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Thermodynamic Properties and Swelling Behavior of Glycolipid Monolayers at Interfaces
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Synthetic glycolipids with lactose headgroups=€ 1, 2, and 3) were synthesized, and their thermodynamic
properties were systematically studied by Langmuir isotherms using a film balance. The molar transition
entropy and the molar latent heat were calculated by applying the Clat@Glageyron equation. It has been
demonstrated that the phase behavior of the glycolipid monolayers is comparable to that of ordinary
phospholipids, despite the lower degree of cooperativity between the larger headgroups. The glycolipid
monolayer was transferred onto a solid surface by LangnaRimdgett deposition, and the swelling behavior

was investigated by ellipsometry. The surface grafting density was precisely controlled, and the water disjoining
pressure inside the lactose layer was quantitatively measured. The measured swelling curves were analyzed
in terms of the theoretical descriptions for the grafted polymer “brushes”. For the lipids with lactose units of

N = 2 and 3, the disjoining pressutéhickness relation could fit very well to these theoretical approaches,
even though the statistical limiit > 1 is hardly fulfilled. The results suggest entropic effects of the headgroups

on the interaction between the neighboring molecules. On the other hand, the theoretical description of the
swelling behavior of the lipids with one lactose unit failed due to the “rodlike” structure of lactose. The
unique properties of these glycolipids at interfaces, such as (i) the phase behavior comparable to that of
ordinary phospholipids and (ii) the “polymer-like” swelling behavior, play very important roles in biological
systems. Mimicking the complex interactions between oligosaccharide headgroups in the plasma membranes,
the synthetic glycolipids designed in this study are quite realistic models for the glycocalix.

1. Introduction the steric repulsion by the PEG headgrotipg® A similar
approach has been chosen to stabilize the colloidal dispersions
using the soft, hydrated chaif’sMoreover, it has been reported
that the PEG brushes grafted onto solid supports could passivate
the surface against the nonspecific adsorption of the prateitts.
There have been many reports on the effects of the ethylene
glycol chain on their morphologies and interfacial properfe$
however, quantitative studies of the thermodynamic and elastic
properties of glycolipids themselves in the well-defined artificial
model systems are still missing.

In the present study, lipids covalently attached to lactose
joligomers (the number of lactose unidé,= 1, 2, and 3) were
synthesized, and their thermodynamic properties and swelling
resistanca? 13 behavior were studied. Since each lactose unit takes a linear

It should be noted that such oligosaccharides only not serve conformation, the_y are expected to b? fath‘?f simple _egcc_)caIix
as specific recognition sites but also provide a soft “cushion” model_s. The design (.)f such wgll-dgflned pmc_ompauble Inter-
between tissue-forming cells because of their unique swelling f2ces includes a variety of scientific applications toward the
behavior!415To study the complex interplay of weak generic generation of cell and qssue_surface mode_ls (e._g.,_basal laminas
forces and strong specific forces, several artificial models have of blo‘_)d vessels) to investigate the basic pnnmplt_es o_f cell
been proposed. Among various glycocalix models, phospholipids 2dnesion and cell growth contrdlindeed, the glycolipid with
with poly(ethylene glycol) chains (PEG lipids) have been widely 2 Iactpse spacer betlwleen §|aI.yI-LeW.|s.-X hegdgroup a}nd a
applied in numerous field$ For example, vesicles doped with ceramide moiety exhibited similar efficiency in cell-rolling

o ; ) ) i 3,35 i i i
PEG lipids showed a remarkable increase in the blood circula- €XPeriments?3* In the first part of this study, Langmuir
tion times compared with ordinary vesicles, corresponding to Pressure-area !sotherms were meagured at several temperatures

in order to estimate thermodynamic and structural parameters

* Corresponding author. Tel:++49-89-28912539. Fax:++49-89- of the monolayers at the air/water interface. In the second part,
28912469. E-mail: mtanaka@ph.tum.de. glycolipid monolayers were transferred onto the hydrophilic

Glycolipids, whose polar headgroups are attached to oligo-
saccharides, play fundamental and essential roles ir-cell
and celF-matrix interaction by (i) specific recognition by
counterpart lectins, (i) modulation of adhesion receptors, and
(i) glycolipid-glycolipid interaction’~” For example, blood
group- and tumor-associated antigens such as sialyl-Lewis-X
and sialyl-Lewis-A interact specifically with selectih8.Al-
though such phenomena have been widely studied, little is
known regarding the interaction mechanism on a molecular
level. Indeed, most of the experiments were concerned with the
measurement of rather macroscopic quantities such as cel
rolling assays to determine the rolling velocity and shear force
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Figure 1. Synthesis of the investigated derivatives IM¢N = 1, 2, and 3) via repetitive glycosylation.

