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The ripple structure of 1,2-dimyristoyl+phosphatidylcholine (DMPC) multibilayer containing excess water (60 wt%) 
was studied by synchrotron X-ray small-angle diffraction. The (0,l) spacing which corresponds to the ripple repeat 
distance depends on temperature: At 13°C the (0,l) spacing is 14.15 nm, the spacing decreases at higher temperatures 
and reaches 12.1 mn at 23.5”C, just below the main transition temperature. The spacing is in good agreement between 
heating process and cooling process except for the supercooling region. The result suggests that the rearrangement of 
the ripple structure takes place during temperature change successively. The Landau-de Gennes free energy equation 
explains well the temperature dependence of the ripple repeat distance. 

Introduction 

Hydrated phosphatidylcholine (PC) multibilayer sys- 
tems undergo well characterized phase transitions with 
the sequence of L,, L,f, Psr and L, phases. In the Par 
phase periodically undulated ‘ripple’ structure in the 
bilayer with a period of 12 nm-14 run has been ob- 
served [l-6]. In the other phases the lipid bilayers 
possess a flat surface structure. 

The ripple repeat distance has been obtained from 
X-ray diffraction and freeze-fracture electron mi- 
croscopy experiments. Tardieu et al. have proposed a 
two-dimensional electron density profile of ripple struc- 
ture from crystallographic data in dilauroylphosphati- 
dylcholine (DLPC) and dimyristoylphosphatidylcholine 
(DMPC) [l]. Janiak et al. found by X-ray diffraction 
that the ripple repeat distance is 12 nm at 20°C in fully 
hydrated DMPC and have pointed out that it depends 
on the water content [2]. Using freeze-fracture electron 
microscopy, the ripple repeat distance in the fully hy- 
drated DMPC system was reported to be 13 f 2 nm, 

Abbreviations: DLPC, 1,2-dilauroyk-phosphatidylcholine; DMPC, 
1,2-dimyristoyl-L-phosphatidylcholine; DPPC, 1,2-dipalmitoyl+ 
phosphatidylcholine; PC, phosphatidylcholine; DSC, differential 
scanning calorimetry. 

Correspondence: I. Hatta, Department of Applied Physics, School of 
Engineering, Nagoya University, Nagoya 464-01, Japan. 

12-14 nm, 13 f 1 nm and 12.9 + 1.7 nm by Sackmann 
et al. [6], Copeland and McConnell [7], Luna and Mc- 
Connell [4] and Hicks et al. [3], respectively. 

From the observation with the scanning tunneling 
microscope, Zasadzinski et al. have obtained that the 
ripple repeat distance of DMPC is 13 nm and the 
average amplitude is 4.5 nm [8]. 

Inoko et al. have described from their X-ray diffrac- 
tion measurements that the ripple periodicity in the 
fully hydrated DPPC is insensitive to temperature [9]. 
On the basis of this fact Wack and Webb have focused 
on the concentration- and chain-length dependence in 
their recent report [lo]. Mortensen et al. have studied 
the temperature dependence of dimyristoylphospha- 
tidylcholine with perdeuterated fatty acid chains 
(DMPC-d,,) by small-angle neutron scattering [ll]. 
Their experiments have been carried out for a ‘stable’ 
sample prepared by storing at 5°C for months and a 
‘metastable’ sample which has not experienced the low 
temperature. The former undergoes subtransition and 
the latter does not. In our present study, the experiment 
was performed for the metastable sample in that sense. 
As far as judged from Fig. 10 of Ref. 11, there is 
scarcely temperature dependence of the ripple periodic- 
ity in the ‘metastable’ DMPC-d,,. However, we can 
read from Figs. 5 (b) and (c) of Ref. 11 that the ripple 
repeat distance becomes longer at lower temperatures. 
In order to make clear the uncertain situation, in this 
study we focused on the temperature dependence of 
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ripple periodicity, using synchrotron X-ray small-angle 
diffraction. 

Marder et al. have discussed the ripple formation in 
terms of the phenomenological Landau-de Gennes the- 
ory, in which the order parameter is defined by the 
normalized bilayer thickness [12]. They have pointed 
out that the spatial modulation of the order parameter 
is essential to the formation of the ripple structure. Such 
spatial modulation is due to the fact that the ripple 
structure consists of periodically banded microdomain 
structures composed of fluid-like and gel-like regions. 
The coexistence of fluid-like and solid-like microdo- 
mains in the Pst phase has been suggested by nuclear 
magnetic resonance [13], fluorescence experiments [14] 
and electron spin resonance [15]. The temperature de- 
pendence of the ripple periodicity can be explained by 
the phenomenological Landau-de Gennes theory. 

