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The respreading of a lung surfactant monolayer at thevaater interface is investigated with broad bandwidth
sum frequency generation (BBSFG) spectroscopy. The lung surfactant mixture contains chain perdeuterated
dipalmitoylphosphatidylcholine (DPPG@s,), palmitoyloleoylphosphatidylglycerol (POPG), palmitic acid (PA), and
KL, (a 21-residue polypeptide analogue to the surfactant protein SP-B). D3R€Erves as a probe molecule for the
spectroscopic investigation. The BBSFG spectra of DER@1 the lung surfactant mixture are obtained in thell
stretching region in real-time during film compression and expansion in a Langmuir trough. The BBSFG intensity
of the CD; stretch peak from DPP@s, terminal methyl groups is used as a measure of the interfacial density of
DPPCéds; after careful consideration of orientation effects. For the first time, the interfacial loss of DPPC in a complex
lung surfactant mixture is quantified. Spectroscopic results reveal that there is an 18%dgiREfacial loss during
film respreading. However, the surface presstarea isotherm measurements demonstrate that there is a rather large
trough area reduction (37%) during film expansion. The relatively small interfacial loss of DRR@e the rather
large trough area reduction indicate that the respreading of DPPC and non-DPPC components in the lung surfactant
is not uniform and a surface refinement process exists during film compression and expansion. This refinement process
results in a DPPC-enriched monolayer with a significant depletion of non-DPPC components after film respreading.
Implication for replacement surfactant design from this work is discussed.

Introduction to adsorb quickly from the hypophase to the-airater interface,

Lung surfactant lipids and proteins assemble at thesdireolus it must be able to reach a near-zero surface tension value at the
interface, forming a monolayer on the alveolar hypophase. The end of exhalation, and it must be able to respread at the air
surfactant mixture lowers the surface tension at the alveolar Water interface quickly during inhalatiGnNo single lung
surface to near-zero values during the breathing cycle and isSurfactant component has these three optimized properties.
crucial for proper function of the lunk? Respiratory distress ~ Therefore, lung surfactant must be a multicomponent functional
syndrome (RDS), a lung disorder due to a deficiency of lung Mixture. As for the roles of lipids and proteins in lung surfactant,
surfactant, affects tens of thousands of premature infants everyit i generally accepted that DPPC is responsible for the near-
year? The use of exogenous surfactants is a currently acceptedZero surface tension atthe alveolar surface atthe end of exhalation.
treatment for this deficiencyThus, design of more effective ~ Other lipids (e.g. unsaturated phospholipids, anionic phospho-
exogenous surfactants is a critically important area of lung lipids) and proteins (SP-B and SP-C) are believed to facilitate
surfactant research. the respreading and adsorption of DPPE.

The endogenous lung surfactant contains about 90 wt % lipids  Exogenous lung surfactants used in surfactant replacement
and 10 wt % surfactant proteid$.Phospholipids, including  therapy are not exact duplicates of their endogenous counterparts
phosphatidylcholine, phosphatidylglycerol, phosphatidyletha- in the human lungs, but they have to carry the three essential
nolamine, phosphatidylinositol, and phosphatidylserine, make properties mentioned above. So far, the most effective replacement
up the majority of the lipid composition with dipalmitoylphos-  surfactants are still animal-derived surfactant preparations, for
phatidylcholine (DPPC) being the major phospholipid component. example, Survanta8 Scientists have been working to develop
In mammalian lung, 40 wt % of the total phospholipid is DPPC. synthetic surfactant preparations, also considered as the new
There are four types of surfactant proteins, SP-A, SP-B, SP-C, generation of replacement surfactants. Promising candidates (e.g.,
and SP-D. Among them, SP-B has been considered as the mosSurfaxin, a synthetic peptide-based surfactant preparation) have
important protein. Deficiency of SP-B due to mutations in the emerged in recent yea#s.

SP-B gene will |ead to lethal I’espiratory distressin either hufhans In the past 30 years, numerous studies have been performed
or knock-out mice’. . o on lung surfactant monolayers with a variety of physiochemical

Lung_surfactant must possess three_ essential properties in ordegpproaches, including Langmuir film balari@e!s captive bub-
to function properly atthe aifalveolus interface. tmustbe able  ple apparatuds—18 pulsating bubble surfactomet fluores-
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cence microscopy (FMJ20-29 Brewster angle microscopy
(BAM),21:23.25.2831 gtomic force microscopy (AFMAS:27:29.31,32
grazing incidence X-ray diffraction (GIXD¥303334infrared
reflection—absorption spectroscopy (IRRA%S)*sum frequency
generation spectroscopyand computer simulatiof%43Lang-
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monolayer, Liu et al. investigated the respreading properties of
avariety of phospholipids and phopspholipid analogues and found
that even relatively small changes in molecular structures and
headgroup charge could cause significant respreading property
variations*>46In a mixed monolayer, intermolecular interaction

muir monolayers are frequently chosen model systems in the inbecomes a crucial factor affecting the film respreading properties.

