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Lung surfactant (LS) plays a crucial role in regulating surface tension during normal respiration cycles by decreasing the work
associated with lung expansion and therefore decreases the metabolic energy consumed. Monolayer surfactant films composed
of a mixture of phospholipids and spreading additives are of optional utility for applications in lung surfactant-based therapies.
A simple, minimal model of such a lung surfactant system, composed of 1,2-dipalmitoyl-sn-glycero-3-[phosphor-rac-(1-gylcerol)]
(DPPG) and hexadecanol (HD), was prepared, and the surface pressure-area (𝜋-A) isotherms and nanostructure characteristics of
the binary mixture were investigated at the air/water interface using a combination of Langmuir-Blodgett (LB) and atomic force
microscopy (AFM) techniques. Based on the regular solution theory, the miscibility and stability of the two components in the
monolayer were analyzed in terms of compression modulus (𝐶−1

𝑠

) , excess Gibbs free energy (Δ𝐺𝜋exc) , activity coefficients (𝛾), and
interaction parameter (𝜉).The results of this paper provide valuable insight into basic thermodynamics and nanostructure of mixed
DPPG/HDmonolayers; it is helpful to understand the thermodynamic behavior of HD as spreading additive in LS monolayer with
a view toward characterizing potential improvements to LS performance brought about by addition of HD to lung phospholipids.

1. Introduction

Monolayer of mixed amphiphiles has been extensively inves-
tigated as membrane models to interpret the physical and
chemical behavior of monolayer and gain information about
the structural changes of the monolayer induced by molec-
ular lateral packing [1]. In particular, it is an effective
tool to study intermolecular interactions between mem-
brane molecules and HD. Researchers have applied various
methods to acquire more information on lipids/HD mono-
layer properties, such as Langmuir-Blodgett technology, syn-
chrotron X-ray diffraction, Fourier transforming infrared
spectrum, Brewster Angle microscopy, and atomic force
microscopy [2–6]. Among them, the LB technology has been
widely used as the most effective way to prepare nanometer
order monolayers and acquire the information on inter-
molecular interactions [7]. It also can achieve the molecular

assembly by means of changing the length of hydrophobic
chain or insetting ion to operate the structure, film thickness,
orientation, and sequences of themonolayer precisely. On the
other hand, the AFM has become an important technology
which characterizes surface morphology of monolayer by
utilizing the atomic interaction between the sample surface
and the scanning probe [8].

Lung surfactant, a complex mixture of lipids and proteins
found in the alveoli and affiliated bronchial interfaces, plays
a crucial role in regulating surface tension during normal
respiration cycles by decreasing thework associatedwith lung
expansion during respiration and therefore decreases the
metabolic energy consumed. Production insufficient or faulty
LS in premature infants is a major cause of mortality and
morbidity and consequently its biophysical action has been
and still is the subject of numerous studies [9]. While useful,
many LS preparations are made from animal extracts which

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2015, Article ID 908585, 10 pages
http://dx.doi.org/10.1155/2015/908585



