyleneoxide (PEG) chain
leads the emulsifier to acquire a more cone-shape conformation causing
the bilayers to convert into monolayers [23]. Hence, phospholipids
together with the emulsifiers can form a monolayer around the gas
bubbles.

Not all lipids are miscible with emulsifiers [11]. For instance, it was
shown that emulsifier is only miscible with expanded phase lipids with
carbon number of the acyl chain less than 16 but not with condensed
phase lipids [11,19]. Immiscibility of the emulsifier with the condensed
phase lipid was attributed to the bulkiness of the PEG-chains of the
emulsifier [4]. It appears that stable microbubbles can be produced if
gas bubbles are stabilized by the condensed phase lipids with sufficient
amount of the emulsifier to form a condensed/cohesive layer around
the gas bubble.

A lipid-to-emulsifier mole ratio of 9:1 is generally used for the mi-
crobubble composition [4,18,20,24-28]. The phase formation, mis-
cibility, and microbubble stability of this composition have still been
under investigation. Emulsifier content less than 10% (9:1 mixture) is
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however small to reveal the effect of emulsifier on the phase behavior of
the lipid-emulsifier mixtures because the majority of the shell compo-
nent, more than 90%, is composed of lipids alone. Therefore, higher
emulsifier contents are needed to gain more significant information
about the effect of the emulsifier on the monolayer cohesiveness. To the
best of our knowledge, the phase behavior of DSPC/PEG4,St mixture
with more than 15% of the emulsifier [11] have not been reported in
the current literature.

In the present work, DSPC/PEG4,St mixtures in a range from 9:1 to
5:5mol ratios were prepared and their miscibility were investigated
using surface pressure-area isotherms coupled with the Brewster angle
microscopy (BAM) imaging. Two plateaus were found in the Langmuir
isotherms indicating the squeeze out of the PEG4,St molecules from the
monolayer. Plateaus were relatively shorter for the 9:1 mixture and
extended significantly by increasing the PEG4,St content. In our recent
paper, we developed a quantification method to estimate the squeeze
out amount of PEG4,St from Langmuir isotherms [29]. Almost 93%,
82%, and 53% of PEG40 St displaced for the 9:1, 7:3, and 5:5 mixtures,
respectively, at the end of the first collapse plateau [29]. Remaining
PEG4,St squeezed out at the end of the second collapse plateau, where
20% of PEG4(St still contained within the 5:5 composition [29]. Here, a
scale was established on the Brewster angle microscopy (BAM) images
of the monolayers to better interpret the morphologies of the mixtures.
It was shown that PEG,4,St molecules were well distributed within the
DSPC molecules at lower DSPC/PEG,40St mole ratios and mostly phase
separated at higher mole ratios. Compression-expansion cycles up to
surface pressures below and above the collapse plateaus showed a solid
monolayer at the higher surface pressures and produced cracks during
expansions. These cracks were bare sub phase. It was concluded that
increasing PEGy4oSt content would be advantageous to design more
stable lipid based microbubbles and reduce the cost for the ultrasound
contrast agents.

2. Materials and methods
2.1. Materials

1,2 Distearoyl-sn-glycero-3-phoshhocholine (DSPC, 99%) and
Polyoxyethylene-40- stearate (PEG4,St) were purchased from Sigma
Aldrich (St. Louis, MO). Chloroform (CHCl; 99.4%) was purchased
from Merck and used as a solvent to prepare spreading solutions.
Ultrapure water used as sub phase was produced by Millipore pur-
ification system with specific resistivity of 18 MQ cm. The required
amounts of DSPC (MW, 790.16 g/mole) and PEG4,St (MW, 2044 g/
mole) were calculated for the 9:1; 8:2; 7:3; 6:4 and 5:5M ratios of the
mixtures and dissolved in chloroform so that the resulting final solid
concentration was 0.7 mg/ml. After chloroform addition, the vials were
immediately sealed with screw cap to avoid chloroform evaporation
and kept in the freezer at -22 °C. The sealed vials were homogenized
using a bath sonicator before spreading the solution at the air-water
interface and warmed up to the room temperature under continuous
stirring with the cap closed. About 30 to 50 pl of solution was spread
over the water subphase to reach the desired initial mean molecular
area.

