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Existence of a Flat Phase in Red Cell 
Membrane Skeletons 
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Biomolecular membranes display rich statistical mechanical behavior. They are classified 
as liquid in the absence of shear elasticity in the plane of the membrane and tethered (solid) 
when the neighboring molecules or subunits are connected and the membranes exhibit 
solid-like elastic behavior in the plane of the membrane. The spectrin skeleton of red blood 
cells was studied as a model tethered membrane. The static structure factor of the 
skeletons, measured by small-angle x-ray and light scattering, was fitted with a structure 
factor predicted with a model calculation. The model describes tethered membrane sheets 
with free edges in a flat phase, which is a locally rough but globally flat membrane 
configuration. The fit was good for large scattering vectors. The membrane roughness 
exponent, 5, defined through h a LC, where h is the average amplitude of out-of-plane 
fluctuations and L is the linear membrane dimension, was determined to be 0.65 + 0.10. 
Computer simulations of model red blood cell skeletons also showed this flat phase. The 
value for the roughness exponent, which was determined from the scaling properties of 
membranes of different sizes, was consistent with that from the experiments. 

Thermally fluctuating membranes assume 
curved and folded conformations, the prop- 
erties of which are determined by competi- 
tion between entropy and elastic energies 
(1, 2). Membranes, which are two-dimen- 
sional polymers, show properties remark- 
ably different from those of linear polymers. 
One of these properties is an entropic long- 
range repulsion between membrane layers, 
which is a result of fluctuations in flexible 
liquid membranes caused by heat when 
their bending moduli are on the order of 
thermal energies. This interaction, predict- 
ed by theory (3) and demonstrated in re- 
cent synchrotron x-ray scattering experi- 
ments (4), can stabilize a multilayer phase 
with large interlayer distances (4-6). To 
date, tethered membranes have for the 
most part been treated theoretically. Exam- 
ples of real systems are liquid crystalline gel 
phases of lipid bilayers (3, which are gen- 
erally not flexible enough to allow large 
thermal fluctuations. Paradoxically, in 
tethered membranes that are more flexible, 
thermally induced local undulations have a 
stiffening effect on a large length scale, 
analogous to corrugations in a metal sheet. 
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More precisely, at low enough tempera- 
tures, the undulations of tethered mem- 
branes, coupled to in-plane phonon modes, 
give rise to anomalous effective large-scale 
elastic moduli. The bending elastic coeffi- 
cient, K, diverges, whereas the in-plane 
elastic shear and compressional moduli are 
predicted to soften to zero for membranes 
with progressively larger areas (7-9). This 
thermodynamic state has been termed the 
flat phase because, although the membrane 
exhibits roughness on small length scales, it 
appears increasingly flatter at larger length 
scales. 

At a higher temperature, a phase transi- 
tion to a crumpled phase has been predicted 
(1, 2, 10): this phase is an isotropic fractal, 
analogous to the random coils formed by 
linear polymers. Such a crumpled phase has 
not been found in computer simulations 
(1 1-13); this has led to the suspicion that 
excluded volume interactions, which are 

not rigorously incorporated by theory, may 
prevent crumpling at all temperatures. On 
the other hand, graphite oxide membranes 
in good solvent are reported to assume 
crumpled conformations (14), although the 
data may not be sufficient to distinguish 
between crum~led and flat ~hases. Coun- 
terintuitively, crumpled and flat conforma- 
tions in a membrane of a eiven size could - 
appear to be very similar experimentally 
(15), if the fractal dimension of the crum- 
pled phase is such that the local structure of 
both phases is similar. 

We report light-scattering and synchro- 
tron-based small-angle x-ray-scattering 
(SAXS) experiments with biological teth- 
ered membranes, namely, isolated red 
blood cell (RBC) membrane skeletons, to- 
gether with extensive computer simulations 
of closed shell networks. Mammalian RBCs 
Dossess a multilavered membrane structure 
(Fig. I ) ,  optimized to maintain the integri- 
ty of the cells while permitting large elastic 
deformations during blood circulation. The 
membrane skeleton, a shear elastic protein 
network, is attached to the cytoplasmic side 
of the (liquid) lipid cell membrane; the 
skeletons can be isolated from RBCs by 
detergent treatment (1 6). Screening of the 
electrostatic interaction of the charged 
skeleton shrinks the skeleton diameter by 
about a factor of 2 (17). Freshly isolated 
skeletons were observed under a light mi- 
croscope as very flexible, roughly spherical 
shells (17). 