2 Journal of Nanomaterials

can undergo large bath-to-batch variation as well as concerns
over potential zoonotic diseases; hence there are advantages
in developing purely synthetic LS exogenous surfactant
preparations for medical applications. Hexadecanol, acting
as a spreading agent, has been used in exogenous surfactant
preparations for partially overcoming the bad spreading of
lung surfactant lipids and it makes a positive contribution
to surfactant performance [10]. In previous reports [9, 11],
the mixed monolayer behavior of dipalmitoyl phosphatidyl-
choline (DPPC), which is the predominant lipid component
of natural lung surfactant, with HD at the air/water interface
as a function of mole fraction of HD, has been analyzed,
and the results illustrate that the binary monolayer appears
to be miscible, and the HD improves the surface tension
kinetics of DPPC. It has been also found that the molecular
packing in mixed DPPC/HD monolayers may be favored by
the packing efficiency or geometric accommodation at higher
surface pressure [11]. Grazing incidence X-ray diffraction
data shows that the HD preferentially interacts with DPPC
when HD is added into Infasurf (one clinical lung surfactant
preparation). HD intercalates between the DPPC chains and
hence leads to greater stability of the solid phase and a tighter
packing of the two-dimensional lattice compared with pure
system [10].Whilemost investigations on the behavior of HD
in LS model membranes were performed using DPPC, the
lung surfacemonolayers are composed of phospholipids with
different polar headgroups and hydrocarbon tails. Besides
DPPC, the anionic phospholipid DPPG is another important
LS surfactant, which has superior adsorption and spreading
properties in comparison with that of DPPC [12], accounting
for about 5% of the total surfactant phospholipid pool with
most species [13]. As we know, DPPG and DPPC have
the same hydrocarbon tails, but the DPPC has net neutral
charge and larger headgroup, which are very different from
those of the DPPG. Different conformations of the polar
headgroups of phospholipids may lead to differences in the
behavior of monolayer with the HD incorporation. But the
binary system of DPPG/HD has been not given the adequate
attention in monolayer researches. The aim of this work is
to investigate the DPPG/HD binary Langmuir monolayers
spreading on pure water from the view of thermodynamics
and physical chemistry by using LB and AFM technique. In
order to establish the mutual miscibility and the molecular
interaction between DPPG and HD at the interface, the
mean molecular area (𝐴), excessive molecular area (𝐴exc),
compression modulus, excessive Gibbs free energy, interac-
tion parameter, and activity coefficients have been quanti-
tatively evaluated based on the experimental 𝜋-A isotherms
recorded by KSV Minitrough instrument. The investigation
of interaction betweenDPPGandHD inmolecular level gives
significant information and experimental basis for elucidat-
ing and understanding the underlying molecular mechanism
between HD and lung surfactant lipid DPPG. Although the
mixed monolayer behavior might become complex, because
nonnegligible desorption of the monolayers might occur [11,
14], desorption of DPPG or HD, if there is any, was ignored
in the analysis.
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Figure 1: Chemical structures of (a) DPPG and (b) HD.

2. Materials and Methods

2.1. Materials. Synthetic sodium salt of 1, 2-dipalmitoyl-sn-
glycero-3-[phosphor-rac-(1-glycerol)] (DPPG, purity > 99%)
was obtained from Avanti Polar Lipids, Inc. (Alabaster, Al,
USA). The HD (1-hexadecanol, purity > 99%) was purchased
from Sigma (St. Louis, USA). The molecular structures of
the amphiphilic molecules are shown in Figure 1. The two
components were dissolved in chloroform (HPLC grade)
and diluted to 1𝜇mol/mL, respectively, before they were
spread at the air-water interface. A few drops of methanol
(HPLC grade) were used to aid the dissolution of DPPG
into chloroform. All preparations were stored at 4∘C. The
subphase for all the experiments is ultrapure water (resistivity
>18MΩ cm). The surface tension of the purified water was
about 72mN/m asmeasured by aWilhelmy plate tensiometer
at 25∘C.All glass wares used in the experiment in contact with
the samples were rinsed with purified water.

2.2. Isotherm Data Collection. An automatic controlled KSV
Minitrough (KSV Instruments Ltd., Finland) was used to
obtain the 𝜋-A isotherms and LB monolayer at the air-
water interface. The instrumentation is detailed elsewhere
[15, 16] and summarized below. The apparatus consists of a
Teflon trough fitted with two symmetrically mobile barriers
and a Wilhelmy plate used as the surface balance probe.
The measurements were performed with an accuracy of
±0.004mN/m in surface pressure and ±1% in surface area,
according to the instrument specification. Before each run,
the Teflon trough was washed with ethanol and rinsed with
purified water. The platinum plate was cleaned between each
experiment by rinsing with purified water and heating to
red heat. For all the experiments, the trough was filled with
purified water as the subphase, and the temperature was
maintained at 25 ± 0.5∘C by an external circulator. The given
molecules (DPPG and HD) were mixed and six different
stoichiometries (𝑋HD = 0, 0.2, 0.4, 0.6, 0.8, 1) were studied.
The mixed DPPG/HD solution was spread dropwise and
equably at the air/water interface with a Hamilton microliter
syringe after the interface was cleaned. Fifteen minutes was
allowed for solvent evaporation and monolayer equilibration
before an experiment was started. Then the monolayer at the
air-water interface was continuously compressed at a rate of
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0.01 nm2molecule−1min−1 to obtain the 𝜋-A isotherms. As
a monolayer was compressed to be in a condensed phase,
the isotherm generally exhibited a sharp break (which was
mentioned as the collapse point of the monolayer under
the given experimental condition) followed by an abnormal
change of surface pressure upon further compression. To
ensure the reproducibility, each group of data was repeated
at least twice (the error for the area per molecule and surface
pressure does not exceed 0.002 nm2/molecule and 0.1mN/m,
resp.).