2.2. Langmuir monolayer isotherms

The experimental procedure for the Langmuir isotherms of the
monolayers was reported in our previous paper [29]. Briefly, Langmuir-
Blodgett system (KSV minitrough, Finland) with two movable teflon
barriers was employed to study the phase behavior of the binary sys-
tems and their pure components. The system was enclosed in a plex-
yglass box to minimize possible contamination of air-monolayer-water
interface and the disturbance of the monolayer by the air currents. The
Langmuir trough was filled with ultrapure water with specific re-
sistivity of 18 MQcm produced by a Millipore purification system.
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Cleanness of the air-water interface was confirmed by closing and
opening the barriers on the pure water and ensuring that surface
pressure readings do not differ by more than + 0.1 mN/m. The lipid
solutions were spread on the water subphase via Hamilton micro syr-
inge. The chloroform was allowed to dry for 20 min to obtain mono-
layers at the air-water interface. The surface pressure-area (s-A) iso-
therms were obtained via symmetric compression of the monolayers by
the two barriers. A compression speed of 5mm/min was used in all
experiments. Each isotherm was performed 4-5 times to ensure re-
producibility of the isotherms.

The cycle experiments of the isotherms were carried out by periodic
compression followed by an expansion. For these experiments, a
monolayer was compressed until the surface pressure reached the tar-
geted pressure of either 30 mN/m or 50 mN/m, then the monolayer was
allowed to equilibrate for 20 min and expanded to the initial pressure
while the surface pressure was maintained constant. After allowing
20 min to equilibrate, the subsequent compression and expansion cycles
were performed.

2.3. Brewster angle microscopy (BAM) images of the monolayers

Morphology of the monolayers were investigated by Brewster Angle
Microscope (KSV Optrel BAM300) mounted on the Langmuir trough
(KSV minitrough, Finland). Standard HeNe laser was used as the light
source emitting linearly p-polarized light with an intensity of 10 mW at
a wavelength of 632.8 nm. High quality Glan-Thompson polarizers
were used with the polarization ratio of 10°. The images of the
monolayers were captured by the CCD digital monochrome video
camera (EHD kamPro02) attached to the instrument with a resolution
of 768 x 494 pixels. The images were acquired using an objective
(Mitutoyo, Japan) with 10 X magnification (WD: 33.5 mm, NA: 0.28,
FOV: 400 x 300 pm).

For the BAM images, the microscope was firstly adjusted to the
incident beam fixed at Brewster angle of water (53°) for no reflection
from the surface, resulting in completely dark background. After
spreading the monolayer, reflected lights from the monolayer surface
passing through a second polarizer were recorded with the CCD camera
for the same settings. Experiments were carried out at 22 + 1°C using
circulating water bath. The BAM images of the samples were stored
digitally at every 30s. Representative images were selected for eva-
luations. The gray scale intensity of the images were determined using
the ZEN® software (Carl Zeiss, Germany).

3. Results and discussion

The miscibility behaviors of DSPC and PEG4St mixtures were in-
vestigated at molar ratios of DSPC/PEG4,St ranging from 9:1 to 5:5.
Fig. 1a shows the surface pressure (;1)-mean molecular area isotherms
for pure DSPC, pure PEG4,St, and DSPC/PEG4,St binary mixtures at
different molar ratios, as also reported in our previous paper [29]. The
discontinuities as the main turning points for the mixed monolayer
isotherms and the locations of the isotherms in the low and high
compressibility regions were shown separately in Fig. 1b for the 8:2
mixture as an example. Fig. 1c shows the compression modulus (G~ %)
for the pure components and 8:2 mixture in particular as an example,
which was used to detect phase transitions [30,31]. The compression
modulus is defined by Eq. (1) [30,32,33]

_aldm)

cl=
: (dA)

(€]
where A is mean molecular area at that particular surface pressure. As
seen in Fig. 1a and b, pure DSPC monolayer demonstrated liquid-con-
densed (LC) phase at the air-water interface at room temperature due to
strong cohesive interactions between C;g aliphatic chains [32,34,35].
From the compression modulus, as shown in Fig. 1lc, the collapse
pressure for DSPC was found to be about 59 mN/m, at which C,~!
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Fig. 1. Surface pressure-mean molecular area isotherms of (a) DSPC, PEG4,St,
and their mixed monolayers at different mole ratios, (b) typical discontinuities
as the turning points indicated by the arrows, (c¢) compression modulus (PD)]
for pure DSPC, pure PEG4,St, and 8:2 mixture of DSPC/PEG0St.

