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The interaction between deuterated dipalmitoylphosphatidylcholine (Dd&2Cand palmitic acid (PA) in mixed
Langmuir monolayers is studied using vibrational sum frequency generation (VSFG) spectroscopy. Palmitic acid is
an additive in exogenous lung surfactant preparations such as Survanta and Surfaxin. The effect of PA on the chain
conformation and orientation of DPPC in the liquid-expanded and condensed phases is explored. A condensing effect
of PA on DPPC is observed with VSFG. At 12 mN/m, DPBG2alone is in the liquid-expanded phase. Adding PA
increases the conformational ordering of DPPC chains and causes DPPC to transition from the expanded phase into
the condensed phase. At 42 mN/m, DP&&2and PA form a mixed structure in the condensed phase. The presence
of PA decreases the chain tilt angle of DPPC, increasing the orientational ordering of DPPC chains. At 42 mN/m,
there is also evidence from the frequency red shift of the R@mmetric stretch that the carboxyl group of PA forms
a hydrogen bond with the phosphate group of DPPC in the condensed phase. From this work the effect of PA on DPPC
is 2-fold: (1) PA increases the chain ordering of DPPC and promotes the LE and TC phase separation and (2) due
to the miscibility between DPPC and PA in the condensed phase, PA decreases the collapse pressure.

Introduction is critically important for proper lung mechanits’ Deficiency

of lung surfactant in premature infants can result in the life
threatening lung disorder neonatal respiratory distress syndrome
(NRDS). In the United States, 50 0060 000 infants are at risk

for NRDS each yeaf.Current clinical treatment for NRDS is
through surfactant replacement therapy, namely, administration
of exogenous surfactants. Since its first use in human neonates

IOf scifentifip and ihndustrial area;s Sl.JCh as ;ner(‘jnbrarrl]e blic’phySiCj’about two decades ago, surfactant replacement therapy has been
ung function, pharmaceutical science, food technology, and gp,q,, 1o improve the clinical outcome of infants at risk for
detergent technologi? The study presented here explores the NRDS

intermolecular interaction between dipalmitoylphosphatidyl-
choline (DPPC) and palmitic acid (PA) in mixed Langmuir
monolayers. The primary motivation of this work is to better
understand lung surfactant function. However, knowledge gained
can also provide insight for understanding fundamental issues
with respect to mixed monolayer systems such as molecular
packing and mechanisms of interaction. Vibrational sum
frequency generation (VSFG) spectroscopy is employed in this
study to provide molecular-level evidence for the existence of
the intermolecular interactions between DPPC and PA, major
components in replacement lung surfactant mixtures, and also
to shed light on the mechanisms of these interactions.
Mammalian lung surfactantis a complex mixture of lipids and
proteins secreted by alveolar type Il epithelial cells into the
alveolar space. It lines the aialveolus interface by forming a

Mixed Langmuir monolayers are monomolecular films con-
taining more than one film-forming chemical compong&mhey
are excellent model systems for understanding intermolecular
interactions in a well-defined two-dimensional environment.
Studies of mixed Langmuir monolayers are relevant to a variety

Exogenous lung surfactants used in surfactant replacement
therapy can be classified into two types, animal-derived surfactant
preparations and synthetic surfactant preparafién¥hese
exogenous surfactants are not exact copies of the natural human
lung surfactant, but several key components have been considered
asimportantingredients: saturated DPPC, unsaturated and anionic
phosphatidylglycerol (PG), PA, and proteins,-S®and SP-C
(or their peptide analoguesjA clinically successful replacement
surfactant may or may not contain all of the key components in
its formulas. For example, the simplest synthetic surfactant,
ALEC, only contains DPPC and egg PGurfaxin, a synthetic
surfactant preparation, contains DPPC, palmitoyloleoylphos-
phatidylglycerol (POPG), PA, and KlL(an analogue to SP
B).”810Understanding the roles of these key components in lung
surfactant has been a major motivation in lung surfactant research
surfactant monolayer. The presence of the lung Surfamt"’mtsince this can provide a basis for the rational design of exogenous

monolayer allows the surface tension at the alveolar surface g rfactants. The study performed here focuses on the role of PA
reach near-zero values during exhalation, thereby easing the worlin exogendus lung surfactant

of breathing and preventing collapse of the lung. Lung surfactant 8 . -
g preventing P ung. Lungsu Previous studies have demonstrated the beneficial role of PA

in replacement surfactant preparatidi$l? Tanaka et al.
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investigated 26 surfactant preparations with a variety of lipid Scheme 1. Chain Perdeuterated DPPC Molecule
and protein compositiorfsThey found that surfactant mixtures ~ (DPPC-d62) (top) and Non-deuterated PA Molecule (bottom)
containing PA had improved surface activity and adsorption rates o

as compared with surfactant mixtures without PA. Cockshutt et o )WA/V\N\CD3
al. investigated the role of PA in the surface activity of lung 3C\ B NO
l O ‘O—O\)\/OY\/\/\/\/\/\/\/CD:a

surfactant and found that PA can greatly enhance the surfaceHao//N
activity of lung surfactant preparatio®sIn addition, they also HaC o DPPC-d62
found that the PA-containing surfactant was more resistant to
inhibitors such as fibrinogen, albumiasglobulin, and lyso-PC.
Due to the beneficial role of PA, PA has been an important
additive in several exogenous lung surfactants including Survanta,
Surfaxin, and recombinant S® surfactanf.Survanta is derived
from bovine lung and supplemented with DPPC, PA, and
tripalmitin. It contains 84 wt % phospholipids and 8 wt % PA.
PA, as one of only four components in Surfaxin, has a
concentration of 15 wt % relative to the phospholipids. The mole
fraction of PA in these replacement surfactants is significant due
to the relatively small molecular weighl(,) of PA as compared
to that of DPPCN,, of PAis 256 amu and of DPPC is 734 amu).
The work presented here explores the effect of PA on DPPC
in mixed Langmuir monolayers at the awater interface. Mixed
Langmuir monolayers have been widely used in lung surfactant
research to investigate intermolecular interactions among lung
surfactant components3 Since DPPC is the predominant lipid
in lung surfactant and all of the exogenous lung surfactants
incorporate it, investigating the effect of PA on DPPC has clear
relevance for clarifying the possible role of PA in exogenous
lung surfactant. In particular, the major goal in this work is to
provide a molecular-level understanding about how PA affects
the conformation and orientation of the DPPC molecules in susceptibility £@) and an SFG intensity enhancement is