2.3. Atomic Force Microscopy. The AFM methods have been
described in detail in previous studies [8, 17], and the main
steps can be summarized as follows: freshly cleaved mica was
used as a supporting solid substrate for film deposition. The
mixed monolayers were compressed up to the given surface
pressure. The deposition was carried out after the monolayer
stabilization 15min with the transferring rate of 1mm/min.
AFM images were obtained using an SPM-9500-J3 atomic
force microscopy (Shimadzu Instruments Co. Ltd., Japan).
The contact mode images (256 or 512 points per line) were
collected with scan rates of 0.5–1Hz, using a micro V-shaped
cantilever (Olympus Optical Co. Ltd., Japan) with a spring
constant of 0.06N/m, a thickness of 400 nm, and a length
of 100 𝜇m. The lateral and vertical resolutions were 0.2 and
0.01 nm, respectively. The transferred samples were checked
for possible tip-induced deformation by zooming out after a
region had been scanned.

3. Results and Discussion

3.1. 𝜋-A Curves at Discrete Mole Fraction. Figure 2 shows 𝜋-
A curves of DPPG/HD binary mixed monolayers formed at
the air/water interface with various mole fractions of HD,
respectively. The behaviors of the isotherms recorded for a
one-component monolayer (DPPG and HD films, resp.) are
in agreement with previous studies [9, 15, 18]. In Figure 2, the
𝜋-A curve of the pure system of DPPG demonstrates that
𝜋 starts to go up with compression at the limiting surface
area𝐴

0

(DPPG) = 0.5330 nm2 permolecule and reach a break
point where a phase transition, as a plateau on the isotherm
can be observed, from liquid-expand phase (LE) to liquid-
condensed phase (LC) takes place (𝜋 = 10.91mN/m, A =
0.6887 nm2 per molecule). The similar results were obtained
by other researchers [18, 19]. Interestingly, the transition
point almost disappeared in the 𝜋-A curve of DPPG one-
component monolayer on pure water subphase at lower
temperature [20, 21].These characteristic values as well as the
collapse pressure obtained at the breaking of the isotherm
curve are similar to those reported earlier [18]. It is needed
to note that the collapse pressures of pure DPPG is obviously
higher than that of HD, and this may be due to the fact that
the headgroup of DPPG molecule is bigger than that of HD
molecules, and the lipids used in the experiments have two
hydrophobic tail chains, while a HDmolecule only has single
tail chain.

As is seen, 𝜋-A curves for mixed DPPG/HD monolayers
(see Figure 2) appeared in the order between those of both
single systems and their shape varies systematically with
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Figure 2:𝜋-A isotherms ofmixedDPPG/HDmonolayers at discrete
mole fraction of𝑋HD on the pure water at 25 ± 0.5∘C.

the HD mole fraction, becoming similar to HD monolayer
isotherm. The addition of HD into the phospholipid film
makes the 𝜋-A curves steeper and provokes their shift toward
smaller areas. This strong influence of HD on phospholipid
monolayers is deemed the intercalating effect, that is, HD
intercalates between the phospholipid double chains, and
leads to a tighter packing of the two-dimensional lattice
compared with single component system [10]. Figure 2 shows
the break upon transition fromLE to LCwas observable up to
𝑋HD = 0.4; such phenomena also occurred in the DPPC/HD
binary system at 22∘C [9]. According to the surface rule
developed by Crisp from the ordinary phase rule in bulk
solution [22], which is an effective way to establishmiscibility
of the binary system, if the components are miscible, the
values of collapse pressure (𝜋

𝑐

) depend on the composition
of its components and 𝜋

𝑐

of the binary film lies between the
collapse pressures of single components [23]. As Figure 2
has shown, 𝜋

𝑐

for mixtures of DPPG/HD lies between the
pure DPPG and HD, and the values of 𝜋

𝑐

decrease with the
increment of mole fraction of HD; it suggests that the DPPG
and HD are miscible in the monolayer.

3.2. Miscibility of BinaryMonolayers. It is well accepted that a
completely immisciblemonolayer and an idealmixed film are
absolutely opposite [8, 24, 25]. However, both obey (1). In a
completely immiscible mixed monolayer, the intermolecular
forces 𝐹

11

≫ 𝐹
12

≪ 𝐹
22

while in an ideal binary system,
𝐹
11

= 𝐹
12

= 𝐹
22

, where 𝐹
𝑖𝑗

denote attractive forces between
molecules of the two components 𝑖 and 𝑗 (𝑖, 𝑗 = 1, 2, resp.)
[26].

