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Dipalmitoylphosphatidylcholine (DPPC) is the predominant lipid component in lung surfactant. In this study, the
Langmuir monolayer of deuterated dipalmitoylphosphatidylcholine (DBg)n the liquid-expanded (LE) phase and
the liquid-condensed (LC) phase has been investigated at thevatier interface with broad bandwidth sum frequency
generation (BBSFG) spectroscopy combined with a Langmuir film balance. Four moieties of the DPPC molecule are
probed by BBSFG: the terminal methyl (groups of the tails, the methylene (g@roups of the tails, the choline
methyls (CH) in the headgroup, and the phosphate in the headgroup. BBSFG spectra of the four DPPC moieties
provide information about chain conformation, chain orientation, headgroup orientation, and headgroup hydration.
These results provide a comprehensive picture of the DPPC phase behavior atteaiinterface. In the LE phase,
the DPPC hydrocarbon chains are conformationally disordered with a significant number of gauche configurations.
In the LC phase, the hydrocarbon chains are in an all-trans conformation and are tilted from the surface normal by
25°. In addition, the orientations of the tail terminal methyl groups are found to remain nearly unchanged with the
variation of surface area. Qualitative analysis of the BBSFG spectra of the choline methyl groups suggests that these
methyl groups are tilted but lie somewhat parallel to the surface plane in both the LE and LC phases. The dehydration
of the phosphate headgroup due to the-LEE phase transition is observed through the frequency blue shift of the
phosphate symmetric stretch in the fingerprint region. In addition, implications for lung surfactant function from this
work are discussed.

Introduction disorderst” Numerous studies on a variety of lung surfactant
model systems have been performed with a variety of physio-
chemical approaches including film balarfcé? a captive
bubble apparatui$; 17 a pulsating bubble surfactometfér,
fluorescence microscopy;!®33 Brewster angle microscopy

(BAM),21.22.21:3832.34-36 gtomic force microscopy (AFM,26:33.36:37

Lung surfactant is a complex mixture of lipids and proteins
that forms a monolayer at the aialveolus interface. The major
function of lung surfactant is to lower the surface tension at the
alveolar surface to near-zero values during exhalation, conse-
quently easing the work of breathing and preventing the collapse
of the lung?~* Lung surfactant is an essential material for life. (7) Creuwels, L. A. J. M.: Van Golde, L. M. G. Haagsman, HLAng 1997,

Deficiency and dysfunction of lung surfactant contribute to the 175 1.
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pathophysiology of several severe lung disorders such as
respiratory distress syndrome (RDS) and acute respiratory distres

syndrome (ARDS}.Deficiency of lung surfactant in premature

infants results in RDS, also known as Hyaline membrane diSease.

In the U.S., about 50,00860,000 infants are at risk for RDS
each yeaf. Current clinical treatment for RDS is through
surfactant replacement therapy, namely, the administration o
exogenous surfactarfthe rational design of effective exogenous

surfactants is a major motivation in lung surfactant research.

Dysfunction of lung surfactant is a condition associated with
ARDS. ARDS results from lung injury and can affect patients
of all ages including infants, children, and adults. Surfactant

replacement therapy has been applied to ARDS, but it is less
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successful than surfactant replacement therapy in RDS becaus@73 1196.

of the complex pathology of ARDS.
A fundamental understanding of lung surfactant function can
lead to a more effective and optimal therapy to treat lung
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grazing incidence X-ray diffraction (GIXF,333538 40 attenuated First, recent studies of various lung surfactant model systems

total reflectance FTIR (ATR-FTIRY*2 infrared reflection- using microscopic techniques have shown that the physical state
absorption spectroscopy (IRRAS),5! and computer simula-  of lung surfactant at the ahwater interface is more than a
tion 52756 monolayer. Surface-associated multilayer structures can exist

Endogenous lung surfactant contains about 90 wt % lipids and under both low and high surface pressiie%:334758The
10 wt % surfactant proteirfs’->’Dipalmitoylphosphatidylcholine  existence of these multilayer domains is believed to facilitate the
(DPPC) is the major lipid component in lung surfactant and spreading and adsorption properties of lung surfactant, yet there
accounts for about 40 wt % of mammalian lung surfactant. It is is little evidence of the actual structure and composition of these
generally accepted that DPPC is responsible for the near-zeromultilayer domain$®6° Second, SPB is thought to facilitate
surface tension at the alveolar surface at the end of exhalation.the respreading of DPPC during inhalation. However, the tipid
The near-zero surface tension, an essential lung surfactantorotein interaction mechanism is still unclear. Recent computer
property, is probably due to the fact that DPPC can form a highly simulations have shown interesting results for the possible
packed semicrystalline structure at the alveolar surface film at interaction mechanism between -SB and DPPCG?5355 yet
the end of exhalatiof? 57 In addition to the significance of the ~ experimental evidence is still lacking. Third, it has been generally
existence of a large amount of DPPC in lung surfactant, the accepted that the formation of a DPPC-enriched filmis necessary
synergy between DPPC and other lipids and proteins is alsoto produce near-zero surface tension during exhalation. The
crucial for proper lung surfactant function. Other lipids (e.g., formation of the DPPC-enriched film requires some type of
unsaturated phospholipids, anionic phospholipids) and proteinssurface refinement during compressf1i?though researchers
(SP-B and SP-C) are believed to facilitate the respreading and have argued against this classical concept and have postulated
adsorption of DPPC and help to produce a uniform force a supercompressed fluid modéf”:63In this model, surface
throughout the lung during the breathing cytle®’ refinement becomes unnecessary, and a metastable structure

