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Infrared spectroscopy of agueous biophysical monolayers
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Abstract

We have used infrared external reflectance spectroscopy at the air/water interface to study: (1) polarized infrared (IR) monolay
spectroscopy at different incoming angles of incidence, and (2) ternary mixed model systems (i.e. two lipids and a peptide) that mim
the composition of pulmonary lung surfactant. Using polarized IR radiation, we have observed a splitting of the symmetric and antisyn
metric methylene stretching vibrations in the spectra of long-chain hydrocarbon amphiphiles that has been previously unreported f
unpolarized monolayer spectra. The splitting of the C—H bands results in sub-bands identifiable with ordered and disordered che
conformations. The splitting of these bands qualitatively tracks the fractional composition of ordered/disordered states upon monolay
compression. In a separate series of experiments, we have obtained the IR external reflectance spectra of monomolecular films of mc
mixtures relevant to pulmonary surfactant physiology. Monolayers were composed of 2:1 RFIPCRE containing 0, 1 or 2 wt.% of the
hydrophobic surfactant proteins SP-B and SP-C (SP®). The CH antisymmetric and symmetric stretching bandR920 and 2852
cm™) along with the analogous GBtretching bandsi2194 and 2089 ci) were analyzed, and band heights, integrated intensities and
peak frequency positions were plotted as a function of measured surface pressure. These data indicate that the presence of surfactant pi
appears the disorder the acyl chains of the DPR&amponent in the film, opposite of what is seen for the protiated component, DOPG.
Data from these model mixtures indicate that the surfactant protein interacts differently with each of the lipid compbh@88Elsevier
Science S.A. All rights reserved

Keywords:Infrared external reflectance spectroscopy; Air/water interface; Mixed-model systesrha@H; CD band