To determine the miscibility of the mixture and how the
individual components of HD andDPPG are interacting with
each other in the monolayer, one appropriate parameter is
the evolution of mean molecular areas with the composition
mole fraction at a concerned surface pressure. The variation
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Figure 3: Mean molecule area as a function of composition of HD for mixed DPPG/HD monolayers on water subphase at discrete surface
pressure (full line: real mean molecular area; dotted line: ideal mean molecular area).

of the experimental mean molecular area at 5, 15, 25, 35, and
45mN/m for binarymonolayers was plotted against themole
fraction of HD in Figure 3. According to the additivity rule
[23, 27, 28], the ideal value of the molecular area for the
mixed DPPG/HD monolayers, 𝐴 id, can be calculated from
themolar fraction of the two components, and the plot of𝐴 id
versus𝑋

1

will give a straight line:

𝐴 id = 𝐴1𝑋1 + 𝐴2𝑋2, (1)

where 𝐴
1

and 𝐴
2

are the mean molecular areas of com-
ponents 1 and 2, respectively. 𝑋

1

and 𝑋
2

are their mole
fraction. If the experimental plot follows the ideal mixing
line, it demonstrates a completely miscible or homogenous
monolayer where the components mix but do not interact.
In addition, it also can imply that the two compositions
are immiscible, essentially patches of one composition in
a monolayer of the other [29]. The evidence of miscibility
with molecular interactions between the components can be
deduced from the deviations from the ideal mixing line.

Figure 3 shows the mean molecular area as a function of
composition for mixed DPPG/HDmonolayers on water sub-
phase at representative surface pressure. The solid lines show
that the two components are mixed with effective states. The
straight dotted lines present that the two kinds of components
are “idealmixtures” with theoretical area or immiscible. Since
a linear relationship between experimental mean molecular
area and composition is not satisfied completely, DPPG/HD
were considered to be miscible and interact with each other
inside the monolayer, the nonideal monolayers formed at the
interface. Figure 3 also show that the mean molecular areas
decreasewith the increment ofmole fraction ofHDor surface
pressures. It should be emphasized that 𝑋HD and surface
pressure have an important influence on the interactions
between DPPG and HDmolecules.

To perform a further analysis of the miscibility of the
binary components, 𝐴exc at a given surface pressure was
calculated according to (2) [8, 17, 25]. Usually, 𝐴exc can
be used for elucidating different molecular interaction and
lateral packing as an important physical parameter as well:

𝐴exc = 𝐴 − 𝐴 id. (2)

𝐴 is the mean molecule area of a mixed monolayer at a given
surface pressure obtained experimentally. 𝐴 id shows ideal
mixed mean molecular area calculated from (1). If 𝐴exc = 0,
it means perfectly miscible or completely immiscible mixed
monolayer is observed, and a plot of 𝐴 as a function of
𝑋
1

(or 𝑋
2

) at a given surface pressure would be a straight
line, and further measurements are needed to distinguish
these two monolayer states. On the contrary, 𝐴exc ̸= 0
indicates the miscibility of the mixture and various types
of interactions occur in the film [8, 24, 25]. As a matter
of fact, there always exist intermolecular forces between
the molecules in a monolayer. It is a matter of magnitude
of forces that determines 𝐴exc [26]. With regard to binary
monolayer, the negative𝐴exc will be obtained if the attractive
intermolecular forces exist. On the other hand, if 𝐴exc is
positive, it suggests that the interactions between the two
components are repulsive [30].

The𝐴exc values for DPPG/HD binary mixed system have
been presented as a function ofmole fraction ofHD inTable 1.
As shown in Table 1, one can conclude that the condensation
effect of HD was sensitive to the monolayer composition and
surface pressure. At 𝜋 = 5mN/m, the deviations are negative
for all range of 𝑋HD indicating the molecular interaction is
attractive force and the two components are miscible easily.
The effect is most prominent when 𝑋HD = 0.4. For higher
surface pressures (15 ≤ 𝜋 ≤ 45mN/m), the condensing effect
is predominant at the same concentration of 𝑋HD ≈ 0.8 (the
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Table 1: Excess molecular area as a function of mole fraction of HD
at serials discrete surface pressures.