Materials and Methods 

DMPC was purchased from Sigma Chemical Co. and 
also from Avanti Polar Lipids Co. Data shown in this 
manuscript were taken using the former sample, how- 
ever, similar results were obtained for the latter one. 
The materials were found to be pure by thin-layer 
chromatography and then were used without further 
purification. For preparation of multilamellar lipo- 
somes, DMPC powder was first dissolved in spectro- 
scopic-grade chloroform. After the chloroform was 
evaporated under a stream of nitrogen gas, the sample 
was dried under vacuum overnight to remove the trace 
of the solvent. They were hydrated with distilled water 
and incubated at about 50°C for 3-8 h. To obtain 
enough intensity in the X-ray diffraction measurement 
the sample was concentrated by centrifugation with 
9000 X g for 30 min. The water content in the sample 
was estimated by measuring the lipid weight before 
hydration and the total weight after centrifugation. The 
amount of lipid that remained in the supematant was 
very small and thus was neglected. The water content 
thus estimated was 60 f 1 wt%. 

Synchrotron X-ray small-angle diffraction measure- 
ments were made at BL-15A Station at Photon Factory, 
National Laboratory for High Energy Physics in 
Tsukuba. Horizontally focused and monochromatized 
0.155 nm X-ray beam was used for experiments. The 
design of the small-angle X-ray diffractometer has been 
described in Ref. 16 in detail. Diffraction patterns were 
detected with a one-dimensional position-sensitive pro- 
portional counter (Rigaku). Its effective length was 170 
mm and the data profiles were recorded with 512 chan- 
nels. The sample-to-detector distance was 1300 mm and 
then the maximum diffraction angle is 28 = 3.8’. The 
lame&r first- and second-order diffraction could be 
measured with an angular resolution of 0.016 O. 

The sample cell consists of an aluminum plate of 1 
mm thickness having a hole of 4 x 6 mm. The sample 
was set in the hole and sealed by Mylar films of 12 pm 
thickness in the both surfaces of the plate. This was 
fixed in a brass holder and immersed into the tempera- 
ture-controlled water supplied from a temperature con- 
stant bath (NESLAB Co. Ltd., RTE-SB). The tempera- 
ture of the sample was monitored with a chromel-alumel 
thermocouple situated near the plate. 

X-ray diffraction profiles were taken with sampling 
time of 60 s. The temperature of the sample was changed 
step by step. At each step the temperature was kept 
constant within the stability of 0.1 C” and under this 
condition the X-ray diffraction measurement was car- 
ried out. The average heating rate resulted in 0.23 
Co/mm. After measurements in heating scan, the sam- 
ple was incubated for an hour at 27.0° C which was 3 
C” higher than main transition temperature. Before 
cooling the stage on which the sample cell holder was 
situated was translocated horizontally to avoid radia- 
tion damage. As in the case of the heating scan, the 
sample was cooled step by step and the average cooling 
rate was - 0.23 C “/min. 

Fig. 1 shows the X-ray diffraction patterns of DMPC 
multibilayer containing 60 wt% water measured in the 
Pst phase. The profiles taken in cooling process from L, 
to Psf are drawn. A small but distinct peak observed 
around s( = 2sin@/A) = 0.8.10-’ (mn-‘) was assigned 
as the (0,l) peak corresponding to the ripple repeat 
distance. As far as the (OJ) peak is concerned, it reaches 
to the stable state at least within 1 min after the 

2Sitle/h x10 (iltll-‘I 
Fig. 1. The X-ray diffraction profiles of DMPC multibilayer contain- 
ing 60 wt% water in the Pa, phase. Measurements were made in the 
cooling process. The temperature change was performed step by step. 
The average temperature scamring rate was 0.23 C”/min. The sam- 
pling tune of these profiles was 60 s. The observed five peaks are 
assigned as (OJ), (l,O), (l,l), (2,0) and (2.1) (see text). The intensity in 
the range from s =0 to 0.2.10-’ (nm-t) is reduced due to a beam 
stopper. A, 13.O’C; B, 14.0DC; C, 15.2%; D, 17.0% E, 19.O”C; F, 

