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temperature and molecular packing of dipalmitoylphosphatidyl-choline
monolayers at the air—water interface

Ka Yee C. Lee® and Ajaykumar Gopal
Department of Chemistry & Institute for Biophysical Dynamics, The University of Chicago,
Chicago, lllinois 60637

Anja von Nahmen and Joseph A. Zasadzinski
Department of Chemical Engineering, University of California, Santa Barbara, California 93106-5080

Jaroslaw Majewski and Gregory S. Smith
Manuel Lujan Jr. Neutron Scattering Center, LANSCE-12, Los Alamos National Laboratory,
Los Alamos, New Mexico 87545

Paul B. Howes and Kristian Kjaer
Department of Solid State Physics, Risg National Laboratory, DK-4000, Roskilde, Denmark

(Received 3 July 2001; accepted 2 October 2001

Palmitic acid(PA) and 1-hexadecangHD) strongly affect the phase transition temperature and
molecular packing of dipalmitoylphosphatidylcholinddPPQ monolayers at the air—water
interface. The phase behavior and morphology of mixed DPPC/PA as well as DPPC/HD monolayers
were determined by pressure-area-isotherms and fluorescence microscopy. The molecular
organization was probed by synchrotron grazing incidence x-ray diffraction using a liquid surface
diffractometer. Addition of PA or HD to DPPC monolayers increases the temperature of the
liquid-expanded to condensed phase transition. X-ray diffraction shows that DPPC forms mixed
crystals both with PA and HD over a wide range of mixing ratios. At a surface pregsucd 40

mN/m, increasing the amount of the single chain surfactant leads to a reduction in tilt angle of the
aliphatic chains from nearly 30° for pure DPPC to almost 0° in a 1:1 molar ratio of DPPC and PA
or HD. At this composition we also find closest packing of the aliphatic chains. Further increase of
the amount of PA or HD does not change the lattice or the tilt. 2@2 American Institute of
Physics. [DOI: 10.1063/1.1420730

I. INTRODUCTION We find that fatty acids and-alcohols alter the phase

) . behavior of DPPC monolayers at the air—water interface,

Biological membranes encapsulate the contents of everyhich has important implications for biophysical properties

cell and organelle, thereby isolating the inner compartmengs atural and replacement lung surfactafitd® Lung sur-
from the outer media. A variety of important processes takefactant(LS) is a two-dimensiona(2D) complex mixture of
place at the membrane interface. For most of these Processgsigs and proteins that lines the surface of lung alvédii
the fluidity of the membrane is a crucial factor. For example, g ontains a number of lipids and specific proteins; the
the permeability of small ions such as N& greatest close predominant lipid40—50% by weightis the saturated phos-
to the main phase transitidnPancreatic phospholipage, pholipid  dipalmitoylphosphatidylcholine(DPPQ.16-18 |n
selectively binds to gel-phase lipids, but is only enzymati-;y, studies show that palmitic acidPA), which is a minor
cally active in the hydrolysis of lipids in the fluid pha%e. fraction (5-10% by weight of natural LS and a common
Changes in the lipid fluidity are also associated with morphoygitive to replacement lung surfactants, improves the sur-
logical changes in the bilayéf. Membrane fluidity can be ;¢ properties of synthetic lung surfactalkd®1920pa o
i_ncreased either b_y increasing the degree of lipid u_nsaturqfS corresponding alcohol, 1-hexadecaftéD), in comb’ina-
tion or by decreasing the length of the acyl chaieptides  jon with DPPC and various anionic lipids has been used as

and other small molecules can shift the phase transition t€my jisiq matrix in replacement surfactants to treat Respiratory
perature. The addition of small amounts of short chain fattyyigiress Syndromi15:19.2L

acids andn-alcohols to phospholipid membranes results in However, the function of PA in natural lung surfactants
higher fluidity.3'6’_7 Larger concentrations of short chain alco- i hot particularly well understodt.In addition, there is, as
hols |_nduce an |nterd|g|tat|qn of_the two mor_mlayers W'th'nyet, no general agreement on the appropriate fraction of PA
the bilayer and a decrease in fluidftizong chain fatty acids or HD in replacement surfactari;>although these lip-

and n—ag!c?lhols increase the phase transition temperature Qfis are added to supplement both animal extract based and
DPPC**and disaturated phosphatidylseririés. synthetic lung surfactants. To address these questions, the
phase behavior and morphology of mixed DPPC/PA and
dAuthor to whom correspondence should be addressed. DPPC/HD monolayers were determined by pressure-area-
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isotherms and fluorescence microscopy. The in-plane maBedford, MA) at 30 °C. The solvent was allowed to evapo-
lecular organization was probed by synchrotron grazing in+ate for at least 15 min prior to beginning any isotherm. The
cidence x-ray diffraction(GIXD) using a liquid surface compression rate was 0.1 mm/s.