Mole fraction,
𝑋HD

Excess molecular area (×10−2 nm2)
𝜋 (mN/m)

5 15 25 35 45
0.0 0 0 0 0 0
0.2 −3.18 0.51 1.65 1.93 2.43
0.4 −5.18 0.29 1.51 1.82 2.13
0.6 −3.27 0.33 0.58 0.05 −0.91
0.8 −0.71 −0.49 −0.88 −1.46 −2.10
1.0 0 0 0 0 0

point where the minima occur) despite the various surface
pressures (see Table 1), but the effect is weaker than that at
𝜋 = 5mN/mwhen𝑋HD = 0.4. For lowermole fraction ofHD,
the positive 𝐴exc observed at 15 ≤ 𝜋 ≤ 45mN/m suggests the
existence of repulsive fore betweenDPPG andHDmolecules,
and the two components may be miscible difficultly.

3.3. Compressibility of BinaryMonolayer. To better character-
ize and elucidate the details of the influence of hexadecanol
molecules on the physical state of lipid monolayer, the
compression modulus 𝐶−1

𝑠

of the mixed films was studied,
defined as (3) [31]:

𝐶
−1

𝑠

= −𝐴(

𝜕𝜋

𝜕𝐴

) . (3)

𝐶
−1

𝑠

is obtained by numerical calculation of the slope of the
𝜋-A isotherms [15, 32] and plotted as a function of surface
pressure (see Figure 4). The modulus is zero corresponding
to clean air-water interface and increases with the total mole
of surfactant present at the interface. In addition, the value of
compression modulus depends on the state of the film, being
larger for more condensed monolayers. Higher modulus
values related to lower interfacial elasticity [15, 26, 31, 32]. A
feature minimum on the 𝐶−1

𝑠

− 𝜋 curve was used to identify
the LE-LC phase transition [33]. As shown in Figure 4, the
minimum (𝐶−1

𝑠

= 16mN/m) for pure DPPG at 𝜋 = 12mN/m
indicates the transition from LE to LC, evidenced by the
plateau observed in the 𝜋-A isotherm (see Figure 2). During
the incorporation of HD molecules into lipid monolayer the
minimum moves to lower surface pressure and disappears
above 𝑋HD > 0.4, corroborated by the lack of corresponding
features in the 𝐶−1

𝑠

− 𝜋 profiles. According to the criterion
given byDavies andRideal [34] themodulus values distribute
from 10 to 50mN/m for liquid-expanded phase (LE) and
from 100 to 250mN/m for liquid-condensed phase (LC)
while it distribute above 250mN/m for solid phase (S).
Figure 4 illustrates that the jumping-off surface pressure
of phase transition from LE to LC for DPPG/HD system
decreases from 15.2 to 2.5mN/m gradually with the mole
fraction 𝑋HD increasing from 0 to 1. Nevertheless, the phase
transitions end at surface pressure about 17.5mN/m for all
mole fractions of HD. It is also worth noting that the 𝐶−1

𝑠

values preponderate over 250mN/m at 0 ≤ 𝑋HD ≤ 0.4
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Figure 4: The surface compressional modulus as a function of
composition for HD/DPPG binary system.

indicating the formation of DPPG/HD solid film, and the
compressibility of the binary film is very low. But in the range
of 𝑋HD > 0.4, the LC films observed from the end of LE-LC
transition to collapse occurred.

3.4. Thermodynamic Stability Analysis of the Binary Monolay-
ers. The interactions betweenmolecules and the stabilization
of monolayer films were evaluated quantitatively by mixed
monolayer thermodynamic properties in terms of excess
Gibbs free energies function. Δ𝐺𝜋exc at a series of discrete
surface pressure can be estimated quantitatively from the
isotherm data points via (4) [8, 30]:

Δ𝐺
𝜋

exc = 𝑁∫
𝜋

0

(𝐴exp − 𝑋1𝐴1 − 𝑋2𝐴2) d𝜋. (4)

If the monolayer is ideally mixed or totally immiscible,
Δ𝐺
𝜋

exc = 0. On the other hand, the positive and negative
excess values of the Gibbs free energy indicate the existence
of repulsive and attractive interaction force between the two
component molecules of the binary system, respectively; that
is to say, Δ𝐺𝜋exc < 0 indicates the binary monolayer’s stability,
while Δ𝐺𝜋exc > 0 suggests phase separation in the monolayer
[25]. In particular, the appearance of a minimum of Δ𝐺𝜋exc
will demonstrate a mixed monolayer of the largest thermo-
dynamic stability in comparison with the pure component
monolayers [26]. The Gibbs energy change in the binary
mixing system (Δ𝐺𝜋mix) can be interpreted as Δ𝐺𝜋mix = Δ𝐺

𝜋

id −
Δ𝐺
𝜋

exc. For ideal mixing, the Gibbs energy change involves
only the entropy terms as Δ𝐺𝜋id = 𝑅𝑇(𝑋1 ln𝑋1 + 𝑋2 ln𝑋2),
where𝑅 is the gas constant and𝑇 is the absolute temperature.