20.5T; G, 22.O”C; H, 23.5-Z. 



temperature is changed in the Psj phase (data not 
shown). Furthermore, there is an intense peak assigned 
as the (LO) peak corresponding to the lamellar repeat 
distance near s = 1.5 + 10-l (nm-‘). At 23.5”C the (0,l) 
spacing is 12.1 nm and the (LO) spacing is 6.74 nm 
which are in good agreement with that reported previ- 
ously by Janiak et al. [2]. The peak appearing near 
s = 3.10-l (nm-’ ) is assigned as the (2,0) reflection. In 
addition to the above three peaks, another peaks are 
observed near s = 1.71.10-i (nm-‘) and near s = 3.1. 
10-l (nm-‘) as the shoulder of the (LO) peak and (2,0) 
peak, respectively. The former one is indexed as the 
(1,l) peak according to the assignment in DMPC multi- 
bilayer containing 22.3 wt% water by Janiak et al. [5]. 
The latter peak is assigned as the (2,l) peak between 
two possibilities of (2,l) peak and (2, - 1) peak. Because 
the variance C(d,,, - dca,)2 for the above-mentioned 
five peaks becomes smaller in the case that the peak is 
not assigned as the (2,- 1) but as the (2,l) peak. Here 
d,, denotes the calculated spacings from lattice param- 
eters a, b and y of the monoclinic unit cell, where y is 
the angle between the a-axis and the b-axis. dabs is the 
observed spacing determined as follows. The diffraction 
peaks were assumed to be composed by superposition 
of Lorenzian profiles and analyzed by the least-squares 
fitting program developed by Nakagawa and Oyanagi 

P71. 
In Fig. 2 the very small-angle region of the X-ray 

diffraction patterns of DMPC in cooling and heating 
runs are drawn using an expanded scale. It can be seen 
that with decreasing temperature the maximum of the 
peak shifts towards the small-angle direction both in 
heating and cooling. Owing to the detection of the 
profiles by PSPC, we could obtain the data points at 
every channel separately. Then we only distinguish the 
difference of the intensities between the neighboring 
channels whose distance was 0.37 nm at 13°C and 0.26 
nm at 23.5”C. For the detailed analysis of the profile, a 
further study is necessary. In spite of the limitation as 
described above, plotting of the (0,l) spacings as a 
function of temperature (Fig. 3) clearly demonstrates 
that the temperature dependence obtained in heating 
process is basically similar to that obtained in cooling 
process. In the cooling run, however, the Pst phase has a 
supercooling region below 15 “C. 

The observed spacings of five peaks and the lattice 
parameters u, b and y at various temperatures in the 
cooling process are summarized in Table I. The (1, - 1) 
and (2, - 1) spacings caiculated from the lattice parame- 
ters are also given in this Table, however, these peaks 
are not observed due to the strong (1,l) and (2,l) peaks, 
respectively, lying near to the above peaks. The dif- 
ference between the (0,l) spacing and the real ripple 
repeat distance (lattice parameter a) is estimated to be 
less than 0.1 nm. This is due to the fact that the angle y 
is near 90 O. From Fig. 3 it is concluded that the ripple 
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Fig. 2. The X-ray diffraction profiles of DMPC multibilayer in the 
small-angle region in cooling (a) and in heating (b). The (0,l) peak 
which corresponds to the ripple repeat distance can be seen in the 
region from s = 0.7.10-i (nm-‘) to 0.9.10-i (nm-‘). 
A, B, C, D, E, F, G and H in (a) denote the results obtained at the 
same temperatures as indicated in Fig.1. In (b): I,, 15.8”C; J, 16.8”C; 

K, 18.8”C; L, 20.3’C; M, 22.6’C. 

repeat distance becomes longer from 12 nm to 14 nm as 
the temperature decreases. The other spacings do not 
show a significant temperature dependence. 