Scattering experiments were performed 
on skeletons under two different buffer con- 
ditions (18) (Fig. 2, A and B). For the high 
salt sample, the plot of the static structure 
factor, S(q) (Fig. 3, circles), obtained from 
the combined light-scattering and SAXS 
data (19), shows an oscillating scattering 
profile at small scattering vectors, q, typical 
of a solution of spherical shells, with the 
envelope of the oscillations falling off as 
approximately q-*. The first minimum, at 
qm = 2.2 x A-I, corresponds to a 
skeleton diameter of 2~14, = 2.9 pm. For 

Fig. 1. Drawlng of the red blood 
cell (RBC) membrane Structure A 
IS a whole red blood cell, d~ame- 
ter = 8 p.m The outer lip~d mem- 
brane (B), part~ally removed to 
expose the protein membrane 
skeleton (C), whlch consists of 
-70,000 triangular meshes (26) 
The membrane skeleton IS a two- 
dlrnens~onal tr~angulated network, 
conslstlng manly of actln ollgo- 
mers (D), whlch form nodes, and 
spectrln tetramers (E), whlch form 
tethers Ankyrln (F) makes a con- 
nectlon to the l ~ p ~ d  membrane 
(27) Spectrln tetramers are flexl- 
ble worm-like chams w~th a contour length of 5 .- 2000 A (21) and a persistence length of 100 to 200 
A (17, 28) Both spectrln and actln have an excess of negatlve charge 
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both salt concentrations, a crossover occurs 
at qc = 8 x A-' to a region of power 
law decay with an exponent of -2.4 % 

0.075. The crossover occurs naturally in 
the description of the structure factor for 
the flat (but microscopically rough) mem- 
brane, as explained below. Although, in 
the two different salt concentrations, the 
overall skeleton diameters differ by about a 
factor of 2, the observed curve shape of S(q) 
(for length scales between the diameter and 
the stretched-out mesh size of the skeleton) 
remains unchaneed. This observation is - 
consistent with the lack of a phase transi- 
tion, which might have been expected to 
separate a flat phase for the low salt skele- 
tons (with electrostatic repulsion between 
the spectrin subunits; Debye length, AD = 

Fig. 2. Isolated RBC skeletons viewed under 
video-enhanced differential interference con- 
trast (DIC) microscopy and simulated closed 
shell networks. The microscope and experi- 
mental procedures are described in more detail 
elsewhere (17, 18). (A) Skeletons in 50 mM 
monovalent cations. The mean diameter was 
5.3 ? 0.4 pm. (B) Skeletons in 1 M monovalent 
cations. The mean diameter was 2.6 + 0.3 pm. 
Scale bar = 5 pm for (A) and (B). (C) Image of 
computer-simulated network with 16,002 mono- 
mers; average radius of gyration equals 28.8 
monomer diameters. (D) Cross section through 
the center of the simulated network in (C). Note 
similarity to shape of RBC skeletons. 

15 A) from a crumpled phase for the high 
salt sample (in which the electrostatic in- 
teractions are screened; AD = 3 &. 

A marked difference between high and 
low salt samples was observed at scattering 
vectors that  robed leneth scales smaller 

L. 

than the stretched network mesh size (which 
approximately equals the spectrin-tetramer 
contour length 5 = 2000 A). Skeletons in low 
salt (50 mM Na+) (Fig. 3, squares) show at 2 
x lO-)A-l < q = 2.rr/{ < 4 x 10-3A-1 a 
crossover to a regime with a slope of S(q) of 
about -1.3 on a log-log plot, characteristic 
of scattering from relatively rigid (due to the 
electrostatic interactions) single chains 
(20). This yields a value for 5 between 1500 
and 3000 A, consistent with the spec- 
trin-tetramer contour length of 2000 A (2 1). 
A further crossover at larger q to a Porod 
regime (22), where the protein-water inter- 
face determines the scattering, occurs at qp 
= 2.5 x lo-* I(-'. The length scale of l/qp 
= 50 1( gives a value for the membrane 
thickness T, which is consistent with the 
average thickness of an extended spectrin 
tetramer (30 to 60 1() (2 1 ) . The pure Porod 
regime, characterized by S(q) a q-4 in the 
case of a smooth interface for q > > 1/T, was 
inaccessible because of solvent background 
scattering. 

In contrast to the low salt data, which 
had clear crossovers, the plot of S(q) for the 
high salt samples (Fig. 3, circles) displays 
power law decay over about two decades 
for q > qc = 8 x up to q = 
1 x lo-' A-', beyond which the solvent 
background dominates. Because the spec- 
trin-spectrin interactions in this case are 

dominated by short-range excluded vol- 
ume interactions, we believe that the 
membrane is closely packed laterally, so 
that the meshes become invisible. Conse- 
quently, the surface-like behavior extends 
to the length scales of the spectrin-tetra- 
mer thickness. Consistent with this, the 
skeleton surface area, the number of cop- 
ies of spectrin and actin, and the molecu- 
lar dimensions of these proteins suggest a 
closely packed membrane (1 7). 