silicon wafers. Equilibrium thickness of the saccharide layer connected di-lactose intermediat€J; , = 7.9 Hz for 1¢c-H;
was measured as a function of disjoining pressure by using shift of the 4b-H signal from 3.85 to 5.29 ppm after acetyla-

ellipsometry. Relative humidity (i.e., partial water vapor pres-

tion). Again, de©-isopropylidenation furnished the following

sure) in the measuring chamber was precisely controlled betweeracceptor5, and de©-benzoylation furnished the desired Lac 2
20% and 98%. The obtained results were discussed in terms ofderivative under the conditions described above. Repetitive

the scaling theory of de Gennes and Alexaf%&P and a self-
consistent field (SCF) approach of Miln&r#t

2. Materials and Methods
2.1. Synthesis of the Glycolipids2.1.1. GeneralSolvents

were purified according to the standard procedures. Flash

chromatography was performed on J. T. Baker silica gel 66 (40
63 um) or J. T. Baker RP-18 silica gel (40n) at a pressure of

coupling of 5 with donor 1 yielded the elongated protected
glycolipid 6, which was de@-isopropylidenated in the same
manner. Because of the low solubility of Lac 3, the @e-
benzoylation and purification were performed in dimethyl
sulfoxide (DMSO) mixtures.
(1,2-Di-O-hexadecyl-sn-3-glyceryl)-O-(2,6-di-O-benzoyl-3,4-
di-O-isopropylideng3-bp-galactopyranosyl)-(+4)-2,3,6-tri-O-
benzoylB-p-glucopyranoside Z). A solution of (2,6-diO-

approximately 0.4 bar. Thin-layer chromatography was per- Penzoyl-3,4-dio-isopropylidenes-p-galactopyranosyl)-(+- 4)-

formed on Merck silica gel plastic plates 68F(TLC), glass
plates 6054 (HPTLC), or glass plates RP-18 68k (RP-18
TLC); compounds were visualized by UV light and charring
with 15% aqueous $80,. Optical rotations were measured on
a Perkin-Elmer polarimeter 24th ia 1 dmcell at 293 K. NMR

2,3,6-tri-0-benzoylB-p-glucopyranosyl trichloroacetimidaté?
(3.81 g, 3.64 mmol) and 1,2-d-hexadecylsn-glycerof>43
(1.97 g, 3.64 mmol) in dry CkCl, (25 mL) was treated at room
temperature with BFE#O (138uL, 1.09 mmol). After stirring
for 15 min, the mixture was neutralized with NEand

measurement were recorded on a Bruker AC250 Cryospec Orco_ncentrated in vacuo. Flash chromatography on silica with a
Bruker DRX spectrometer (using the deuterated solvent as Mixture of toluene/ethyl acetate (12/1) as eluent affo2igti88

internal standard, unless otherwise stated). The carbohydrated: 94%) as a colorless solid. TLC (10/1 toluene/ethyl acetate)

monomers were assigned in alphabetical order, beginning from

R =0.39. mp 377 K.§p = 28.4 ¢ = 1.0 in CHCE).'H NMR

the aglycon, based in part on carbon-proton shift-correlation (250 MHz, CDC4): 6 4.72 (d,J12 = 7.9 Hz, 1H; laH).

heteronuclear multiple quantum coherence (HMQC); only the

(1,2-Di-O-hexadecyl-sn-3-glyceryl)-O-(2,6-di-O-benzoyd-

anomeric signals are shown. The water content of the glycolipids galactopyranosyl)-(3-4)-2,3,6-tri-O-benzoyp-p-glucopyrano-

was calculated according elemental analysis.

2.1.2. Synthesidn the following section, the investigated
glycolipids were named Labl, corresponding to the number
of lactose unitsN = 1, 2, and 3. The synthetic route to these
glycolipids is shown in Figure 1: glycosidation of known lactose
trichloroacetimidatd#? with 1,2-di-O-hexadecyknglycerof>43
as lipid anchor was performed in the presence of-BEO as
catalyst to afford the lactose intermedi&é 94% yield. The
pB-configuration of the newly formed glycosidic bond was
confirmed in the!H NMR spectrum J,, = 7.9 Hz). Acid-
catalyzed cleavage of the isopropylidene group furnisBed

side @). Compound2 (410 mg, 287umol) was dissolved in
CH.CI, (5 mL), and 50% aqueous @EOOH (5 mL) was added.
After stirring vigorously for 6 h, the mixture was diluted with
CH.CI, (50 mL). The organic phase was washed with a saturated
aqueous NaHC®solution, dried (NgS0Oy), and concentrated.
The residue was purified by flash chromatography (eluent: 4/1
toluene/acetone) to giv@ (392 mg, 98%) as colorless foam.
TLC (4/1 toluene/acetondy = 0.32. jo]p = 27.2 ¢ = 1.0 in
CHCl).
(1,2-Di-O-hexadecyl-sn-3-glyceryl)-@-p-galactopyranosyl)-
(1—4-p-p-glucopyranoside (Lac 1)A solution of sodium

which served as an acceptor for the next glycosylation. Removal methoxide (1 M) in CHOH (1.7 mL) was added to a solution