vitro lung surfactant fundamental reseat¢tThe film compres-

For example, Notter et al. found that adding dioleoylphosphati-

sion and expansion processes can be considered as mimics ddyicholine or cholesterol could improve the respreading of DPPC

exhalation and inhalation processes.

in the binary lung surfactant fil/ More recently, the possible

The present study focuses on the respreading process of alungole of surfactant proteins (SP-B and SP-C) in the respread-

surfactant Langmuir monolayer at the -awater interface.

ing of complex lung surfactant monolayers has been ex-

Respreading is a process by which surfactant molecules that arey|ored13.14:24.26.27:31,39.474& asadzinski and co-workers have

ejected into interfacial aggregates of the collapse phases duringgemonstrated with FM, BAM, and AFM that surfactant proteins
compression are able to reenter and spread back into the filmcan induce the formation of surface-associated structures by

during expansioB. Respreading is related to the interfacial

interacting with phospholipid¥'.26.27.3TThese surface-associated

surfactantloss. Good respreading means less interfacial surfactangiryctures can trap phospholipids (especially unsaturated and

loss, which is crucial to keep lung surfactant from being depleted
during the breathing cycle. During the respreading of the
multicomponent lung surfactant monolayer, components may
not be in the same compositional ratio as in the original film.

Or in other words, a surface refinement process can ¢cthe

anionic phosphatidylglycerols) underneath the surface, preventing
theirreversible surfactantloss into the subphase and, consequently,
improve the respreading of phospholipids during film expansion.

A critical issue in lung surfactant respreading studies is the

respreading properties of a lung surfactant monolayer is be”evedquantification of individual component’s interfacial loss during

to depend on surfactant molecular structures and intermolecula
interactionst0:11,13.14,24,26,27,31,39489 Eor a single-component
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film compression and expansion. However, there is a lack of
methodology to deal with this issue. In previous studies, Notter
and co-workers used the length ratio of the collapse phase plateau
between the second and the first compression isotherms to evaluate
the respreading of lung surfactant monolaye%*>46The bigger
the ratio, the more efficient the repsreading. Yet, this method is
not molecularly selective and it can be problematic when
investigating complex lung surfactant mixtures. In this study, a
molecularly selective method, vibrational sum frequency genera-
tion (VSFG) spectroscopyi, is utilized to evaluate the respreading
of DPPC in a complex lung surfactant system, quantitatively.
The complex lung surfactant system employed in this study is
a four-component lung surfactant monolayer, containing DPPC,
palmitoyloleoylphosphatidylglycerol (POPG), palmitic acid (PA),
and KLy (a 21-residue polypeptide serving as an analogue to
SP-B). These four components are the only four ingredients used
inthe synthetic replacement surfactant Surfaxin, a new-generation
surfactant mixturé:® Respreading of Ki.systems has not been
previously investigated. Understanding the interfacial properties
of this novel lung surfactant mixture has obvious relevance for
surfactant replacement therapy.

VSFG spectroscopy is a surface-selective vibrational spec-
troscopy technique and has been widely used to study the
interfacial properties of Langmuir monolay&r8°-5¢ and Lang-

(47) von Nahmen, A.; Schenk, M.; Sieber, M.; Amrein, Blophys. J1997,
72, 463.

(48) Krol, S.; Ross, M.; Sieber, M.; Kunneke, S.; Galla, H.-J.; Janshoff, A.
Biophys. J.200Q 79, 904.

(49) Chang, Y.; Wang, Z.; Schwan, A. L.; Wang, Z.; Holm, B. A.; Baatz, J.
E.; Notter, R. H.Chem. Phys. Lipid2005 137, 77.

(50) Guyot-Sionnest, P.; Hunt, J. H.; Shen, Y.ARys. Re. Lett. 1987, 59,
1597.

(51) Zhang, D.; Gutow, J.; Eisenthal, K. B. Phys. Chenl994 98, 13729.

(52) Walker, R. A.; Gruetzmacher, J. A.; Richmond, GJLAm. Chem. Soc.
1998 120, 6991.

(53) Zhuang, X.; Miranda, P. B.; Kim, D.; Shen, Y. Rhys. Re. B1999 59,
12632.

(54) Gurau, M. C.; Castellana, E. T.; Albertorio, F.; Kataoka, S.; Lim, S.-M.;
Yang, R. D.; Cremer, P. S. Am. Chem. SoQ003 125, 11166.

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

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

(57) Nickolov, Z. S.; Britt, D. W.; Miller, J. DJ. Phys. Chem. R006 110,
15506.

(58) Voss, L. F.; Hadad, C. M.; Allen, H. . Phys. Chem. R006 110,
19487.



