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Abstract: Using synchrotron grazing-incidence X-ray diffraction (GIXD) and reflectivity (XR), we have
determined the in-plane and out-of-plane structure of phospholipid monolayers at-theater interface as

a function of hydrophilic lipid headgroup size. Di-stearoyl-phosphatidyl-ethanolamine (DSPE) lipid monolayers
were systematically modified by chemically grafting hydrophilic poly(ethylene glycol) (PEG) chains of MW

= 90 g/mol (2 ethylene oxide, EO, units), M# 350 g/mol (8 EO units), and MW= 750 g/mol (17 EO

units) to the lipid headgroups. The monolayers were studied in the solid phase at a surface pressure of 42
mN/m. At these high lipid packing densities, the PEG chains are submerged in the water subphase. The increased
packing stresses from these bulky polymer headgroups distort the unit cell and the in-plane packing modes of
the monolayers, leading to large out-of-plane alterations and staggering of the lipid molecules. Surprisingly,
a change in the molecular packing of the monolayer toviggterpacking densities (lower area per molecule)

was observed on increasing the PEG MW to 750 g/mol (17 EO units). This rearrangement of the monolayer
structure may be due to a conformational change in the PEG chains.

Introduction monolayer, bilayer, and liposome stability in such applica-

) . o . tions10-13
The interactions between lipid bilayers and other flexible

membranes, particularly at small separations, are governed by IIDrewomlJ_sI_)é, we r|1ave mves_ngg_atedf (tjhetstrulctur:e 0:] T('jxfd
the interplay between direct molecular forces and entropic forces polymer=iipid monolayers consisting ot dl-stéroy-phosphatdy'-

arising from fluctuations-2 Recently, the stability and hydration etg?r;olamlnle (DISP? gnd DfS FI\’/IlvaEthzcohoeomlc;’;\IIyIgr?jftsegé)oly-
of liposomes and surfaces bearing chemically grafted poly- (e yenilg y_co) chains of VIVY= g/mol ( y
(ethylene glycol) (PEG) chains have been the focus of much PEGuog-**>Mixtures of these lipids were stable at concentrations
interest due to their use as novel drug delivery vehicles and up to lO.mo.I % D.SPE'PEﬁ’O and ?‘m‘?”ab'e to stru_ctural
biologically passivating coatinds?® The structure and surface characterization using X.-r.ay grazmg—mc.lde.nce. diffraction and
properties of lipid assemblies before and after modification by heutron _a_nd X-_r ay reflectivity. _Th??e studies indicated that b_ulky
the incorporation of PEG lipids with their bulky, hydrophilic hydrophilic moieties caused significant out-of-plane protrusions

headgroups are of considerable importance for predicting of solid-phase phospholipid monolayers and presumably also
of bilayers, vesicles, and biological membranes. In particular,

» To whom correspondence should be addressed. our results suggested that the in-plane or lateral packing stresses
; E;;Vg{;&yogf@gg;?'ﬁ-aboramry due to the inclusion of bulky hydrophilic polymelipid
S Risg National Laboratory. ' headgroups of DSPE-Pkggo within the monolayer were
U The University of Chicago. relaxed through an increase in out-of-plane protrusionshand
#Brookhaven National Laboratory. _ by an increase in the area occupied per lipid molecule.
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(2 monomers). We have focused on low molecular weight to smear the interfaces and the resulting model reflectivity was
polymer-lipids because stable monolayers can be formed with compared to the data. The DSPE-RRIDSPE, DSPE-PE(G PEGso

the pure components and thus the complexities of a mixed @nd PEGsg) monolayers were initially modeled with two boxes also,
system can be avoided. Hence, there is no longer any ambiguity®® for the DSPE tail section and another for the DSPE headg{oup
concerning possible phase separation and it is generally simpler. =C Polymer chains. We then systematically increased the complexity
to model and extract structural information from single- of our model by adding additional boxes, untflwas minimized and