of the O-benzoyl protective groups with sodium methoxide in
CH,CI,/CH3;OH afforded Lac 1 in almost quantitative yield after
purification on reversed phase (RP-18) silica gel.
Elongation of3 with donor1 in the presence of BfELO as
catalyst at 253 K afforded exclusively the expecj#d-3)-

of 3 (600 mg, 433umol) in dry CH;OH and dry CHCI, (40

mL each). After stirring overnight, the solution was neutralized
with Amberlite IR120 (H), filtered, and absorbed on RP-18
silica. Flash chromatography on RP-18 silica with a mixture of
0/4/1— 0/1/0— 65/25/4 CHCYCHsOH/H,0 as eluent afforded
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Lac 1 (419 mg, 97%) as a colorless powder after lyophilization  (1,2-Di-O-hexadecyl-sn-3-glyceryl)-O-(2,6-di-O-benzoyd-
from HyO/dioxane (3/1). HPTLC (80/20/2 CH{CH;OH/H,0) galactopyranosyl)-(3-4)-(2,3,6-tri-O-benzoyB-p-glucopyrano-
R = 0.58. [o]p = — 12.3 ¢ = 1.0 in 65/25/4 CHGJCH3OH/ syl)-(1—3)-(2,6-di-O-benzoyp-p-galactopyranosyl)-(+-4)-
H,0). 'H NMR (600 MHz, TMS, 65/25/4 CDGICDsOD/ (2,3,6-tri-O-benzoy3-D-glucopyranosyl)-(+3)-(2,6-di-O-
D20): ¢ 4.29 (d,J1 .= 7.8 Hz, 1H; 1aH), 4.33 (d,J1,= 7.0 benzoylg-p-galactopyranosyl)-(3-4)-2,3,6-tri-O-benzoyp-D-
Hz, 1H; 1b-H). C47H92013-H,0 (883.3). glucopyranoside 1). Compound6 (1.11 g, 356umol) was
(1,2-Di-O-hexadecyl-sn-3-glyceryl)-O-(2,6-di-O-benzoyl-3,4- treated as described f@to give after flash chromatography
di-O-isopropylidengs-p-galactopyranosyl)-(&-4)-(2,3,6-tri-O- (eluent: 3/1 toluene/acetone) derivativg958 mg, 87%) as
benzoylg-p-glucopyranosyl)-(3-3)-(2,6-di-O-benzoyp-o- colorless foam. TLC (3/1 toluene/acetori&)= 0.34. fa]o =
galactopyranosyl)-(4-4)-2,3,6-tri-O-benzoyB-p-gluco-  48.9 € = 1.01in CHCE).
pyranoside 4). A solution of 1 (160 mg, 153zmol)*2 and 3 (1,2-Di-O-hexadecyl-sn-3-glyceryl)-@--galactopyranosyl)-
(193 mg, 13%mol) in dry CHCl, (2 mL) was treated at 253  (174)-(6-p-glucopyranosyl)-(3-3)-(5-p-galactopyranosyl)-
K with BFs*Et,O (5.3uL, 42 umol). After stirring for 15 min, (1—4)-(p-p-glucopyranosyl)-(3-3)-(3-p-galactopyranosyl)-
the mixture was neutralized with NEand concentrated in  (1—4)-3-D-glucopyranoside (Lac 3)A solution of sodium
vacuo. Flash chromatography (eluent: 10/1 toluene/acetone)Methoxide (1 M) in CHOH (3.3 mL) was added to a solution

afforded4 (275 mg, 87%) as a colorless foam. TLC (9/1 toluene/ ©f 7 (402 mg, 131umol) in dry CHOH and dry DMSO (10
acetoneR = 0.36. u]p = 42.1 € = 1.0 in CHCE). 'H NMR mL each). The solution was stirred for 3 days, diluted with some

(600 MHz, CDC): 6 4.45 (d,J1»= 7.9 Hz, 1H: 1d-H), 4.57 water, and absorbed on RP-18 silica. Flash chromatography on
(d, J1o= 7.6 Hz, 1H; 1b-H), 4.62 (d.Jio= 7.9 Hz, 1H: 1e- RP-18 silica with a mixture of 0/+> 2/1— 1/1— 1/2 DMSO/
H), 468 (d' Jip= 7.9 Hz 1’H'.1&H)’ ‘ R H20 as eluent afforded Lac 3 (136 mg, 67%) as a colorless

lyophilization f .RP-18 TLC (1/2 DM
(1,2-Di-O-hexadecyl-sn-3-glyceryl)-O-(2,6-di-O-benzoyd- g%vzgﬂ)agfe; %OE 4! ization from b0 8TLC (U SO/

galactopyranosyl)-(#-4)-(2,3,6-tri-O-benzoy-p-glucopyrano-
syl)-(1—3)-(2,6-di-O-benzoyp-p-galactopyranosyl)-(3-4)-