Investigation of Lung Surfactant Respreading

muir—Blodgett films>9-%6 In this study, VSFG spectroscopy is
utilized in real-time by taking snapshot spectra during film

compression and expansion to address the dynamic nature of
lung surfactant monolayer respreading. The basic approachis to

use VSFG spectroscopy to gain information about the surface
molecular density variation of surfactant components during film

Langmuir, Vol. 22, No. 26, 200869
2,9, is shown in eq 2,

A

v

2?0 )

g —w,+Il,

where A, is the strength of the transition momeat, is the

respreading. The density variation can then be used to evalua'[efrequency of the transition moment, afid describes the line-

the respreading process. Chain perdeuterated DPPC (@RJPC-

is used in the lung surfactant mixture to overcome the vibrational
frequency overlap. In this way, the surface molecular density of
DPPCéds, can be specifically tracked by VSFG spectroscopy.
By combining the VSFG spectroscopic technique and compres-

sion—expansion isotherm measurements, a surface refinement

process during film respreading is revealed. Due to the surface
refinement process, the lung surfactant film after film respreading
becomes relatively enriched in DPPC as compared with the
original film.

width of the transition. The strengtl,, is nonzero when the
Raman and the infrared transitions are spectroscopically allowed.
%@ is related to the molecular hyperpolarizabilify, shown
ineq 3,

XU(Z) = NZ Ay 3cimnl B, 3

by the molecular density of the surface specids,and an
orientationally averaged Euler angle transformati@:imnl

VSFG is a second-order nonlinear process. VSFG spectra arepetween the laboratory coordinatésJ, K) and the molecule

obtained by probing the surface with two pulsed lasers, one in
the visible spectral region and the other in the infrared spectral

coordinates|( m, n). The Euler angle transformation contains
the molecular orientation information.

region. A surface second-order response is generated at a third

frequency, the sum of the two probing beams’ frequencies. When
the infrared pulse is resonant with a vibrational mode of the
molecule adsorbed at the surface, there will be an SFG signal
enhancement. The SFG signal is derived from the Raman
scattering response from an infrared excited mode. Thus, it is

Experimental Section

Materials. Acyl chain deuterated 1,2-dipalmitogh-glycero-3-
phosphocholine (DPP@s;) and 1-palmitoyl-2-oleoybnglycero-
3-phosphatidylglycerol (POPG) were purchased from Avanti Polar
Lipids (Alabaster, AL) with>99% purity. Palmitic acid (PA) with

related to Raman and infrared spectroscopies but is unique in itsa 99% purity was purchased from Sigma-Aldrich. Thesigeptide

selection rules. SFG requires a lack of inversion symmetry and

with an amino acid sequence of KLLLLKLLLLKLLLLKLLLLK

the vibrational mode probed must be Raman- and IR-active. (K. lysine; L, leucine) was custom synthesized by Biopeptide Co.,

These selection rules make SFG surface selective and also highl)’*"
r

sensitive to surface molecular alignment. SFG spectra appea
simplified relative to infrared spectra due to these selection rules,
in particular, the need for a lack of inversion symmetry. There
are two types of VSFG technologies: scanning VSFG and broad
bandwidth VSFG (BBSFG). In this study, BBSFG technology
is used.

Brielfly, VSFG is outlined here. Details can be found in the
literature®387- 71 The VSFG intensity|srg as shown in eq 1,

lsea 0 12217 0 b + 5 2,212 (1)

C (San Diego, CA) with a purity of 98% by HPLC.
EDTA, Trizma [tris(hydroxymethyl) aminomethane base], hy-
drochloric acid, and sodium chloride were obtained from Fisher
Scientific. Spectrophotometric grade chloroform and methanol were
purchased from Sigma-Aldrich. Deionized water was from a
Barnstead Nanopure system with a resistivity of 18.2m.
Sample Preparation. A stock solution of DPPQs, with a
concentration of 1 mM was made in chloroform, a stock solution
of POPG with a concentration of 1 mM was made in chloroform/
methanol (3/1 v/v), a stock solution of PA with a concentration of
1 mM was made in chloroform, and a stock solution of,Kiith
a concentration of 0.65 mg/mL was made in chloroform/methanol
(3/1 viv). These four stock solutions were mixed in appropriate
ratios to form a lung surfactant mixture with a formula of DPPC-
dso/ POPG/PA/KL, = 66/22/7/5 by weight. This formula is similar

is proportional to the absolute square of the macroscopic second+o the formula used in previous lung surfactant stu@i@sThe

order susceptibilityy®, which consists of resonant terms®)

and a nonresonant termg@). When the frequency of anincident
infrared beamg)g, is resonant with a vibrational mode,at the
surface, the resonant susceptibility termp®@) dominates the
nonlinear susceptibility(?) and an SFG intensity enhancement
is observed. The resonant macroscopic nonlinear susceptibility,
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subphase used in monolayer measurements is an agueous solution
consisting of 100 MM NaCland 0.1 mM EDTA in 5 mM Tris buffer
at pH= 738