On cooling the (0,l) peak was observed below to 
13.O”C and therefore, the pretransition temperature lies 
below this temperature. It is rather difficult to infer the 
pretransition temperature from X-ray diffraction mea- 
surements, since the (0,l) peak intensity becomes weak 
and undetectable near the pretransition temperature. 
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Fig. 3. Temperature dependence of the (0,l) spacing of the DMPC 
multibilayer measured by the small-angle X-ray diffraction. 
Gpen circles represent the data obtained in the cooling run 
with - 0.23 C “/min. Closed circles represent the data obtained in the 

heating run with 0.23 CO/mm. 
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TABLE I 

The spacings of observed X-ray diffraction peaks and those calculated from lattice parameters a, b and y of monoclinic umt cell 

The (1,-l) and (2,- 1) are not detectable, since they are hidden by the strong peaks of (1,l) and (2,1), respectively. Then they are denoted as a 

missing mark ‘-‘. 

Y (OS) 

Fnm) (“) (nm) 

(1,O) (U) (1, - 1) (2,O) (Z-1) (231) 
(nm) (nm) (nm) (nm) (nm) (m) 

23.5 o C obs. 12.11 6.14 5.86 _ 3.37 _ 3.19 
Cd. 

22.O”C obs. 

cal. 

20.5’C obs. 

Cd. 

19.O”C obs. 

cal. 

17.O”C obs. 

cal. 

15.2”C obs. 

cal. 

14.O”C obs. 

cal. 

13.O”C obs. 

cal. 

6.14 12.11 90.7 

6.70 12.24 91.2 

6.70 12.38 91.4 

6.70 12.68 92.5 

6.73 12.98 93.1 

6.76 13.66 94.6 

6.78 13.67 94.8 

6.82 14.22 95.7 

12.11 6.74 5.86 5.92 3.37 3.26 3.24 
12.24 6.70 5.83 _ 3.34 _ 3.17 
12.24 6.70 5.82 5.93 3.35 3.25 3.21 
12.38 6.69 5.83 _ 3.34 - 3.17 
12.38 6.69 5.83 5.95 3.35 3.25 3.21 
12.67 6.70 5.82 _ 3.34 - 3.17 
12.67 6.70 5.82 6.03 3.35 3.27 3.20 
12.97 6.72 5.84 _ 3.35 _ 3.17 
12.96 6.72 5.83 6.10 3.36 3.29 3.21 
13.62 6.74 5.86 _ 3.36 - 3.18 
13.62 6.74 5.86 6.24 3.37 3.33 3.21 
13.62 6.76 5.86 - 3.36 _ 3.18 

13.62 6.76 5.86 6.27 3.38 3.35 3.22 

14.15 6.78 5.89 - 3.36 _ 3.19 

14.15 6.78 5.89 6.37 3.39 3.37 3.23 

The pretransition temperature has been reported to be 
10.9”C by DSC measurements [18] on cooling with a 
temperature scanning rate 0.25 C “/min. This is con- 
sistent with the present experiment. On heating the (1,O) 
peaks of the L,! and Ps~ phases coexist between 12.5 ’ C 
and 15.O”C indicating that the pretransition occurs in 
this temperature range. From DSC measurements the 
pretransition takes place at 13.9”C on heating [18], 
which is also consistent with that obtained from the 
X-ray diffraction measurements. 

Discussion 

Synchrotron X-ray is very useful in the small-angle 
diffraction study, because the X-ray beam is coherent 
and its divergence is suppressed to low level. These 
properties make it possible to study the detailed behav- 
ior of the ripple peak because the background intensity 
is extremely small in comparison with the former ex- 
periments. 

From the paper by Mortensen et al. [ll] we have 
deduced, although they did not pay attention to this 
fact, that the ripple repeat distance in the metastable 
system of DMPC increases at lower temperature and 
the ripple peak intensity increases at higher tempera- 
ture. These results are qualitatively in good agreement 
with ours. However, the ripple repeat distance calcu- 
lated from Fig. 5 in Ref. 11 is rather large compared to 
that obtained by us. This may be due to the small 
fraction of water content; 17 wt% as reported by Janiak 
et al. [5]. 