diffractometer. We find that both PA and HD strongly affect All synchrotron x-ray measurements were carried out us-
the phase transition temperatures and molecular organizatiang the liquid surface diffractometer at the BWindulatoy

of DPPC monolayers. Addition of PA or HD to DPPC in- beam line at HASYLAB, DESYHamburg, Germany®2°A
creases the temperature of the liquid-expanded to condenseemperature-controlled Langmuir trough, equipped with a
phase transition; that is, adding PA or HD is roughly equiva-Wilhelmy balance for surface pressure measurements, and
lent to lowering the temperature of a pure DPPC monolayetbarriers for surface pressure controls, was mounted on the
X-ray diffraction shows that DPPC forms mixed crystdf®e  diffractometer. In a typical experiment, a monolayer of a
components do not phase separdieth with PA and HD  given composition was first spread using a microsyringe at
over a wide range of mixing ratios. For the surface pressurehe desired temperature. At least 30 min were given for com-
of 40 mN/m, increasing the amount of PA or HD leads to aplete solvent evaporation before the two-dimensional film
reduction in tilt angle of the aliphatic chains from30° for  was compressed to the desired surface pressure. The film was
pure DPPC to near 0° at a 1:1 molar ratio of DPPC and PA othen held at this surface pressure throughout the experiment.
HD. At this composition we also find the closest packing of The trough was enclosed in a sealed, helium-filled canister
the aliphatic chains. Further increase of the amount of PA ofvhere the oxygen level was constantly monitored.

HD does not change the lattice or the tilt. The coherence The synchrotron x-ray beam was monochromated to a
length of the packing, an indication of the extent of ordering,wave|ength of\~1.30 A by Laue reflection from a B@00)

also increases with increasing PA or HD content. These resingle crystal. By tilting the normal to the reflecting planes
sults show that the concentrations of PA and HD found inout of the horizontal plane, the monochromatic beam could
natural and replacement lung surfactants make the DPPge bent down to yield a glancing angle with the horizontal
monolayer better ordered, and effectively make the monofiquid surface. For the GIXD experiments, the x-ray beam
layer more rigid. At 40 mN/m, PA and HD are localized was adjusted to strike the surface at an incident angle of
almost EXC|USive|y in the condensed phase domains of the LSO_11°' which Corresponds to the vertical momentum trans-
monolayer. The changes induced in the solid phase of thgr vector Q,=0.85Q., where Q.=0.02176 A" is the
monolayer, in turn, likely alter its collapse and respreadingcritical scattering vector for total external reflection. At this
behavior’? PA appears to be necessary to adjust the solidingle the incident wave is totally reflected, while the re-
phase properties in natural lung surfactants, which helps tgacted wave becomes evanescent, traveling along the liquid
explain the need for PA or HD in replacement lung surfac-gyrface. Such a configuration maximizes surface

tants. sensitivity>® The dimensions of the incoming x-ray beam
footprint on the liquid surface were approximately 5 g0
mm.

IIl. MATERIALS AND METHODS For the collection of the diffracted intensities we used a

A. Materials one-dimensional position sensitive deteatB6D with ver-

tical acceptance €q,<0.9A1, and its axis along the ver-
tical. In front of the PSD, a Soller collimator was mounted
which defined the horizontal resolution of the detector,
Agy,=0.0075 A"1. The scattered intensity was measured by
scanning over a range of the horizontal scattering vector,
Oxy~ (47/\)-sin(26,/2), where 2),, is the angle between
the incident and diffracted beam projected onto the horizon-
tal plane, and\ is the wavelength of the x-ray beam. Such a
scan, integrated over the whole window of a position sensi-
Surface pressure-aréaangmuiy isotherms and fluores- tive detectoPSD), yields theBragg peaksSimultaneously,
cence microscopyFM) images were obtained with a home- the scattered intensity recorded in channels along the PSD,
built Langmuir trough with an attached fluorescence micro-but integrated over the scattering vector in the horizontal
scope (FM).2® Surfactants were dissolved in chloroform plane across a Bragg peak, produggsesolved scans called
(HPLC grade, Fluka, Milwaukee, MOmixed in the desired Bragg rod profiles
ratios, and deposited at the air—water interface of the trough In three-dimensional3D) crystals, diffraction only takes
with a microsyringe. To develop contrast in the FM images,place when the scattering vect@ coincides with{h,k,I}
0.5 mol % of the lipid-analog fluorescent dye, 4,4-difluoro- points of the reciprocal 3D lattice, giving rise to Bragg spots
5, 7- dimethyl-4- bora-8, 4a-diazas-indacene-3-dodecanoic (h, k, | are the Miller indices Strong diffraction from a set
acid (BODIPY® FL C1,, Asgss11@nde=87 000, from Mo-  of crystal planes with an interplanar spacidgccurs only
lecular ProbegEugene, OR was used. The dye preferen- when the Bragg law is obeyed. In our 2D systems and at
tially segregates to the less ordered regions of the monolayaurface pressures of interest, DPPC monolayers are a mosaic
and appears bright in the imagés?’ All experiments were  of 2D crystallites with random orientation about the direction
performed on a pure water subphase of 18.2 Millipore normal to the subphase, and can therefore be described as 2D
water obtained from a Milli-Q UV Plus systeiiMillipore, powders. Due to the lack of restriction on the scattering vec-