. . . h no longer significantly decreased upon increasing the number of fitting
component systems. Our current studies again point to t eparameters. This procedure ensured that the problem was not over-

importance of out-of-plane fluctuations but also indicate that parametrized. We found that in the most complicated case 6 boxes
new modes of packing and lateral stress reduction are in play.were needed to obtain a reasonable fit to the entire reflectivity profile.
In particular, we found that the molecules now tilt and distort We did not find a significant improvement in the fits to the reflectivity
the unit cell to increase the area per molecule for REABd data when an exponential or parabolic form was used to model the
PEGso In contrast, a change in the molecular packing of the polymer layer:®-21 This is most likely due to the short length of the
monolayer toward higher packing densities was observed uponPolymer chains used in this study. For this reason, the polymer layer
increasing the PEG MW from 350 (8 EO units) to 750 g/mol Was modeled as a simple step functiéfi: .

(17 EO units). This rearrangement of the monolayer structure By combining the methods of grazing-incidence X-ray diffraction

. . ; ... and X-ray specular reflectivity, the in-plane and out-of-plane structure
may be due to a conformational change in the PEG chains with of thin amphiphilic films at air-liquid interfaces can be well character-

increasing length. ized. We performed the GIXD and reflectivity experiments at the BW1
. (undulator) beam line at the HASYLAB synchrotron source (Hamburg,
Experimental Methods Germany}* and on the Harvard/Brookhaven National Laboratory

bending magnek22B line at the National Synchrotron Light Source
(X-ray reflectivities¥® using liquid surface diffractometers. The am-
phiphilic monolayers were spread on a Millipore filtered water subphase
from 5 x 1076 M 1:9 methanotchloroform solutions. All lipids were
obtained from Avanti Polar Lipids. The trough was equipped with a
Wilhelmy balance and a barrier for surface pressure control and
thermostated to 22C. After spreading a film, the trough container
was flushed with helium to reduce the scattering background and to
minimize beam damage during the scans. As an additional precaution,
the trough was moved by 0.025 mm in the horizontal plane, perpen-
dicular to the incident beam, for each step during thg &ans. Typical
scans lasted 1 to 2 h.

The pressurearea isotherms for the four different DSPE-RG
lipids are shown in Figure 1. As can be seen, the PEG portion of the
lipid headgroup is also surface acti¢® and a non-zero surface
pressure is detected even at very large areas per molecule. However,
as the molecules are compressed, the DSPErREStherms become
almost superimposed, approaching that of unmodified DSPE, indicating
that the PEG portion of the molecules is pushed down into the water
subphase. No indication of domain formation or structuring within the

In general, Langmuir monolayers are composed of 2D crystallites
which are azimuthally randomly oriented on the water surface and
therefore may be described as 2D powders. The reciprocal space GIXD
patterns from the 2D ordered-crystalline monolayers on the liquid
surface arise from a 2D array Bfagg rods'é*”which extend parallel
to the vertical scattering vecton,.'® The scattered intensity was
measured by scanning over a range of the horizontal scattering vector,
Oxy ~ (4n/1) sin(2,/2), where 2, is the angle between the incident
and diffracted beam projected onto the horizontal plane,jaisdthe
wavelength of the X-ray beam. Such a scan, integrated over the whole
window of a position-sensitive detector (PSD), yieldsBragg peaks
Simultaneously, the scattered intensity recorded in channels along the
PSD, but integrated over the scattering vector in the horizontal plane
across a Bragg peak, producgsresolved scans calleBragg rod
profiles The intensity distribution along a Bragg rod can be analyzed
to obtain information on the direction and magnitude of the molecular
tilt in the crystalline part of the amphiphilic film (we assumed a
cylindrical electron distribution for the tails), the length, of the part
of the molecule which scatters coherently, and the magnitude of