2,3,6-tri-O-benzoy)s-D-glucopyranosides). Compound4 (2.85
g, 1.25 mmol) was treated as described3do give after flash
chromatography (eluent: 5/1 toluene/acetone) deriv&i{Z63

2.2. Sample Preparation.Thermally oxidized silicon wafers
were given as a gift from Wacker Chemtronic (Burghausen,
Germany). Freshly distilled ultrapure water (Millipore, Molsheim,
France) was used as a subphase throughout this study. All other
chemicals were purchased from Fluka (Neu-Ulm, Germany) and
g, 94%) as colorless fpam. TLC (4/1 toluene/acetdne; 0.30. used without fur?her purification. The s(preading solutions)(/)vere
[ofo = 45.2 € = 1.0 in CHCY). prepared by dissolving each glycolipid into the mixture of

(1,2-Di-O-hexadecyl-sn-3-glyceryl)-@-O-galactopyranosyl)-  chloroform/methanol (70/30 by volume) at a concentration of
(1—4)-(p-p-glucopyranosyl)-(+3)-(3-p-galactopyranosyl)- 1 x 10°3 M.

(1—»4)—[3.-D-gIucopyranoside (Lac 2)A solution of sodium 2.3. Film Balance Experiments.Langmuir pressurearea
methoxide (1 M) in CHOH (1.8 mL) was added to a solution  jsotherms were measured with a film balance designed in our
of 5 (199 mg, 88.5:mol) in dry CHOH (40 mL). After stirring laboratory (trough area: 982.5 &mAfter the lipids were spread
overnight, the solution (with precipitate) was evaporated and onto the subphase, the surface pressure was monitored with a
dissolved in CHG/CH;OH/H,O (65/25/4). After neutralization  \ijlhelmy plate in the course of compression at a rate of 1.3
with Amberlite IR120 (H), the solvent was filtered and  cp?/min. The whole trough was temperature-controlled with a
absorbed on RP-18 silica. Flash chromatography on RP-18 silicacommercially available heating/cooling system. Typical errors
with a mixture of 0/3/1— 0/1/0 — 65/25/4 CHC}/CH3OH/ in temperature control were in the range=8.5 K.

H20 as eluent afforded Lac 2 (85.5 mg, 80%) as a colorless 2 4. Static Swelling MeasurementsEquilibrium thickness
powder after lyophilization from pO/dioxane (3/1). HPTLC  of the glycolipid monolayer deposited onto hydrophilic Si/$iO
(70/30/4 CHCYCH3OH/H0) Rr = 0.49. [o]p = 0.6 € = 1.0 substrates by the LangmuiBlodgett method was measured as
in 65/25/4 65/25/4CHGICH;OH/H;0). 'H NMR (600 MHz, a function of relative humidity using a conventional point
TMS, 65/25/4 CDGJCD;0OD/D;0): 6 4.30 (d,J1» = 8.2 Hz, ellipsometer (Plasmos GmbH Prozesstechniknbhen, Ger-

1H; la-H), 4.37 (t, 1H; 1a-H), 4.44 (d,J.2 = 7.7 Hz, 1H; many). The ellipsometer was attached to a film balance equipped
1b—H), 4.57 (d,J12 = 7.7 Hz, 1H; le-H). CsoH112025°H20 with a closed chamber, which enables precise control of the
(1207.5). relative humidity of the atmosphere between 4% and 98%

(1,2-Di-O-hexadecyl-sn-3-glyceryl)-O-(2,6-di-O-benzoyl-3,4- (Figure 2). Throughout the experiment, a constant flow (5
di-O-isopropylideng3-p-galactopyranosyl)-(+-4)-(2,3,6-tri-O- L/min) of the adjusted humid air was applied. During the

benzoyls-D-glucopyranosyl)-(+-3)-(2,6-di-O-benzoyB-p-ga- spreading anq compression of the monola}yer, a vertically
lactopyranosyl)-(1-4)-(2,3,6-tri-O-benzoyB-p-glucopyranosyl)- mounted Si/Si@ substrate remained dipped in the subphase.
(1—3)-(2,6-di-O-benzoyB-b-galactopyranosyl)-(#4)-2,3,6-tri- After the surface pressure reached to a well-defined pressure
O-benzoy|g-p-glucopyranoside®). A solution of 1 (540 mg, value ofp = 25 mN/m, the substrate was pulled out from the

513 umol)*2 and5 (958 mg, 42mol) in dry CH,Cl, (8 mL) subphase at a rate 0f0.1 mm/s. The total thickness of the
was treated at 253 K with BFELO (16 uL, 129 umol), and deposited monolayer, which consists of the lactose layer and
then the ice bad was removed. After stirring for 30 min, the the layer of the alkyl chains, was measured at a constant
mixture was neutralized with NE&nd concentrated in vacuo. Wavelength{ = 632.8 nm) and a fixed angle of incidence (%0
Flash chromatography (eluent: petroleum ether/ethyl actitate  Thickness of the lactose layer was calculated by assuming the
— 3/,) afforded 6 (1.15 g, 86%) as a colorless foam. TLC alkyl layer thickness of 1.8 nm and the refractive indexct
(petroleum ether/ethyl acetate 2R)= 0.20. [u]po = 56.8 € = 1.5317%% By measuring the two ellipsometric anglél,andA,