Methods. Langmuir Film BalanceThe monolayer compression
and expansion were performed in a Langmuir trough (KSV
minitrough, KSV). The rectangular trough (176.5 mm85 mm)
is made of Teflon and was thermostated by circulating water in
channels placed underneath the trough at a temperatureio028
°C. Two barriers were employed to provide symmetric film
compression. The barriers are made of Delrin, which prevents leakage
of the monolayer beneath the barriers. The surface pressure and the
mean molecular area (or trough area) were continuously monitored
during film compression and expansion by the Wilhelmy plate
method. The plate was necessarily made of filter paper. The trough
was filled with buffer solution as the subphase. A known amount
of the lung surfactant mixture solution was spread on the buffer
subphase in a dropwise manner with a Hamilton syringe, and 10 min
was allowed to elapse for complete solvent evaporation before starting
the compression. The same barrier moving speeds (5 mm/min per
barrier) were used for both film compression and expansion.
Expansion followed directly after the compression was finished. To

(72) Palmblad, M.; Gustafsson, M.; Curstedt, T.; Johansson, J.; Schurch, S.
Biochim. Biophys. Act2001 151Q 106.
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Scheme 1. The BBSFG Experiment on a Langmuir Trough Time Window
800 nm

30 28 24 22 20 10 1

70 EK % — {5t COMpTESSiON

Z == == == 1stexpansion
----------- 2nd compression

Barrier

w4l

address the concern that the unsaturated lipid (POPG hase@e C 7

bond on its oleic acid chain) may be oxidized by atmospheric
oxidants’® the trough system was enclosed in apNirged plastic
chamber. Two tube inlets carry nitrogen gas into the chamber for
continuous purging during measurements. Experiments under ambient
atmospheric conditions were also performed and are included inthe | |
Supporting Information. No significant difference was found between 26 67 109 150
the results obtained under these two conditionsgrging versus Trough area (cm?)

ambient atmosphere).

Surface pressure (mN/m)

20

. . Figure 1. Compression and expansion isotherms of the DPPC-
Broad Bandwidth Sum Frequency Generation Laser SyStae. ds— POPG-PA—KL ,monolayer under Mpurging conditions. The

BBSFG laser system consists of two 1-kHz repetitionrate regenerative g g ¢ yrye is the first compression isotherm, the blue curve is the first
amplifiers (Spectra-Physics Spitfire, fs and ps versions), both of expansion isotherm, the gray curve is the second compression
which are seeded by sub-50-fs, 792-nm pulses (the wavelength isisotherm, and the vertical columns are the three representative time
tuned for system optimization) from a Ti:sapphire oscillator (Spectra- windows. (The variability in the first compression curve between
Physics, Tsunami) and pumped by a 527-nm beam from an all solid- time windows #25 and #28 are not kinks.)

state Nd:YLF laser (Spectra-Physics, Evolution 30). The two

regenerative amplifiers provide 85-fs pulses at 800 nm (22 nm 4 finish film expansion. With a 29.2-s acquisition time, 60 BBSFG

bandwidth) and 2-ps pulses at 800 nm (17-éandwidth). The  ghecra cover the entire compression and expansion cycle
femtosecond broad bandwidth pulses are then used to generate broaoP P P yele.

bandyvidthinfrared lightvia an optical pqrametric amplifier (Spectra- Results and Discussion
Physics, OPA-800CF). The spectral window of the broad IR pulse ) ) o
can be as large as 500 cindepending on the tuned spectral region.  Figure 1 shows the compression and expansion isotherms of

Therefore, using a BBSFG system, a surface vibrational spectruma DPPC-POPG-PA—KL 4Langmuir monolayer atatemperature
can be obtained without wavelength scanning. In this work, the of 24°C. The compression isotherm shows three major kinks as
output energy of each 800-nm, ps pulse was 400and the IR denoted by the three asterisks in Figure 1. Each kink corresponds
energies in the €D and C-H stretching regions were £J per to a phase transition. On the basis of previous investigations on
pulse and 7.J per pulse, respectively. As shown in Scheme 1, the miticomponent lung surfactant monolay&the first kink (from
Langmuir film balance was placed on the sample stage of the BBSFGthe far right of the compression isotherm) is due to a liquid-

system. The 800-nm, ps beam and the spectrally broad IR beamex anded to a liquid-condensed phase transition, the second kink
were overlapped at the monolayer surface spatially and temporally. . p q P ’