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPQ
was purchased from Avanti Polar-Lipidalabaster, Al and
used without further purification. Palmitic aci®9% was
obtained from Aldrich ChemicalMilwaukee, MO and
1-hexadecanol>99%) from Fluka (Milwaukee, MO.

B. Methods
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FIG. 1. Isotherms of mixed films ofa) DPPC/PA and(b) DPPC/HD at

30 °C on a water subphase. The ads given as area per acyl chain. Each
DPPC contributes two acyl chains, and each PA or HD contributes one to the
mixture.

tor componentQ, along the direction normal to the crystal,
Bragg scattering from a 2D crystal extends as continuous
Bragg rods through the reciprocal sp&¢é! The angular po-
sitions of the Bragg peaks allow for the determination of the
repeat distance for the 2D lattice. From the shapes of the
peaks, it is possible to determine the 2D crystalline coher-
ence lengthL (the average distance in the direction of the
reciprocal lattice vectorQ,, over which there is “near-
perfect” crystallinity). The intensity distribution along the
Bragg rod can be analyzed to determine the direction and
magnitude of the molecular tilt, the out-of-plane coherence-!G. 2. Fluorescence images of DPPC/PA mixtures with mole réao3: 1,
lengthL., and the magnitude of molecular motion or surface!?) 11 (¢) 1:2, and DPPC/HD mixtures with mole raties) 3:1, (b') 1.1,

. (¢') 1:2. Images were obtained using BODIPFL C, as fluorescence dye.
rothneSS of the CryStalllte(erye_Wa”er factor The BODIPY segregates preferentially into disordered regions of the mono-

layer, (Ref. 27 rendering liquid-expanded domains bright and condensed
. RESULTS regions dark. All images were taken at 30 °C on a water subphase and at a
: lateral pressure of 15 mN/m. The bright liquid-expanded phase is eliminated

The isotherms of pure DPPC, PA, HD, as well as thewith increasing fractions of PA or HD in favor of the dark condensed phase.
DPPC/PA and DPPC/HD mixtures are shown in Fig. 1. 1:1
DPPC/PA stands for an equimolar mixture of DPPC and PAnext nearest neighbor tilte@v phase to untilted hexagonal
To simplify the presentation of the isotherms, the ordinate i4.S phasé>33 is clearly visible as the abrupt change in slope
scaled by the area per hydrocarbon ch#ig.§;), rather than of the isotherm at about 23 mN/m. In contrast, hexadecanol
by the more conventional area per molecule. Each DPP@oes not show &e-c phase transition at 30 °C on pure water,
molecule contributes two chains, and each PA or HD contriband the second order transitiglikely from a next nearest
utes one chain. neighbor tiltedL ,, phase to an untilted hexagonab phase

At 30°C on a pure water subphase, pure DPPC undemccurs at 10 mN/m>33:34
goes a first order phase transition from a liquid-expanded Adding PA or HD to DPPC changes the phase behavior
(le) to a condense(c) phase at a surface pressure of aboutdrastically. At a molar ratio of 3:1 of DPPC/PA or DPPC/HD,
16 mN/m. This is evident from a pronounced plateau in thethe isotherm shows a high compressibility region f6x20
isotherm, as well as by the observation of coexisting do-mN/m (Fig. 1). Fluorescence images show the coexistence of
mains visualized by fluorescence microscépyd similar  dark and bright domains, indicating that the mixture under-
first order (e—c) phase transition is observed for palmitic goes a phase transition froml@to ac phase in that region
acid at a pressure o£2 mN/m?® A second order phase [Figs. 4a) and 2a')]. In contrast, molar ratios of 1:1, 1:2,
transition (orthorhombic nearest neighbor tiltéd phase or 1:4 DPPC/PA or DPPC/HD show no evidence dieagphase
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even at zero pressure, and hence, are below their respective DPPC/PA
triple point temperaturé8 at 30°C. Accordingly, fluores- 810 *

cence images are rather featurelfBigs. 2b), 2(b’), 2(c), 710 * | 15 mN/m, 30 °C
2(c")]. At high surface pressure, the isotherms for molar ra- o0t b
tios of 1:1 or higher converge to an average area per hydro- S0t