Our knowledge about lung surfactant function has been accounts for the high surface pressure upon compre8sion.
significantly expanded in recent years, yet many intriguing However, there is currently no structural or spectroscopic evidence
questions remain unanswered. Three open questions related t&0 support this model. To answer these challenging questions,
the interfacial structures of lung surfactant are given as examples.a fundamental understanding of the interfacial structure of DPPC
is needed, as discussed further in this article.
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Scheme 1. Deuterated DPPC Molecule (DPP@sy)
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monolayers have focused on the chain ordering of the DPPC tailis proportional to the absolute square of the macroscopic second-
groups. Watry et al. studied a series of phospholipid monolayers order nonlinear susceptibility@, which consists of resonant

at the air-water interface with SFG and found that the chain terms ng)) and a nonresonant termg\ﬁ)_ When the frequency
ordering of a phospholipid monolayer was dominated by the of an incident infrared beamy, is resonant with a surface
length of the acyl chain rather than the type of headgrBup. viprational modey, then the resonant susceptibility terpi?)
Roke et al. used SFG to investigate the phase behavior of agominates the nonlinear susceptibiligf), and an SFG intensity

DPPC monolayer and discovered anew DPPC phase transition. enhancement is observed. The resonant macroscopic nonlinear
The novel phase transition was attributed to the uncurling of the susceptibility,xi,z), is shown in eq 2

DPPC tails upon compression. To date, there is a paucity of SFG
studies of DPPC monolayers that investigate both the tail and A
the head groups. Vibrational frequencies of certain headgroup X(UZ) qg—— 2
moieties are typically in the fingerprint region (146800 cnt?l), wg — o, Til,
yet SFG studies in the fingerprint region are ré&é€> 77 The
work presented here explores both the tail and the head groupsvhere A, is the strength of the transition moment,is the
of the DPPC molecule by using chain-deuterated DPPC (DPPC-frequency of the transition moment, afidis the line width of
dsz) and by tuning the infrared laser pulse to cover different the transition. The amplitude,, is nonzero when the Raman
vibrational frequency regions including the fingerprint region. and the infrared transitions are both spectroscopically allowed.
We provide a comprehensive picture of the interfacial behavior Xf/z) is related to the molecular hyperpolarizabilifi;, shown in
of DPPC in different thermodynamic phases and elucidate eq 3, by the number density of the surface spediesnd an
fundamental issues such as chain conformation, chain orientation orientationally averaged Euler angle transformatip:imnC
headgroup orientation, and headgroup hydration. between the laboratory coordinatésJ, K) and the molecule

A brief description of the SFG approach as well as the SFG coordinates|( m, n).
theory is provided as follows. SFG utilizes two pulsed laser
beams of different frequencies, which generate a third frequency
at the sum of the two probing beams’ frequencies. Usually, one
beam is in the visible region, and the other is in the infrared
region. When the infrared pulse is resonant with a vibrational
e of e molecule acsorbec ot e e, e il e 1 Materils. Ayt chai deutrated 12 cpimioghaero

. . : ﬁhosphochollne (as shown in Scheme 1) witB9% purity was
vibrational spectrum. SFG has all of the advantages of FTIR and gpained from Avanti Polar Lipids (Alabaster, AL) and used without
Raman, yet it is also surface-selective. The surface selectivity further purification. Spectral-grade chloroform was purchased from
comes from a unique selection rule requiring the lack of inversion Sigma-Aldrich Chemical Co. (St. Louis, MO). Deionized water from

XS;Z) =N ZmIJK:ImnHBU 3

Experimental Section

symmetry. The interface always satisfies this selection rule, but a Barnstead Nanopure system with a resistivity of 18Q-bm was

the isotropic bulk does not.

A brief description of the theory of SFG is outlined here.
Details can be found in the literatuf&.8> The SFG intensity,
Isre as shown in eq 1,

lsea O P17 0 & + Y 221 (1)

(72) Chen, Z.; Shen, Y. R.; Somorjai, G. Annu. Re. Phys. Chem2002
53, 437.

(73) Watry, M. R.; Tarbuck, T. L.; Richmond, G. . Phys. Chem. B003
107, 512.

(74) Roke, S.; Schins, J.; Muller, M.; Bonn, NPhys. Re. Lett. 2003 90,
128101/1.

(75) Johnson, C. M.; Tyrode, E.; Baldelli, S.; Rutland, M. W.; LeygrafJC.
Phys. Chem. 005 109, 321.

(76) Hore, D. K.; Beaman, D. K.; Richmond, G. L. Am. Chem. So@005
127, 9356.

(77) Hore, D. K.; Beaman, D. K.; Parks, D. H.; Richmond, G.JL Phys.
Chem. B2005 109, 16846.