We compared our measured structure 
factor to model calculations. We used the 
static structure factor, S (qz, q,, L), which 
describes an open-sided flat membrane of 
size L and roughness exponent 5,  with a 
height-height correlation function 

as calculated by Abraham and Nelson 
[equation 10 of (IZ), with the z-axis along 
the normal to the surface and x, in the 
membrane plane]. To fit the data, this 
structure factor is orientationally averaged: 

The value of Sf(q) approaches a constant for 
a < < 1/L. As ~ointed out bv Sinha et al. 
(23), a section of lateral size r, cut out from 
a membrane described by Sf (q) , looks flat if 
r > Ro = A'A2('-6)' and rough (that is, 
amplitude of undulations greater than lat- 
eral size) if 7 < Ro. Accordingly, we expect 
Sf(q) - q-2 for 1/L < q < l/Ro (as we 

Fig. 3. Static structure fac- 
tor of detergent-extracted 
RBC skeletons (18) in high 
salt (1 M Na+) buffer (cir- 
cles) and low salt (50 mM 
Na+) buffer (squares). 
Measured by light scatter- 
ing (-8 x 10-'A-l < q < g lo, -3 x A-I for high 
s a l t , - 5 ~ 1 0 - ~ A - l < q c  
2 x A-I for low salt) 2 
and small-angle x-ray scat- 10" 
tering (SAXS) (-4 x 3 
A-1 c q < 1.5 x 10-1 A-1) a 
with synchrotron radiation. 
The curves have been ver- 
tically shifted for display. 
The solid line through the 
upper curve (high salt) is a 
fit of the orientationally av- 
eraged structure factor 
SAq) of an anisotropic, flat q(A-') 
tethered membrane plus a constant solvent background contribution to the data as described in the 
text. The averaged structure factor, SAq), was convoluted with the experimental resolution function 
described previously (29). The convolution had a negligible effect because of the high resolution of 
the synchrotron. The goodness-of-fit parameter was x2 = 3, and the fit resulted in a roughness 
exponent 5 = 0.65 ? 0.10, L = 36,000 ? 5,000 A, and A = 106 k 10 A2(l-u. This gives a crossover 
length R,, = A 11[2(1-c)1 = 782 A. All other lines (numbers indicate slope) are guides to the eye as 
discussed in the text. 
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9* 
Fig. 4. Scaling plots for isotropically averaged 
S(q) from computer simulations for closed shell 
tethered membranes as described in the text. 
The number of monomers in the network, N, 
ranged from 2,252 to 16,002. (A) Superposition 
of the high q parts of S(q) (below the dispersion 
caused by finite monomer size) for different N 
for 6 = 0.85. (B) Superposition of the low q 
parts of S(q) for 6 = 1 .  

observe in the envelope of the oscillations 
in Fig. 3), followed by a crossover into the 
rough regime with Sf(q) - qP3+5 for qc = 
l/Ro < q < lla, where a is the molecular 
size cutoff. The 3 - 5 power law behavior 
for Sf(q) has been recently derived analyti- 
cally by Goulian et al. (24). Our approxi- 
mation for S(q) will not reproduce the 
observed diffraction pattern of the relatively 
monodisperse spheres at large length scales 
(that is, small q's) approaching the diame- 
ter D of the skeleton because the orienta- 
tional averaging of the membrane sheet 
smooths out the oscillations. But, probing 
length scales smaller than D, we found that 
for larger q, Sf(q) described the data well 
(Fig. 3, solid line through circles), with 
a roughness exponent 5 = 0.65 2 0.10. 
Consistent with the data, the crossover 
from the smooth (qP2) to the rough (q-3+1 
= q-2.35) regime occurs at qc = l/Ro = 1.3 
x 1 0 - ~  A-l. 

