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Report: 

 

1. Experiment details 

Experiments were performed using the purpose-built Langmuir trough on the liquid diffractometer at the 

TROIKA II beamline ID10b. The monolayers were spread at the air/water interface and examined at different 

states of compression. Four model monolayers were tested on different subphases (varying ionic strength and 

pH) comprising the following lipid species (in varying proportions): 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE), 1,2-dipalmitoyl-sn-

glycero-3-phospho-L-serine (DPPS), N-palmitoyl-D-erythro-sphingosylphosphorylcholine (SM) and 

cholesterol (chol), akin to the two leaflets of the red blood cell (RBC) lipid membrane: 

1. Outer leaflet (OL): DPPC : DPPE : DPPS : Cholesterol : SM (31 : 9 : 1 : 20 : 39 wt%) 

2. Inner leaflet (IL): DPPC : DPPE : DPPS : Cholesterol : SM (12 : 38 : 22 : 20 : 8 wt%) 

3. Inner leaflet (as 2.) but excluding cholesterol to investigate the role of cholesterol in the lateral ordering of 

the IL. 

4. Inner leaflet (as 2.) but containing 7-ketocholesterol instead of cholesterol to mimic a monolayer under 

oxidative stress. 7-ketocholesterol is one of the main products of cholesterol oxidation in RBCs. 

Furthermore, the individual components (DPPC, DPPE, DPPS) of the complex RBC-like monolayer mixtures 

were measured.  

 



 

Scattering was collected using monochromatic X-rays (C (111) crystal channel cut monochromator) and the 

two-component detector arm. The micro-beam setup was used featuring a beam size of 100 × 300 μm2 at an 

energy of 8 keV, 200 mA (λ = 1.55 Å) with a high photon flux of 2.7×1012 ph/s. The double crystal deflector 

allowed to perform XRR experiments from the liquid surface without moving the sample. To collect reflected 

intensity, the P100K detector was used. In GIXD experiments, the monolayer is illuminated at an angle of 

incidence of αi = 0.1233°, slightly below the critical angle for total reflection of αcr = 0.154° and so the lateral 

organization of the acyl chains and cholesterol was studied with the Mythen 1K detector. 

 

 3. Results  

The experiments carried out at beamline ID10b gave important structural information in addition to our previous 

investigations of the same systems using fluorescence microscopy, surface relaxation techniques and Molecular 

Dynamics simulations, in which we established that the IL and OL monolayers are rigid and probably contain 

highly organized domains with densely packed lipid acyl chains over a wide range of lateral pressures.  

 

We acquired XRR curves for all four monolayers at different surface pressures (π) that exhibited an increasing 

degree of order in the z-direction with increasing π. At 30 mNm-1, we observed fairly similar reflectivity scans 

(Fig.1, left) for the three different IL-like and the OL-like monolayers on a buffer solution containing mono- 

(Na+) and divalent cations (Ca2+). The XRR curves can be extrapolated using the slab model of electron density. 
Electron density distributions across the monolayer were calculated (Fig.1, middle) and it can be seen that the 

composition has a major influence on the electron density profile. While the total monolayer thickness remains 

roughly the same for all RBC-like monolayers, the distribution between headgroup and acyl chain thickness varies 

(Fig.1, right). The OL monolayer shows a much thicker headgroup and smaller acyl chains as compared to the IL 

monolayer. This might be due to the higher content of lipids with intrinsically large headgroups like PC and SM in 

the OL monolayer. The acyl chain thickness might be decreased in this case due to a tilt of the crystallized acyl chains 

relative to the interface normal, which is a usual scenario for pure PC monolayers, or somewhat less ordered acyl 

chains. However, the very complicated mixture of 5 component does not allow to answer this question easily. On the 

other hand, the main lipid species in the IL mixture are PE and PS with comparatively small headgroups, hence the 

smaller average headgroup size in the IL mixture and the sharper and somewhat higher maximum at the phosphate 

group region of the electron density. The IL monolayer and the IL monolayer without cholesterol show very similar 

head group and acyl chain thicknesses. The presence or absence of cholesterol seems to change these thickness 

distributions only slightly. The oxidation of cholesterol, however, has a drastic impact on the thickness ratio. For the 