1.0 in CHCE). *H NMR (600 MHz, CDC}): 6 4.40 (d,J;» = we can derive the ratio between the complex reflection coef-
8.0 Hz, 1H; 1b-H), 4.43 (d,J1,= 8.0 Hz, 1H; 1d-H), 4.56- ficients, RyR;

4.58 [m, 2H. HMQC: 4.56 (1eH), 4.58 (1f-H)], 4.60 (d,J; 2 _

= 7.9 Hz, 1H; la-H), 4.67 (d,J.2 = 7.8 Hz, 1H; le-H). R/R; = tan¥ exp(-iA) ()
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lm 11({ _— of the film, which is a function of the thickneskand the water
mea‘;’;‘:ﬂﬁzﬂt’ volume fraction within the filn?-52The disjoining pressure can
closed humidity R be expressed by use of van't Hoffs law
chamber .7
/’ %etector R
air in 1-- /” pP=— (V_T) In(X) (3)
film balance air out @ ,analyzer m,
(covered) Thple
v whereVy, is the molar volume of watef, is the temperaturd?
= 2~ stands for the gas constant, X the relative humidity inside
L——x : @ polarizer the chamber. To analyze the foredistance relationship within
moving barrier .. . .
this interlayer, we plotted the determined layer thickness as a
function of the relative humidity (i.e., disjoining pressure),

lipid yielding the disjoining pressure-thickness curve.
monolayer

IRIISANS ks

3. Theoretical Concepts

The measured swelling curves were analyzed by applying
two different physical concepts: (i) the scaling theory by

Figure 2. Schematic drawing of the ellipsometer coupled to a covered Alexander and de Genn€s®* and (ii) the mean field approach

: i 40,41 ; -
film balance and a humidity chamber. The top of the chamber was by Milner. . Although ou.r experlmgntal systems do not fL!|fI||
sealed with an o-ring, and bottom was connected to the covered film @ Symmetrically planar situation with the polymers confined
balance. The glycolipid monolayer could be transferred onto the between two parallel plates, all the equations discussed in the
substrate by the Langmu#Blodgett method. By mixing dry air and  following chapter were applicable to the experimental data by
water-saturated air, the relative humidity inside the chamber was multiplying all theoretical expressions by the order of unity.
controlled between 4% and 98%. The flow rate was 5 L/min, and the 3 1 Scaling Theory A general expression for the free energy
chamber volume was about 3 L. F of grafted polymers on the surface is given by de Gennes,

Alexander, and Daow83° by

R, and Rs are given as the ratio between the incident and 53 2\5/4
evanescent electric field®, = Ep evadEp,incia. andRs = Es evah F~ kTh(%) _ 5(%‘) 4 5(N_g) +
o

Es.incie The initial thickness of the monolayer (i.e., thickness
under low humidity conditions) was determined between 4% kT(Q)Z(g)_mN_l +KTho @)
and 20% of relative humidity. The thickness change in this
regime was in the range of the resolution limit of the ellipsom-

eter used (+2 A). Between two subsequent equilibrium N s the number of monomer segments with lengtlandD is
thickness measurements, the film was allowed to equilibrate the thickness of the polymer layed. represents the surface
for about 10 min. Furthermore, the thickness was measured atadsorption energy per monomer in units of kT, whileand &
decreasing humidity as well as at increasing humidity to ensure the mean area per polymer and the blob diameter, respectively.
the equilibrium between the deposited monolayer and the humid The first term describes the energy necessary to confine a
air. A refractive index oh = 1.56 for the bulk polysaccharide  polymer molecule behaving as an ideal chain inside a.flbb
was assumed*+46to evaluate the initial thickness of the lactose second term stands for the adsorption energy of a chain on the
layer by analyzingRy/Rs in terms of the Fresnel equatiofis. surface, while the third term for the repulsion between over-
For the thickness evaluation of the swollen lactose film |apped polymer chains. The fourth term describes the so-called
containing increasing amounts of water, the refractive index was “brush” regime. The last term represents the translational entropy
calculated by applying the Garnet equatf8f? which relates  of the polymers, which can be neglected by assuming that the

the refractive index of a homogeneous solutiop, to the alkyl chains are immobilized on the surface.