1. Introduction interactions with monolayer head groups [12,13], soluble
ionic surfactants [14] and peptide monolayer films [15].
In 1985, Dluhy and Cornell published the first paper that This paper reports on some recent work from our laboratory
reported that infrared (IR) external reflectance spectroscopyon two additional aspects of IR spectroscopy of Langmuir
can be used to obtain spectra of monomolecular films on monolayers: polarized IR spectroscopy at different incom-
agueous substrates [1]. Since that time, several researching angles of incidence, and the use of reflection IR spectro-
groups worldwide have adopted this approach for the scopy to study ternary mixed model systems (i.e. two lipids
study of monomolecular films [2—6]. While the use of exter- and a peptide) that mimic the composition of pulmonary
nal reflectance IR spectroscopy is a relatively new approachlung surfactant.
to the study of Langmuir monolayers, there already is a Recent experiments in our laboratory have focused on
growing body of literature reporting the results of spectro- using polarized infrared external reflectance spectroscopy
scopic studies of a variety of these monomolecular films. to study monomolecular films. Spectra were obtained at
Indeed, over the last few years, the work in this field has varying surface pressures, angles of incidence, and polari-
been reviewed in separate articles [7,8]. The majority of the zation settings (either paralleRg) or perpendicularKs) to
IR spectroscopic work to date has been in conformational the surface normal) at the air/water interface. Previous stu-
analysis and characterization of phase transitions in model dies have shown that the reflectance of polarized radiation at
monolayers [9,10], but there have also been several studieghe air/water (A/W) interface is highly dependent on the
on naturally isolated pulmonary surfactant [11], cation angle of incidence employed [16]. Calculations using the
Fresnel reflectance formulae have previously been made of
"+ Corresponding author. Tel.: +1 706 5421950; fax: +1 706 5429454:  the reflectance of light vs. angle of incidence for btland
e-mail: diuhy@sunchem.chem.uga.edu R, polarizations at the air/water interface [17—-19]. These
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calculations indicate that the absolute reflectance of thelected at the air/water interface which were used to investi-
radiation atR, polarization is greater at a 30-degree angle gate the effect these surfactant proteins have on binary
of incidence than at a 60-degree angle; however, the oppo-phospholipid films of DPPC+ with DOPG.
site is true forR; polarized radiation. Thus, orientational as
well as structural information of a monolayer film at the air/
water interface may be obtained using polarized infrared 2. Experimental
external reflectance spectroscopy at varying angles of inci-
dence. Infrared external reflection—absorbance monolayer spec-
In addition to the polarized IR experiments, we have also tra at the A/W interface were acquired using a Perkin—
used reflection IR spectroscopy at the A/W interface to Elmer (Norwalk, CT) 2000 Fourier transform infrared spec-
study model mixtures that mimic the composition of pul- trometer. The IR beam was brought outside of the instru-
monary lung surfactant. First proposed by von Neergaard in ment using the spectrometer's external beam port and
1929 [20], pulmonary surfactant is a substance composed offocused on the surface of a Langmuir film balance using
lipids and proteins that lines the lungs preventing alveolar gold-coated, off-axis parabolic mirrors (Janos, Townshend,
collapse during respiration and providing a first lung VT) machined at either 30 or 60 degrees (which resulted in a
defense against airborne infectious agents and irritants. Aangle of incidence at the surface of 60 and 30 degrees rela-
deficiency of pulmonary surfactant is the chief cause of tive to the surface normal, respectively). A wire grid polar-
respiratory distress syndrome (RDS) found in preterm izer (IGP225, Cambridge) was placed in the beam path to
infants [21] and is implicated in the related adult respiratory collect polarized spectra; this polarizer was placed on a
distress syndrome (ARDS) [22]. Surfactant replacement rotatable mount that allowed the polarization direction to
therapies are currently employed, and the development ofbe changed and the polarizer to be placed in and out of
more effective synthetic, exogenous surfactants is depen-the external IR beam without a change in environmental
dent upon gaining a better understanding of how the indivi- conditions. Spectra were collected at 4 ¢mesolution. At
dual surfactant components interact and function on a a 30-degree angle of incidence 1024 scans were co-added
molecular level. for both R, and R polarizations. At a 60-degree angle of
Surfactant is secreted from type Il epithelial cells and is incidence, 1024 scans were co-added folRhpolarization,
composed of 90% lipid and 10% protein by weight. More while 2048 scans were co-added for tRg to obtain an
than 80% of the lipid is phospholipid [23] with the most acceptable signal-to-noise ratio; interferograms were apo-
abundant single lipid being 1,2-dipalmitogi3-phospho- dized using the Beer—Norton (strong) function. The external
choline (DPPC). Phosphoglycerols are the next largest IR reflectance setup was enclosed in a custom built chamber
phospholipid class comprising as much as 5% to 10% of that allowed the humidity to be controlled. Spectral manip-
the phospholipid population. Also found in mammalian pul- ulations performed on the data such as baseline correction
monary surfactants are four proteins specific to the lung: SP-and curve fitting were performed using the Grams/32 soft-
A, SP-B, SP-C, and SP-D. SP-B and SP-C are low molecularware package (Galactic, Salem, NH). Vibrational frequen-
weight (8.7 and 4.2 kDa, respectively) [24] hydrophobic cies were calculated using a center-of-gravity algorithm
proteins believed to help maintain low surface tensions in [27].
the film and to promote efficient spreading of the phospho-  1,2-Dipalmitoylsn3-phosphoglycerol (DPPG), 1,2-dio-
lipid components. leoyl-sn3-phosphoglycerol (DOPG), DPPC, and 1,2-dipal-
Monomolecular films of phospholipids at the A/W inter- mitoyl[ds,]-sn-3-phosphocholine (acyl chain perdeuterated
face of a Langmuir film balance have long been used by DPPC-@,) were purchased from Avanti Polar Lipids (Ala-
researchers as model systems for studying pulmonary sur-baster, AL) and were used as received. A mixture of the
factant. Clements [25] studied the surface properties of hydrophobic surfactant proteins B and C (SP-E) was
monolayer films of surfactant extracts on a Langmuir film generously provided by Dr. Robert H. Notter (Department
balance, and attributed the stabilizing function of the sur- of Pediatrics, University of Rochester Medical School).
factant to a lowering of the surface tension at the air/alveolar Subphase kO was obtained in-lab from a Barnstead (Dubu-
interface to values less than 10 dynes/cm. To be effective, aque, 1A) ROpure/Nanopure reverse osmosis/deionization
model surfactant must be able to withstand high surface system having a nominal resistivity of 18(Mcm.
pressures (low surface tensions) during film compression Stock solutions of DPPC, DPPG.d(CIL mg/ml in
and to re-spread quickly during film expansion. Films of CHCI), DPPG and DOPG{L mg/mlin 4:1 CHCl:MeOH)
DPPC alone will fulfill this first criterion, but do not re- were prepared and concentrations verified by inorganic
spread quickly enough to function as effective exogenous phosphorus assay [28]. Solutions of 2:1 DPREBPPG
surfactants in vivo. It is believed that unsaturated lipids, and 2:1 DPPC-:DOPG containing 0, 1, or 2 wt.% SP-
inorganic ions, and surfactant proteins SP-B and SP-C pre-B + C were prepared by mixing the appropriate amounts
sent in natural surfactant promote re-spreading of the DPPCof the above lipid stock solutions and a 0.18 mg/ml stock
component [26]. The present work describes recent externalsolution of SP-B+ C in 1:1 CHCL:MeOH. The subphase
reflectance Fourier transform IR spectroscopic data col- for the DPPC monolayer experiments was deionize® H
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(18 MQ-cm, pH 5.6); the subphase used for all surfactant
experiments was 150 mM NacCl in deionized(18 MQ-
cm, pH 5.6).