(78) Dick, B.; Gierulski, A.; Marowsky, GAppl. Phys. B1985 38, 107.

(79) Hirose, C.; Akamatsu, N.; Domen, Kppl. Spectroscl992 46, 1051.

(80) Hirose, C.; Yamamoto, H.; Akamatsu, N.; Domen,XPhys. Chem.
1993 97, 10064.

(81) Zhuang, X.; Miranda, P. B.; Kim, D.; Shen, Y. Rhys. Re. B 1999 59,
12632.

(82) Moad, A. J.; Simpson, G. J. Phys. Chem. B004 108 3548.

(83) Wang, J.; Clarke, M. L.; Chen, Anal. Chem2004 76, 2159.

used.

Methods. Langmuir Film BalanceThe surface pressurearea
isotherm was obtained with a KSV minitrough (KSV, Finland). The
rectangular trough (176.5 mm 85 mm) is made of Teflon and is
thermostated by circulating water in channels placed underneath the
trough at a temperature of 240.5°C. Two barriers are employed
to provide symmetric film compression. The barriers are made of
Delrin, a hydrophilic material that prevents monolayer leakage
beneath the barriers. The surface pressure and the mean molecular
area are continuously monitored during film compression by the
Wilhelmy plate method. The plate is made of platinum and is flamed
with a Bunsen burner before use. The trough is filled with pure
water as the subphase. The surface pressanea isotherm is always
measured on a fresh subphase. The clean subphase surface is swept
by barriers to make sure that there is no significant surface pressure
increase observed upon compression. A stock chloroform solution
of DPPCdg, with a concentration of 1 mM was used. The solution
was kept in a freezer at20 °C when not being used. A known
amount of DPPC solution was spread on the subphase surface in a
dropwise manner with a Hamilton syringe, and 10 min was allowed
to elapse for complete solvent evaporation before starting the

(84) Wang, H.-F.; Gan, W.; Lu, R.; Rao, Y.; Wu, B.-Hit. Rev. Phys. Chem.
2005 24, 191.

(85) Lambert, A. G.; Davies, P. B.; Neivandt, DAppl. Spectrosc. Re2005
40, 103.
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Scheme 2. SFG Experiment on a Langmuir Trough 70 A
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compression. A constant compression speed of 10 mm/min
(correspondingd a 5 mm/min barrier moving speed) was used. 10 1 LE
Broad Bandwidth Sum Frequency Generation Spectroscopy. G-LE
Details of the broad bandwidth sum frequency generation (BBSFG) 0 " ' ' '
system can be found elsewh&fé7 A brief description is given 40 60 8 100
below. Two 1-kHz repetition rate regenerative amplifiers (Spectra- Mean Area Per Molecule (A")

Physics Spitfire, femtosecond and picosecond versions) are utilizedFigure 1. Surface pressure (mN/mjprea (&) isotherm of deuterated

in the BBSFG setup. The picosecond amplifier produces a narrow DPPCds, at 24 °C on a pure-water subphase. G: gas phase;
bandwidth (17 cm?) 2 ps pulse at a wavelength 6800 nm. The LE: liquid-expanded phase; LC: liquid-condensed phase;
femtosecond amplifier is used to pump an optical parametric amplifier G—LE: coexistence of G and LE phases;£EC: coexistence of
(OPA; Spectra-Physics OPA-800F) to produce a broad bandwidth LE and LC phases.

of ~100 fs infrared pulse. The spectral window of the broad IR

pulse can be as large as 500 ¢prdepending on the tuned spectral time in real time during the surface pressure drop. The 10 30-s
region. Therefore, in a BBSFG system, an SFG spectrum can beBBSFG spectra were found to be identical, implying that the surface
obtained without wavelength scanning. Tuning the nonlinear crystals pressure drop had a negligible effect on the SFG spectrum.
cooperatively in the OPA allows the system to cover different In this article, we show representative SFG spectra obtained at

wavelength regions such as the-8 stretching region (27063000 1,12, and 42 mN/m; however, numerous SFG spectra were obtained
cm1), the C-D stretching region (20062300 cn1?), and the P@" along the entire isotherm. The SFG spectra of the monolayer are fit
symmetric stretching region (1086A.200 cnT?). The input energy with Lorentzian line shapes according to egs 1 and 2 using IGOR
of the 800 nm beam is 3Q@J). The IR energies are:d in the C-H commercial software after adding additional codes to describe the
stretching region, &J in the C-D stretching region, and 4J in coherent nature of the SFG process as shown in eq 1.
the PQ~ symmetric stretching region.