Figure 5 shows the excess Gibbs energy of mixing as a
function of composition for the DPPG/HD mixed mono-
layer at five considered surface pressures. It is evident that
the Δ𝐺𝜋exc values versus monolayer composition plots show
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deviation from linearity in the whole range of mole fraction
of HD and proves the existence of the interaction between
the molecules. As for DPPG/HD system, negative Δ𝐺𝜋exc
values are obtained at 𝜋 = 5mN/m for all 𝑋HD, and the
minimum (about −156 J/mol) corresponds to 𝑋HD = 0.4.
The Δ𝐺𝜋exc values do approach zero over the whole mole
fraction range at 𝜋 = 15mN/m and this implied that the
two compositions mixed may be near ideality. At other
surface pressures (𝜋 = 25–45mN/m), positive as well as
negative Δ𝐺𝜋exc values were observed, and the maximum and
minimum values of Δ𝐺𝜋exc correspond to 𝑋HD = 0.2–0.3 and
𝑋HD = 0.7–0.8, respectively. This suggests that the attractive
interaction between monolayer molecules occurs at high HD
mole fraction, and the mixed film is more stable.

In general, for DPPG/HD binary system, the trend of
Δ𝐺
𝜋

exc-𝑋HD curves are similar to each other at 𝜋 = 15–
45mN/m. With increasing of mole fraction of HD in the
binary system, the positive value of Gibbs free energy occurs,
meaning that the lateral phase separation exists and the
repulsive interaction between the molecules presents [1,
25]. Negative Δ𝐺𝜋exc values occur at high concentration of
HD, indicating that the interaction between DPPG and HD
molecules is attractive, which is favorable for the occurrence
of molecular condensation and enhancement of thermody-
namic stability of the film system. It is implied that the polar
headgroup of DPPG closely integrates with that of HD, which
makes the intermolecular attraction stronger.

The interaction energy parameter 𝜉 and activity coeffi-
cient 𝛾

𝑖

(𝑖 = 1, 2) of HD and DPPG in the binary monolayer
can be evaluated as well from the values of Δ𝐺𝜋exc. Both 𝜉
and 𝛾

𝑖

are two significant parameters for quantitative anal-
ysis thermodynamic properties and stability of monolayers.
Following the analysis given by Kodama et al. [35], in the

framework of the regular solution theory [25], 𝜉 can be
obtained using the following equation:

𝜉 =

Δ𝐺
𝜋

exc
𝑅𝑇 (𝑋

1

𝑋
2

2

+ 𝑋
2

𝑋
2

1

)

=

Δ𝐺
𝜋

exc
𝑅𝑇𝑋
1

𝑋
2

. (5)

The values of activity coefficient 𝛾
𝑖

can be obtained from
Margules equations [36] for given binary monolayer systems
as follows:

ln 𝛾
1

= 𝜉𝑋
2

2

,

ln 𝛾
2

= 𝜉𝑋
1

1

.

(6)

The adhesive interactions related to cohesive interaction
between dissimilarmolecules can bemeasured by the unitless
interaction energy parameter 𝜉 [9]. The negative sign of 𝜉
indicates themolecular interactions of the films becomemore
strongly attractive comparing with single component mono-
layer while the positive sign of 𝜉means phase separation and
repulsion force between lipid and HD [12].

The calculated values of interaction parameter 𝜉 for
the binary systems are listed in Table 2. The 𝜉 values are
positive or negative relying on whether the Δ𝐺𝜋exc values
are positive or negative (see Figure 5). Distinctively, the
bigger value of 𝜉 relates to the stronger interaction, and its
composition dependence is corresponding to the packing of
a considered molecule surrounded by the other molecules
[37]. Attention should be paid to the 𝜉 values at 45mN/m
when 𝑋HD = 0.8 which is the greatest negative value for
all the mixtures, indicating that the HD molecule as the
majority can interact most attractively with DPPGmolecules
as the minority, respectively. This situation is reflected by the
activity coefficients as well. Comparing 𝛾

1

and 𝛾
2

values (see
Figures 6(a) and 6(b)) at 𝑋HD = 0.8, 𝛾1 is just about one
(unity), while the values of 𝛾

2

decrease markedly with the
increasing of surface pressure; particularly at 𝜋 = 45mN/m,
the values of 𝛾

1

equal 0.95 while 𝛾
2

fall to 0.4 from about unity
at𝜋=5mN/m.Generally, the interaction parameters increase
as the addition of surface pressures at all mole fractions is
concerned (see Table 2), which indicates the intermolecular
interactions between HD and DPPG strengthen with the
improvement of surface pressure.