showed a minimum, at which, as shown in Fig. 1b, the mean molecular
area for DSPC was found to be about 40 A%/molecule, being in good
agreement with the literature [36-38]. Unlike DSPC, pure PEGySt
monolayer exhibited a non-zero surface pressure even at very low
molecular densities. As shown in Fig. lc, at which C,~! showed a
minimum, the collapse pressure for PEG4,St was found to be 35 mN/m,
consistent with the literature [36,39]. However, there are incon-
sistencies about the mean molecular area of PEG4,St in the literature
such that the mean molecular area for the PEG4,St were reported to be
40 A%/molecule [40], 30 A2/molecule [41], and 20 A2/molecule [16] at
its collapse pressure. Here, our measurements showed in Fig. 1b that
the mean molecular area for PEG4,St is about 30 A2/molecule at its
collapse pressure of 35mN/m. Pure PEG4,St did not result in sharp
increase in the surface pressure and remained in the expanded phase
until its collapse pressure.

The mixture isotherms were measured to be located between the
isotherms of the pure DSPC and pure PEG4,St components. As shown in
Fig. 1c, discontinuities were identified on the mixture isotherms. The
first plateau initiated at 33 mN/m, which was below the collapse
pressure of pure PEG4,St. A second discontinuity was seen for the
mixtures at the surface pressure of about 41 mN/m, which was the end
of the first collapse plateau and start of the second plateau. The second
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collapse plateau ended at the surface pressure of about 42 mN/m,
which slightly increased from 42.4mN/m to 44.7mN/m with in-
creasing emulsifier content for the mixtures [29]. The last discontinuity
was at the surface pressure of about 59 mN/m for the mixtures, which
were interestingly intersected with the collapse pressure of DSPC. At
each discontinuity, as shown in Fig. 1a, the mean molecular area de-
creased with increasing emulsifier content for the mixtures. The de-
crease in the mean molecular area indicated that there are either con-
siderable changes in the conformation of the PEG-chain of the
emulsifier or squeeze out of PEG,4,St from the monolayer [4,11,29]. The
squeeze out amount of PEG4cSt was quantified in our previous paper
[29] and found that almost all PEG4,St were lost from the monolayer at
the last discontinuity region so that the collapse pressures for the
mixtures were the same with the collapse pressure for DSPC alone. The
changes became more significant and clearly visible as the emulsifier
contents were increased in the mixture.

The mixture isotherms demonstrated more expanded behavior with
increasing PEG4oSt content in the monolayer below the collapse pres-
sure of the emulsifier, which is due to the bulky polymer chains spread
at the interface. However, above the plateau, the isotherms shifted to
the smaller mean molecular areas with increasing emulsifier content. It
was reported earlier that the location of the DSPC/PEGy4,St mixture
isotherms up to 15% of PEGy4St content was independent of the
emulsifier content after the plateau region, exhibiting an isotherm
identical to that of pure DSPC [11]. However, we observed that the
isotherms were located at more left of DSPC with increasing emulsifier
content, as also observed with DSPC/DSPE-PEGq09, DPPC/PEGgSt and
Span60/PEG,4,St mixtures [33,35,41,42]. Our mixture isotherms dis-
played plateaus broadening with increasing PEG4,St content in the
monolayer. Enlargement of the plateau was also observed in DSPC/
PEG4oSt monolayers elsewhere with PEG4St content up to 15 mol%
[11], whereas the isotherms of the Span60/PEG,4,St mixed monolayers
were seen to be intersecting at a point above the plateau region [41].
With further compression of the monolayer, additional smaller plateaus
were observed at surface pressure of about 41 mN/m for all mixed
monolayers. Similar to the first plateau, mixtures displayed more pro-
minent plateaus with increasing PEG4St content. The increase in the
extent of second plateau was also seen in Span60/PEG,4,St mixtures,
exhibiting a decrease in the starting surface pressure of the plateaus
from 45 mN/m to 38 mN/m with increasing molar fraction of PEG4,St
in the monolayer [41]. The second plateau was attributed to a partial
removal of the emulsifier from the mixed monolayers [41]. The length
of the plateaus clearly signifies that the amount of the emulsifier re-
tained in the monolayer is proportional with the emulsifier content. We
evaluated the squeeze out amount of PEG4,St from Langmuir isotherms
in our previous paper [29]. Almost 93%, 82%, and 53% of PEG40 St
displaced for the 9:1, 7:3, and 5:5 mixtures, respectively, at the end of
the first collapse plateau [29]. The remained PEG4,St squeezed out at
the end of the second collapse plateau of about 42 mN/m, except 20%
of PEG4(St still remained with the 5:5 composition [29]. The lack of the
second plateaus in the previous study for the DSPC/PEG,4,St mixtures
up to 15% of the emulsifier [11] were probably due to the onset of
buckling in the monolayer resulting from the different amount of the
material spread initially at the air-water interface [43] and/or the in-
sufficient amount of the emulsifier to observe the changes.