The BBSFG experiment is performed in reflection geometry. The Results and Discussion

miniature design of the KSV minitrough makes the trough well

suited to the relatively small space of the sample area. The I“"‘ngmu'rmeasurements are the conventional way to characterize the phase
film balance, as shown in Scheme 2, is placed on the sample stag

of the BBSFG system. The stage hagaxis translator, and the behavior of LaqgmU|r monolayef8Figure 1 shows thoe surface
height of the monolayer surface in the Langmuir trough can be Pressure-area isotherm of deuterated DPRIg-at 24°Cona
accurately adjusted vertically. The two probe beams (800 nm and Pure water subphase. A number of distinct regions are shown in
IR) are overlapped at the monolayer surface spatially and temporally. this isotherm. Each region is a separate plf&3éese phases

The generated SFG signal, containing spectral information from the are functions of surface pressure, surface area, and temperature.
surface, is detected by a monochromator CCD detection system.Following the general assignments for the phospholipid phases
Because the infrared pulse is broadband, an SFG spectrumis obtainedn the literature®® these phases have been assigned -akE

The SFG spectrum is polarization-dependent. In this study, three| g | E—|.C, LC, and collapse phases as denoted in Figure 1.
polarization combinations are used: ssp (s-SFG; s-800 nm; p- ~ ; . ; - . ;
It oo (-SFG 03001 b irated and s SFG/ 1600 = 2 098 B LE 1 e i expandec phasey L s e

nm; s-infrared). Changing polarizations from s to p can be obtained . . ; :
by using a zero-order waveplate in the 800 nm beam line and a MgF the coexistence of G and LE; and £EC is the coexistence of

Berek’s compensator in the IR beam line (for thel@and C-D LE and LC. )
stretching regions). A Glan laser polarizer selects the polarization ~Molecules in the gas phase are loosely packed at the water
inthe SFG detection system. The SFG spectrum is normalized againssurface and behave like a 2D gas. As the monolayer is being
a nonresonant SFG spectrum from a GaAs crystal to remove thecompressed, there is a<&E transition (the first plateau to the
spectral distortion caused by the energy profile of the infrared pulse. far right in the isotherm). In the LE phase, molecules behave like
The normalization process also makes it possible to compare theg 2p liquid and are not as free to move about as in the gas phase.
SFG spectra taken by different SFG systems. As the monolayer is being compressed further, the LE phase
When performing the SFG study on the monolayer, the monolayer o nsition (the second plateau when reading from right to left in

is first compressed by the two barriers to reach a given surface y,q jssherm) will occur. The LELC phase transition occurs at
pressure. The barriers are then halted, and an SFG spectrum is

obtained. During the 5 min spectral acquisition time, the monolayer ~15 mN/m for DPPCée, abput 10 mN/m h'ghef }han that of
relaxes, and a surface pressure drop occurs. The surface pressufdondeuterated DPPC. The high+EC phase-transition pressure
drop was also observed by other researchers when performing IRRASOf DPPCéle2 is consistent with a previous studyIn the LC
studies on DPPC-containing monolay&¥4’ The largest pressure ~ phase, molecules are in a 2D semicrystalline phase. Further
drop during the 5 min spectral acquisition is less than 6 mN/m, and compression results in film collapse at a surface pressure of 63
this occurs when DPPC is compressed into the liquid-condensedmN/m, where a kink appears in the isotherm. (The collapse

phase. To ensure that the surface pressure drop does not producgressure of DPPC can be above 70 mN/m if the Langmuir trough
an artifactin the SFG spectrum, the surface was monitored for 5 min js equipped with a ribbon barrié.
by taking 10 consecutive BBSFG spectra with a 30 s acquisition

Isotherm of DPPC-ds,. Surface pressurearea isotherm

(88) Gaines, G. Linsoluble Monolayers at LiquidGas Interfacednterscience
(86) Ma, G.; Allen, H. C.J. Phys. Chem. B003 107, 6343. Publishers: New York, 1966.
(87) Ma, G.; Liu, D.; Allen, H. C.Langmuir2004 20, 11620. (89) Kaganer, V. M.; Mawald, H.; Dutta, PRev. Mod. Phys1999 71, 779.
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Table 1. Fitted Peak Frequencies and Assignments of the BBSFG Spectra of DPRig-at Different Surface Pressured

CDs-SS CD,-SS CDs-FR CD,-AS CDs-AS CH,-SS CHs-SS PO, ~-SS
(cm™) (cm™) (cm™) (cm™) (cm™) (cm™) (cm™)
1 mN/m 2071 2105 2195 2218
(LE)
12 mN/m 2073 2102 2121 2194 2221 2912 2958 1094
(LE)
42 mN/m 2071 2123 2221 2912 2959 1104
(LS

aSS: symmetric stretch; AS: asymmetric stretch; FR: Fermi resonance.

25

N
o

-
(3]

BBSFG Intensity (a.u.)

-
o

|ICD,ss | |

CD,-AS| |CD,AS

|CD,FR | |

"CD,-SS|

‘ LE| ‘ TmN/m

2050 2100 2150 2200 2250
Incident Infrared (cm™)

additional shoulder is observed at 2121 ¢rand is assigned to
the CD; Fermi resonance (CGEFR). At 42 mN/m, only three
peaks-the CDy-SS, C3-FR, and CR-AS—are observed in the
BBSFG spectrum.