2 1

carbon chain of about 20%Aas compared to the 262Kor S
DPPC in the solid phase. This shows that both PA and HD T4t

condense the DPPC lattice. For the 1:2 and 1:4 ratios of 5310 *} e v 3
DPPC/PA or DPPC/HD, there is a kink in the isotherm at § 210 * E 1:1 DPPC PA 3
roughly the same surface pressure as either the pure PA or 5 110 * u..—-—-—'—f\—__w_
pure HD. This may correspond to the separation of a pure PA - . , .
or HD phase coexisting with a mixed PA/DPPC or HD/ 0120 130 1.40 1.50 1.60 70
DPPC crystalline phase.

GIXD provides information only on the ordered portions
of the monolayer. For diacyl phospholipid monolayers at the
air—water interface, diffraction is observed only from the lat-
eral order of the aliphatic chairi3;the lipid headgroups do
not contribute to the diffraction. GIXD experiments were
done at surface pressures of 15 mN/m and 40 mN/m. An
overview of all the representative Bragg peaks is shown in
Fig. 3. The lattice parameters are summarized in Tables
I-1V. Note that under the experimental conditions, pure PA
is not stable at 40 mN/rtthe collapse pressure of PA is about P e T S e e
40 mN/m). Therefore, the Bragg peak for PA shown in Fig. 1.20 1.30 1.40 1.50 1.60 1.70
3(b) was obtained at a lower pressure of 30 mN/m, which is Q [A"]
just above the to solid transition. We believe that accounts N
for the relatively lowQ,, value relative to DPPC/PAL:1, DPPC/HD
1:2, 1:4 mixtures. r ’

From our isotherms and fluorescence images, all systems 15 mN/m, 30 °C a’f
(except for PA we investigated are in a solid phase at a
pressure of 40 mN/m. For solid phase DPPC, we find two
Bragg peaks indicating a rectangular unit deétigs. 3b),
3(b’)]. The calculated area per chain Af=23.3 2 as well
as the tilt angle of 25.5° obtained from Bragg rod analysis
(Fig. 4 matches previously published data on DPPC
monolayerg®3” and multilayers® previous results on mono-
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layers at a higher surface pressure of 45 mN/m and a lower REEC
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temperature of 15 °C gave a smaller tilt angle of 25.0°, which 120 130 1.40 150 1.60 1.70

is consistent with our current data. For HD we find only one ATl SRR AR
Bragg peak. The corresponding Bragg rod has its maximum ’ o

e R ) ) s | 40 mN/m, 30 °C
atQ,~0 A~ (Fig. 4), indicating a hexagonal unit cell with 1210 " £
untilted chains and a lattice spacing of 4.82 A. This finding is
also consistent with previously published data on long chain
alcohol€>3*39(Fig. 4).

For 40 mN/m, a mixed monolayer of DPPC/HD with a
molar ratio of 3:1 forms crystals that produce two Bragg
peaks indicating a rectangular cell. Detailed analysis of the
corresponding Bragg rod profilé&ig. 4(c)] shows that the 0 -
aliphatic chains are tilted by 19Table IV). Further increase 1.20 130 1.40 1.50 160 170
of the HD content leads to a hexagonal unit cell represented Q [A']
by only one Bragg peakFig. 3(b’")]. The maximum position k4
of the Bragg peak shifts to high&,, values with increasing FIG. 3. GIXD data for DPPC/PA mixt ¢ surf l5

. . .o ata ror mixtiures at surface pressure

amounts Of_HD arld approaches l@%’ value obtained Wl_th mN/m and(b) 40 mN/m.(pure PA collapses below 40 mN/m. For compari-
pure HD [Fig. 3(b")]. As for pure HD, the corresponding son, GIXD data were obtained at a pressure of 30 MNGIXD data for
Bragg rods have their maximum @,~0 A~! indicating a  DPPC/PA mixtures at surface pressure¢af 15 mN/m andb’) 40 mN/m.
tilt angle of almost 09Fig. 4(b)]. The coherence length of The Bragg peak profiles were obtained by scanning along the horizontal