Compression-expansion cycles of the Langmuir monolayers were
investigated to understand the PEG4,St squeeze out from the mono-
layers and to evaluate how well the monolayer components can retain
their configuration during the expansion after a compression [40,44].
Fig. 2 shows the compression-expansion cycles of DSPC/PEG oSt mixed
monolayers for 9:1, 7:3 and 5:5 mixtures for comparison. Surface
pressures of 30 mN/m and 50 mN/m were selected as the pressures
below and above the collapse pressures of the mixtures. The mono-
layers were compressed to either the surface pressures of 30 mN/m or
50 mN/m, held at that pressure for 20 min, and then expanded to the
low surface pressure, allowing 20min to equilibrate before the
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Fig. 2. Compression-expansion cycles of (a,b) 9:1, (c,d) 7:3, (e,f) 5:5 DSPC/PEG4,St mixed monolayers compressed up to a surface pressure of 30 mN/m (a, c, e) and
50 mN/m (b, d, f). Solid lines with numbers indicate the corresponding compression isotherm in the cycle.

subsequent compressions. As shown in the figure, when the mixed
monolayers were compressed to the target pressure of 30 mN/m
(Fig. 2a, c, e), the expansion curves did not return to the starting point
of the preceding compression curves, indicating a hysteresis. The
magnitude of hysteresis scaled with the mol% of PEG4,St in the mix-
ture. In a separate study, the Langmuir isotherms of pure DSPC did not
show a significant change during successive compression-expansion
cycles while pure PEG4,St demonstrated very large shifts to the lower
mean molecular areas in each cycle (data not shown). Therefore, this
hysteresis was attributed to conformational changes in the PEG-chains
since the emulsifier was considered not to be lost to the subphase when
the monolayer compressed to 30 mN/m, which is below the collapse
pressure of 33 mN/m for the mixtures [11,40].

When the mixed monolayers were subjected to compression-ex-
pansion cycles to the target pressure of 50 mN/m, a strong hysteresis
was observed in the first compression-expansion cycle (Fig. 2b, d, f).
The other two subsequent cycles did not produce significant hysteresis.
The degree of hysteresis for the first cycles increased with increasing
PEGy40St content in the monolayer. A very small plateau was observed at
about 40 mN/m in the second compression cycle for the 5:5 mixture.
The second plateaus were not observed for the other isotherms when
high amount of material was spread at the interface [43]. The mean
molecular areas were the same at the end of each compression to
50mN/m for all mixtures indicating the formation of DSPC-rich
monolayer and a significant amount of PEG4,St squeeze out from the
monolayer after the first compression.

The morphology and miscibility behaviors of DSPC and PEG4,St
were investigated by the Brewster angle microscopy (BAM). Fig. 3a
shows the selected BAM images among the images subsequently taken
at 30 s intervals during compression for pure DSPC and pure PEG4(St.
The BAM image for pure DSPC showed a fractured bright surface
floating on the water subphase at the initial spreading conditions,
where it did not exert a surface pressure. With moving barriers towards
each other, a continuous monolayer of DSPC formed when the DSPC
layer was compressed to higher surface pressures. During compression,
the level of the air/water interphase elevated so that the focus on the
images moved to the bottom of the images taken by the camera at a
fixed distance position. A continuous dark BAM image was obtained for
the pure PEG4,St at the initial spreading pressure of 11.66 mN/m. Upon
compression, the images became brighter. It was reported that the in-
tensity in the BAM images depends on the film thickness and film op-
tical properties [45-48]. Therefore, gray scale intensities were de-
termined along the images using ZEN® image processing software.