different phases within the mixed monolayers. VSFG, asurface- oo 046 The resonant macroscopic nonlinear susceptibility,
selective spectroscopic technique, is employed here to gain the, ;) is shown in eq 2
above information. By using chain perdeuterated DPPC (DPPC-X" '
d62), VSFG can specifically probe the chain conformation and
orientation of DPPC without interference from the PA chain. In
addition, the effect of PA on the phosphate group of DPPC is
also explored with VSFG by tuning the infrared pulses to the
fingerprint region. where A, is the strength of the transition moment, is the

VSFG is well suited for probing the interfacial structures of frequency of the transition moment, afid describes the line
Langmuir m0n0|ayers and Langmu-iBmdgettfi|ms£|-4—24A brief width of the transitior#® Since VSFG can be treated as an anti-
description about the VSFG approach is provided as follows. Stokes Raman process on a vibrationally excited state, the strength,
VSFG utilizes two pulsed laser beams with different frequencies Av, is nonzero when the Raman and the infrared transitions are
to probe the surface. The surface second-order process generatéectroscopically allowe#. x, is related to the molecular
athird frequency at the sum of the two probing beams’ frequencies. hyperpolarizability 3, shown in eq 3, by the number density of
Usually one probe beam is in the visible region and the other the surface specie$y, and an orientationally averaged Euler
is in the infrared region. When the infrared frequency is resonant angle transformatiorsk.mn/Jbetween the laboratory coordinates
with a vibrational mode of the molecule adsorbed at the surface, (I, J, K) and the molecule-coordinatésif, n). The Euler angle

OMWV\A/CH3

OH
PA

there is an SFG signal enhancement. VSFG has all the advantages
of FTIR and Raman, yet it is also surface selective. The surface
selectivity comes from the unique selection rule, requiring lack
of inversion symmetry. The interface always satisfies this selection
rule while the isotropic bulk does not. There are two types of
VSFG technologies, scanning VSFG and broad bandwidth VSFG
(BBSFG). In this study, BBSFG technology is used.

The VSFG intensity|sre as shown in eq 1

lsre 0 X1 O Iine® + ZXV(2)|2 1)
\Y

is proportional to the absolute square of the macroscopic second-
order susceptibilityy?, which consists of resonant terms®)

and anonresonant term\g®@). When the frequency of an incident
infrared beamgg, is resonant with a vibrational mode, v, the
resonant susceptibility termyy(®) dominates the nonlinear

@ _ A
or— o, +il,
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transformation contains the molecular orientation informatfon.

XV(Z) = NZ |ELIJK:Imnugv (3)

Experimental Section

Materials. Acyl chain perdeuterated 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPP@62) (Scheme 1) with>99% purity was
obtained from Avanti Polar Lipids (Alabaster, AL). PA (Scheme 1)
with a 99% purity was purchased from Sigma-Aldrich. Spectro-
photometric-grade chloroform was purchased from Sigma-Aldrich.
Deionized water (not purged of GQavas from a Barnstead Nanopure
system with a resistivity of 18.2 E-cm and a measured pH of 5.5.

Methods. Langmuir Film BalanceThe surface pressur@rea
isotherm was obtained with a KSV minitrough (KSV, Finland). The
rectangular trough (176.5 mm 85 mm) is made of Teflon and

(25) Moad, A. J.; Simpson, G. J. Phys. Chem. B004 108 3548.
(26) Hirose, C.; Akamatsu, N.; Domen, Kppl. Spectroscl992 46, 1051.
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Scheme 2. Experiment Set Up: VSFG with a Langmuir system. The two probe beams are overlapped at the monolayer surface
Trough spatially and temporally. The generated VSFG signal containing
spectral information from the monolayer is detected using a
monochromator-CCD detection system (Acton Research, SpectraPro
SP-500 monochromator with a 1200 g/mm grating blazed at 750
nm; Roper Scientific, 1340« 400 pixel array, LN4OOEB back-
illuminated CCD). The VSFG spectrum is polarization dependent.
In this study the polarization combination of ssp (s-SFG; s-800 nm;

Infrared Platinum p-infrared) was used. The VSFG spectra were normalized against

] a nonresonant VSFG spectrum from a GaAs crystal (Lambda

Barrier Barrier Precision Optics, Inc) to remove the spectral distortion caused by
S % the energy profile of the infrared pulse. To calibrate the VSFG peak
3 positions, a nonresonant VSFG spectrum from the GaAs crystal

surface was obtained with a polystyrene film covering the OPA
infrared output port. The resulting VSFG spectrum containing
polystyrene infrared absorption bands was used for the calibration.
Trough The calibration accuracy is betterthar] 1énT _he spectral resolution
of the BBSFG system was characterized with an approach proposed