The generated SFG signal containing spectral information from the S likely due to the collapse of the less stable component, such
monolayer was detected using a monochroma@ED detection as POPG or KL, and the third kink is due to the collapse of

system (Acton Research, SpectraPro SP-500 monochromator withPPPC.
a 1200 g/mm grating blazed at 750 nm; Roper Scientific, 1840 A more obvious feature in Figure 1 is the existence of the
400 pixel array, LN40OEB back-illuminated CCD). hysteresis between the first compression isotherm and the first
The SFG spectrum is polarization dependent. In this study, the expansion isotherm. The hysteresis suggests surfactant loss at
polarization combination of ssp (s-SFG, s-800 nm, p-infrared) was the interface during respreading, which represents ineffective
used. The SFG spectrum was normalized against a nonresonangilm respreading-13If the monolayer has excellent respreading
SFG spectrum from a GaAs crystal (Lambda Precision Optics, Inc) properties, the expansion curve would simply retrace the
to remove the spectral distortion caused by the energy profile of the ¢, mpression curve. However, when less surfactant respreads
infrared pulse. To calibrate the SFG peak positions, a nonresonantback into the film, the surface area occupied by lung surfactant

SFG spectrum from the GaAs crystal surface was obtained with a lecul derth f d d
polystyrene film covering the OPA infrared output port. The resulting molecules undertn€ Same Surtace préssure decreases as compare

SFG spectrum containing polystyrene infrared absorption bands wasWith that in the original film. Consequently, the expansion
used for the calibration. The calibration accuracy is better than 1 isotherm is shifted to the left with respect to the compression
cm L, curve. As also shown in Figure 1, the second compression curve
The BBSFG system combined with the Langmuir film balance follows the firstexpansion curve very closely, further confirming
can work in three different modes: pause mode, hold mode, and that surfactant loss is the primary cause of the hysteresis during
real-time mode. In pause mode, the barriers compress the monolayethe first dynamic cycling.
to a given surface pressure and halt and a BBSFG spectrum is then [deally, to investigate the respreading process of a mixed
taken during the halting period. |n hold mode, the barriers move to m0n0|ayer' we want to know the respreading properties of each
hold the surface pressure at a given value and a BBSFG spectiumngjvidual component in the complex mixture. This type of
Is then taken during the holding period. In this study, the real-ime ¢, avion is extremely valuable for the precise engineering of
mode was ag:iopted. With the real-_tlme mode, the BBSFG spe_ctraS nthetic replacement surfactant. However hown above. th
were taken simultaneously during film compression and expansion. y placement surfactant. However, as Snown above, the
Therefore, each spectrum covers a segment of the isotherm. In thign@nolayer isotherm measurement only provides one view about
work, it takes 876 s to finish film compression and another 876 s the overall effectiveness of the respreading of the lung surfactant
monolayer. To overcome the limitation of this monolayer
(73) Gaines, G. Unsoluble Monolayers at LiquidGas Interfacednterscience measu.remem technlque, a Surface. spectroscopy techn'que’ broad
Publishers: New York, 1966. bandwidth sum frequency generation spectroscopy, is employed
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in this study to gain further insight into the respreading process.
In particular, we aim to explore two fundamental issues associated
with the respreading process of a complex lung surfactant mixed
monolayer. First, is the observed hysteresis primarily due to the
significant interfacial material loss of DPPC? Second, does the
monolayer, after film respreading, have the same composition
as the original film?

The spectroscopic method utilized in this study is a real-time
monitor of monolayer compression and expansion. As shown in
Figure 1, the compression and expansion isotherms are divided
into 30 segments (refer to theaxis ticks), as denoted by the
vertical columnsin Figure 1. Segments are conveniently referred
to as “time windows” (refer to the topaxis label). The BBSFG
spectra are taken simultaneously with the isotherm measurements.
With a 29.2-s acquisition time, each BBSFG spectrum will cover
one time window, giving spectroscopic information about each
segment of the isotherm. Langmuir monolayers during dynamic
compression and expansion are not at equilibrium, but are in
metastable states. Due to the dynamic nature of the repsreading
process, even a very short-period of barrier halting can
significantly perturb the respreading procé$herefore, it should
be emphasized that areal-time approach is necessary to investigate
film respreading.

The basic strategy of using BBSFG to investigate the
respreading process is to use SFG to obtain interfacial density
information about the surfactant component. Since in the same
time window the monolayers during the compression process
and the expansion process occupy the same trough area, the
intensity variation of an individual component revealed from the
BBSFG measurements will be directly related to the percentage
ofthe interfacial netloss of the surfactant. In this study, deuterated
DPPC (DPPQgy) is used as a spectroscopic probe to allow us
to specifically track the interfacial density variation of DPPC-
ds2 during film compression and expansion.