\r;]volltleculfar tm"}';’f) Ior sducjrf?ce rcchutgqngss fOf thet' crystaltllr:es EDetbye monolayer at the airwater interface was observed using fluorescence
aller factor).>"" In addition, detailed information on the electron - groster angle microscopy (results not shown). To investigate how

density distribution in the vertical direction, laterally averaged over . «i-a of the PEG head . :
. ) ) group affects the physical structure and packing
both the ordered and disordered parts of the film, can be obtained from,, .10 the monolayers, GIXD and reflectivity measurements were

the deviation of the measured specular X-ray reflectivity from Fresnel's ., 4 cted on these three DSPE-REGmonolayers at a surface

law. 1647 o ) ) ) pressure of 42 mN/m.
The reflectivity data were analyzed using a kinematic appré&th.

The monolayer electron density distribution was approximated by boxes Results

of various lengths and electron densities, which correspond to the . . . . .
structural components of the layer, e.g., hydrocarbon tails, lipid ~ Grazing-Incidence X-ray Diffraction. The GIXD provided

headgroups, and PEG chains. Our philosophy was to use the simplesinformation on the crystalline portions of the monolayers. For
physically reasonable model to fit the experimental data. We began diacyl phospholipid monolayers at the -awater interface,
with a two-box model to describe DSPE, one box for the tail region diffraction is observed from the lateral order of the tails offly.
and another for the headgroup. A single Gaussian roughness was use¢rigure 2 shows low-order diffraction data for DSPE and DSPE-

(16) Als-Nielsen, J.; Kjaer, K. X-ray Reflectivity and Diffraction Studies (19) Milner, S.; Witten, T.; Cates, MMacromolecule4988 21, 2610-
of Liquid Surfaces and Surfactant Monolayers.Tine Proceedings of the 2618.
NATO Adanced Study Institute, Phase Transitions in Soft Condensed  (20) Szleifer, I.; Carignano, M. A. Tethered Polymer LayersAtlhrances
Matter, Geilo, Norway, April 4-14, 1989; Plenum Publishing Corp.: New in Chemical PhysigsPrigogine, I., Rice, S. A., Eds.; Wiley: New York,

York, 1989; pp 113-137. 1996; pp 165-259.

(17) Kjaer, K. Physica B1994 198 100. Proceedings of the 3rd (21) Kent, M. S.; Lee, L. T.; Factor, B. J.; Rondelez, F.; Smith, GI.S.
International Conference on Surface X-ray and Neutron Scattering, Dubna, Chem. Phys1995 103 2320-2342.
Russia, June 2429, 1993. (22) Alexsander, SJ. Phys. Parisl977 38, 983-987.

(18) To maximize surface sensitivity for the GIXD measurements the (23) de Gennes, P. @lacromoleculesl98Q 13, 1069-1075.
monochromatic X-ray beam was adjusted to strike the surface at an incident  (24) Majewski, J.; Popovitz-Biro, R.; Bouwman, W. G.; Kjaer, K.; Als-

angle~0.11°, which corresponds to a momentum transfer vectoq,cf Nielsen, J.; Lahav, M.; Leiserowitz, LChem. Eur. J.1995 1, 304.
0.85, whereqe = 0.02176 A1 is the critical scattering vector for total Weissbuch, |.; Popovitz-Biro, R.; Lahav, M.; Leiserowitz, L.; Kjaer, K.;
external reflection. See, for example, Eisenberger, P.; Marra, \WWh{s. Als-Nielsen, Jlsr. Adv. Chem. Phys1997 102 39-120.