volume fraction of the solutep In case the distance between the grafting poihtss less
than the Flory radiugj, < Rr, the polymer chain takes a “brush”
3P conformation with the blob diameter &. The equilibrium
Ne=ny [1+ n2 4 on 2 © thicknessDjy, ¢, can be described &b, ~ aNd,*>. The
% - ® interaction potential of the polyma#: ., is given by
Mo — Nm
o KT |4[Cbust)”" 4 D \m

ny andny are the refractive indices of the pure solute and the Vorush™ ~3Dbrus 5\ D + ?( ot ) (5)

pure solvent, respectively. The volume fractidnis simply dp Dprus

related to the layer thicknegssby ® = do/d, wheredy is the o _
initial film thickness. The equilibrium film thickness at certain  yielding the resulting pressure of
humidity can be calculated self-consistently, starting from the

refractive index of the initial layer and successively applying o K thrush o/a D \34

the Garnet formula. Porush™ —3 D - ( - ") (6)
The dominating forces between these two interfaces separated dp Dbrus

by a thin lactose layer can be described in the context of the

disjoining pressure modé&?. This external pressur, can be 3.2. Self-Consistent-Field Approach.The self-consistent-

defined as the negative derivative of Gibbs free en&gwith field (SCF) approach of Milner et &P:4! is based on the
respect to the film thicknes p = —9G/ad. G is the free energy  terminally fixed linear chains exhibiting a high grafting density.
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In contrast to the scaling approach, the quality of the solventis 35—

not so crucial in this treatment. When the film is compressed
from the equilibrium thicknes®:"' . the interaction energy 30
per unit area can be described as
25
Vel {7 oy Do 1( D Jz 1( D )5 - 20
brush™ ~ |19 o " olmset | 10l mscf =
12 2D 2Dgie  1O\Dhs Z
= 15+
and the resulting interfacial pressure is given by 10
2 Dscf 2 5
scf . [T 3 1 |I_ 1{ “brush D _
Pbrush'\' 1_2 N(OW) Dscf "I. E( D + Dscf 0-
brus brush T " T T |
1/ D \4 40 60 80 100 120
E( scf) (8)
brus
35
o= d;z is the grafting density, an@l stands for the “excluded
volume”. 301
4. Results and Discussion 25
4.1. Langmuir Isotherms. For each glycolipid (the number g 20
of lactose unitsN = 1, 2, 3), the pressurearea isotherms were %

measured at several different temperature conditions between = 15
283 and 308 K. To eliminate hysteresis effects, we monitored

the isotherms during the expansion as well as during the 10
compression. 5
The Langmuir isotherms of the Lac 1 lipid are shown in
Figure 3a. AtT < 298 K, the isotherms exhibited no liquid 0- ——
expanded phase and were dominated by the condensation of AR RS A AR AR

40 60 80 100 120

the dihexadecyl chains from a gas phase to a liquid condensed
Area per Molecule [A2]

phase. Such behavior can be explained by the stiffness of the

short, fully hydrated, and stretched “rodlike” lactose moieties. 35
At T = 303 K, an onset of a plateaulike regime was observed,
corresponding to a first-order phase transition from the liquid 30 -
expanded to the liquid condensed state. Further rise in temper-

ature leads to an increase in the transition pressure and a 254

decrease in the coexistence region. Such a systematic tendency.,

L . .- . . . _ E 204
coincides with the approach to a critical point, which is well z
known from the previous studies on ordinary phospholipid ¢ 15

monolayers$3.54
As presented in Figure 3b,c, qualitatively similar isotherms 104
were observed for the monolayers of Lac 2 and Lac 3. In
accordance with the increase in the lactose units, a systematic 5
increase in the transition pressupg, at a given temperature
was observed (Figure 4a). The obtained results suggested that 0
the steric interactions between neighboring lipid molecules were 0 60 80 100 120
dominated by the strong repulsion between the headgroups.
However, the qualitative shape of the coexistence region was
still dominated by the lateral packing density of the alkyl chains Figure 3. Langmuir isotherms of the monolayers of (a) Lac Tat
and not by the “polymer-like” effects of the headgroups. Indeed, 283 293,298, and 303 K, (b) Lac 2 &= 288, 293, 298, and 303 K,

imil d b din th . dv for th and (c) Lac 3 atT = 288, 293, 298, and 303 K. The fluidjas
a similar tendency was observed In the previous study for the ¢,eyistence line was fitted by polynomial of 4th order (broken line).

monolayers of PEG lipids with shorter chaiffs. At high temperature and pressure conditions, the coexistence line can
It should be also noticed that the slope of the isotherms in be approximated as parabola, whose vertex coincides with the critical
the coexistence region was increased with the increase in thepoint. The points of intersection of the linear extrapolated lines in panel
size of the lactose headgroups. Such a slope in the Langmuir2 were taken to defind.e andA.c. To estimate the deviation i, we
isotherms can be generally explained by the stabilization of 00k several points.
domains due to (i) small amounts of impurities (.2 mol
%),%556 (ii) “intermediate” states of the alkyl chaiffé,or (iii) headgroups. From a thermodynamic point of view, any slope
the strong interaction between the headgrddpehe first two can be described by a decrease in cooperativity of the transition,
approaches are based on nonequilibrium effects, which do notwhile a classical first-order transition assumes infinite cooper-
follow the Gibbs phase rule; however, the third interpretation ativity. Therefore, it is plausible that the larger headgroups result
explains this slope by the continuous compression of the in a less effective interaction between the alkyl chains.