Fig. 3b shows the brightness levels obtained for the pure DSPC and pure
PEG40St monolayers. The film thicknesses were not calculated because
generally the refractive indices for these films thinner than 20 nm could
not be accurately determined [49,50]. At the initial spreading pressure
of DSPC, the water subphase produced a completely dark image with a
“zero” gray scale intensity on a line at the focus area of the BAM image
as shown in the figure. The continuous monolayer of the DSPC pro-
duced totally bright image with a higher gray scale intensity value. The
fractured domains produced gray scale intensities in between these two
intensity levels. The mid-level intensities indicated that some of the
DSPC molecules freely floating on the surface are tilted on the subphase
[46] at the air-water interface so that their film thickness is relatively
smaller.

The gray scale intensity value was very low for the BAM image of
PEG,,St at its initial spreading pressure. However, the gray scale in-
tensities increased with compression of PEG4,St monolayer as the sur-
face pressure was increased up to its collapse pressure of 35 mN/m. The
increase in the gray scale intensity can be attributed to the conforma-
tional changes in the PEG-chains [44] as illustrated at the inset of
Fig. 3b for the PEG4oSt gray scale intensity. It is well established with
the Alexander-de Gennes theory that when PEG-grafted surfactants are
spread at the air-water interface, the hydrophilic headgroups acquire
different conformations at the interface [44]. At very low densities, PEG
headgroups spread at the interface with a “pancake” conformation.
Repulsive interactions between the polymer chains start when the dis-
tance between the polymer chains is comparable to the Flory radius
(Rp) given by Rp= a.N®/® where a is monomer size (equal to 0.35 nm for
PEG) and N is the number of ethyleneoxide monomer units [44]. When
the polymer chains approach a distance comparable to Flory radius,
they begin to extend into a third dimension towards the water phase
called “mushroom” to “extended mashroom” conformations, due to
steric repulsion between the hydrophilic polymer chains. At a distance
smaller than the Flory radius, the chains extend into subphase, leading
to formation of “brush-like” conformation [44]. Therefore, a scale was
established for the interpretation of the conformational changes of
DSPC and PEG,,St in the mixtures at different compression levels.

The brightness intensities obtained from the examination of the
BAM images for pure DSPC and pure PEG,4oSt were divided into four
levels. The zero intensity level (L-0) corresponds to the water subphase
since there is not any lipid or emulsifier molecules at the air-water
interface. The first level of the gray scale intensity, L-1, was assigned to
the pancake conformation of PEG4St at very low spreading surface
pressures. The gray scale intensity level increases with the increase in
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Fig. 3. (a) BAM images of pure DSPC and pure PEG4,St monolayers at different compressions (b) Gray scale intensity levels for DSPC and PEG4St at different surface

pressures. Inset is the possible conformations of the PEG-chains.

the degree of its condensation at higher surface pressures. Therefore,
the L-2 to L-3 levels were assigned to the mushroom and extended
mushroom conformations of the PEG-chains. The brush conformation of
the PEG4(St, if occurs, appear in the L-4 level in the scale. Considering
the length for the C—C bond to be about 1.53 A [46], the chain length
for the DSPC and PEG,4,St hydrocarbon tails would be about 2.75 nm
since they both have 18-carbons on their hydrocarbon tails. Assuming
the projected length for each ethylene oxide monomer,
(CH,—CH,—0)—, to be 3.7A [42], the length of 40 PEG-chains would
be about 16.6 nm at its brush conformation. Hence, the film thickness
for the DSPC and PEG4,St in its brush conformation would be about
3nm and 19 nm, respectively [26,51], where the film thickness for the
PEG4,St would be about 6 times greater than the film thickness for the
DSPC. Hence, the gray scale intensity would be expected to be much
higher for the PEG40St at its brush conformation than the brightness
level for the condensed DSPC monolayer. However, the PEG4,St rarely
form a condensed brush layer [51-53] and therefore, the gray scale
intensity became usually lower for the PEGylated emulsifier compared
to the condensed DSPC molecules. Therefore, in the scale, the bright-
end of the gray scale intensity level indicates mainly the conformation
for the DSPC-rich monolayer and the dark-end of the gray scale in-
tensity level indicates the conformation of the PEG-chains of the
PEG40St, which depends on their chain length and packing density
[12,14].