by Ishibashi and Onishi and determined to be 8t

When performing a VSFG study on the monolayer under different
surface pressures, the spectra were taken either under the pause
working mode of the film balance or the hold working mode of the
thermostated by circulating water in channels placed underneath thefilm balance. In the pause mode, the monolayer was first compressed
trough at atemperature of 240.5°C. Two barriers were employed by the two barriers to reach a given surface pressure and then the
to provide symmetric film compression. The barriers are made of barriers are halted and a VSFG spectrum was obtained. At low
Delrin, which prevents leakage of the monolayer beneath the barriers.surface pressure (below the £EEC phase transition of pure DPPC-
The surface pressure and mean molecular area were continuouslyi62, i.e., at 12 mN/m) the pause mode was used. At high surface
monitored during film compression by the Wilhelmy plate method. pressure (above the LETC phase transition of pure DPRiB2,
The plate was made of platinum and flamed by a Bunsen burneri.e., at 42 mN/m) both modes were tested and identical spectra were
before use. The trough was filled with pure water as the subphase.obtained. In the pause mode a surface pressure drop is observed. In
The surface pressur@rea isotherm was always measured on afresh the hold mode the barriers move to compensate for the surface
subphase. Before spreading lipids on the surface, the fresh subphasgressure drop and a constant surface pressure is retained. The surface
surface was swept by the barriers to make sure that there was nqoressure drop under the hold mode has been observed by other
significant surface pressure increase observed upon compressiontesearchers when performing infrared reflecti@sorption spec-
Stock solutions of DPP@62and PA were made in chloroformwith  troscopy (IRRAS) studies on DPPC-containing monolag&#8lts
a concentration of 1 mM. The DPP@2—PA mixture solutions effect on the VSFG spectra is negligible due to the relatively short
were prepared by mixing desired amounts of the stock solutions of data acquisition time (5 min) used in our study.
DPPCd62and PA. Three different molar ratios of DPRIB2 to In this paper, we show representative VSFG spectra obtained at
PA, 3:1, 1:1, and 1:3, were used in this study. These solutions weregyrface pressures of 12 and 42 mN/m from pure DRBEZ-
kept in a freezer at-20 °C when not being used. When preparing - monolayers and DPPC-62-PA mixed monolayers. The VSFG spectra
aLangmuir monolayer, a known amount of lipid solution was spread of the monolayer were fit with Lorentzian line shapes according to
on the subphase surface in a dropwise manner with a Hamilton egs 1 and 2 using the commercial software IGOR after adding

syringe and 10 min was allowed to elapse for complete solvent qgitional codes to describe the coherent nature of the SFG process.
evaporation before starting the compression. A constant compression

speed of 10 mm/min (corresponding to 5 mm/min barrier moving
speed) was used during monolayer compression.

Vibrational Sum Frequency Generation (Broad Bandwidth Surface pressurearea isotherm measurements characterize
Technology) The broad bandwidth VSFG system consists of two the phase behavior of Langmuir monolayeFgure 1A shows
1-kHz repetition rate regenerative amplifiers (Spectra-Physics the surface pressur@rea isotherms of PA (left curve) and chain-
Spitfire, femtosecond and picosecond versions), both of which are qeterated DPP@62 (right curve) at 24°C on a pure water
seeded by sub-50 fs 792 nm pulses (the wavelength is tuned forg,,nhage A number of distinct regions are shown in these
system optimization) from a Ti:sapphire oscillator (Spectra-Physics, isotherms. Each region is a separate ph#&slowing the general

Tsunami) and pumped by a 527 nm beam from an all solid-state . - . .
Nd:YLF laser (Spectra-Physics, Evolution 30). The two regenerative 2SSignments for the lipid phases in the literaftitiie phases of

amplifiers provide 85 fs pulses at 800 nm (22 nm bandwidth) and DPPCd62are assigned as G-LE, LE, EH'C, TC, and collapse

2 ps pulses at 800 nm (17 cAbandwidth). The femtosecond broad ~ Phases as denoted in Figure 1A. The phases of PA are assigned
bandwidth pulses are then used to generate broad bandwidth infrareds G-TC, TC, untilted, and collapse phases as also denoted in
light via an optical parametric amplifier (Spectra-Physics, OPA- Figure 1A. G is the gas phase; LE is the liquid-expanded phase;
800CF). The spectral window of the broad IR pulse can be as large TC is the tilted-condensed phase (TC has been frequently called
as 500 cm* depending on the tuned spectral region. Therefore, the liquid-condensed or LC phase); G-LE is the coexistence of
using a broad bandwidth VSFG system, a VSFG spectrum can beg gn LE; LE-TC is the coexistence of LE and TC. In the

obtained without wavelength scanning. Tuning the nonlinear crystals untilted ; ; ;
- . phase the hydrocarbon chain of PA is perpendicular to
(BBO and AgGag) in the OPA cooperalively aliows the IR output the water surface. In the DPR#B2isotherm the first-order LE

to cover different wavelength regions such as theDCstretching o
region (2006-2300 cn?) and the P@- symmetric stretching region 1 C Phase transition occurs afl5 mN/m for DPPCH62 The

(1000-1200 cnt?). The output energy of each 800 nm ps pulse was film collapses at 63 mN/m. In the PA isotherm the asterisk at
300uJ, and the IR energies were:8 in the C-D stretching region
and 1uJ in the PQ~ symmetric stretching region. (27) Ishibashi, T.-A.; Onishi, HAppl. Spectrosc2002 56, 1298.

The 800 nm ps beam and spectrally broad IR beam are the two gg; \(/:vilhgp 'LF'SZ?’PCJ gé;”aMf_'nf'Jel.s,_?Q n,q,gglimg t%?\?ﬁnﬁ%@éﬁé{m
probe laser beams of the VSFG system. As shown in Scheme 2, thegjophys. 12005 34, 243. o T '
Langmuir film balance is placed on the sample stage of the VSFG  (30) Kaganer, V. M.; Mohwald, H.; Dutta, Rev. Mod. Phys1999 71, 779.

Subphase

Sample Stage

Results and Discussion




592 Langmuir, Vol. 23, No. 2, 2007

Ma and Allen

Mean Area Per Molecule (A?) 15
0 30 60 90 120
70 ' DPPC-d62 A: DPPC-d62 12
% 60 £ Collapse & PA =
PA :
% 50 1 Collapse \E 9
3 40 - N\ e i
[0]
& a0 | Untilted £
8 * O 6
& 20 - LE-TC w
= TC >
? 10 LE
G-TC = 3
0
70 158 mN/m 60 mNym B DPPC-d62-PA
E 60 S~ Mixtures 5
Z w 0
= i 2050 2100 2150 2200 2250
2 40 1 Incident Infrared (cm™)
&" 30 Figure 2. ssp VSFG spectra of the DPRIB2 monolayer in the
© C—D stretching region at different surface pressures. Solid curves
{:‘6 20 are spectral fits. Dashed vertical lines reveal the spectral assign-
S ments: SS, symmetric stretch; FR, Fermiresonance; AS, asymmetric
@ 40 stretch. The spectral regions within the ellipses show the presence
5 and absence of CDstretches.