Surface—pressure isotherms and monolayer compression
were accomplished using a Nima (Coventry, UK) 601M
Langmuir film balance. The subphase was first cleaned by
aspiration and a single beam spectrum was collected for use
as a background. The subphase temperature was held con-
stant at 22+ 1°C by flowing thermostatted water through
the hollow body of the trough. The temperature in the
enclosed environment chamber around the trough was typi-
cally 24°C and the relative humidity remained fairly con-
stant at 70%. Typically, 5—-10l of sample were spread via
syringe onto the trough surface. The film was allowed to
equilibrate for a period of 30 min and then was compressed
intermittently and spectra collected over a range of surface
pressures frorib mN mi* to a maximum of 45—-65 mN h
depending on the nature of the film.

3. Results and discussion
3.1. Polarized IR monolayer spectra

Infrared external reflection—absorption spectra at the air/
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water interface were acquired for DPPC monolayers at threeFig. 2. IR external reflection—absorbance spectra at the air/water interface
collected as a function of surface pressure for DPPC at a 60-degree angle

of incidence. (A) PerpendiculaR() polarized spectra. (B) ParalleR()
0 polarized spectra.
0011 different states of polarization of the incoming radiation: (1)
o without polarization, (2) with perpendiculaR{) polariza-
g 0021 tion, and (3) with parallelR,) polarization. Each series of
g 0031 spectra collected at a specific polarization setting were also
2 collected at two different (30- and 60-degree) angles of
2 -0041 incidence. Finally, each set of spectra was also collected
-.0051 at increasing surface pressures in order to monitor the ther-
modynamic state of the monolayer. These different types of
-.006 2919.1 . . . .
; ‘ . . . monolayer spectra are illustrated in Figs. 1 and 2. Fig. 1
3000 2950 2300 2850 2800 presents the methyl and methylene stretching bands for
DPPC in the C—H stretching region between 3000—2800
cm™ with Rs and R, polarization at a 30-degree angle of
0 .- . . .
incidence. Fig. 2 illustrates reflection—absorbance spectra
for DPPC in the C—H stretching region witR; and R,
§-.002- polarization at a 60-degree angle of incidence.
8 The polarized reflection—absorbance spectra for the
S 004 methylene symmetric and antisymmetric stretching bands
—2 for DPPC at a 30-degree angle of incidence (Fig. 1) appear
quite different from the unpolarized spectra (see e.g. [7]). In
-006 1 both theR; and R, polarized spectra, a splitting of the
: 2192 ‘ . methylene antisymmetric stretching band at 2920cis
3000 2950 2900 2850 2800 observed. The splitting is most prominent in tRg polar-
Wavenumber (cm!) ization. We have also observed such splitting in fy@nd

Fig. 1. IR external reflection—absorbance spectra at the air/water interface
collected as a function of surface pressure for DPPC at a 30-degree angle

polarized spectra.

\'

R, polarized spectra of the antisymmetric methyl stretching

ibration (2960 cm?), although it is difficult to determine
of incidence. (A) PerpendiculaiR() polarized spectra. (B) ParalleRy) the trends in this band due to their lower intensities.
The polarized reflection—absorbance spectra for the
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methylene symmetric and antisymmetric stretching bands atlar (Ry) polarized spectra, a splitting of the C—H bands is
the 60-degree angle of incidence (Fig. 2) also appear quiteobserved at low surface pressures; the two bands appear to
different from the unpolarized spectra. For the perpendicu- merge at intermediate surface pressures, and then the overall
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Fig. 3. Curve-fitting results for the 2850 ¢hband of DPPC as a function of increasing surface pressure. Spectra used for curve fitting were collected
unpolarized at a 60-degree incident angle. (A) 3.0 mN; fB) 5.0 mN m%; (C) 10.0 mN m%; (D) 30 mN nit.
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3. These data show a liquid (disordered) phase band at