Figure 2 shows the BBSFG spectra of DP&4during the
first compression and the first expansion of the film in the three
selected time windows: time window #22, time window #24,
and time window #28. The six spectra shown in Figure 2 can
be classified into two types, a spectrum having, or not having,
CD,-SS and CI-AS peaks. The frequencies and peak assign-
ments of the fitted peaks are listed in Table 1. The peak
assignments are also shown in Figure 2 with the vertical dashed
lines. Peak assignments are based on previous infrared and Raman
studies of deuterated DPP&75The difference between the two
types of spectra is due to the different DPBg-interfacial
structures. DPPC molecules have two distinct surface phases
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S - Figure 2. ssp BBSFG spectra of DPPd,in DPPCég,—POPG-
the liquid-expanded (LE) phase and the liquid-condensed (LC) pa—k|_, monolayer taken in the €D streiching regigr21 inthe three

phase (also known as tilted-condensed phéde)the LE phase,  representative time windows undes-purging conditions. (A) time
DPPC behaves like a two-dimensional liquid and its chains adopt window #22, (B) time window #24, and (C) time window #28. Red
gauche conformations. In the LC phase, DPPC behaves like aspectra: spectra for the first compression isotherm segments. Blue

two-dimensional semicrystalline solid and its chains adopt an spectre}: spectra for the first expansion.isotherm' segments. Solid
all-trans conformation. The selection rule of lack of inversion CUTves: spectralfits. CBSS, Cy symmetric stretch; CPSS, CO

symmetry makes SFG very sensitive to the DPPC chain Zgynr?n?tertlficsgtictzh;ngsé,C(E)“%DSF:;r;r:qrn?z?r?cagfrZ’tc%PAs’ Ch
conformation. Methylene groups having gauche conformations

within the DPPC chain will produce SFG signals at the methylene
stretch frequencies. On the contrary, methylene groups in an

Table 1. Fitted Peak Frequencies and Assignments of the
BBSFG Spectra of DPPCéds?

all-trans conformation along the DPPC chain will not produce  CDs;-SS CD»SS CDs-FR CDxAS CDs-AS
SFG signals at the methylene stretch frequencies, due to the (cm™) (cm™) (cm™) (cm™h) (cm™)
existence of inversion symmetry within the pair of methylene 2072 2102 2123 2200 2221

groups (DPPC has an even number of methylene groups on each

chain). For the time windows #22 and #24 in Figure 2A,B, the aSS, symmetric stretch; AS, asymmetric stretch; FR, Fermiresonance.

’ (gﬁ) Sug%er, SL %irggrogé%g: Casal, H. L.; Boulanger, Y.; Mantsch, H. existence of the CPSS and CR-AS vibrational intensities for
- Chem. Phys. Lipidd981, 28, 137. the expansion segments demonstrates that D€ in the LE

(75) Devlin, M. T.; Levin, I. W.J. Raman Spectros¢99Q 21, 441. - ) - . :
(76) Kaganer, V. M.; Mohwald, H.; Dutta, Rev. Mod. Phys1999 71, 779. phase (or in the LELC coexistence region) during film
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expansion. For the time window #28 in Figure 2C, the absence
of CD,-SS and CR-AS demonstrates that DPRig;is inthe LC
phase during both compression and expansion.

As shown in Figure 2, in each of the three windows, an SFG

intensity decrease is observed when comparing the spectrum of
the compression segment and the spectrum of the expansion
segment. The intensity decrease suggests that some surfactant,ﬁ

are depleted from the aitwater interface during film respreading.
Although any peak in the spectra shown in Figure 2 could be

Ma and Allen

Table 2. DPPC4g; Interfacial Density Reduction AN versus
Trough Area Reduction (ATA)

| comp(c DS'SSP | expr‘(CDS‘SSy AN TAcomrrlstc TAexprr lstd ATA
(au) (au) (%)  (cn) (cm) (%)
2.92 1.94 18 59 37 37

2 1comCD3-SS): peak intensity of CBSS during film compression.
exp{CDs-SS): peak intensity of CPHSS during film expansion.
¢ TAcomp-1si trough area during the first film compressichl Aexpn-1st
trough area during the first film expansion.

potentially used as a measure of the surface density variation of

DPPCdg,, only the CI3-SS peak is used as the measure of the
interfacial density of DPP@s,. A practical reason is that the
intensity of the C[3-SS peak is much higher than other peaks.
As shown in eqs +3, the observed SFG intensity is a function
of surface molecular density, surface molecular orientation, and
the molecular hyperpolarizability. To be specific, with the ssp
polarization combination measurement, the SFG intenkigy (
of the CD;-SS can be described in the following way, as shown
in eq 453

VI1ACD5SS) 1 7y, = SNBcJ(C0SHITL + R) — (60 61
(1-R] (4)