40 60 80
Mean Area Per Molecule (A%

Figure 1. Surface pressure (mN/mjrea (&) isotherms at 24C
on a pure water subphase: (A) neat DP#82(gray curve) and neat

20

Table 1. Fitted Peak Frequencies and Assignments of the VSFG
Spectra of DPPCd62in LE Phase and TC Phasé

CDs-SS CD,-SS CDs-FR CD»>AS CDz-AS

1 —1 —1 —1 —1
PA (black curve), (B) mixtures of DPP@62 and PA with three (em™ (em?) (em?) (m?) (em)

molar ratios (black curve, 3:1; gray curve, 1:1; dashed curve, 1:3). 12mN/m (LE) 2073 2102 2121 2194 2221
G, gas phase; LE, liquid-expanded phase; TC, tilted-condensed phase42 mN/m (TC) 2071 2123 2221

Untilted, untilted-condensed phase; G-LE, coexistence of G and

LE; G-TC, coexistence of G and TC; LETC, coexistence of LE
and TC. All isotherms are the average of three measurements.

aSS, symmetric stretch; AS, asymmetric stretch; FR, Fermiresonance.

However, to gain molecular-level insight into the specific

24 mN/m indicates the position of a kink, which is the second- intermolecular interaction, spectroscopic techniques are needed.
order phase transition from the TC phase to the untilted condensed™ this study, vibrational sum frequency generation spectroscopy
phase. The PA film collapses at a surface pressure of 40 mN/m.!S employed to observe the intermolecular interactions between
Figure 1B shows the isotherms of DPRIE2-PA mixed =~ DPPCd62and PA in the mixed monolayers.

monolayers with different molar ratios of DPRIB2 to PA, As a starting point, the VSFG spectra of neat DRI82were
namely, 3:1, 1:1, and 1:3. There are two obvious features in obtained at many surface pressures. Figure 2 shows the VSFG
Figure 1B. The firstfeature is the variation of the collapse pressure SPectra of DPP@62with ssp polarization at two different surface
with monolayer composition. The collapse pressures for the 3:1, Pressures, 12 and 42 mM/m. The spectra were obtained in the

1:1, and 1:3 mixed monolayers are 60, 58, and 55 mN/m, C—D stretching region and therefore provide information about
respectively. According to the surface phase rule developed bythe conformation and orientation of the deuterated DPPC tails.

CrispL33L.32he variation of the collapse pressure with composi- 11€ 12 mN/m VSFG spectrum is a representative spectrum of

tion in two-component mixed monolayers suggests miscibility,. PPPC€62 in the LE phase; the 42 mN/m spectrum is a
The second observation is that addition of PA diminishes the "epresentative spectrum of DPRIG2in the TC phase. Table 1
LE—TC transition plateau of DPP@62 For example, inthe 1:1  lists the peak positions from curve fits and the spectral
and 1:3 curves, no plateau exits. If DPEI62and PA are ideally assignments. At 12 mN/m, there are five peaks revealed in the
miscible (or completely immiscible), the isotherm of DPPC- SPectrum located at 2073, 2102, 2121, 2194, and 222t em1
d62—PA would be a simple summation of the two isotherms of Ilste(_j in Table 1. According to previous ylbratlonal spectroscopic
neat DPPQ#62and PA according to their relative molar ratio. Studies on deuterated DPP&* these five peaks are assigned
Therefore, the length of the plateau would only decrease with 10 CDs-symmetric stretching (CBSS), CD-symmetric stretching
addition of PA, but it would not completely diminish as shown (CDz-SS), Cy Fermi resonance (GEFR), CD-asymmetric
in Figure 1B. Its absence in Figure 1B indicates nonideal Strétching (CR-AS), and CR-asymmetric stretching (GRAS)
miscibility between DPP@#62and PA in the mixed monolayers. ~modes, respectively. At 42 mN/m, only three peaksz&3,
The surface pressurarea isotherms provide thermodynamic  CDs-FR, and CR-AS, are observed in the VSFG spectrum.

information about the interaction between DPB&2and PA. The difference between the 12 mN/m (LE phase) VSFG
spectrum and the 42 mN/m (TC phase) VSFG spectrum in Figure

(31) Crisp, D. J. Irburface Chemistry Suppl. Research (Londbrigrscience
Publishers Inc.: New York, 1949; p 17.

(32) Crisp, D. J. IrBurface Chemistry Suppl. Research (Longbrigrscience
Publishers Inc.: New York, 1949; p 23.

(33) Sunder, S.; Cameron, D. G.; Casal, H. L.; Boulanger, Y.; Mantsch, H.
H. Chem. Phys. Lipid4981, 28, 137.
(34) Devlin, M. T.; Levin, I. W.J. Raman Spectros&99Q 21, 441.
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Figure 4. Mean area per molecule versus mole fraction of PA in
DPPCd62—PA mixtures. Open circles are the experimental values

e iar from isotherm measurements. Solid circles are calculated values by
M DPPC-d62 assuming an ideal miscibility between DPEG62and PA. All data
il \"‘"ﬁ_.v- e, ; points are the average of three measurements.
2000 2050 2100 2150 2200 2250 2300
Incident Infrared (cm'1) the DPPCd62—PA (3:1) mixture; in addition, the relative

Fi 3 surf t 12 mN/m: VSEG tra of intensity ratio of CBD-AS to CDs-AS (Icp2-asicpa-as) also
DllggrgdGIZ—Pu Aﬁﬁ(é)ée;%wc?la?/ers irr:n thg@sz?retching Srggi%lrna " decreases substantially (from 0.4 to 0.01). The relative intensity
with three different molar ratios of DPP@62to PA. Solid curves ~ fatio drop between the methylene group and methyl group

are spectral fits. Vertical lines indicate peak positions of the-SB stretching bands in the VSFG spectrum qualitatively suggests an
and CDQ-AS. Gray data points are the VSFG data of DPf2-at increase in chain orderind:3>3¢ However, it is important to
12 mN/m from Figure 2 (reshown for comparison). note that this spectral parameter can only be used as an empirical

measure for the overall chain ordering. To further justify our
énterpretation, DPP@62—PA monolayers with increased PA
concentrations were investigated. As shown in the VSFG spectra
f the 1:1 and 1:3 mixtures of Figure 3, further increasing the
A concentration in the DPP@62monolayer results in additional
spectral changes. In Figure 3, both the £85 and CB-AS
application is well demonstrated here. At 12 mN/m, due to nearlyvanish,clearlyqlemopstrgting thatthe D.PPC chains adopt
a nearly all-trans configuration in these two mixed monolayers.