. T . cattering vectoQ,, and integrating over the whol®, window of the
_the_ mc_mOIayer also increases with '”Creas'”g HD COmemfaosition sensitive (xj);etector. For clarity, graphs are shizfted along-tinds.
indicating a better ordered structure. A very similar trend isaj| data were obtained at 30 °C. The molecular packing parameters obtained
observed for DPPC/PA mixtures. Results are summarized ifiom these data are listed in Tables I-IV.
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TABLE |. DPPC:PA mixtures at 15mN/m at 30 °C.

In-plane Out-of-plane
Bragg peaks Bragg rods
Projected Tilt
Observed Area per area per Coherence angle, Tilt
d-spacing chain chain Unit cell length, L® t direction
Composition (R) (R? (A? A R) (degreep (degrees
DPPC No in-plane diffraction observeeho in-plane order
PA dqq doo rectangular Ly Loo 13.2°
4.37 4.24 21.56 20.07 a=5.09, 140 560 21.4° from NN,
b=8.47 non-symmetry
3:1 dqy do rectangulat Lip Lop 9.8° from
DPPC:PA 4.49 4.27 22.50 20.31 a=5.27 66 540 25.5° NN, non-symmetry
b=8.54
1:1 dyo dog dyg obliqué Lo Log Ly 15.5°
DPPC:PA 4.22 4.35 4.26 21.79 20.19 a=5.01, 95 250 200 22.1° from NN,
b=4.93 non-symmetry
v=118.1°
1:2 dqq doo rectangular Ly Lo, 17.6°
DPPC:PA 4.35 4.26 21.53 20.32 a=5.06 105 200 19.3° from NN,
b=8.51 non-symmetry
1:4 dyy dos rectangular Ly Lo 18.6°
DPPC:PA 4.26 4.23 20.85 19.70 a=4.93 150 440 19.1° from NN,
b=8.47 non-symmetry

aSmall oblique distortion.

bVery close to a rectangular ce:=5.10 A, b=8.52 A.

“fhk} denotes a set of Bragg rodsk) with equal_in-plane componen@j‘;, and hence not resolved in GIXD from these 2D powder data. For example, for
a hexagonal lattic¢10} means{(10),(01)(10)(01)(11)(11)}; for a rectangular lattic¢11} means{(11),(11)(11)(11) and{02} means{(02),(02)}. It should be
noted that gcentered rectangular latticéa, , b, # y3a,, y,=90°) can also be described as a distorted hexagonal avth, y#120°. The oblique cell is
also a distorted hexagonal lattice wil¥ b and y#120°.

Table Il and Fig. 80). Note that even though the Bragg peak Figure 5 summarizes our findings on mixed DPPC/HD
of pure PA(7=30 mN/m is at lowerQ,, value than the and DPPC/PA monolayers at 40 mN/m. As expected, the
corresponding Bragg peaks of 1:4 and 1:2 DPPC/PA, tharea per hydrocarbon chain decreases with increasing molar
calculated unit cell parameters differ less than 1%. fraction of single chain surfactaffigs. 5a), 5(a@’)], until

TABLE Il. DPPC:PA mixtures at 40mN/m at 30 °C.

In-plane Out-of-plane
Bragg peaks Bragg rods
Area Projected Tilt
Observed per  area per Coherence angle, Tilt
d-spacing chain  chain Unit cell length, L t direction
Composition A) (A? (A? A) A) (degrees (degreep
DPPC dyq dos rectangulat Lig Loz 13° from
4.57 431 2327 21.00 a=5.40, 50 150 25.5° NN, non-
b=8.62 symmetry
PA dyo hexagonal Lo
30mN/m 4.20 20.37 2028 ay=4.85 720 5.3° NN
31 dig dos  dpg oblique Lo Lpr Lng 14.9°
DPPC:PA 435 433 425 2143 1997 a=4.95 70 160 700 21.3° from NN,
b=4.93 non-
y=118.6° symmetry
11 dio hexagonal Lo
DPPC:PA 4.19 20.28 2022 ay=4.84 490 <5.0° NN
1:2 dqo hexagonal Lig
DPPC:PA 4.18 20.19 20.15 ay=4.83 560 <5.0° NN
1:4 dyio hexagonal Lo
DPPC:PA 4.18 20.19 20.13 ay=4.83 600 <5.0° NN

@Small oblique distortion possible.