SFG spectroscopy is a sensitive surface technique that can
detect the conformation change and the orientation change of a
surface-adsorbed molecule. First, the SFG selection rule is
employed to gain conformation information about the DPPC
tails atthe air-water interface from Figure 2. As shown in Figure
2, at either 1 or 12 mN/m the peaks from the methylene groups
(CD,-SS and CR-AS) are clearly observed in the BBSFG spectra.
Thisis a clear indication of the existence of gauche configurations
adopted by the DPPC tails. Recall the selection rule of lack of
inversion symmetry mentioned in the Introduction; its application
is well demonstrated by Figure 2. At 1 or 12 mN/m, DPPC is
in the LE phase and behaves as a 2D liquid. The fluidity of this
phase causes the hydrocarbon tails to become disordered and
adopt flexible gauche configurations. The lack of inversion
symmetry between each pair of gauche methylene groups allows
both the CB-SS and the CRAS peaks to be SFG-active;
therefore, the two peaks are clearly observed in the BBSFG
spectra of 1 and 12 mN/m. At 42 mN/m, both the £86 and
the CD-AS peaks disappear from the BBSFG spectrum, implying
that the DPPC tails adopt an all-trans configuration in the LC
phase. The all-trans configuration creates inversion symmetry
between trans pairs of methylene groups. Because there are even
numbers of methylene groups in the DPPC tail, no single

_ _ methylene can be SFG-active; therefore, both the-65 and
Figure 2. ssp BBSFG spectra of the DPRIgz monolayer in the CD,-AS peaks disappear, and only the £85, CQ-FR, and
C—D stretching region at different surface pressures. Solid lines are CDs-AS peaks are observed in the BBSFG spectrum at 42

spectral fits. Dashed vertical lines reveal the spectral assignments:mN /m

SS, symmetric stretch; FR, Fermiresonance; AS, asymmetric stretch. . . . . .
The unique selection rule, with respect to inversion symmetry,
Conformation and Orientation of DPPC-ds Tail Groups. makes SFG a valuable tool for investigating the lipid chain
The surface pressur@rea isotherm provides thermodynamic conformation. This is particularly helpful because most biorel-
information about the monolayer. Vibrational sum frequency evant lipids have even numbers of methylene groups in their
generation spectroscopy is used to gain additional molecular- hydrocarbon chain¥. This is especially true for lung surfactant
level insight. Figure 2 shows the BBSFG spectra of DRBL-  |ipid components. The appearance and disappearance of me-
with ssp polarization at three different surface pressures: 1, 12,thylene (CD) SFG intensity is essentially a binary indicator that
and 42 mN/m. The spectra were obtained in thedCstretching easily and accurately shows the presence and absence of the
region and provide information about the conformation and gauche conformation in the hydrocarbon chains.
orientation of the deuterated DPPC tails. Table 1 lists the peak  There is a large body of pioneering work on Langmuir
positions from curve fits and the spectral assignments. At 1 MmN/ monolayers with IRRAS by Dluhy and Mendelsohn and co-
m, there are four peaks revealed in the spectrum located at 207 1yworkers in lung surfactant and biomembrane rese&¥c.95.9
2105, 2195, and 2218 crhas listed in Table 1. According to  |tisimportant to note that the lack of inversion symmetry selection
previous vibrational spectroscopic studies on deuterated DPPCryle is a distinct feature of SFG as compared with IRRAS;
and relevant compound$;, %3 these four peaks are assigned to therefore, these techniques are complementary as opposed to
CDs; symmetric stretch (CPSS), CDQ symmetric stretch  duplicative. Given an example, an all-trans hydrocarbon chain
(CD,-SS), CD asymmetric stretch (CPAS), and CI3 asym- of a lipid molecule with an even number of methylene groups
metric stretch (CB-AS) modes, respectively. At 12 mN/m, an  will produce a strong signal in the methylene stretching region
— — in the IRRAS spectrum but will produce no signal in the SFG
19é%0£);g%n70.an, J. L Kelly, R. A; Nivellini, G. D.; Tullini, FJ. Mol. Spectrosc. - gnactrym because there are inversion centers for each trans pair

(91) Sunder, S.; Cameron, D. G.; Casal, H. L.; Boulanger, Y.; Mantsch, H. Of methylene groups.
H. Chem. Phys. Lipid4981, 28, 137.

(92) Devlin, M. T.; Levin, I. W.J. Raman Spectros¢99Q 21, 441.

(93) Zhang, D.; Gutow, J.; Eisenthal, K. B. Phys. Chen11994 98, 13729.

(94) Gennis, R. BBiomembranes: Molecular Structure and FunctiSpringer-
Verlag: New York, 1989.
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10 Table 2. Mean CD; Orientation Angles # and Chain Tilt Angle
o Obtained from the BBSFG Spectra of DPPCés; at Different
8 Surface Pressures
6 o
_% DPPCés (CD; orientation angle) (chain tilt angle}
B ° 1 (mN/m) 156+ 1.0°
@ (LE)
S 4 12 (mN/m) 15.8+1.8°
® (LE)
= 42 (mN/m) 16.4+ 0.9 25°
2 (LC)
Ao =415 — 6.
0

o 1 20 30 40 S0 60 70 80 90 two chains deduced from the literatéfe Therefore, the chain