existence of the gauche configuration, the lack of inversion - . .
symmetry between each pair of gauche methylene groups alloWSResuIts here thus show that addition of PA induces the chain

- ordering of DPPC.
both the CDR-SS and CR-AS peaks to be SFG active, and : . .
therefore, the two peaks are clearly observed in the VSFG Figure 3 clearly ShOW.S.'[ha'[ addition c.’f PA induced an.E
spectrum of 12 mN/m. In the TC phase, molecules are in a two- condensed phase transition, transforming the expanded DPPC

dimensional semicrystalline phase; the DPPC tails adopt an all-fiIm o the con(_jensed phase. This effect ‘S.ge”efa”y _re__fe_rred to
trans configuration. Since there are even numbers of methylene.as a co_ndelnsmg effept, a phenome.”‘?_” involving Hm”'q
groups in the DPPC tail, no single methylene can be SFG active,mFeraQt!ons‘ I assuming !deal miscibility or complete im-
and therefore, at 42 mN/m the GI3S and the CBAS peaks miscibility between twp lipids, the.mean area per molecule in
disappear, and only the GESS, CD-FR, and CB-AS peaks the two-component mixture at a given surface pressure can be
are observed in the VSFG spectréd. calculated according to eq 4

The basic strategy using VSFG to observe the DPP&
interaction is to investigate whether addition of PA into the DPPC
monolayer will alter the VSFG spectrum of DPPC. If PA can
alter the DPPC VSFG spectrum in some way, it suggests that!n €d 4,A12is the mean area per molecule in the two-component
there is an intermolecular interaction between DPPC and PA, or monolayer,X; and X, are the mole fractions of components 1
macroscopically, the miscibility between DPPC and PA is and 2, andh; andA; are the molecular areas of components 1
nonidea'_ The two VSFG Spectra Of pure DPPC mono'ayers in and 2in the|r S|ng|e-c0mp0nent m0n0|ayers at the same Surface
Figure 2 are the spectral references for the DPP&interaction ~ Pressure. Negative deviation of the measukdthean area per
investigation, as shown in the following sections. molecule) fI’OITAlz(CE.|CU|ated with eq 4) iscalled the CondenSIng

Figure 3 shows the VSFG spectra of DPBE2in the G-D effect. When the condensing effect occurs at a given surface
stretching region in DPP@62—PA mixed monolayers at a  Pressure, the lipid that is in the liquid-expanded phase by itself
surface pressure of 12 mN/m. For comparison, the 12 mN/m IS the lipid to be condensed (for example, DPPC in this study).
spectrum in Figure 2 is shown again in Figure 3 (the gray curve). The other lipid (for example PA in this study) is the condensing
The effect of PA on DPPC is well demonstrated in Figure 3. As @gent. Figure 4 shows the mean molecular area versus monolayer
indicated by the two vertical dashed lines, adding 0.25 mol fraction composition diagram for the DPP@&2-PA mixture. The straight
PA in DPPC (3:1 molar ratio between DPPC and PA) causes aline connects values %, which are calculated based on the
substantial decrease of the €8S and CB-AS intensities as  ideal miscibility between DPP@62and PA according to eq 4.
compared with the CBSS and C-AS intensities. Fitting results - —
reveal that the relative intensity ratio of the €BS to the CB- 108 opp oY, . €. Messmer, M. C.; Richmond, GJLPhys. Chen998
SS (cp2-ssicps-s9 decrease significantly (from 0.5 to 0.03) in (36) Walker, R. A.; Conboy, J. C.; Richmond, G llangmuir1997, 13, 3070.

2 is due to the distinct structural difference of DPPC in the LE
phase versus the TC phase. In the LE phase, DPPC molecule
behave like a two-dimensional liquid. The fluidity of this phase
causes the DPPC hydrocarbon tails to become disordered an
adopt flexible gauche configurations. Recall the selection rule
of lack of inversion symmetry mentioned in the Introduction; its

A= XA+ XA, 4)
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Scheme 3. Schematic Showing the Condensing Effect of PA  (Although one might expect the heathil mismatch to induce
on DPPC gauche defects in the chains, the {i2aks are not observed in
these studies.) Adding the relatively small PA molecule may
compensate for the pure DPPC hedall mismatch to some
extent. Figure 5 shows the VSFG spectra of DRI®2in mixed
monolayers at 42 mN/m. Indeed, addition of PA causes changes
in the DPPCd62 VSFG spectrum. To illustrate this point, the
spectra shown in Figure 5 are normalized in a way that the peak
heights of the CB-SS in all four spectra are the same (refer to
the top dashed line). Clearly the relative ratios of the; @3
a possible domain structures of the DPPRA system are not tO.CDg-SS increase with the increasg of PA mole fraction in the
shown. The double-chain lipid molecule represents DPPC; the single-Mixed monolayers. The spectral variation of DP&&2caused
chain lipid molecule represents PA; the blue spheres represent wateby addition of PA suggests a nonideal miscibility between DPPC-
molecules. d62and PA in the condensed phase. To quantify the effect of
PA on DPPCd62 orientation calculations on the G@roup
The curved line connects the experimental valAeshe negative were performed on the VSFG spectra shown in Figure 5.
deviation fromAs, caused by PA reveals a decreased mean  The orientation anglé of the terminal methyl group is a
molecular area with respect to the corresponding ideally mixed y4)yaple piece of information that can be obtained from the VSFG
monolayers and demonstrates the condensing effect at aspectrum. The anglé can further be used to deduce the chain