The NN tilt direction was used to extract the listed parameters from the fitting procedure. However, with a tilt
angle<>5°, the tilt direction is almost impossible to determine. In this case, one should think of the tilt direction
as “undetermined.”
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TABLE IIl. DPPC:hexadecanol mixtures at 15mN/m at 30 °C.

In-plane Out-of-plane
Bragg peaks Bragg rods
Projected
Observed Area per area per Coherence Tilt angle, Tilt
d-spacing chain chain Unit cell length, L t direction
Composition R (A?) (R? A) R (degrees  (degrees
DPPC No in-plane diffraction observeeho in-plane order
HD dyo hexagonal Lo
4.19 20.28 20.22 ay=4.84 850 <5.0° NN
31 dy; dp rectangular Ly, Lo 8.9° from
DPPC:HD 448 4.27 22.49 20.33 a=5.26 90 580 25.3° NN, non-
b=8.55 symmetry
1:1 dy; do rectangular L,; Loo 15.3°
DPPC:HD 433 4.25 21.35 19.96 a=5.03 95 590 20.8° from NN,
b=8.49 non-
symmetry
1:2 dyy doo rectangular Lq, Lo> 18.2°
DPPC:HD 427 4.23 20.87 19.86 a=4.94 210 560 17.9° from NN,
b=8.45 non-
symmetry
1:4 dio hexagonal Lo
DPPC:HD 4.20 20.37 20.29 ay=4.85 630 <5.0° NN

#The NN tilt direction was used to extract the listed parameters from the fitting procedure. However, with a tilt
angle<5°, the tilt direction is almost impossible to determine. In this case, one should think of the tilt direction
as “undetermined.”

at a molar ratio of 1:1 a minimum area per chain of aboutis largest(about 10% at a molar ratio of 1:1Figs. b),

20 A? is reached. This area per chain for all mixtures5(b’)]. At this molar ratio the tilt angle is reduced to about 5°
is smaller than the calculated area per chain assuminfjom 25° for pure DPPCFigs. 5c), 5(c’)]. Further increases
ideal mixing [ Acpai=(Xoppc* 2* A+ (1— xpppd* Ani)/  in PA or HD do not decrease the tilt angle.

(1+ xpppd ;Where xypppcis the mole fraction of DPPLCThe At a surface pressure of 15 mN/m, according to our iso-
deviation from ideal mixing, meaning the difference of ex-therm and fluorescence measurements, DPPC is inehe
perimentally determined area per chaibgfh,) and calcu- phase. We did not find nor expect any Bragg pefkgs.
lated area per chaiméﬁ';,) normalized to the experimentally 3(a), 3(a')]. PA, on the other hand, is in@phase atr=15

determined area per chalnA/AS®, =(AZL — AP NASP.  mN/m. For that phase we find two diffraction pedl&g.

TABLE IV. DPPC:hexadecanol mixtures at 40mN/m at 30 °C.

In-plane Out-of-plane
Bragg peaks Bragg rods
Projected
Observed Area per area per Coherence Tilt angle, Tilt
d-spacing chain chain Unit cell length, L t direction
Composition A) (A? (A3 R) R) (degrees  (degrees
DPPC dy; dp rectanguldt Ly Lo 13° from
457 431 23.27 21.00 a=>5.40, 50 150 25.5° NN, non-
b=8.62 symmetry
HD dyg hexagonal Lo
4.17 20.08 20.02 a,=4.82 620 <5.0° NN
31 dyy doo rectangular Li; Lo 15.2°,
DPPC:HD 431 4.24 21.24 20.07 a=>5.01, 110 700 19.1° from NN,
b=8.48 non-
symmetry
11 dyg hexagonal Lo
DPPC:HD 4.19 20.28 20.22 ay=4.84 620 <5.0° NN
1:2 dig hexagonal L1g
DPPC:HD 4.18 20.15 20.10 ay=4.82 780 <5.0° NN

@Small oblique distortion possible.

The NN tilt direction was used to extract the listed parameters from the fitting procedure. However, with a tilt
angle<>5°, the tilt direction is almost impossible to determine. In this case, one should think of the tilt direction
as “undetermined.”
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3(a)] indicating a rectangular unit cell. The calculated area
per chain ofAn.i=21.56 & is slightly higher than the area
per chain one would expect for close packed aliphatic chains.
Therefore one expects a tilt angke of cost=Ay/Achain
=22°, with Ag being the minimal area per chain reached at
closest packing4o= 20 A?). This matches well with the tilt
angle derived from Bragg rod analysiEable |). Our data on
pure PA are in good agreement with earlier studies on satu-
rated fatty acids that show two distinct orthorhombic tilted
phases under these conditididdowever, our results show
an intermediate tilt, while for longer chain fatty acids, either
a nearest neighborLg) or next nearest neighbor tilOv
phasg is observed®®?