Fig. 4 shows the BAM images of DSPC/PEG4(St mixtures from 9:1 to
5:5M ratios captured at the surface pressure of 25 mN/m during the
continuous compression. The measured mean molecular areas of the
mixtures were also indicated on each image. These monolayers were in
the high-to-moderate compressibility region and the mean molecular
areas of the mixtures increased with increasing emulsifier content at the

constant surface pressure of 25 mN/m. The mean molecular area of the
pure DSPC was measured to be about 47.5 A%/molecule at the surface
pressure of 25 mN/m (Fig. 1). Because the DSPC molecules are in li-
quid-condensed state, its mean molecular area can be considered not
significantly varying in these different mixtures at the specified surface
pressure. Therefore, the relatively more rigid DSPC molecules can be
employed as the reporter molecule to estimate the mean molecular
areas occupied by the PEG4,St molecules in the mixtures using the
balance equation [29]: Ajo=x;. < A; > +Xo <Ay >, where A, is
the measured mean molecular area for the mixture, x; and x, are mole
fractions of each component, and < A; > and < A, > are the mean
molecular area for the DSPC and PEG4,St occupied in the mixture, re-
spectively, at the specified surface pressure. Knowing x;, x» for the
DSPC and PEG4cSt compositions and, assuming that the DSPC mole-
cules are rigid enough where its mean molecular area does not change
significantly with the small deviations in the surface pressures, the
mean molecular area for DSPC ( < A; >) is approximately the same
with its ideal mean molecular area (A;) obtained from the pure DSPC
isotherm, the mean molecular area for the PEG4,St ( < A, >) can be
calculated in the mixtures as shown in Fig. 5. This method to estimate
the mean molecular area of PEG4,St in DSPC is the first, to the best of
our knowledge, reported in the literature [29]. As seen, surprisingly,
the calculated mean molecular area for PEG4,St was about 42 and
55 A%/molecule for the 9:1 and 8:2 DSPC/PEG,4,St mole ratios, re-
spectively, which were almost the same with the mean molecular area
of 47.5A%/molecule for the DSPC at lower emulsifier mole ratios.
Larger mean molecular areas were obtained for the higher emulsifier
mole ratios, for which the mean molecular areas for PEG4,St were 69
and 86 A%/molecule for the 7:3 and 5:5 DSPC/PEG4,St mole ratios,
respectively. The mean molecular area for the PEG,4,St molecules was
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more than double for the 5:5 mixture compared to that for the 9:1
mixture. The mean molecular area for the pure PEG4,St was measured
to be about 91.5 A%2/molecule at this compression level for the surface
pressure of 25 mN/m. It is understood that PEG,4,St molecules were well
distributed within the DSPC molecules at lower mole ratios and phase
separated at higher mole ratios. The well-distributed PEG4St molecules
were compressed by the DSPC molecules at the molecular level pushing
the PEG-chains down underneath the monolayer to form an extended
mushroom conformation at lower DSPC/PEG4,St mole ratios since the
PEG40St concentration was only 10% in the 9:1 mixture and the ma-
jority of the composition was composed of the DSPC molecules. At
higher DSPC/PEG,40St mole ratios, the PEG4St molecules seem to be
phase separated and demonstrate predominantly a PEG-PEG compres-
sion so that the mean molecular area is relatively higher, indicating a
mushroom conformation.

The BAM images for the DSPC/PEG4,St mixed monolayers from 9:1
to 5:5M ratios demonstrated bright domains on relatively dark back-
ground. The bright domains indicated the condensed DSPC-rich
monolayer and less bright background indicated the PEGy(St-rich
monolayer. These domains are noncircular due to anisotropic and
unidirectional compressions [54]. As shown in the figure, the size of the
expanded phases increased with the emulsifier content and con-
siderably phase separated at the 5:5 mol ratio. The gray scale intensity
for the dark-end relatively decreased as the PEG4oSt content was in-
creased in the mixtures, indicating that the PEG4,St in mushroom
conformation at the 5:5mol ratio converted into the extended mush-
room to brush conformation towards the 9:1 DSPC/PEG,4,St mole ratio.
The gray scale intensity level for the bright-end intensity was higher for
the 9:1 mol ratio and decreased slightly with increasing the PEG4oSt
content, demonstrating a lower film thickness and/or less condensed
monolayer compared to the more condensed pure DSPC monolayers. At
constant surface pressure, with increasing amount of the emulsifier, the

distance between PEG-chains decreased, promoting the conformational
changes for which the cohesive interactions between aliphatic chains
weakened due to an increase in the distance between DSPC molecules
favoring the conformational changes by anchoring the molecules to the
interface. Therefore, the increase in the size of the condensed domains
at higher molar ratios, despite the decrease in DSPC mole ratio, implies
that some of the emulsifier molecules were incorporated into DSPC
matrix through conformational changes, while the excess emulsifier
molecules in the mixtures partitioned out of the condensed phase, re-
sulting in DSPC-enriched and liquid expanded (LE) PEGyoSt-enriched
domains.