macroscopic level. .. liltanglec of DPPC with respect to the surface normal. VSFG
Aninteresting question is how does PA condense DPPC? The g jgntation calculation methods have been well documented in

condensing effect between lipids has long been reported in theine |iterature:6.26 Briefly, the functional relationship between
literature. Adam and Jessop used an intuitive way to explain the ha \/SEG second-order nonlinear susceptibifiyand the mean
condensing effect® They suggested thatbulky orrigid molecules  grientation angle ) forms the mathematical basis for the
could mechanically impede the motions of more flexible qrentation calculation. The procedure requires solving simul-
molecules and hence reduce their tendency to expand. PAis ingneous equations sinéeis not the only unknown parameter.
the condensed phase at 12 mN/m as indicated by the phase diagraiy, the case of DPP@62, the orientation angle of the terminal
in Figure 1A. The all-trans configuration of the chain makes PA CDs group, i.e., the angle between tBg axis of CD; and the

a rigid molecule in the monolayer. We postulate that the rigid g iface normal, is calculated in the following way.
PA molecule can hinder rotational isomerization of the DPPC

chains in the expanded phase and hence reduce or eliminate th } _
number of gauche defects, forcing the neighboring DPPC %WZ(CDQ’ SS)= U2Nfecc[cosO (1 1)

molecules into a condensed phase. From a molecular-level ~ 080 (1= )], I = BoadBecc (5)
viewpoint, the condensing effectis a PA-induced conformational
ordering effect as depicted in Scheme 3. It is important to note Xyyz(CD3-AS) = —NB_,,(cOSO — cos ) (6)

that DPPC and PA are known to form domains at low PA

concentrations (DPPEPA of less than 1:1j?and therefore, the  The second-order nonlinear susceptibiligydf the CD-SS and
ordering effect in the 3:1 mixture is occurring in the DPPRA CDs-AS are related t@, surface molecular densitif, and the
domains. When there is enough PA present in the DPPE  mojecular hyperpolarizabilityR) as described in eqgs 5 and 6
mixture, all of the DPPC molecules are forced into the condensed\yhere the ssp polarization combination is used in the VSFG
phase by PA. This is the case observed in Figure 3 for the 1:1 yeasyrement. The ratio betwegg, (CDs—SS) andyyy, (CDs-

and 1:3_ DPPEPA mixtures. Whgn there is not enough PA AS) has a direct relationship with (values ofr = 2.315 and
presentinthe DPPEPAmixture asinthe case ofthe 3:1DPPC g 18 . — 429243 Therefore,§ can be easily obtained by

PA mixture, there is a phase separation bagsed On previousynowing the ratio 0f/yy2(CD3-SS) 10y, (CDs-AS). In practice,
fluorescence microscopy studies by Lee e#®alhe phase  hjs ratio is obtained from the square root of the ratio of:cIS

separation results in a coexistence of the LE phase and they, cp,.AS peakintensities. To use the above method, itis assumed
condensed phase. A fraction of DPPC molecules exist with PA {5t the CD group hasCs, symmetry, the surface is isotropic

in the condensed phase domains, and others remain in thesng the orientation distribution is&function.

expanded phase. DPRiB2molecules inthe condensed domains - 1 calculated) of the terminal methyl groups are listed in
do not produce SFG signal at the frequencies of the-68and e 2. In the all-trans methylene configuration the angle
CDz-AS. As shown in Figure 2, the LETC phase transition e |ationship between the chain axis and@exis of the terminal
results in the disappearance of the methylene stretching peaksmethyl is known to be about 4P.%this is the average angle of

Therefore, the PA-induced phase coexistence is consistent Withy,o two chains deduced from recent literatfreand therefore
the observed decrease in the methylene stretching intensitiesina chain tilt anglex with respect to the surface normal can be
which s clearly observed in the VSFG spectrum of the 3:1 DPPC easily deduced from the relationship= 41.5 — 0.2224

PA mixture in Figure 3 . . . . As shown in Table 2, the calculated chain tilt angle of DPPC-
At 42 mN/m, DPPC_ is in the TC? phase and its chains are in d62in the TC phase is 25 which is consistent with the value
an aII_-trans cpnflguratlon butalso tllted_fro_m the_surfacegr_lglr mal, reported in a previous grazing incidence X-ray diffraction (GIXD)

consistent with the well-known headail size mismatci: study by Lee et a8 This angle decreases with addition of PA.
With the molar ratio of 1:3, the chain tilt angle of DPPC decreased

(37) Adam, N. K.; Jessop, @Qroc. R. Soc. (London)928 A12Q 473.
(38) Lee, K. Y. C.; Gopal, A.; von Nahmen, A.; Zasadzinski, J. A.; Majewski,

J.; Smith, G. S.; Howes, P. B.; Kjaer, K. Chem. Phys2002 116, 774. (41) Mohwald, H.Annu. Re. Phys. Chem199Q 41, 441.
(39) Gennis, R. BBiomembranes: Molecular Structure and FunctiSpringer- (42) Watanabe, N.; Yamamoto, H.; Wada, A.; Domen, K.; Hirose, C.; Ohtake,
Verlag: New York, 1989. T.; Mino, N. Spectrochim. Acta, A: Mol. Biomol. Spectro$894 50A 1529.
(40) Hauser, H.; Pascher, I.; Pearson, R. H.; SundelBi&him. Biophys. (43) Wang, C.-Y.; Groenzin, H.; Shultz, M. J. Phys. Chem. B004 108

Acta 1981, 650, 21. 265.
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Figure 5. Surface pressure at 42 mN/m: ssp VSFG spectra of D8ZE-PA mixed monolayers in the-€D stretching region with three
different molar ratios of DPP@62to PA. The VSFG spectrum of DPPEB2 at 42 mN/m from Figure 2 is shown for comparison. Solid
curves are spectral fits. Dashed horizontal lines demonstrate the variation of the relative peak height ratio betv&®m@DCR-AS.

o is the chain tilt angle with respect to the surface normal. (Spectra are scaled so that;t8& @Baks have an intensity of unity. The
seemingly significant baseline increase in Figure 5D is due to spectral rescaling.)