IL 7KetoChol monolayer, the headgroup slab is increased significantly in size in comparison to the IL monolayer 

with normal cholesterol, and the headgroup slab is even thicker than for the OL monolayer that features lipids with 

larger headgroups. The oxidized 7-Ketocholesterol is more hydrophilic and thus prefers to be closer to the 

phospholipid’s headgroup region, increasing their effective size. Molecular Dynamics simulations also show that 

more water molecules seem to be drawn deeper into the monolayer as compared to the IL monolayer with normal 

cholesterol. Those 2 effects lead to an increase of the size of the hydrophilic headgroup region and seems to cause a 

disordering of the acyl chains and hence the decrease in acyl chain layer thickness and somewhat flattening of the 

electron density profile in the phosphate group region. The oxidised cholesterol, 7-Ketocholesterol, obviously has a 

major impact on lipid order and monolayer structure.  

 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
10

-12

10
-7

10
-2

10
3

10
8

 exp

 fit

X-ray reflectivity (tris pH=7.4, NaCl, CaCl
2
, 20°C)

n
o
rm

a
liz

e
d
 r

e
fl
e
c
ti
v
it
y
 /
 a

.u
.

q
z
 / Å

-1

30 mNm
-1

 IL

 IL 7KetoChol

 IL NoChol

 OL

 
-10 0 10 20 30

0

1

2

3

4

5

w
a

te
r 

s
u

b
p

h
a

s
e

headgroupslipid acyl chains

electron density profiles (tris pH=7.4, NaCl, CaCl
2
, 20°C)

n
o

rm
a

liz
e

d
 

e
(z

) 
/ 

e
le

c
tr

o
n

s
  

Å
-3

depth z / Å

a
ir
 /

 H
e

RBC 30 mNm
-1

 IL

 IL 7KetoChol

 IL NoChol

 OL

 IL IL7KetoChol ILNoChol OL
5

10

15

20

25

30

RBC 30 mNm
-1
: thicknesses  acyl chain region

 head group region

 total monolayer

th
ic

k
n
e
s
s
 /
 Å

 
Figure 1. XRR behaviour of RBC-like monolayers. Left: XRR curves for RBC IL (purple), IL 7-KetoChol 

(blue), IL NoChol (green) and OL (red) monolayers on tris buffer (pH=7.4, 150 mM NaCl, 50 mM CaCl2) at 

20°C, experimental data (symbols) and simulated data (lines). Middle: electron density profiles calculated from 

the XRR curves with the same colour code. Right: Plot of the thickness of the head group (red circles), the acyl 

chain (black squares) and the whole monolayer (blue triangles) for all 4 investigated RBC-like monolayers. 

 



 

We acquired 2D GIXD patterns for all the monolayers, which we integrated over qz to obtain 1D Bragg peak 

(Fig. 2, left) and compare them to each other. At 30 mNm-1, the 1D diffraction curve for all 3 IL monolayer 

show a single Bragg peak at 1.499 Å-1 (Fig. 2, left), indicating the presence of a hexagonal lattice. Thereby, the 

diffracted intensity is the highest for the monolayer without cholesterol and the IL monolayer with normal 

cholesterol shows decreased intensity in comparison. Oxidation of cholesterol leads to a further decrease in 

intensity. The full width half maximum (fwhm) of the diffraction peak is a indicator for the order of the acyl 

chains and related to the coherence length of the mosaic structure of the crystaline acyl chain layer (Lc = 0.9 

×2π/ fwhm). For the IL monolayer with normal cholesterol,  Lc = 177 Å, which is the highest value of the three 