Morphological changes in the mixed monolayers were analyzed
during compression-expansion cycles. Fig. 6 shows the BAM images of
the 9:1 and 5:5 mixed monolayers compressed to 30 mN/m below the
collapse pressure of the mixture and then expanded to 8 mN/m and
12mN/m for three cycles, respectively, which were the minimum
surface pressures that the trough area allowed. As seen from Fig. 6a, at
8 mN/m surface pressure before the first compression, 9:1 mixture
displayed initially bright spots connected through less condensed
phases spread with relatively dark background. The gray scale intensity
at the low-end indicated that the PEG,4,St was in mushroom con-
formation although its content was only 10% while the majority was
the DSPC in the monolayer. The brightness level at the high-end in-
dicated the DSPC-rich condensed domains forming bright spots at the
air-water interface. The BAM images of the monolayer at surface
pressure of 30 mN/m revealed that the condensed phases became more
interlinked during the compression with the fusion of less condensed/
fluid regions to form extended mushroom conformation. Interlinking of
the condensed domains with compression was also observed in 9:1
DPPC/PEG4(St mixture via fluorescence microscopy [11]. Brightness
level at high-end indicated that the DSPC became tilted on the surface
when mixed with the PEG4,St and formed a relatively thinner mono-
layer. Upon expansion, the monolayer relaxed without significantly
altering their conformations in the subphase as evidenced from the
brightness level at high-end. The gray scale intensity at the “zero” level
revealed that the dark regions were the bare water. It seems that a solid-
like monolayer film formed during compression while a network
structure formed during expansion without significant molecular re-
laxation. Upon compression for the second and third cycles, similar
condensed monolayers formed. Bright spots disappeared in the sub-
sequent expansion cycles. The shift of the isotherm to the left is gen-
erally interpreted as a material loss during compression-expansion cy-
cles [44]. Considering no material loss from the monolayer prior to
collapse pressure of the emulsifier [11], the shifts to a lower mean
molecular area in the surface pressure-area isotherm were attributed to
the conformational changes in PEG-chains of the emulsifier in each
cycle. It is evident from the BAM images that not only the molecular
compression but also the domain compression took place in the
monolayer during the expansion-compression cycles. The Langmuir



S. Kilic, E.S. Bolukcu

203 Comp S mN/m 34 Comp S/m

ﬁmmmm
Level| <
2 f.Ld) &

N v

v

3
R
Distar

™ s 90 10 EEEEEEEERE)

2"d Comp.
30 mN/m

3rd Comp.
30 mN/m

100

1stcomp 30mNm

Level
L:4.

@204 Comp 30 i/ @31d Comp 30 mN/m

A it ] RS IR

o
0 1 2 1 & 50 @ M o 0
Disance,um.

100

5:5 mixture

Colloids and Surfaces B: Biointerfaces 171 (2018) 368-376

2"d Comp.
12 mN/m

12 mN/m

@15tComp 12 ni/m

H )

@3dComp 12mN/m

|

[+

GraySeal ncensit, AU,

o @ %m0 20 40w 20 W @0
3rd Comp.
30 mN/m

Gray Scaleensiy, A,

n ﬁ 8114l 5
pR BT TS
LR B

o o
0 1 2 B & 50 e M W W W0 o 1 20 B & 50 6 M W 0 W
Distance, um Distance,um
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monolayer compressed upto surface pressure of 30 mN/m.

isotherms of the compression-expansion cycles also support these ob-
servations as the subsequent compression isotherm shifted to the left of
the preceding compression isotherm in Fig. 2. It has been reported that
PEG-chains in the extended conformation into the subphase bind more
water than in random coil conformation [51]. This implies that, as
being a hydrophilic polymer, PEG-chains prefer to remain in the ex-
tended conformation as their interaction with water is energetically
more favorable in the extended state.