Rev. Lett. 1981, 46, 1081. The dimensions of the footprint of the incoming (25) Braslau, A.; Pershan, P. S.; Swislow, G.; Ocko, B. M.; Als-Nielsen,
X-ray beam on the liquid surface were approximately 50 mn?. For the J. Phys. Re. A 1988 38, 2457.

collection of the diffracted intensities we used a one-dimensional position-  (26) Kjaer, K.; Als-Nielsen, J.; Helm, C. A.; Laxhuber, L. A.; ¥Meoald,
sensitive detector (PSD) with vertical acceptance § < 0.9 A2, and its H. Phys. Re. Lett. 1987 58 (21), 2224. Boehm, C.; Muwald, H.;
axis along the vertical. In front of the PSD a Soller collimator was mounted Leiserowitz, L.; Als-Nielsen, J.; Kjaer, KBiophys. J1993 64 (2), 553~
which defined the horizontal resolution of the detectun,, = 0.0075 AL 9.
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Figure 1. (a) Chemical structure of DSPE-EO(b) Monolayer 0.0 ) ’ . ' . , , [
compressionI{-A) isotherms of (a) pure DSPE, (b) DSPE-Pg&Gc)
DSPE-PEGs, and (d) DSPE-PE&at 21°C. The aread, is the mean 1.4 1.5 16 17 14 15 1.6 17
area per molecule at the aiwater interface. At high surface pressures g, (A7) Gy (A7)

(I1 > 30 mN/m) the lateral interactions of the polymer chains are not Figure 2. Grazing-incidence X-ray diffraction measurements from (a)
evident in the pressure isotherm, as the polymer chains are completely : - .
submerged in the water subphase. Inset: Schematic configuration ofPuré DSPE, (b) DSPE-PEE(C) DSPE'PE%"' and_(d) DSPE-PEfg
DSPE-EQ at the air-water interface at high and low areas monolayers at 42 mN/m at ZL. The two-dimensional contour plots

' of the intensity distributiori(gyy.0;) along the horizontalgy,) and the

. vertical (@, scattering vectors are shown. The number of observed peaks
PEGuw with both g,y and g, resolved. For pure DSPE mono- 44 their position ind,,) space indicate different unit cells and angle

layers the[ 1,0} reflection and higher order hexagonal reflections ot molecular tilt.
{1,14 and{2,0; were observed’ By contrast, only thg 1,0}
reflection was observable for the DSPE-Rlgmonolayers. [
Figure 3 shows the data projected ondheaxis, yielding Bragg 25 [
peaks, and intensities integrated over the Bragg peaks, as a__ I
function ofq, (the Bragg rods), are shown in Figure 4. Clearly,
for unmodified DSPE the peak is not split, indicating a
hexagonal lattice of the chains. The Bragg rod exhibits one broad
maximum, located ad, ~ 0?8 (Figures 2 and 4). This indicates
that the chains have little tilt in the pure DSPE monolayer.
Attaching two EO monomers (Pkg to the DSPE headgroup
induces a tilt of the chains, two maxima in thgdirection being
now evident (Figures 2 and 4). However, the REfattice is

still predominantly hexagonal, as these two peaks are atalmost= 0.5 m
the sameq, value. The ratio of the peak intensities is P DSPEPEG, e
approximately 1:2 and the positions of their intensity maxima

(gz 0 and g, > 0) indicaté®” that the molecules tilt 1.30 1.40 1.50 1.60 1.70
approximately toward their nearest neighBbiThe packing q, [A1

structure of the lipid monolayer changes further as the number _ o y_ ]

of EO units increases to 8 for P& Again, two maxima in Figure 3. Grazing-incidence X-ray diffraction data at a surface pressure
the intensity of the Bragg rods are evident (Figures 2 and 4), of 42 mN/m for (a) pure DSPE, (b) DSPE-PE((c) DSPE-PEGsq,

but they occur at two clearly separajg positions indicating a and (d) DSPE-PEGo The Bragg peak profiles were obtained by

. ; . . Iyt scanning along the horizontal scattering veagr(gyy ~ (4n/1) sin-
distortion of the hexagonal ceélt. The ratio of the intensities (26,,/2)), Where B, is the horizontal angle between the incident and

(27){hk} denotes a set of Bragg rodsikf with equal in-plane _dlffracte_d beam and is the wavelength Of. _the X-ra_l)_/ beam and
components ¥, hence not resolved in GIXD from these 2D powders. integrating over the wholg, window of the position sensitive detector.
E.g., for the hexagonal latticdel0} means{(10),(01),(D),(03),(11),(11)}. For the DSPE-PE§ and DSPE-PEg, monolayers, the Bragg peaks