Area per Molecule [A2]
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Figure 4. (a) Transition pressurpx and (b) molar latent heat of the o
phase transitiorg plotted as a function of temperatufiefor Lac 1 5
(open circle), Lac 2 (closed square), and Lac 3 (open square). é
o
g
By applying the ClausiusClapeyron equation Zg
@
d . As _ Aqg ©) &
dar — — TT(A - — T
Ae = Ac) Ae = Ac) 16 18 20 22 24 26 28 3.0
we can estimate thermodynamic quantities such as the molar Thickness of Lactose Layer d [nm]
latent heatg, or the molar transition entropy = o/T, from Figure 5. Absolute disjoining pressure vs thickness of the lactose layers
the variation of the transition pressure with the absolute for (a), Lac 1, (b) Lac 2, and (c) Lac 3. The measured values (open
temperature, jok/dT. It should be noted that the valuggsz — circles) were compared with the theoretical predictions based on the

: 0 : self-consistent-field approach (solid lines) and the scaling theory (broken
Ac andﬁqtﬁan dgfer up t0 50 f’ihde?end'.?g on howdth]? or:jset lines). The swelling behavior of Lac 2 and Lac 3 could be well
(Ae) an the en pointA.c) o the transition were delined. — gypained by both of the “brush” models.
As shown in Figure 3a, we defined the onset and the end point

according to the manner previously report®® The increase  the linear assumption betwepr andT (Figure 4a), the critical

in pc as well as the decrease Me — A.c with temperature  pressure can be derived from the critical temperatdig,
observed in this study had been also reported for phospholipid cg|culated according to eq 10. This leads to a critical pressure
monolayers, and they can be understood in terms of a two- pc = 9—16 mN/m and a critical temperature o = 313-316
dimensional van der Waals gas model. The phase coexistence respectively. The extracted values were in good agreement
region can be fitted by polynomial of 4th order (Figure-3c. with the critical pressure derived from the parabola fit, which
At high surface pressure and high temperatures, the phaseyso supports the validity of our theoretical model. Moreover,
coexistence line can be approximated well as a parabola, Whosqhey are also comparable to those of phospholipids with
vertex coincides with the critical point. This justifies, at least dihexadecyl chain¥ Figure 4b shows the temperature depen-
as a rough estimation, the application of a two-dimensional van gence of the latent heat. When the lactose moiety was longer,
der Waals equation in the vicinity of this critical point. the corresponding latent heat was less than that of the shorter
Expanding of the van der Waals equation near the critical point gne which can be attributed to the lower degree of cooperativity

derives due to the larger headgroups.
A T _ T\w2 4.2. Swelling Behavior of Glycolipid Monolayers. The
Ac —o|_C (10) glycolipid monolayers were transferred onto the substrafie at
Ac Te = 293 K and at a lateral pressurepf= 25 mN/m. The areas

per molecule were 37 A(Lac 1), 37 & (Lac 2), and 40 A
whereAc is the area at the maximum of the parabBl&rom (Lac 3), respectively. In this regime, the glycolipids take the
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The difference between the swelling behavior of Lac 1 from
~ (d/dg)™® those of Lac 2 and Lac 3 might be explained by the influence

interaction between the neighboring lipids is strongly influenced

& 10 of the alkyl chains on the phase transition of the glycolipid
o 2 monolayers. Actually, the Langmuir isotherms of Lac 1 were
7 o dominated by the condensation of the alkyl chaing at 298

@ 1 u] . i i A

S.:> @ K (Figure 3a). In accordance with the increase in the lactose
o 4 = units, the headgroups gained conformational entropy. The steric
£

2,

(%)

2

7 a . .
R by the repulsion between headgroups. Thus, the swelling curves
EE could be well explained by the “brush like” behavior of the
. = lactose groups.
3 DD
| e L LN LN R .
1.0 1.2 1.4 1.6 1.8 5. Conclusions

Swelling Ratio d/d, . . . - .
9 0 Interfacial properties of the synthetic glycolipids with lactose

Figure 6. Absolute disjoining pressure as a function of relative swelling headgroups (Lali; N = 1, 2, and 3) were systematically studied

ratio of Lac 1,d/do, normalized to the thickness of “dry” layer. At - . . .
high disjoining pressures from 2 1CFto 7 x 107 Pa, a power lawp by applying two experimental techniques. Thermodynamic and