o (2859 cm® and a solid (ordered) phase band @852
® cm™. At low surface pressures these bands are approxi-
2 | mately of equal intensity, and their presence results in the
8 -50E-05 splitting observed in the methylene vibrations. As the sur-
’9‘) face pressure of the lipid monolayer is increased, the inten-
o ~001 1 Y sity of the liquid-phase band decreases while the solid-phase
< 30 mN/m band increases. This increase in intensity for the solid-phase
-.0015 | band corresponds to a shift to lower wavenumber for the
. \ ‘ methylene stretching bands. At high surface pressures the
3000 2950 2900 2850 2800 band due to the liquid phase virtually (but not entirely)
Wavenumber (cm-1) disappears as the intensity of the solid band predominates.
3.2. IR spectroscopy of ternary surfactant mixtures
0 .
External reflectance spectra of the methylene stretching
3 50E-05 | reg@on (3000-2800 cﬁ'_1) and the analogous GBtretching
S 10 mN/m region (22502050 ci for a monolayer of 2:1 DPPC-
-g 001 ds2:DPPG compressed over a range of surface pressures is
%) shown in Fig. 4. As the film is compressed, the average area
o 30 mN/m . . . .
< 00154 per molecule is reduced, resulting in an increase in the peak
50 mN/m intensity. As the pressure of the film increases, an ordering
-002 1 . : . - of the acyl chains occurs and the frequencies of the peak
2250 2200 2150 2100 2050 . .
1 maxima are observed to shift to lower wavenumbers. The
Wavenumber (cm-)
Fig. 4. IR external reflection—absorbance spectra of a 2:1 DRPBRPG 2930
binary monolayer film collected at various surface pressures. The C-H
(top) and C-D (bottom) stretching regions are illustrated. = 2929 1
I . E 2028
vibrational band appears to shift to lower wavenumber. £
Similar behavior is observed in the parall&,) polarized 8 29277
spectra collected at a 30-degree angle of incidence. How- E 2926 1
ever, the spectra collected at tRg polarization at a 60- S 2925 -
degree angle of incidence are qualitatively different from 3
L 2924 .
the spectra collected at the 30-degree incident angle. The = "5 O Lipid Binary Mixture Only
methylene stretching bands have reversed intensity and are 2923 | " B 1w SP-BiC

now positive rather than negative. This band intensity rever- 2922
sal has been theoretically predicted and previously observed

[16,29] The DPPC antisymmetric stretching band forfge

polarization at a 60-degree angle of incidence also appears 0.0016
to exhibit splitting characteristic of the spectra at a 30-
degree angle of incidence. However, the signal-to-noise
level is much lower for théR, polarization at a 60-degree
angle of incidence due to the fact that the absolute reflec-

0 10 20 3 40 50 60
Surface Pressure (mN/m)

0.0014 1 ol
0.0012 |

Band Height

- R 0.0010 1

tivity of the R;, polarization is very near zero at angles close

to the Brewster angle [16]. It is for these reasons that it is 0.0008 1

diffic.ult to determine the.degree qf splitting in the antisym- 0.0006 1

metric band observed witR, polarization at 60 degrees. | O Lipid Binary Mixture Only
We have correlated the polarized splitting of the methy- 0.0004 D e oot

lene antisymmetric stretching band at low surface pressures 0.0002 ' "

with the presence of two different conformational struc- 0 10 20 30 40 50 60 70

tures, ordered (solid) and disordered (liquid) phases. Surface Pressure (mN/m)

Curve fitting of the methylene symmetric stretching band _
results in the ability to determine the amount of either liquid Fi9- 5- Spectral band parameters of the DOPG component in a 2:1 DPPC-

or solid phase lioid as a function of surface pressure. Re re_dGZ:DOPG binary monolayer film plotted as a function of surface pressure.
P P P ) P (Top) Variation in measured frequency vs. surface pressure for the CH