(28) The sharp peak gt = 0.01 A1 is the so-called VineyardYoneda, are not symmetric, indicating a small distortion of the hexagonal lattice.
which arises from the interference between X-rays diffracted up into the These peaks (solid lines) were deconvoluted into two Bragg reflections
Bragg rod and rays diffracted down and then reflected up by the interface, ysing a least-squares fitting procedure. The parameters of the distorted

cf.: Vineyard, G.Phys. Re. B 1982 26, 4146. ; ; ;
(29) To obtain a good fit to the Bragg rod data for REG: deviation hexagonal unit cell and coherence lengths for the reciprocal lattice

from the nearest neighbor direction of the tilt azimuth by h@d to be vectors are listed in Table 1.
assumed.
(30) The distorted lattice, wita = b, y = 12¢°, can also be described ~ and their positions at, ~ 0 andg, > 0 once again indicates

as afcenteredl rectangular lattice:a,, by = +/3a;, yr = 90°. that the molecules are tilted toward their nearest neigh\§drs.

2.0 f
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1.0 F 3
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Figure 4. Bragg rods: scattered intensity distribution perpendicular to the water surface and integrated (after background subtractiog),over the
range of each Bragg peak to yield Bragg rods: (a) pure DSPE, (b) DSPE;REGDSPE-PEGs, and (d) DSPE-PEfs. The rods were fitted

(solid line) by approximating the coherently scattering part of the phospholipid tail by a cylinder of a constant electron density. The molecular
packing parameters used in the fitting procedure are listed in Table 1. All samples were compressed to a surface pressure of 42 mN/m.

Table 1. Results, Both In-Plane and Out-of-Plane, from Fitting the GIXD Diffraction Peaks Shown in Figures 3 and 4

in—plane Bragg peaks out-of-plane Bragg rods
area per projctd primitive coherence tilt tilt
compo- obsdd spacing molecule area  unitcella, b,y coherence length, length, angle, dir
sition ) (A9 (A9 (A, A, deg) A) Le(A)  t(deg) (deg) o:(A)
DSPE dip=dy=d1-1 = 4.07 38.3 38.2 4.70 470 120.0 Ligo1r1=360 235 3.8 nh 0.5
PEGs dio=dn=4.21 di-1=4.19 40.8 394 485 4.85 119.T400:=58 Li1=240 21.0 153 NNt10 04
PEGsP dio=0do1=4.31 di-1=4.23 42.4 39.7 491 491 118.64001=63 Li-1=250 15.6 20.3 NN 0.9
PEG]so d10: do]_: d1—1 =411 39.0 38.8 474 474 120.0 LlO,Ol,l—l =41 16.0 5.0 n/% 0.5

aThe distorted-hexagonal lattice, with= b, y = 12(°, can be described as a centered rectangular enesa + b,b,=a — b= a3, Yr
= 90°. P The tilt direction is not well-determined for small tilt angle.