As already mentioned, pure DPPC is 100% in tke
phase at a pressure of 15 mN/m and shows no Bragg scat-
tering [Fig. 3(@)]. However, fluorescence micrographs of a
3:1 mixture of DPPC/PA shole phase coexisting witlt
phase(see Fig. 2 As only the ordered, condensed phase
contributes to the Bragg peaks, the Bragg peaks seen allow
us to assign a rectangular structure with lattice parameters
slightly higher than for PA to the condensed phase of the
monolayer(Table ). Adding increasing amounts of PA to
DPPC leads to closer rectangular packing with decreasing
area per chain and decreasing tilt. Finally at a molar ratio of
1:2 DPPC/PA or higher, the packing is even more dense than
for pure PA(Table |). The tilt direction remains intermediate
between nearest and next nearest neighbor.

A very similar trend is observed with DPPC/HD mix-
tures. From our isotherm data we know that HD is likely to
be in an untilted solid phase at a lateral pressure of 15 mN/m
(Fig. 1. For this phase we find a single Bragg peak indicat-
ing hexagonal packing with near zero fifig. 3@')]. Adding
HD to DPPC induces the same changes in the DPPC mono-
layer as described for DPPC/PA mixtures, namely a closer
packing and a reduction in tilt. As in DPPC/PA mixtures, the
tilt direction for all but one case remains intermediate
between nearest and next nearest neighbor, and the area
per chain decreases with increasing HD fraction. For the
1:4 DPPC:HD mixture, the system maintains a nearest neigh-
bor tilt, and the area per chain is almost the same as pure
HD. The results are summarized in Table IlI.

IV. DISCUSSION AND CONCLUSIONS

Both PA and HD form highly ordered crystalline struc-
tures with DPPC over a wide range of PA or HD fraction.
This suggests that these films are good models for the solid
phase fraction of natural lung surfactant monolayers, which
consist mainly of DPPC with small fractions of PAThese
films are even better models of the solid phases of synthetic
lung surfactant monolayers, which usually have higher frac-
tions of PA or HD than the native surfactdrit!64°

As is observed for bilayer systems, adding PA or HD to
DPPC increases the phase transition temperature. The gel

scattered intensity distribution perpendicular to the water surface over thifansition temperature of DPPC bilayers increases from

Q,y range of each Bragg peak f@@ DPPC,(b) HD, (c) 3:1 DPPC/HD, and
(d) 1:1 DPPC/HD monolayers. The rods were fitfedlid line) by approxi-
mating the coherently scattering part of the phospholipid tail by a cyIinderTh
of a constant electron density. The molecular packing parameters used in the

about 42 °C(for pure DPPQto 62 °C(for 1:2 DPPC:PA by
mole) on addition of increasing fractions of palmitic aéfd.
e liquid-expanded to condensed transition is eliminated in

fitting procedure are listed in Table IV. All samples are at 40 mN/m and€guimolar or higher DPPC:PA monolayers at 30 °C. e

30 °C.