0 (dido)" was fitted to the disjoining pressure curves, yielding an structural properties_ were obtained from film bqlance experi-
exponent ofn ~ —9. ments. The Langmuir isotherms clearly show an increase in the

o ) ) transition pressure and in the slope of the transition regime,
liquid condensed phase, where the alkyl chains orient nearly 5¢ccording to the increasing number of lactose units. This reflects
perpendicular to the surface. The relative humidity was varied tpe increase in the repulsion between headgroups, which
between 30% and 98%, corresponding to a change of thejmpedes upon the compression of alkyl chains as well as an
disjoining pressure between 1.6910° and 2.83x 10° Pa. increase in the solubility, which in turn causes a decrease in
In Figure 5a-c, the disjoining pressure is plotted versus the cooperativity. From the phase coexistence regions in the
absolute thickness of the swollen lactose layer. In each plot, isotherms, the molar transition entromyand the molar latent
both the experimental data (open squares) as well as tWOheat,q, were estimated by applying the ClausiGlapeyron
theoretical fits are presented baseq on the scaling approach an%quation. Furthermore, by applying a two-dimensional van der
the SCF model. To expose possible power law dependence\yaais gas model, the critical temperature and the critical
between the disjoining pressure against Fhe thlckqess, Wepressure were estimate@ic = 313-316 K andpc = 9-16
presented all results as legpg plot. The swelling behavior of 1 \/m respectively. It is worth noting that the phase behavior
Lac 1 could hardly be interpreted as *brushes” neither by the ¢ 16 giycolipid monolayers is comparable to that of ordinary

scaling approach nor by the SCF theory,_even though the phospholipids, despite the lower degree of cooperativity between
swelling ratio of~2.0 in the low-pressure regime-{0’ Pa) is the larger headgroups.

still in a plausible range from the corresponding ratios of dextran Th ling behavi f th linid . . db
(~2.0) and hyaluronic acid«2.7)6 This observation suggests The swelling behaviors of these lipids were investigated by
ellipsometry coupled to a film balance and a humidity chamber,

that the very short headgroups behave like “rigid-rod” but not ' . . .
like “polymer chains”, similar to what had been observed for which enables t.he precise control of the surface graftlng qlgngty
the PEG lipid monolayers with shorter chaghis is also in and the quantitative measurements of the water disjoining
a good agreement with the Langmuir isotherms of Lac 1 pressure inside the lactose layer. Theoretical interpretation was
showing the qualitatively similar characteristics to phospholipid 2ttémpted by applying the scaling theory and the SCF approach
for the grafted polymer “brushes”. Both of the theoretical

monolayers. At high disjoining pressures fromx210® to 7 x X . D :

107 Pa, a power lawp O (d/do)" was fitted to the disjoining treat_ments failed to explain the dlS]omlng _pressutuckness

pressure curves, yielding an exponenta# —9 (Figure 6). In relatl_on of the Lac 1 monolayer. This might be due to f[he

this high disjoining pressure regime, typical intermolecular rodlike structure of lactose. For Lac 2 and Lac_3, the swelling
curves could be fitted very well by these theoretical approaches,

distancesr, are comparable to Bohr radius@.5 A), and the ’ : ! -
swelling should be mainly dominated by short-range repulsive suggesting entropic effects of the headgroups on the interaction

interactions caused by the overlapping of molecular orbitals. Petween the neighboring molecules. The random conformations
The hard core repulsion of the Lennaidbnes potential scales  ©f the lactose groups resuilted in the “polymer-like” swelling
asr—12 This exponent corresponds to a scaling lawpaf (d/ behavior, driven by the water uptake of the saccharide layer.
do)=9 0 that agrees with the power law obtained from our  As described above, the unique properties of these glycolipids
experiments. Similar power law dependencies in the high at the interface can be specified in terms of (i) the dominating
disjoining pressure regime could be also observed for Lac 2 effects of alkyl chains on the phase behavior, which is
and Lac 3. comparable to that of ordinary phospholipids, and (ii) the
In Figure 5b,c, the swelling behaviors of Lac 2 and Lac 3 specific swelling behavior due to the hydration, which can be
were compared with theoretical predictions for “polymer interpreted as that of “polymer brushes”. The first characteristics
brushes” based on the scaling approach and the SCF theoryis very important in biological systems to keep the cell
Indeed, both of the “brush” models fit obviously better to the membrane structure stable, while the second plays a key role
measured disjoining pressure curves than the “mushroom”to form a soft “cushion”, preventing the nonspecific adhesion
models, which is quite evident from the conditions of prepara- between cells and tissues. For the study of the complex interplay
tions (i.e., high transfer pressure, relatively short headgroups). of various physical forces in the celtell recognition processes,
Also, it should be noted that the thickness of the lactose layersthe synthetic glycolipids designed here are quite unique and
(=3 nm) is still far away from the basic statistical conditidh, suitable glycocalix models. The quantitative study of the various
> 1. These results also showed a good agreement with resultggeneric forces at biocompatible interfaces includes a variety of
for PEG lipids with longer chain® scientific applications toward the generation of models of cell
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and tissue surfaces to investigate the basic principles of the
interactions between oligosaccharide headgroups in plasm

membranes.
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