In eq 4,1sspis the SFG intensity of the G&6S peakN is the
interfacial density of the DPP@s;, [ccc is the molecular
hyperpolaribility,R is a ratio between the molecular hyperpo-
laribilities (R = Baadfccd, andé is the orientation angle of the
methyl group with respect to the surface normal. Sif\igeand
Rare constants for a given system, the SFG intensity is a function
of N and 6. However, the calculations dtos 60and [¢os 61

are not necessarily straightforward and depend on the distribution

function of the orientation angk If the orientation anglé has
a Gaussian distributiori¢os 0and [¢os’ O0will be written in
the following forms (eqs 57), wherefg is the mean orientation
angle ands is a distribution factof?.78

" cos6 f(0) sin6 do
Jo

[GosH= 5
J26(0) sin6 do ©

" cos 0 f(0) sin6 do
Bog =" (6)

J3(6) sin6 do

f(0) = 0& exp[=(0 — 69)%/(20°)] )

Ifa 0 function can be assumed for the angle distribution function,
[@oshandlcos OCwill be in a simplified form, as shown below
(egs 8 and 9).

[¢osO= cosf
o< 60= cos 0

8)
9)

In this way, eq 4 becomes eq 10.

VIACD;SS)0 7,,,= 2NBJo0S (1 + R)
co$6(1— R)] (10)

(77) Wang, J.; Paszti, Z.; Even, M. A.; Chen ZAm. Chem. So2002 124,
7016.

(78) Gan, W.; Wu, D.; Zhang, Z.; Feng, R.-R.; Wang, HJFChem. Phys.
2006 124, 114705.

In Figure 2, time windows #22 and #24 contain the SFG spectra
of DPPCds; in the LE phase (refer to the blue spectra with five
peaks). In the LE phase, the angle distribution of the terminal
methyl groups of DPP@s; is not assumed to bedfunction.
Therefore,0 and o factors have to be considered in order to
obtain the relationship betwedgyandN. o is a factor that is
difficult to measure; therefore, time windows #22 and #24 are
not suitable windows for measuring the interfacial density
variation of N. For time window #28, DPP@s; is in the LC
phase for both film compression and film expansion. In the highly
packed semicrystalline-like condensed phase, it is reasonable to
assume that the DPPC terminal methyl groups ha4enction
angle distribution. Therefore, eq 10 can be used to describe the
relationship betweelys,andN. Furthermore, the calculated ratio
between the CPSS and the CBAS intensities for the two
spectra in Figure 2C are shown to be the same, revealing that
the orientation angles of the GDnoieties in the two cases are
the same. Therefore, the difference between the two BBSFG
spectra in Figure 2C is simply due to the variation of interfacial
number density\. Table 2 lists the fitted CBSS intensity (peak
area) for time window #28 of the compression and expansion
segments. The interfacial density reduction of DRR&s then
calculated according to eq 11 and gives a value of 18%.

\/Icomr(CD3_SS)_ \/Iexpr(CDIS'SS)

Vleomd CD5-SS)

Since the trough areas are the same for the compression segment
and the expansion segment, this means that there is an 18% loss
of DPPCds, from the interface during film respreading. The
second compression isotherm was also investigated at time
window #28 with BBSFG. The obtained spectrum (data not
shown) was found to be identical to the spectrum of the first
expansion in Figure 2C. This indicates that the 18% loss of
DPPCds; during film expansion is irreversible.

Table 2 also lists the trough area for the #28 first expansion
segment and its corresponding value for the first compression
segment under the same surface pressure2d mN/m. As
shown in Table 2, the compression segment has an average trough
area of 59 crhand the expansion segment has an average trough
area of 37 cra Therefore, there is a 37% trough area reduction
after film respreading.

The 18% DPPC interfacial loss and the 37% trough area
reduction suggest that there must be additional contributions for
the 37% trough area reduction. If we assume that all of the
components during respreading have a uniform 18% interfacial
loss, then the expansion isotherm would simply shift to the right
with a trough area reduction of 18%. This does not occur. The
surprisingly large 37% trough area reduction during film
respreading clearly indicates that the respreading of DPPC
and non-DPPC components in the lung surfactant mixture

AN = (11)
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Time Window sensitive to both of the two types domains, DPPC domains and
o B #»z2® non-DPPC domains. Second, the SFG intensity during the first
701 film expansion does show a substantial decrease as compared

* — st i . ; . ) R ; )
o \ —_——— 1; zox;nap,::i:,s,:on with the intensity during the first film compression, corresponding
|

sssssssesss  2nd compression to the interfacial loss of the non-DPPC components.

The depleted surfactants are lost either to the subphase or
exist in aggregate form underneath the monolayer in a surface-
associated reservoir. The DPPC in the collapse phase, if itremains
at the monolayer surface during film expansion, should be in a
multilayer (monolayer- bilayer(s)) structure collapse ph&éé?&0
Due to the opposing orientations of the DPPC monolayers in the
bilayer structure, the DPPC underneath the monolayer (in the
bilayers) would not produce an SFG signal based on the lack of
inversion symmetry SFG selection rule.