As seen in Fig. 6b, 5:5 mixed monolayer initially formed large bright
domains within a continuous dark background at the surface pressure of
12 mN/m before the initial compression. The near zero level gray scale
intensity indicates that the very large dark phase is the PEG4,St in the
pancake conformation on the water subphase. The bright domains
contained both DSPC and PEG,40St mixed monolayers. The gray scale
intensity level in these bright domains indicate that at the low-end the
PEG-chains show an extended interface-bound mushroom conformation
when spread initially at the interface. Upon compression to 30 mN/m, a
reduction in size for both the condensed domains and dark background
was observed while the number of condensed domains increased. The
gray scale intensity for the PEG40St at the low-end indicated that the
PEG4,St molecules changed conformation from pancake to mushroom
conformations. The brightness level at the high-end showed a con-
densed DSPC-rich islands at the interface. Upon expansion of the
monolayer to the lower surface pressure, bright domains become in-
terconnected, forming a continuous network. The zero level gray scale
intensity indicated that the dark background was the bare water and the
DSPC and PEG4,St are mixed in the interconnected network monolayer.
However, the brightness level at high-end indicated that the film
thickness was lower for the interconnected network. The thinner film
was attributed to the tilted or less condensed DSPC molecules [46] upon
mixing with the PEG4,St molecules in the expanded network. Also,
there were bright grains on the monolayer, indicating highly condensed
DSPC molecules. Upon recompression, the surface is mostly covered by
the PEG40St in mushroom conformation and DSPC was densely packed
into islands, circles, and crater-like domains as shown in the figure. The
crater-like domains were thought to form from buds, folds, and vesicles
[4] filled with water, producing image with relatively lower gray scale
intensity within their inner areas. Since no emulsifier is lost to the
subphase prior to collapse pressure of the emulsifier [11], inter-
connection of the bright domains in subsequent cycles implies that
there is coexistence of fluid and condensed phases with incorporation of

more emulsifier molecules into the condensed regions from the
PEGyoSt-rich fluid-phase. These observations are in good agreement
with the Langmuir isotherms in the compression-expansion cycles in
Fig. 2e showing that the same surface area was achieved for the same
surface pressure of 50 mN/m in each cycle.

In the compression-expansion cycle of the monolayers compressed
to 50 mN/m, 9:1 mixture was expanded to 14 mN/m (Fig. 7a) and 5:5
mixture expanded to 22 mN/m (Fig. 7b) as the trough area allowed. In
the BAM image for the 9:1 mixture, condensed grain-like domains were
distributed in a less bright continuous phase. The brightness level at
high-end indicated that the bright domains were the condensed DSPC
domains and the gray scale intensity level at low-end indicated that the
continuous monolayer was PEG4,St domains in mushroom conforma-
tion. Upon compression to 50 mN/m, a relatively continuous monolayer
formed. The Langmuir isotherms indicated a big hysteresis for the first
compression-expansion cycle and no hysteresis were seen in the latter
two compression-expansion cycles as seen in Fig. 2. The PEG4,St mo-
lecules were initially in mushroom conformation as evidenced from the
gray scale intensity level at low-end and they seemed to squeeze out
from the monolayer upon compression to 50 mN/m. The brightness
level at high-end at 50 mN/m pressure indicated that a condensed DSPC
film formed. The subsequent compression and expansions of 9:1 mix-
ture did not alter the gray scale intensity and produced solid-like
monolayer with PEG4St squeeze out. Upon expansion, the monolayer
relaxed, however, because the PEG4,St content is lower, only 10% in
9:1 mixture, a reinsertion of PEG4,St into the monolayer is hardly seen.
The relatively low-end gray scale intensity indicate the PEG4St at its
extended mushroom conformation, but it could also be defects on the
monolayer filled with water showing relatively less-bright regions in
the image.

As shown in Fig. 7b, initial spreading of DSPC/PEG4,St mixture at
5:5 mol ratio produced continuous monolayer and condensed grain-like
domains at the surface pressure of 22 mN/m. Crater-like domains were
also produced at the local collapse region occurred on the monolayer
[4]. The low-end gray scale intensity indicated the mushroom-like
conformation for the PEG4cSt. Upon compression, a slightly rough
surface was obtained with small defects on the monolayer [4]. We think
that the relatively dark regions are the bud and vessels formed during
the PEG4oSt squeezed out, which attach to the monolayer at its un-
derneath [4,11]. It seems that the bud and vessels filled with water
producing relatively lower gray scale intensity levels. Upon expansion,
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