Caffrey et al. [19] pointed out the effect of radiation 
damage caused by high intense X-ray such as synchro- 

tron radiation and reported that a cumulative radiation 
dose larger than 10 Mrad yielded reduction of the peak 
intensity of lamellar reflection and increase of lamellar 
periodicity and turned finally into three diffuse peaks 
[12]. Regardless of such drastic structural changes the 
extent of DPPC breakdown was estimated to be only 
10% [12]. In our experiments the maximum cumulative 
radiation dose was estimated to be less than 0.7 Mrad. 
We checked that such radiation dose produced no seri- 
ous radiation damage in the DMPC system at 27°C (L, 
phase), that is, the peak intensity did not become small, 
the lamellar spacing did not increase, and the diffuse 
peaks did not appear. Taking into account our radiation 
dose in this experiment, the impurity produced by the 
X-ray may be less than 1%. From the reversibility of the 
ripple periodicity on heating and on cooling, the possi- 
bility that the radiation effect involves the shift of ripple 
periodicity is excluded. 

In DPPC multilamellar systems Tenchov et al. [13] 
have reported the formation of the Psg (mst) state whose 
diffraction profile consisted of multiple peaks with low 
intensity. This phase was observed after cooling through 
the main transition at a slow scan rate of 0.5 C”/min. 
In the DMPC system, however, Pat (mst) state was not 
obtained at least on condition that the samples were 
cooled from about 28°C at a scan rate of 0.03-0.5 
C”/min (data not shown). We think that this dis- 
crepancy arises from the difference in the hydrocarbon 
chain length. The condition of the appearance of Pa, 
(mst) state will be described in detail elsewhere. 

Arrangement of the PC molecules in the membrane 
has not been established yet. The appearance of the 
ripple structure should be related to the interaction 
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between the molecules. Generally the undulated struc- 
ture with incommensurate wave vector can be explained 
by taking into account not only the nearest-neighbor 
interaction but also the second nearest-neighbor interac- 
tion. In the case of the ripple structure, the origin of the 
microscopic molecular interactions should be studied 
further. 

It is of interest to study the temperature dependence 
of the ripple repeat distance within the framework of 
the Landau-de Gennes phenomenological theory. 
Marder et al. [12] have proposed a model explaining the 
ripple formation, in which they have defined an order 
parameter t as follows: 

(d-d,) 
‘=( 

where d is the thickness of the membrane at tempera- 
ture T and d, and d, are the thickness of fluid-like and 
solid-like parts in the membrane, respectively (see Ref. 
12). It is assumed that the structure in the liquid-crystal- 
line phase, the ripple phase and the gel phase is charac- 
terized in terms of r. In the liquid-crystalline phase t = 0 
and in the gel phase t = 1. In the ripple phase t is 
modulated as a function of position x in a certain 
direction on the membrane surface. The spatial modula- 
tion of the thickness in the ripple phase, t(x), is ex- 
pected from the alternative appearance of the ordered 
region and the disordered region of hydrocarbon chains. 
This aspect has been predicted experimentally from the 
measurements of nuclear magnetic resonance [13], fluo- 
rescence decay [14] and electron spin resonance 1151 as 
mentioned before. 

The free energy expansion as a function t(x) is given 

by 

G=G,+G, 

G, = ;@I’- 2t3 + t4) (2) 

G, = f(t”)2 + aft” (3) 

where T is a dimensionless temperature, (Y is a coupling 
constant and ’ denotes spatial derivative. Marder et al. 
might consider all combination of secondary products 
generated by t, t ’ and t “. They analyzed the free 
energy under the following trial function for t. 

r(x) =A +B cos(kx) (4) 

where k is the ripple wave number, B corresponds to 
the ripple amplitude. From Eqn. 4 the ripple repeat 
distance l/k derived to be @ which exhibits no 
temperature dependence. 

We first try to consider the higher order harmonics in 
the order parameter under the above free energy as 
follows 

t(x) =A +cB” cos(nkx) (5) 
n 

TABLE II 

AN combination of cubic products generated by t, t’ and t”, and their 
spatial average which should be considered in the Landau-de Gennes free 
energy per unit area 

Cubic products Spatial average of the cubic products 

t3 (already included in Go) 

(“)3 0 

(C)3 0 
t(P)2 k2AB2/2 
t(t”)Z k4AB2/2 
t’(Y)2 0 
‘2” 0 
t2P - k2AB2 
I”(“)2 0 
tt’t” 0 

In this case, the ripple repeat distance l/k is given by 

_= a.(B:+4B;+ ... +n2B,f) 1 

k Bf + 16B,’ + . . . +n4B,f 
(6) 

However, the variation of the ripple repeat distance 
expected from Eqn. 6 is at most 0.6% which is far 
smaller than the variation of the observed one. There- 
fore within such extension it is not possible to explain 
the observed large temperature dependence by G, of 
Eqn. 3. 