sentative curve-fitting rgsul_ts obtained at varying sur_facg antisymmetric stretching vibration. (Bottom) Variation in band height vs.
pressures at 60-degree incident angle are presented in Figsurface pressure for the Glntisymmetric stretching vibration.
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2201 C-D components of the film differently. The addition of 1
ﬁg o O Lipid Binary Mixture Only wt.% protein shifts the antisymmetric GHtretching peak
S R LN ; e g:jg:g to lower wavenumber values at all surface pressures, but
3 2199 4 with maximum displacements of 3—5 choccurring in
g 2198 | the range from 15-35 mN Th This effect is also clearly
5§ 107 | seen in Fig. 5 (bottom) as a marked increase in the band
& height for pressures in the 15—35 mN'mange. The addi-
= 2196 | tion of 2 wt.% SP-(B+ C) appears to also lower the fre-
2195 | quency of the DOPG antisymmetric stretching band, but the
o194 . magnitude of the decregse is const{:mt over the ent@re range
0 10 20 30 40 50 60 70 of pressures, as no maximum lowering is observed in e.|t.her
Surface Pressure (mN/m) the wavenumber or band hglght plots. Overall, the addlltl'on
0.0018 ' of both l and 2 wt.% protein acts to order the DOPG lipid
‘ acyl chains.
0.0016 ] Addition of surfactant protein has the opposite effect on
% 0.0014 1 the deuterated lipid, DPPGsglas seen in Fig. 6. The addi-
% 0.0012 1 tion of both 1 and 2 wt.% SP-(B C) causes approximately
S 0.0010 | a 2 cm®increase in peak frequency over the entire range of
g 0.0008 - surface pressures. The protein is also observed to shift the
’ band heights to lower values than those seen for the lipid
0.0006 ] ‘m..m Qi Binary Mixture Only binary mixture only at pressures higher than 20 mN.rA
0.0004 1 - V 2 wt% SP-B+C small dip in the band height data occurs at pressures from
0.0002 - , ; , : : 15— 30 mN m* with the addition of 1 wt.% protein, paral-
0 100 20 30 40 50 60 70 leling the trend seen in the DOPG data. The presence of
Surface Pressure (mN/m) surfactant protein appears the disorder the acyl chains of

Fig. 6. Spectral band parameters of the DPRCepmponent in a 2:1  the DPPC-g, component in the film, opposite to what was
DPPC-¢:DOPG binary monolayer film plotted as a function of surface seen for the protiated component, DOPG.
pressure. (Top) Variation in measured frequency vs. surface pressure for  Dye to the presence of unsaturated sites in the acyl chains
the_ CD, antisymmetric stretching vibra_tion. (Bot_tom) Var_iation in _band of DOPG, the thermodynamic properties of DPPC-
height vs. surface pressure for the £ihtisymmetric stretching vibration. dezDOPG monomolecular films are very different than
values for both the CH(2920 and 2852 cr‘ﬁ) and CDO those of films of DPPCwDPPG. Films of 2:1 DPPC-
(2194 and 2089 ci) antisymmetric and symmetric stretch-  dg;:DPPG are more stable at high surface pressures, and
ing bands at a surface pressure of 50 mN imdicate that were compressed to values near 70 mN before collapse.
both phospholipid species in the binary film exist in a rela- The exact nature of the plots of frequency and band height
tively ordered state. Similar spectra are seen for a 2:1 versus surface pressure (data not shown) were not the same
DPPC-¢,:DOPG mixture. for the DPPG mixture as they were for the DOPG, but the
Shown in Fig. 5 (top and bottom) are the antisymmetric overall trends upon addition of surfactant protein were alike,
CH, stretching vibration frequency and band height plotted where a similar ordering of the C—H component and slight
against measured surface pressure for 2:1 DPRO@PG disordering of the C—D component occurred.
with and without surfactant protein added. Antisymmetric
bands were chosen for analysis due to the higher signal to
noise ratio than the corresponding symmetric bands. This Acknowledgements
was crucial for the low surface pressures where average
molecular areas are high and peak intensities are inherently Support for the research described here was provided by
weak. Band height data was chosen over integrated intensityNIH Grant GM40117 (to R.A.D.).
data due to the lesser influence by the partially overlapping
CH,/CD; stretching bands. Data were collected for surface
pressures from 5 to 50 mN th(where the film begins to
collapse due to the thermodynamic properties of the DOPG [1] RA. Dluhy, D.G. Comnell, J. Phys. Chem. 89 (1985) 3195.
component). The lipid only film shows a steady lowering of  [2] R.A. Dluhy, D.G. Cornell, in D.R. Scheuing (ed.), Fourier Transform
the frequency value as the surface pressure increases and the Infrared Spectroscopy in Colloid and Interface Science, Vol. 447,
DOPG acy| chains become more ordered (moraram.s Americ_an Chemical Society, Washington, DC, 1991, p. 192.
configuration). This ordering, along with a decrease in aver- ! ’*1'933”2';3’ H. Hihnerfuss, Proc. SPIE Int. Soc. Opt. Eng. 2089
age moleculgr area causes the band height to increase with 4] §_T_ B)uome'mpc,, S.A. Rice, J. Chem. Phys. 98 (1993) 5835.
pressure as is seen in Fig. 5 (bottom). [5] C.R. Flach, J.W. Brauner, J.W. Taylor, R.C. Baldwin, R. Mendel-
Adding surfactant protein appears to affect the C—H and sohn, Biophys. J. 67 (1994) 402.
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