0 (degree) tilt angle a. with respect to the surface normal can be easily
Figure 3. Square root of the ratio between the SFG intensities of deduced from the relationship of = 41.5 — 6. As shown
CDs-SS and CR-AS as a function of the mean orientation angle  in Table 2, the calculated value is 26 the LC phase. The
(Inset) llustration of the mean orientation angland the chain tilt calculation with SFG is in good agreement with the previous
anglea. results from X-ray diffraction studie®;'%an IRRAS study-°!
and computer simulatiol? The fact that the DPPC tails must

fro'?nn?:tihirrge}zluizbtllf?epgeri(;engtilggogzar(laogft?r?; (t:earr:n?r?a??rtliltrr:e? tilt in the condensed phase (i.e., a close-packed environment)
9 9 Y' has been establish&41031%4The tilt is thought to be due to the

group. The angle can also be used to deduce the chain tilt angle - . :
of DPPC with respect to the surface normal. SFG orientation space requirement mismatch between the head and the tail. In

calculation methods have been well documented in the the DPPC molecule,.the size of the headgroup is re[ativelylarge.

literature’8-85 Briefly, the functional relationship between the According 1o a previous X-ray study on phosphollp}é%the

SFG seclond-order ,nonlinear susceptibilig) and the mean surface area occupied py the bulky headgroup of the PCis about
. . ’ . 50 A2, However, the minimum cross-sectional area of the two

orientation angle €) forms the mathematical basis for the

. . / ! : : hydrocarbon chains of the PC is about 38 I a close-packed
orientation calculation. The procedure requires solving simul-

taneous equations because not the onlv unknown parameter environment, as in the LC phase, the chain must be tilted to some
d . only P .~ extentto compensate for the heddil mismatch to form a stable
In the case of DPP@s,, the orientation angle of the terminal

CDs group (i.e., the it angle of thes, axis of CD from the mc;;:“i/:;itbrzz zrlrsv(\;art(—:-e\:elgltirf]?;ﬁér interesting phenomenon
surface normal) is calculated in the following way: - ) :

) g way Whenin different phases (LE and LC) and under different surface
pressures (1, 12, and 42 mN/m), the orientation angles of the

_1
%y ACD3-S8)= ENﬂccc[COSO(l +1) —coO(L - )] terminal methyl groups remain basically unchanged. As men-

Baae tioned earlier, at 1 and 12 mN/m, the DPPC tails adopt gauche
=——(4) configurations. If there is only a single gauche configuration in
Bece the chain, then when the chain becomes all-trans (...ttt...) the
orientation of the terminal methyl group will change. However,
2yACD5-AS) = —NB,{c0s6 — cos'6) ®) if the gauche configurations are in th&tg~ (first-order kink)

or gftttg~ (second-order kink) orggtg"™ (second order kink)
configuration, as shown in Scheme 3, then this only horizontally
displaces the top and bottom portion of the ch&kin this way,

as the monolayer is compressed, the elimination of the gauche
configurations will not change the orientation of the terminal
methyl groups. However, two experimental details revealed in

>/ ~ Figure 2 argue against the above explanation. First, kink
(values of = 2.3 (ref 93) anfcadfaac= 4.2 (ref97)). Therefore, ., nfiq rations, as shown in Scheme 3, retain the inversion

0 can be easily obtalngd by !movx_/ln_g the r.at'OXWZ(CD3'SS) symmetry between the methylene grodsThis means that
IOXWZ(CDs"AS.)' In practice, this ratio is obta!ned frpm the square o the CD-SS and the CRAS peaks will disappear from the
root of the ratio of (?B,’SS to CQ-AS peak intensities. To use BBSFG spectra of 1 and 12 mN/m according to the selection rule
the above method, itis necessary to assume that twmp . of SFG. Clearly, this is not the case in Figure 2; both the-SS
hasCs, symmetry, the surface is isotropic, and the orientation and the CB-AS peaks exist in the BBSFG spectra of 1 and 12
distribution is & function. If we assume a Gaussian distribution, mN/m. Second, Figure 4 illustrates the relationship between the

tcg‘igdgge orientation calculation becomes additionally compli- g, e molecular density and the square root of the area of

. The_ calculated values of the terminal methyl. groups are (99) Ye, S.; Noda, H.; Nishida, T.; Morita, S.; Osawa,Mngmuir2004 20,
listed in Table 2. In the all-trans methylene configuration, the 357
angle relationship between the chain axis and the terminal methyl = (100) Brezesinski, G.; Dietrich, A.; Struth, B.; Boehm, C.; Bouwman, W. G ;

; ° : : Kjaer, K.; Mohwald, H.Chem. Phys. Lipid4995 76, 145.
is known to be about 41'3Wh|Ch is the average angle of the (101) Gericke, A.; Flach, C. R.; Mendelsohn, Bophys. J.1997, 73, 492.

(102) Dominguez, H.; Smondyrev, A. M.; Berkowitz, M. I. Phys. Chem.