3.5. Atomic Force Microscopy. AFM observations of LB films
transferred onto mica have been performed to character-
ize aggregation phase behavior and nanostructure of films,
which is beneficial for confirmation of the miscibility and
molecular interactions of two components for the present
systems at the nanoscale level [38]. Earlier reports have
reported the physiologically relevant lung surface pressure
from 40 to 70mN/m. [39], so the surface pressure of
45mN/m and scanning range of 5 × 5 𝜇m are chosen for
all AFM experiments. The AFM morphology images of
monolayers of DPPG and HD in six different stoichiometries
on the subphase of pure water are shown in Figures 7(a)–7(f).
For single component monolayers, as shown in Figure 7(a)
for DPPG and Figure 7(f) for HD, they show a uniform
pattern with many small holes and larger platforms, forming
defective nanostructures. With the increase of mole fraction
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Figure 6: Activity coefficient (a) 𝛾
1

(for HD) and (b) 𝛾
2

(for DPPG) of the mixed monolayers of HD/DPPG.

of HD in the mixed film, the AFM images at 45mN/m (see
Figures 7(b) and 7(c)) exhibit two different phases. Judging
from the height difference between DPPG and HD, the bight
(higher) domain consists of DPPG monolayers (i) and the
dark (lower) domain ismade ofHDmonolayers (ii) [40].This
phase separation means that the intermolecular interactions
between DPPG and HD are repulsive at lower mole fraction
of HD, as is mentioned above (Table 1). On the other hand,
the excess Gibbs free energy positive for 𝑋HD = 0.2 and
0.4 (see Figure 5) implies the monolayers (Figures 7(b) and
7(c)) become less stable. When 𝑋HD is up to 0.6, 𝐴exc =
0.05 nm−2; that is to say, the experimental plot almost follows
the ideal mixing line and the two components are miscible
in the monolayer. This result can be observed in the AFM
image (see Figure 7(d)), and from the figure we can see that
there is only very small area corresponding to separation
phase area. The homologous region (iii) represents that the
DPPG and HD are miscible and form LC monolayer (see
Figure 4). As shown in Figure 5, the value of Δ𝐺𝜋exc becomes
minimum at the HDmole fraction of 0.8 for surface pressure
ranging from 15 to 45mN/m. This result interprets that the
attractive intermolecular interaction between DPPG and HD
is strong at this proportion, and asmentioned above, the polar
headgroup of DPPG closely integrates with that of HD, so as
to cause formation of stable homologous monolayer film (see
Figure 7(e)).

4. Conclusion

In this paper, the miscibility, stability, intermolecular interac-
tion, and nanostructure of monolayer of DPPG/HD binary
mixed system in two-dimensional states were investigated
by using the method of LB and AFM technology. For the
mixed DPPG/HD systems, this study shows that the two
components in the binary system are miscible and formed

Table 2:The interaction parameter as a function of mole fraction of
HD at serials discrete surface pressures.

Mole fraction,
𝑋HD

Interaction parameter
𝜋 (mN/m)

5 15 25 35 45
0.0
0.2 −0.24 0.12 0.63 1.02 1.67
0.4 −0.26 0.04 0.38 0.65 0.97
0.6 −0.17 0.05 0.15 0.02 −0.41
0.8 −0.05 −0.11 −0.33 −0.77 −1.44
1.0

nonideal monolayers at the air/water interface from the anal-
ysis of surface pressure-area isotherms. The nonideality of
these mixed systems is evident in the excess mean molecular
area-composition figures, in which the experimental curves
of mixed monolayers exhibit somewhat deviation from the
ideal ones. According to the results of excess Gibbs energy
analysis, the stability of mixed DPPG/HD binary monolayer
systems was analyzed and the mixed monolayer with 𝑋HD =
0.8 (but 𝑋HD = 0.4 at surface pressure equal to 5mN/m)
appears to be the most stable. Moreover, the interactions
among molecules and aggregation state in the monolayers
were analyzed according to the results of compressibility
and the excess Gibbs energy. Based on the results of excess
Gibbs free energy analysis, the interaction parameter (𝜉) and
activity coefficients of the respective components (𝛾