Upon further increasing the number of EO units to 17, PG coherently scattering portion of the lipid tails for unmodified
the packing within the monolayer changes back to hexagonal DSPE corresponds to a fully stretchegs€hain,L. = 23.5 A,
and only one broad peak gf ~ 0 is present, indicating that  Table 1 (out-of-plane). The coherence length decreases from
the molecules are not tilted and stand perpendicular to the 23.5to 21.0 and 15.6 A as the number of EO monomers in the
interface, Figures 2 and 4. headgroup increases from 0 to 2 and 8. Similarly, the unit cell
Table 1 summarizes the results, both in-plane and out-of- hecomes more distorted from hexagonal packing with little tilt
plane, from fitting the GIXD diffraction peaks shown in Figures  for DSPE to tilted in a slightly distorted lattice for PE&and
3 and 4. Quantitatively,.using th.e Sphgrrer formtilave find to tilted molecules in a more distorted lattice for Pg&
that the in-plane crystallite domain size is 360 A for pure DSPE respectively. However, this trend of increasing distortion of the
and decreases to 58 and 240 A for FB)EC5_3 and _250 A_for unit cell does not continue. At 17 EO units for PEgno further
PEC-:35Qbanq admbere}.4ll A frc])r PE’% The. unit cell dln;]en§|or1|s reduction in the out-of-plane coherence length ocdws; 16.0
\éver:]emgtrgig;e eakys |tDtg|gEt a(; dpgzﬁgg:'“zgi'v\'/:azrl}see dmv;/%i?ene A. Moreover, the in-plane diffraction indicates that the structure
tge large asy?nmet’ry for PEGand PEGso?equired tWo p;aaks. returns to hexag_onal packing a_nd the molecules once again stand
The out-of-plane coherence lendth was obtained by fitting almost perpendicular to the aiwater interface with a corre-
the integrated Bragg rod intensities, as shown in Figure 4. The sponding decreage in thespacing. In other words, the unit
cell and the packing of the molecules almost return to that of
(31) Guinier, A.X-ray Diffractiory Freeman: San Francisco, 1968; eq ynmodified DSPE, but at the expense of a reduced out-of-plane
5.3. The in-plane coherence length is the average distance, in the direction - .
of the reciprocal lattice vectayy, over which “near-perfect” crystallinity coherence length (16.0 vs 23.5 A) and size of the scattering
extends in the 2-D crystallites. islands (360 vs 41 A).
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Table 2. Electron Density and Thickness Data

tail region headgroup region polymer region
electron total electron total electron total
compo- thickness density2®  thickness thickness density2® thickness thickness density2?  thickness
sition A p Lo (A) (A) p Lib (A) A) p LPA) o)
DSPE 21.13 0.971 21.13 9.04 1.426 9.04 3.42 17.6
(274) (274) 172)
PEG, 10.34 10.22 0.968 1.005 20.56 9.57 1.469 9.57 4.42 1.104 4.42 3.37 4.14
(134) (137) (271) (188) (188) (65) (65)
PEGs, 10.10 10.61 0.798 1.019 20.71 7.52 1230 1.480 1.179 1759 1150 25.40 1.043 1.002+ 113%0 3.45
(108) (144) (252) (149) (194) (343) (160) (340) (500)
PEGs, 6.98 1453 0.771 1.043 2151 11.11 9.34 1.244 1.114 2045 14.46 11.98 1.067 1.024 26.44 3.72 3.02
(72) (203) (275) (185) (139) (324) (206) (164) (370)

a All electron denisties are normalized by the electron density of waigg = 0.334 €/A3.The area per molecule was kept 40f8r the model
fitting. o is the root-mean-square roughness of the interfa@ke number of electrons is given in parentheses.