The second-order nonlinear susceptibiligy ¢f CD3-SS and
CDs-AS are related t@, the surface molecular densily; and
the molecular hyperpolarizabilif§y as described in eqs 4 and 5,
where the ssp polarization combination is used during the
SFG measurement. As shown in Figure 3, the ratio between
2yyACD3-SS) andyyy{CDs-AS) has a direct relationship with

(95) Dluhy, R. A.; Cornell, D. GJ. Phys. Chem1985 89, 3195. B 1999 103 9582.
(96) Mitchell, M. L.; Dluhy, R. A.J. Am. Chem. Sod.988 110 712. (103) Hauser, H.; Pascher, I.; Pearson, R. H.; SundeBi&him. Biophys.
(97) Wang, C.-Y.; Groenzin, H.; Shultz, M. J. Phys. Chem. B004 108 Acta 1981, 650, 21.
265. (104) Mthwald, H.Annu. Re. Phys. Chem199Q 41, 441.
(98) Wang, J.; Paszti, Z.; Even, M. A.; Chen ZAm. Chem. So2002 124, (105) Lagaly, G.; Weiss, A.; Stuke, Biochim. Biophys. Act&a977,470, 331.

7016. (106) Goates, S. R.; Schofield, D. A.; Bain, C.Iangmuir1999 15, 1400.
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Scheme 3. Hydrocarbon Chain in Different Conformation
Configurations?
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Figure 5. ssp, ppp, and sps BBSFG spectra of the DRRC-
) ) ) ] monolayer in the €&H stretching region at two different surface
Figure 4. Relationship between the square root of the fit peak area pressures. Solid lines are spectral fits. Dashed vertical lines indicate

Surface molecular density (N) (molecules/cm?)

of CD3-SS in Figure 2 and the surface molecular denbityThe the spectral peak positions and assignments.
dashed line shows a proportional relationship betwsdeand the
square root of the peak area of the {fpoup. An SFG investigation of the choline methyl groups offers

insight from a spectroscopic view. As shown in Figure 5 and

Table 1, the choline methyl groups are investigated at surface
the CD;'SS peak fOI‘ the three Surface pl’eSSUI‘eSZ 1, 12, and 42pressures Of 12 and 42 mN/m in the_a Stretching region_
mN/m. A diSprOpOI‘tionaI increase in the square root of thQ'CD Three polarization combination measurements (ssp’ ppp, and
SS peak area is observed at 42 mN/m (with the 42 mN/m datasps) are performed. In the two ssp spectra, peaks are observed
point deviating from the dashed line). The disproportionabCD 4t 2912 crt and 2959 cm; in the ppp spectrum, the two peaks
intensity increase of the LC phase as compared with the LE are barely visible; in the sps spectrum, no peaks are observed.
phase suggests that the orientational ordering of the terminalysing polarization selection guidelines presented by Wang and
methyl group in the LE phase is different from that of the LC  coworkers, that is, CHSS and CH-SS peak intensities in ssp
pha3é7 This contradicts the situation described in Scheme 3, Spectra are a|WayS Stronger relative to ﬁbme two observed
where the orientational ordering of the terminal £8oup peaks in Figure 5 are assigned to the 3% and the CHSS
remains unchanged when the hydrocarbon chain turns from amodes as listed in Table 1. The €8S can originate from the
kink configuration into an all-trans configuration. On the basis glycerol backbone, the choline group, or both. The;&$ peak
of the two pOintS stated abOVe, we assert that the lack of variation is assigned to the choline methyl groups. The near disappearance
of the CD; orientation angle as shown in Table 2 is due to the of the CH-SS in the ppp spectrum makes it difficult to
fact that the CI3 mean orientation angle is insensitive to the quantitatively analyze the orientation angle of the choline methyl
surface pressure variation and +EC phase transition, though  groups. However, this spectral feature along with the ssp intensity
the DPPC chain in the LE phase can possibly adopt a variety of qualitatively suggests that the three choline methyl groups are
gauche configurations. tilted from the surface normal and lie somewhat parallel to the

Orientation of the Choline Headgroup. The headgroup  air—water interfacé*

orientation of phosphatidylcholine is generally referred to asthe ~ Another feature of Figure 5 is that the two spectra at 12 mN/m
inclination angle of the PN dipole moment (P and N are the (LE phase) and 42 mN/m (LC phase) are rather similar. This
phosphorus and nitrogen atoms of the headgroup) with respectsuggests that the choline headgroup orientation is not significantly
to the surfacé® Numerous studies have been completed on different in the LC and LE phases. This observation appears to
phospholipid bilayer systems, and it has been suggested that théve consistent with the conclusion drawn from a previous X-ray
P—N dipole lies flat with respect to the bilayer surfates for crystallographic study on phosphatidylcholine. The overall
the DPPC monolayer, there is little evidence available in the conformation of the polar region of phosphatidylcholine appears
literature of the actual orientation of the-Rl dipole. Surface to be independent of the aggregation state and the nature of the
potential measurements suggest that the headgroup orientatio@nvironment03
in the monolayer is parallel to the aiwater interfacé® A Hydration of the Phosphate Headgroup.The structural
previous computer simulation investigation on a DPPC monolayer difference between the LE and LC phases is also revealed by the
showed that the average angle between the water surface and thkydration state of the phosphate group. Figure 6 shows the PO
P—N dipole was 5.102 symmetric stretch (P9-SS) of DPPC in the LE and LC phases.
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Scheme 4.
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water-squeeze-out
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aBlue dots represent water molecules. Possible chain conformations and orientations in the LE phase are shown.
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Figure 6. ssp BBSFG spectra of the DPRigz monolayer in the
fingerprint region at two different surface pressures. Solid lines are
the spectral fits. Dashed vertical lines reveal the peak position of
the PQ~ symmetric stretch in the LE phase. There is a 10¥shift

to higher energy upon compression to the LC phase.