04— T Mo oo ey The observed DPPC enrichment during film expansion is a
e 67 109 160 consequence of the surface refinement process during film
Trough area (cm”) compression. According to the widely accepted selective squeeze-
0.2 out theory, during film compression of the lung surfactant
[igmff 2959__“" Time Window # 28 monolayer, components with a lower collapse pressure (such as
POPG) will be selectively squeezed out into the collapse phase
[\\ first, and due to its high collapse pressure, DPPC will be squeezed
out into the collapse phase 1&$t-82The observed refinement
process in this study results in a DPPC-enriched film at the
air—water interface and a non-DPPC component enriched collapse
phase, consistent with the squeeze-out theory. The data presented
here reveals a 2-fold effect of the selective squeeze-out theory
on the lung surfactant function. On one hand, the selective
squeeze-out process helps form a DPPC-enriched film during
compression, which is beneficial to the attainment of the near-
zero surface tension. On the other hand, anon-DPPC component-
0.0 & . enriched collapse phase during compression is produced and
280 2850 2900 . 290 3000 consequently causes inefficient respreading of the non-DPPC
Incident Infrared (cm™) components during film expansion.
Figure 3. Compression and expansion isotherms of the DPPC- |t js thought that non-DPPC components such as phosphati-

dz—POPG-PA—KL, monolayer (top) and ssp BBSFG spectra of - qy a1y cerols and proteins are needed to facilitate the respreading

DPPCds, in DPPCds,—POPG-PA—KL , monolayer taken in the 25 Th : :
C—H stretching region in the time window #28 undes-plirging of DPPC?? This statement emphasizes the importance of the

conditions (bottom). Red spectrum: spectrum for the first com- fespreading ofthe DPPC component but neglects the importance
pression isotherm segment. Blue spectrum: spectra for the first of the respreading of the non-DPPC components. The present
expansion isotherm segment. Inset: ssp BBSFG spectrum of DPPC-study indicates that the interfacial loss of non-DPPC components
ds> monolayer taken in the €H stretching region (42 mN/m, LC  in endogenous and exogenous lung surfactant will be significant
phase). during film compression and expansion. Implicated from this
study, the respreading of non-DPPC components should be
considered equally as important as the DPPC respreading in the
design of replacement surfactants.
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is not uniform and a surface refinement process exists during
film compression and expansion. The non-DPPC components
must be depleted from the interface to a greater extent than
DPPC in order to satisfy the observed 37% trough area reduc-
tion. Due to this refinement process, the film becomes DPPC- A real-time broad bandwidth sum frequency generation
enriched. spectroscopy investigation was performed on a lung surfactant
The respreading process was also investigated in thel C  monolayer containing DPP@s,;, POPG, PA, and Kk The
stretching region. As shown in Figure 3, the red spectrum interfacial loss of DPP s, during film respreading was directly
corresponds to the first compression and the blue spectrumquantified for the first time. Spectroscopic evidence along with
corresponds to the first expansion. Due to the complexity in this compressiofrexpansion isotherm data further revealed that the
spectral region (POPG, PA, KlLand DPPQds, can all make respreading of DPPC and non-DPPC components in the lung
spectral contributions), no attempt was made to quantify the surfactant mixture are not uniform and a surface refinement
SFG intensity variation. However, some valuable information is process exists during film compression and expansion. This
clearly revealed from Figure 3. First, the two spectra (red and refinement process results in a DPPC-enriched monolayer after
blue) are quite different from the nondeuterated headgroup of film respreading. Molecular level evidence from this study reveals
DPPCds,, which is shown in the inset, suggesting that the
observed SFG signal in the- stretching region is primarily (79) Ries, H. E.; Swift, HLangmuir 1987, 3, 853.
from the. non-DPPC C.OmponemS'ThiS further means that ifDP.PC ég% glgilr’kﬁ; .‘]S.‘;.;C\I/:ﬁg)ﬁtz,%]éggwr;:jlbgogoi é?’P%/ss,iology: The Respiratory
forms different domains from the non-DPPC components during sSystemMackelm, P. T., Mead, J., Eds.; American Physiology Society: Washington,
film compression and expansion (this is highly possible based 19?;3;2)\/I<<)(Ia.ollljl.;hp I§4IZ/I W. InPulmonary Surfactant: From Molecular Biolo
on previous results on similar systems (DPPC/POPG/PA/SP'B)to Clinical Prgcficé Rc.)beftson, B., Var¥GoIde, L. M. G., Batenburg, J. J., Eggs.;
using Brewster angle microscoidy, the BBSFG laser systemis  Elsevier: Amsterdam, 1992; p 109.

Conclusion
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that the refinement, postulated by the squeeze-out theory, is Supporting Information Available: Respreading experiments
quantifiable and significant. performed under ambient atmospheric conditions are shown in Figures
S1, S2, and S3 and Table S1. This material is available free of charge
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