Second, let us take into account of the higher order 
terms composed of all combination of cubic products 
generated by t, t ’ and t ” in the free energy expansion. 
The total number of these terms is &, = 10. The contri- 
bution of them to the free energy is summarized in 
Table II under the condition that t = A + B cos(kx). 
Among the terms giving non-zero free energy, the spa- 
tial averages of the terms t(t’)2 and t2t” give the same 
form and therefore the independent terms t( t”)2 and 
t( t’)2 should be considered as additional terms to G, as 
follows: 

G, = f(t”)2+ at”’ +/3t(t”)2+yt(t’)2 (7) 

where j3 and 7 are coupling constants. Assumed that 
t = A + B cos(kx), the ripple repeat distance is given by 

1 -= 
k (8) 

Under the assumption that p = 0.6 and 7 = 0.6, the 
total free energy G, + G, were examined at various cy 
values and its temperature dependences were given in 
Fig. 4. The free energy Go corresponds to that of the 
phase with uniform order parameter. If the total free 
energy G is smaller than Go, the ripple phase appears as 
seen in Fig. 4. Figs. 5a and b indicate the temperature 
dependence of the parameters A and B at various 
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0 1 2 3 

Reduced Temperature, 7 

Fig. 4. Calculated free energy per unit area as a function of the 
reduced temperature F. The thin line exhibits the free energy for the 
liquid crystalline phase and for the gel phase given by G,. The thick 
lines exhibit the free energy for the ripple phase at various a values, 

where B and y are fixed to 0.6. 

values of the coupling constants. In Fig. 6 the calculated 
temperature dependence of the ripple repeat distance is 
drawn at various values of the coupling constants. As 
seen in this figure the small value of (Y generates convex 
curves as a function of T. When cu increases, it turns to 
concave nature. The curve at (Y = 1.7 resembles the 
observed temperature dependence given in Fig. 3. At 

(a) 
.5 , 

.4 - o = ‘.-\\ 0 = 1.0 

.3 : (r=“5 u 
\ 

u .2 U i 1.7 

.l 

0 
: \ 

-.l o4 -1 0 1 2 

Reduced Temperaturer f 

Reduced Temperature, T 

Fig. 5. Calculated values of A and B as a function of the reduced 
temperature T at various a values which are drawn in Figs. 5a and b, 

respectively. In this calculation, both fl and y are fixed to 0.6. 

A 
P 

rr 
--1 0 1 2 3 4 

Reduced Temperature9 T 

Fig. 6. Calculated ripple repeat distance (l/k) in an arbitrary scale as 
a function of the reduced temperature T at various a values. In this 

calculation, both /3 and y are fixed to 0.6. 

(Y = 1.7 the ripple phase lies between T= 0.175 and 
T= 2.875 in the theory. To compare the curve with that 
of the experiment, we adjust this temperature range to 
the real temperature range of Pat phase from 11°C to 
23.5”C and also the ripple repeat distance at ?;= 2.875 
is 12.1 nm. As seen in Fig. 7 it was found that the solid 
line theoretically analyzed well explains the experimen- 
tal results. 

In the PC-cholesterol system the ripple repeat dis- 
tance at a certain temperature increases with cholesterol 
concentration as pointed out [7]. It is worth while to 
notice that in the PC-cholesterol system the temperature 
dependence of the ripple repeat distance was found to 
be nearly parallel to that of the pure PC from our 
preliminary experiment of X-ray small-angle diffraction 
[21]. This fact indicates that the mechanism of the 
temperature dependence is common between the pure 
PC and the PC-cholesterol systems. In the PC- 
cholesterol system, the temperature dependence deviates 
however from the above tendency near the main transi- 
tion and in the lower temperature region. The details of 
the results in the PC-cholesterol system will be pub- 
lished elsewhere. 

^E 
‘: 

15 
- theory 

z E 14 0 experiment 

2 11. 
- 10 15 20 25 

Temperature ['Cl 

Fig. 7. Solid line represents the calculated ripple repeat distance in the 
scale adjusted to the experimental value (where a = 1.7, /3 = y = 0.6) 
as a function of temperature. Experimental results obtained from 

small-angle X-ray diffraction are presented by open circles. 
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