The peak position and assignment are listed in Table 1. The

assignment is unambiguous from the literatt¥e1%° As shown

in Figure 6, the P@-SS peak is observed at 1094 chin the

LE phase and shifts to 1104 crin the LC phase. The shift to

a higher frequency indicates that the hydration environment of

the SFG spectrum shown here is the first SFG vibrational spectrum
from a phospholipid phosphate group. The frequency shift
observed in Figure 6 can be easily explained with the so-called
water-squeeze-out mechanism as illustrated in Scheme 4. In the
LE phase, DPPC molecules are loosely packed, and the headgroup
occupies a large area at the-aivater interface. The phosphate
group is well solvated by interfacial water molecules. The
hydrogen bonding network between water molecules and the
phosphate group weakens the Pbonds and causes the
vibrational frequency to shift to a lower wavenumber (1094 8m
relative to that of the LC phase. In the LC phase, the close
packing of DPPC requires the water in the hydration shell to be
squeezed out by compression. The less hydrated state of the
phosphate group causes the ;PMond to be strengthened;
consequently, its vibrational frequency is observed at a higher
wavenumber (1104 cm) relative to that of the LE phase. The
infrared frequency shift of the DPPC RPOsymmetric stretch,
which is due to the change in hydration state, has been well
documented in previous infrared studies on DPPC in the bulk
phasel’®11l A recent quantum chemical calculation on an
analogous molecule of methylphosphocholine (MePC) has
revealed atomic-level details of the cause of the phosphate
frequency shift upon hydratiod?It has been shown that hydration
of the phosphate group induces the loss of electron density of
the PQ~ bonds due to strong hyperconjugation with the D
antibonding orbital of water and weakens the,P®onds.

The occurrence of water squeeze out at thewaiter interface
in Langmuir monolayers has been long postulated by Langmuir,
Schulman, Hughe® and Figure 6 shows direct experimental
evidence of this phenomenon. Previously, this phenomenon was
also observed from a deuterated long-chain cyanide(CiB))1¢-
CN) with SFG at the airwater interface by Eisenthal and co-
workers%

Implications for Lung Surfactant Function. It has been
shown clinically that DPPC alone fails to be an effective
replacement surfactant mainly because of its poor respreading
and adsorption abilitiesPhosphate hydration, as shown in the
present study, provides molecular-level insight into why DPPC

the phosphate group changes as a result of monolayer comprestespreads poorly; that is, the phosphate group is significantly

sion.
Phosphate hydration is a crucial factor affecting the interfacial

affected during compression as dehydration is occurring. We
postulate that the poor respreading property of DPPC in the LC

behavior of phospholipids. Even so, the headgroup conformation Phase is due to its headgroup hydration state. The poor hydration
and hydration are poorly understood, particularly when compared Property of DPPC in the LC phase at the-avater interface is

to the level of understanding of the DPPC tail. To our knowledge,

somewhat similar to the poor swelling property of DPPC in

(107) Arrondo, J. L.; Goni, F. M.; Macarulla, J. Wiochim. Biophys. Acta
1984 794, 165.

(108) Okamura, E.; Umemura, J.; TakenakeaBibchim. Biophys. Acta99Q
1025 94.

(109) Wong, P. T.; Capes, S. E.; Mantsch, HBibchim. Biophys. Act2989
980, 37.

(110) Pohle, W.; Selle, C.; Fritzsche, H.; Bohl, M.Mol. Struct.1997, 408/
409 273.

(111) Gauger, D. R.; Selle, C.; Fritzsche, H.; Pohle,MMol. Struct.2001,
565/566 25.

(112) Mrazkova, E.; Hobza, P.; Bohl, M.; Gauger, D. R.; Pohle WPhys.
Chem. B2005 109, 15126.
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water when DPPC is in the smectic liquid crystalline phd3e.  squeezed out from the hydration shell of the headgroup, leaving
We therefore assert that headgroup hydration is a crucial factora less hydrated phosphate group to anchor the DPPC at the air
regulating the lung surfactant interfacial behavior during inhala- water interface. The phosphate group is significantly dehydrated
tion and exhalation. Consequently, lipid headgroup hydra- as revealed by the change in the vibrational frequency after
tion should be considered in the design of exogenous lung compression. The orientations of the terminal methyl groups
surfactant. remain nearly unchanged from the LE to the LC phases. The
choline headgroup orientation is not significantly differentin the
Conclusions LE and LC phases, implying that the overall conformation of the
A comprehensive view of DPPC conformation, surface headgroup is not as sensitive to the aggregation state and the
orientation, and hydration in a Langmuir monolayer at the-air nature of the environment. Moreover, we assert that headgroup

water interface was presented. As the DPPC Langmuir monolayerhydration is a crucial factor regulating lung surfactant interfacial
undergoes the transition from the liquid-expanded phase to theP€havior during inhalation and exhalation.

liquid-condensed phase, the methylene groups of the DPPC tails Acknowledgment. We acknowledge the Arnold and Mabel
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