and gel to liquid crystal phase transition temperatures are
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determined by the competition between the attractive interhanced order and reduced tilt lead to increased hydrophobic
actions between the hydrophobic aliphatic chains and theteractions, and are responsible for the elimination ofléhe
steric repulsion of the bulky phosphocholine head groupphase at 30 °C.
Therefore, an increased phase transition temperature can be This leads us to the question of what the “perfect” mix-
due to better hydrophobic interaction between chains or reing ratio of DPPC and the single chain surfactants would be.
duced steric repulsion between heads. In the monolayeFrom very simple geometrical considerations, assuming a
DPPC has a minimum molecular area of about 46(Rig.  cross sectional area of 20?/er aliphatic chain and 46 %A
1),%642 which is limited by the relatively large head group per PC head in the solid state, one would expect a ratio of
cross sectional area. The cross sectional area of an optimal8/1 DPPC/PA or DPPC/HD, respectively, if the PA or HD
packed, altrans, hydrocarbon chain is about 20°A so the  head took up no area. For that molar ratio the area occupied
hydrocarbon portion of the DPPC molecule would like toby 3 PC head groups ofpeai=3%x46 A2>=138 A2 matches
occupy an area ofA=2x 20 A2=40A2. This mismatch re- the area occupied by (6 from DPPC and 1 from PA or HD
sults in a tilt angle of the aliphatic chains of 25°~3@®e  aliphatic chaingAy,ine=7x20 A2=140 A? exactly. However,
tableg and a reduction in the attractive interactions betweerour data do not support this very simple model. For a 3:1
the chains®*3Tilting is also accompanied by a decrease inmixture of DPPC and single chain surfactant at 40 mN/m
the coherence length of the crystalline packifitables and 30 °C the analysis of our GIXD data reveals a mean area
I-1IV2), indicative of reduced order in the lattice. per chain of 21.3 Aand a tilt angle of about 20Tables lI
Addition of PA or HD reduces the head/tail mismatch of and V).
pure DPPC as indicated by the decrease in tilt angle of the Instead we find closest packing, meaning a hexagonal
mixed crystal. Increasing the fraction of PA or HD increasesunit cell with an area per chain @,;~20 A? and almost
the area occupied by the chains more than the area occupieéro tilt angle, at 50 mol % or more of single chain surfactant
by the head groups leading to a reduction in the tilt angle of Tables Il and IV and Fig. b The reason why our simple
the aliphatic chains from=25° for pure DPPC to=5° at a  model fails might be that the PC headgroup is not spherical
1:1 molar ratio of DPPC and PA or HD at 40 mN/m and but more elliptic and the head group does not allow an ori-
30°C. At this composition we also find closest packing ofentation a 3:1 complex would requirgig. 6(b)]. However, a
the aliphatic chains normal to the chain axes. Further inmore likely reason is that the HD or PA headgroup, while
crease of the fraction of PA or HD does not change the latticsmaller than the projected area of the hydrocarbon chain, still
or the tilt. The coherence length of the crystalline domainsoccupies some area at the interface. A 1:1 ratio ofd*AdD)
also increases, indicating better order of the lattice. The erand DPPC seems to be sufficient to match the interfacial area

Downloaded 14 Jan 2002 to 128.135.233.21. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



782 J. Chem. Phys., Vol. 116, No. 2, 8 January 2002 Lee et al.

believe that if the amount of PA or HD exceeds 50 mol % the
B excess single chain surfactant is excluded from the complex

with the DPPC and forms pure crystals that coexist with

mixed 1:1 crystals of DPPC/PA or DPPC/HD, respectively.

The deviation of ideal mixing behavior is also highest at a
ZZ' DPPC/HD (3:1, m:m) molar rgt@o of 1:1(Fig. 5).
A (perfect match of head Addition of PA or HD to DPPC monolayers leads to a
siid, clain cross: sectional change from a tilted to untilted molecular packing, with a
areas, but unfavorable L . .. .

alignment of head groups) significantly larger correlation length, indicating a better-

ordered monolayer. This correlates with the elimination of
DPPC \C the liquid-expanded to condensed phase transition at 30 °C.

(head-tail-mismatch) Effectively, adding PA or HD is roughly equivalent to low-

<A ering the temperature of a pure DPPC monolayer. The range

eﬂ{{ - 2 a0 of concentrations of PA and HD found in natural and replace-

ment lung surfactants makes DPPC monolayers better or-

DPPC/HD (1:1, mzm) dered, and effectively turns the monolayer more rigid. Simi-

(densest packing of chains) lar condensation effects can be brought about by the
@ : vPrC head group presence of divalent ions under physiological conditithns.
These results also suggest that PA and HD are localized in
€D : kovalently attached palmitic acid the solid phase domains of the LS monolayer. The changes
@ : Hexadecanol induced in the solid phase of the monolayer, in turn, likely

alter its collapse and respreading beha%dRecent theoret-
FIG. 6. Sketch of possible molecular arrangements for DPPC/HD mixturescal work?”**® demonstrates that the folding transition ob-
at 40 mN/m and 30 °C. . . .

served in LS can be understood in terms of the mechanical

property of the film. PA appears to be necessary to adjust the

of the headgroups and the close-packed chigfigs 6(c)]. solid phase properties in natural lung surfactants, which

Monolayer studies of phospholipids at the air—water in-helps to explain the need for PA or HD in replacement lung
terface in contact with simple alkanes lead to the same corsurfactants. As closest packing is obtained at a 1:1 molar
clusion. In the solid state, one alkane molecule per DPP@nixture of PA(or HD) and DPPC, this suggests an upper
incorporates into the monolayer whereas no alkanes incorpdimit to the fraction of PA necessary in a synthetic lung sur-
rate into a dipalmitoylphosphoethanolaminéDPPE  factant.
monolayef** For DPPE, the cross sectional area of the
chains matches the headgroup cross sectional area of 40 A
and the monolayer is untilted.
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