Reflectivity. In contrast to the GIXD measurements, reflec- layer3® However, as shown in Figar5 a region of higher
tivity provides information on both the 2D-crystalline and scattering density as compared to water slowly decays from the
amorphous parts of the monolayer. The reflectivity data were headgroup region into the water subphase. Finally, there is only
analyzed using the kinematical approach and the electron densitya moderate increase in the root-mean-square rouglnefsthe
profiles were approximated with boxes of various thicknesses monolayer as the number of EO units increades.
and electron densitié€:l” The unmodified DSPE monolayer
could be modeled with two boxes (see Table 2, Figure 5): one Discussion and Conclusions
box for the headgroup region, 9.04 A long, and with normalized ~ ag regards the in-plane packing, our results indicate that in
electro_n density 1.426 (all electron densities are reported e series DSPE, PRG to PEGs, the unit cell size increases.
normalized to that of the water subphase, 0.3%A8 and one A the number of ethylene oxide monomers increases, the area
box of length 21.3 A and electron density 0.971 for the tail, in per lipid molecule increases which increases the tilt, thereby
agreement with previous studi#sTo obtain a good fitto the  eqycing the lateral packing stresses. By contrast, with/2EG
DSPE-PE reflectivity profiles, we added a box to account  here was a change in the monolayer packing properties. The
for the polymer layer, but also found it necessary to divide the it cell shrank and the molecules returned to a perpendicular
tail region of the phospholipid into two parts, one with higher 4cking relative to the airwater interface. However, this was
electron density located next to the headgroup region and oneg; the expense of in-plane correlation length. The average
with lower electron density in contact with air. The total number herence length in the 2D crystallites was reduced to 41 A
of electrons within these two boxes was still close to the ¢qorresponding to coherently scattering clusters of only about
theoretical electron density of two,£chains. We found it 43 jinid molecules. This decrease in crystalline domain size
necessary to further divide the headgroup into two boxes,as(coherence lengths, see Table 1) as a function of PEG chain
the number of EO monomers increased from 2 to 17 EO units. jangth is due to lateral PEG-PEG interactions as well as-PEG
Parameters obtained from this fitting procedure are summarizediisiq headgroup interactions, i.e., osmotic pressure, configura-
in Table 2 and Figure 5. The fitting scheme and necessity of jona| entropy, water solvation, etc., which act to disrupt the
dividing the tail region into two sections, one with higher and in-plane packing order within the monolayer.
one with lower electron density, is demonstrated in Figure 6. g;njjar rends were seen in the out-of-plane scattering. The

Only when this was done were the reflectivity profiles well coherently scattering part of the molecules decreased from a
reproduced by the m_odels_. - . A fully stretched Gg chain for DSPE (23.5 A) to a low of about

In all cases, the tail region of the lipid layer is 24.0.5 16 A for the DSPE-PEG lipids. This suggests that the lipid
thick; however, the electron density distributed between the two molecules stagger to reduce the repulsive PEG modified
boxes _composing this layer C.hanges Wit.h increasing number theadgroupheadgroup interactions. We see this staggering by
EO units. By modeling the tail region with two boxes, we see reflectivity as well. Both the tail and headgroup regions must

that the box representing the tail region adjacent to the lipid be divided into higher and lower scattering density boxes. A
headgroups has an electron density slightly greater than thatpIausibIe model ogf this structure is depictgd in Fitgure 7. i3y

for close-packed hydrocarbon chains, while the box against aircombining the structural data obtained from the GIXD and
has a lower than expected electron d_ensity. Likewise, the IC?Oxes‘reflectivity measurements, we estimate the maximum staggering
used to model the headgroup region have a SySFer‘nat'cfi”yorIipid—lipid off-set to be about 10 A, e.g., the coherence length
decreasmg electron density (closer_ to water) but increasing decreases from 23.5t0 15.6 A. Likewise, good fits were obtained
th!ckness as compared to ur_lmodlfled DSPE. Indeed, theto the reflectivity data only when the head and tail regions were
thickness of the headgroup region doubles from 9 to 20 A for divided into 10 A regions of differing electron density. This 10
PEGrse As we will dISCUSS. n @he next section, these results A of staggering also corresponds to the size of an unmodified
imply a mixing and contnbutpn of dlffgrent parts of thg DSPE headgroup. These results taken together with the distor-
molggule in each of th.e boxes, i.e., a mixing of ponm.e.r W'.th tions in the unit cell and different packing modes from tilted
the lipid headgroup region, headgroup with tail, and participation hexagonal to tilted rectangular and back to nontilted hexagonal

oI air in the 1];al| rlegloln. Th%setchatmg?s are most I|ketly cli:l_Je :IO for PEGyo, PEGiss and PEGso, respectively, suggest that the
staggering or molécules and structural rearrangements. FInally, aiarg) PEG modified headgroufheadgroup repulsion was
the thickness of the polymer layer increases with increasing
number of EO units. The weak contrast between PEG and water (33) The electron density of bulk PEG is only 6% higher than the water
makes it difficult to quantify the extent and density of this subphase.
(34) We were surprised that the monolayer roughnesswas not