Table 2. At 42 mN/m: CDs; Mean Orientation Angle (6) and orientational ordering effect caused by PA can also be considered
Chain Tilt Angle () Obtained from the VSFG Spectra of as a condensing effect since it decreases the mean area per DPPC
DPPC-d62 and DPPC-d62—PA Mixtures with Different Molar hydrocarbon chain
Ratios? '
DPPCd62and DPPC 2 (CD- orlentat hain Bt Long chain fatty acids have the capacity to form a hydrogen
an - (CDs orientation o (chain i bond with the phosphate group of phosphatidylcholi#3éA at
d62-PA Mixtures angle, deg) angle, deg) . - ST
the air-water interface retains its COOH hydrogen. The pH of
DPPCd62 ) 164+1 25 pure water is acidic enough to keep PA from being ionized due
DPPCd62PA (3:1) 175+ 1 24 . latively hiah surf h ¢ di
DPPCd62PA (1:1) 195+ 1 22 to its re atively hig sur acelq. The surface i, measured in
DPPCd62-PA (1:3) 20.5+ 1 21 a previous study by infrared spectroscopy was shown to be about

8.7 in phospholipid membrané%Calculations based on Goty
Chapman theory also showed that ionization of PA at the air
water interface is negligibl&. Therefore, PA has available its
to 21°. The decreasing trend of the chain tilt angle induced by COOH hydrogen to form a hydrogen bond with its neighbor
PA is also consistent with the GIXD stud¥. lipids.
As shown in egs 4 and 5, the calculated tilt angle depends on |t is known that the headgroup of a lipid compressed into the
I (BaadBccd andpBeadfaac There are inconsistencies for the two  condensed phase will be dehydratéd?4For the dehydrated
values reported in the literature. When choosing values from a DPPC headgroup, if PA can form a hydrogen bond with this
recent study by Wang and co-workers< 3.4 andfcadaac= polar end, the headgroup spectral signature should experience
1),44the calculated chain tilt angle of DPPC Willcorrespondingly a frequency shift to some extent. Figure 6 shows the VSFG
change from 25to 9° (Supporting Information). These values  spectra of the phosphate symmetric stretch of a DPPC monolayer
are quite different. However, the variation of the tilt angle due znd a DPPCPA mixed monolayer at 42 mN/m. The peak
to choosing different andfcadfaacvalues has no effect on the  assignment is based on previous infrared and Raman studies on
conclusion that addition of PA decreases the chain tilt angle of phospholipid¢8-51As demonstrated by the vertical line in Figure
DPPC. ) ) o 6, adding PA causes the vibrational frequency of the DPPC
Accordmgtoaprewous phospholipid X-ray suﬂﬁ‘_yhe surface phosphate symmetric stretch (PE@8S) to be red shifted.
area occupied by the bullky headgroup of a PC is about 30 A Theoretical prediction has documented that hydrogen-bond
On the other hand, the minimum CrOSS-gSE;:tIOﬂEﬂ area of the tWo o mation to the phosphate group induces the loss of electron
hydrocarbon chains of a PC is about 38 f a closely packed  yensity of the P@, and consequently, there is an elongation of
environment as in the TC phase, the chain must be tilted to some
extentto compensa_te for the heail mlsmatc.h toform aSt?ble (45) Seddon, J. M.; Cevc, G. IRhospholipids HandboolCevc, G., Ed.;
monolayer at the airwater interface. Insertion of a relatively  warcel Dekker: New York, 1993; p 403.
small molecule like PA into the DPPC condensed phase can (46) Gomez-Fernandez, J. C.; Villalain,Ghem. Phys. Lipid8998 96, 41.
compensate for the headhil mismatch and reduce the chain (47 Lipp, M. M. Lee, K. . C.; Waring, A.; Zasadzinsid, J. Aiophys. J.
tilt. Figure 5 serves as molecular-level evidence for formation (48 Arrondo, J. L.: Goni, F. M.; Macarulla, J. Miochim. Biophys. Acta
of the mixed 2-dimensional semicrystalline structure of DPPC 1984 794 165.
and PA and evidence for increased orientational ordering. The Eégg gﬁg;’:ﬁa”'g Sﬂi’rﬂhg‘fiﬁfﬁé&é%cmm_ Biophys. ACtag90

1025 94.
(44) Wang, H.-F.; Gan, W.; Lu, R.; Rao, Y.; Wu, B.-hit. Rev. Phys. Chem. (51) Wong, P. T.; Capes, S. E.; Mantsch, H Bibchim. Biophys. Acta989
2005 24, 191. 980, 37.

2o =41.5 — 6. The numbers in parentheses (3:1, 1:1, and 1:3) are
molar ratios.
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| One of the fundamental questions in lung surfactant function
| 42 mN/m is how the near-zero surface tension of the lung surfactant
: monolayer is achieveq. The gengrally accepted theory, often
I, referred to as the classical model, is the squeeze-out thésfy.
According to this theory, unsaturated lipids and proteins will be
selectively removed or squeezed out from the lung surfactant
: monolayer during film compression, leaving a DPPC-rich
| monolayer capable of reaching near-zero surface tension. In recent
; | ° years, modifications have been made to provide a more detailed
T E I Teo mt @ picture about the squeeze-out theory by introducing the concept
‘ |
|
|