1

and 𝛾
2

)
in the binarymonolayers (2Dphase) at variousmole fractions
were calculated. The results distinctly manifest that 𝐴exc,
Δ𝐺
𝜋

exc, and 𝜉 ofDPPG/HDmixedmonolayers get the negative
deviations for 𝑋HD = 0.8 at all range of surface pressure,
suggesting an intermolecular attractive interaction exists and
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Figure 7: The AFM images of mixed DPPG/HD monolayers for different mole fractions on subphase of pure water: (a) pure DPPG, (b)
𝑋HD = 0.2, (c)𝑋HD = 0.4, (d)𝑋HD = 0.6, (e)𝑋HD = 0.8, and (f) pure HD, 5 𝜇m × 5 𝜇m, transferred on mica at 45mN/m.
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the binary systems are stable. On the other hand, the positive
deviations obtained and increased with the increment of
surface pressure from 15 to 45mN/m for 𝑋HD = 0.2 and 0.4,
suggesting an intermolecular repulsive interaction exists and
the binary systems are metastable. The interactions between
components probably affect and improve the surface tension
kinetics of lung surfactants. AFM study for the present paper
provided both topography and phase contrast images. The
topography images reflect the monolayer topography, while
the phase contrast image, which is originated from the energy
loss of the oscillating AFM tip, shows the chemical structures
of heterogeneous samples [40].
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[33] M. Arczewska and M. Gagoś, “Molecular organization of
antibiotic amphotericin B in dipalmitoylphosphatidylcholine
monolayers induced by K+ and Na+ ions: the Langmuir tech-
nique study,” Biochimica et Biophysica Acta—Biomembranes,
vol. 1808, no. 11, pp. 2706–2713, 2011.

[34] J. T. Davies and E. K. Rideal, Interfacial Phenomena, Academic
Press, New York, NY, USA, 2nd edition, 1963.

[35] M. Kodama, O. Shibata, S. Nakamura, S. Lee, and G. Sugi-
hara, “A monolayer study on three binary mixed systems of
dipalmitoyl phosphatidyl choline with cholesterol, cholestanol
and stigmasterol,” Colloids and Surfaces B: Biointerfaces, vol. 33,
no. 3-4, pp. 211–226, 2004.

[36] M. Savva and S. Acheampong, “The interaction energies of
cholesterol and 1,2-dioleoyl-sn-glycero-3- phosphoethanola-
mine in spread mixed monolayers at the air—water interface,”
Journal of Physical Chemistry B, vol. 113, no. 29, pp. 9811–9820,
2009.

[37] S. Nagadome, N. S. Suzuki, Y. Mine et al., “Monolayers (Lang-
muir films) behavior of multi-component systems composed of

a bile acid with different sterols and with their 1:1 mixtures,”
Colloids and Surfaces B: Biointerfaces, vol. 58, no. 2, pp. 121–136,
2007.

[38] Z. Leonenko, E. Finot, andD. Cramb, “AFM study of interaction
forces in supported planar DPPC bilayers in the presence of
general anesthetic halothane,” Biochimica et Biophysica Acta—
Biomembranes, vol. 1758, no. 4, pp. 487–492, 2006.

[39] H. Zhang, Y. E.Wang, Q. Fan, and Y. Y. Zuo, “On the low surface
tension of lung surfactant,” Langmuir, vol. 27, no. 13, pp. 8351–
8358, 2011.

[40] H. Yokoyama, H. Nakahara, T. Nakagawa, S. Shimono,
K. Sueishi, and O. Shibata, “Miscibility behavior of two-
component monolayers at the air-water interface: perfluoro-
carboxylic acids and DMPE,” Journal of Colloid and Interface
Science, vol. 337, no. 1, pp. 191–200, 2009.



Submit your manuscripts at
http://www.hindawi.com

Scientifica
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Corrosion
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Polymer Science
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Ceramics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Composites
Journal of

Nanoparticles
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Biomaterials

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Nanoscience
Journal of

Textiles
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Journal of

Nanotechnology
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Crystallography
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Coatings
Journal of

Advances in 

Materials Science and Engineering
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Smart Materials 
Research

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Metallurgy
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Materials
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

N
a
no

m
a
te
ri
a
ls

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal ofNanomaterials