(32) Helm, C. A,; Tippman-Drayer, P.; Mohwald, H.; Als-Nielsen, J.;  significantly increased by molecular staggering. It may be that the gauche
Kjaer, K. Biophys. J.1991 60, 1457. Helm, C. A.; Mohwald, H.; Als- defects and disorder, as sketched in Figure 7, cause thenainolayer
Nielsen, J.; Kjaer, KBiophys. J.1987 52, 381. interface to have a relatively smooth appearance.
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Figure 5. X-ray reflectivity data at a surface pressure of 42 mN/m for (a) pure DSPE, (b) DSPE;RE®SPE-PEGs,, and (d) DSPE-PEfs;

the solid lines are fits to the data using box models discussed in the text, @ d') The corresponding electron density profiles obtained from

the fittings (parameters shown in Table 2). The steplike profiles are the unsmeared electron density profile, while the smooth curves result when
the box models are convoluted with the root-mean-square interfacial roughn&¥#R- is the measured reflectivity normalized by the Fresnel

reflectivity, Rg, for an ideal, infinitely sharp airwater interface.

reduced through two different modes: one,ibgreasing the as the number of EO monomers increased from 2 (BE&hd
area per moleculeand molecular tilt, which thereby reduces 8 (PEGsg) to 17 (PEGysg). One possible explanation for this
the headgroupheadgroup interaction, and two, Bjaggering behavior is a structural change induced or stabilized by

the headgroupsut of the monolayer plane.

increasing the number of EO monomé&fsPEG can form

It was surprising that the trend of greater unit cell distortion hydrogen bonds both with itself and with water. PEG is known
and reduced out-of-plane coherence lengthdid not continue to form helical coils in the solid phase and to retain some of
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o DSPE_PEG750 of the lipid monolayers changes with increasing EO monomer units.
ol ) . . . \ With increasing number of EO monomers the coherently scattering

portion of the lipid tailsL, decreases from 23.5 A, 21.0 A, 15.6 A, to
16.0 A for DSPE, DSPE-PEgG DSPE-PEGs, and DSPE-PEGy,
respectively. Evidently, the tail end (against air), as well as the tail
part nearest to the lipid head, becomes more out of register and these
portions of the hydrocarbon layer become more and more disordered
as depicted schematically. As a result, the molecules obtain more space
for lateral disorder, but no longer Bragg scatter so the out-of-plane
coherence length decreases. Similarly, the unit cell becomes more tilted
and distorted with increasing PEG MW. However, this trend does not
continue as the number of monomers increases from 8 to 17. For chains
greater than 14 monomers, it may be possible for PEG to form
helices®36 Interdigitation of neighboring helical chains would be
another way of reducing the lateral PEG-PEG repulsion.
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Figure 6. (a) X-ray reflectivity data for DSPE-PE&, The solid lines
are fits to the data using multiple box models. (b) The corresponding
smeared and unsmeared electron density profiles for two through six
box models. The only model for which a reasonable fit is obtained to
the entire reflectivity profile especially at higher momentum transfers
occurs when the lipid tail region is divided into two boxes, one with
lower electron density in contact with air and one with higher electron
density located next to the headgroup region. The fitted electron
densities were offset by 0.3 along thexis.
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this helical structure in watéf. Fro_m X. ray dlffrgctlon . concentrations up to 10 mol % indicated that the lateral stresses
measurements, the pitch of these hehcei in the. solid phase IS duced by larger polymeric headgroups did not distort the
19 A and composed of 14 EO monom@#$Thus, if we have  iancions of the lipid unit cell. Instead, these monolayers

two such helices adjacent to eaCh other as in a BEG  raqyced the packing stresses predominately through out-of-plane
monolayer, another way of reducing the lateral headgroup protrusions, similarly to DSPE-PE& (Figure 7d).
headgroup or rather PEG-PEG repulsion would be to offset these
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