DPPC-d62-PA(1:1) | _
1098 +/- 1 cm™ .2
&

of a surface-associated reservoir or surface-associated multi-
layers?957-63 These surface-associated three-dimensional struc-
tures are thought to be mediated by-8»and SP-C proteins.
Although being challenged by other theories, such as the
supercompressed fluid modét,%6the classical model still seems
to tie together many experimental observatighg. 63.67.68|n
the study presented here, implication of the possible role of PA
in exogenous lung surfactant is based on the classical model.
According to the surface phase rdl&,32a prerequisite of the
" squeeze-out process is a phase separation. In a lung surfactant
0+ monolayer, phase separation results in a DPPC-rich condensed
1000 1050 1100 1150 1200 (TC) phase and a DPPC-poor liquid-expanded (LE) ph&Eke
Incident Infrared (cm’) LE—TC balance significantly affects lung surfactant properties.
Figure 6. Surface pressure at 42 mN/m: ssp VSFG spectra in the Any lipid component, which can affect the phase separation, can
PQ,” symmetric stretching region of DPRIG2—PA mixed mono- -~ p1ay an important role in lung surfactant function according to
layer (1:1 molar ratio) and DPP@62 Solid curves are spectral fits. the squeeze-out theory
Dashed vertical lines indicate the frequency red shift. . : | . .
Implicated by this study, the role of PA in lung surfactant lies
Scheme 4. Schematic Showing the Possible Hydrogen-Bond in its ability to increase the conformational ordering of DPPC
Formation between the Phosphate Group of DPP@62 and at low surface pressures, as demonstrated in Figure 3. In the
the COOH Hydroxyl Group of PA complex lung surfactant mixture, PA’s ability to increase the
conformational ordering of DPPC can counteract the fluidizing
(or disordering) effect of unsaturated lipids and promote phase
separation between DPPC and other unsaturated lipids with
disordered chains, such as POPG. The implication drawn here
is supported by a previous study performed by Zasadzinski and
co-workers in which Brewster angle microscopy and fluorescence
microscopy were used to investigate PA’s effect on model
monolayers containing DPPC, PA, and the unsaturated lipid,
POPG. Results showed that PA promoted the-IE phase
separation between DPPC and PO®G.
The implication discussed above focuses on the role of PA at
low surface pressures. PA’s role of promoting phase separation

DPPC-d62
1104 +- 1 em™ e

VSFG Intensity (a.u.)
[«>]
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between DPPC and other unsaturated lipids is thought to be In summary, on one hand, PA increases the chain ordering of
beneficial to lung surfactant function since the squeeze out of DPPC and promotes the phase separation between DPPC and
unsaturated lipids helps lung surfactant to reach the near-zeroother unsaturated lipids. This is beneficial for lung surfactant
surface tension. function. On the other hand, due to the miscibility between DPPC
What is the role of PA after the occurrence of the squeeze-out and PA in the condensed phase, PA decreases the collapse pressure
process? Following the above discussion, after unsaturated lipidsof the lung surfactant monolayer. To contain the harmful effects
are squeezed out, the DPPBA-rich film will remain at the from PA and exploit the beneficial effects of PA, there must be
surface. Due to the miscibility between DPPC and PA in the a balance between PA and other components and an optimal
condensed phase, as demonstrated by Figure 5, the negativeoncentration of PA in replacement surfactant preparations.
effect of PA on lung surfactant is revealed. According to the .
surface phase rufe®3132the collapse pressure of the mixed Conclusions
monolayer of DPPEPA will lie between the collapse pressures ~ The intermolecular interaction between DPB€2and PA in
of DPPC and PA and vary with the monolayer composition. Mixed Langmuir monolayers at the aiwvater interface is studied
Since PA’s C0||apse pressure is 0n|y 40 mN/m’ the Co||apse UtlllZIng a surface-selective SpectrOSCOpy, vibrational sum
pressure of the DPPC and PA mixed film will certainly drop frequency generation. The effects of PA on DP&82in the LE
below 70 mN/m. The collapse pressure drop has been demon-2nd TC phases are explored by investigating the mixed monolayer
strated by the isotherm measurements in Figure 1B. The collapseunder two different surface pressures, 12 and 42 mN/m. A
pressure drop due to the miscibility between DPPC and PA hascondensing effect of PA on DPPC is observed with VSFG with
a clear negative (or harmful) effect on lung surfactant function addition of PA. At 12 mN/m, DPP@62 alone is in the LE
because it prohibits the DPP®A-rich monolayer from attaining ~ Phase. Results showed that adding PA increased the conforma-
near-zero surface tension. This collapse pressure drop in modefional ordering of the DPPC hydrocarbon chains and consequently
lung surfactant monolayers induced by PA has also been observedecreased the mean area per molecule in the mixed monolayer.
by Bringezu et af® In addition, the collapse pressure drop ina At 42 mN/m, DPPCd62alone is in the TC phase. Adding PA
calf lung surfactant monolayer induced by hexadecanol (an decreased the chain tilt angle of DPPC; specifically, it increased
ana|ogue to PA) has also been reported recenﬂy by Alonso etthe orientational Ordering of the DPPC chains. There is also
al’°To avoid the collapse pressure drop of PA-containing lung €vidence from the frequency red shift of the PGymmetric
surfactant monolayers, PA’s negative effect must be controlled stretch that PA forms a hydrogen bond with the phosphate group
in some way. One way to control this effect is to keep the of DPPC in the condensed phase. Implicated from this work,
concentration of PA low in the replacement surfactant prepara- PA’s effect on DPPC is 2-fold in lung surfactant function. PA
tions. In addition, previous studies demonstrated that a surfactanincreases the chain ordering of DPPC and promotes phase
protein may function to control the negative effect of PAin some Separation, which is thought to be beneficial to lung surfactant
way. Zasadzinski and co-workers investigated the effect of the function. However, due to the miscibility between DPPC and
SP-B protein on the collapse pressure of PA and showed that PAinthe condensed phase, PA can decrease the collapse pressure
SP-B caused the collapse pressure of the DPPB—SP-B of the lung surfactant monolayer. This harmful effect of PA must
mixed monolayer to be comparable to that of a pure DPPC be controlled during lung surfactant action.
monolayer and higher than that of a DPPRA mixed mono-
layer’-72Demonstrated by their results, SB can be the agent
in lung surfactant preparations that will contain the harmful effect
of PA on monolayer collapse pressure by specifically interacting
with PA. Supporting Information Available: VSFG spectra with error
bars for data points (Figures S$4) and orientation calculations using

(71) Longo, M. L.; Bisagno, A. M.; Zasadzinski, J. A.; Bruni, R.; Waring, A.  different sets of literature values 0{Baadfccd andfcadfaac(Table S1).
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