IL-like films and the acyl chains are ordered into rather large domains of equal crystal orientation. When 

cholesterol is removed this order is somewhat reduced. Oxidation of cholesterol, however, results in a drastic 

further reduction of Lc and thus the acyl chain order. This is in accordance with the findings from the XRR 

experiments and proves that 7-ketocholesterol causes a higher disorder in the alcyl chain region, compared to 

the IL monolayer with normal or no cholesterol, and hence the reduction in acyl chain layer thickness as found 

from the electron density curves. The OL monolayer, on the other hand, shows a more complex diffraction 

pattern, featuring 2 diffration peaks. This possibly indicates the presence of a distorted hexagonal latice featuring 

the {10} and {1-1} reflexes which are well separated. Due to the high content of PC in the OL monolayer it 

might be possible that domains of the interfacial film show lipids with tilted acyl chains, resulting in a herring-

bone or pseudo-herring-bone lattice. Also, a rectangular acyl chain lattice could lead to the present GID pattern.  
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Figure 2. GID behaviour of RBC-like monolayers. Left: Bragg peaks (baseline corrected) in 1D GID curves 

integrated over qz for RBC IL (purple circles), IL 7-KetoChol (blue stars), IL NoChol (green triangles) and OL 

(red squares) on tris buffer (pH=7.4, 150 mM NaCl, 50 mM CaCl2) at 20°C. Right: Coherence lengths calculated 

from the fwhm of the Bragg peak for all the IL monolayer. 

 

Of the pure lipid monolayers investigated, we would like to point out the DPPS monolay and its response to the 

ionic strength of the subphase. In Figure 3, reflectivity curves (left) and electron density profiles (right) of DPPS 

monolayer are compared for measurements on a pure water and on a tris buffer (pH=7.4, 150 mM NaCl, 50 mM 

CaCl2) subphase, respectively. It is obvious that at 30 mNm-1 even the XRR curves are remarkably different 

depending on the subphase’s ionic strength and the electron density profiles also show a very different shape for 

different subphases. This is the case for the lipid monolayers at 30 mNm-1 and also at smaller surface pressueres 

like 15 or 3 mNm-1 (data not shown). DPPS shows a charged headgroup that responds to an ionic subphase by 

adapting the headgroup order and thus the ordering of the acyl chains can be influenced as well. This is an 

important factor to be taken into account when discussing or studying the complex RBC-like monolayers, 

especially the IL-like monolayer that feature a high PS-content. A single peak is visible in the GID data with a 

maximum at 1.499 Å regardless of the subphase. However, the intensity and fwhm is decreased the case of the 

ionic subphase, indicating a better ordering of the acyl chains in the DPPS monolayer on the water subphase. 
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Figure 3. XRR curves (left), electron density plots (middle) and 1D GID data (right) of DPPS monolayers on a 

water (left/right: black symbols for experimental data and black lines for fitted data; middle: dotted lines) or tris 

buffer (pH=7.4, 150 mM NaCl, 50 mM CaCl2) subphase (left/right: blue symbols for experimental data and blue 

lines for fitted data; middle: straight lines) at surface pressueres given in the graph.  

 

4. Conclusions and future work  

We demonstrated the feasibility of investigating complex multicomponent monolayers of compositions akin to 

the individual leaflets of the red blood cell using XRR and GIXD experiments. We established the existence of 

highly ordered hexagonal or rectangular arrangements in the systems. The information obtained from these 

experiments will serve to critically examine and quantify phenomenological models of the lateral and 3D 

structure of RBC monolayers as derived from Molecular Dynamics simulations.  

 

The present study employed model systems with saturated acyl chain to evaluate the effects arising from the 

headgroup distribution. It will serve as a basis for further experiments of more physiologically relevant systems 

featuring unsaturated chains or originating from red cell extracts. The established methodology of evaluating 

the effects arising from oxidative stress could serve to identify disease related oxidation effects on different 

membrane species. In addition, this work will allow the investigation of the role of environmental parameters 

such as subphase composition, in order to more closely mimic the native conditions of RBC membranes. We 

expect these results to lead to better understanding of the changes observed in various red cell-related diseases 

involving oxidative stress and help inform novel therapeutic strategies. 