Because simulations of a realistic model 
for the RBC skeleton are not feasible at this 
time, we studied instead a coarse-grained 
bead-surine model of flexible linear chains - 
of eight monomers connected to form a 
geodesic. The overall size of the network 
varied between 2,252 and 16,002 mono- 
mers, the largest being about 50 times 
smaller than the experimental system (25). 
After equilibration, we measured the radii 
of gyration and height fluctuations of the 
membranes and found (R;) a N and (hZ)  a 

N$ with 5 = 0.56 k 0.02. The fluctuations 
and the structure of isolated RBC skeletons 
are qualitatively well captured by the com- 
puter simulation of a simple model of a 
closed shell network (Fig. 2, C and D) . The 
results for S(q) are shown in Fig. 4. The 
oscillations at low scattering vectors are 
more pronounced than in the experimental 
data as a result of the ideal m~nodispersit~. 
The high q cutoff occurs relatively early, 
owing to the small svstem sizes. The oower 
law cehavior of s(;) is shown by s h i n g  
plots (Fig. 4). The flat phase property of the 
networks is evident in the scaling of S (q) at 
small q, where the curves and the first 
minima for different size networks scale as 
qN1I2. The high q parts of the curves, on 
the other hand, up to the upper cutoff, scale 
as qNW2 with 8 = 0.85. This corresponds to 
a slope of 2/13 = 2.35 in the high q part of 
S(q) and a roughness exponent 5 = 0.65, 
which is consistent with the value deter- 
mined from the experiments. Similar results 
were obtained for open membranes by 
Abraham and Goulian ( 1  5). 

In conclusion, we find that the RBC 
skeleton provides an experimental realiza- 
tion of a tethered membrane and can be 
well described by a simple model network as 
being in an anisotropic structural phase, the 
flat phase. The local roughness of the mem- 
brane shows uu in the orientationallv aver- 
aged structureAfactor as a power law ;egime 
with an exponent of - (3 - 0, with 5 = 
0.65 ? 0.10. We take the fact that no 
crumpling transition was observed when 
the Debye screening length was changed in 
the solvent as evidence that such a transi- 
tion is prevented by excluded volume inter- 
actions. Our data cannot rigorously exclude 
alternative models because the size and the 
size range of the studied membranes were 
relatively limited. No theoretical approach 
is available that takes into account all 
possible interactions between the protein 
strands in the network, but the large size 
and the shell-like conformation of the skel- 
etons make it improbable that van der 
Waals and screened electrostatic interac- 
tions play more than a local role. Further- 
more, the effect of the spherical topology of 
the skeletons has been neglected in our 
fitting of the structure factor. Building on 
the success of the simple model, more 
sophisticated theories and further experi- 
ments, especially those that address the 
dynamical properties of two-dimensional 
polymers, will lead to a deeper understand- 
ing of the exotic properties of tethered 
membranes. 
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Photoinduced Polymerization of Solid C,, Films 

A. M. Rao, Ping Zhou, Kai-An Wang, G. T. Hager, J. M. Holden, 
Ying Wang, W.-T. Lee, Xiang-Xin Bi, P. C. Eklund,* 

D. S. Cornett, M. A. Duncan, I. J. Amster 
The irradiation of oxygen-free, face-centered-cubic C,, films with visible or ultraviolet light 
phototransformed C,, into a different solid phase. Results from laser desorption mass 
spectroscopy, scanning electron microscopy, Raman and infrared spectroscopy, optical 
absorption, and luminescence indicate that a photopolymerization of the fullerene mole- 
cules within the film occurred. 

T h e  discovery of stable fullerenes, or 
carbon-cage molecules C, (n = 60, 70, 
. . .), by Smalley, Kroto, and co-workers 
(1-3) has led to a new class of carbon- 
based solids with unusual properties (4, 5). 
At room temperature, the molecules in 
solid C60 are centered on lattice positions 
of a face-centered-cubic (fcc) structure (6, 
7) and are observed in nuclear magnetic 
resonance (NMR) experiments to be rap- 
idly rotating about these lattice positions 
(8. 9). This unusual behavior is consistent , ,  , 
with the weak intermolecular van der 
Waals bonding and the nearlv s~herical 
character of [he C60 molecule. '1n this 
report, we present results that indicate 
that the application of visible or ultravio- 
let (UV) light to solid C60 polymerizes the 
structure, in that the molecules link to- 
gether in a covalently bonded fcc struc- 
ture. After phototransformation, the film 

A. M. Rao, P. Zhou, K.-A. Wang, Y. Wang, P. C. 
Eklund, Department of Physics and Astronomy, Uni- 
versity of Kentucky, Lexington, KY 40506 and Center 
for A ~ ~ l i e d  Enerqv Research, Universitv of Kentuckv, 

is no longer soluble in toluene but can be 
dissolved in boiling isodurene. Recently, 
Loy and Assink (1 0) reported a polymer- 
ized C60 network. However, in their 
study, the C60 molecules were linked by a 
hydrocarbon bridge formed during the re- 
action of C60 in solution (toluene) with 
the diradical xylylene. In photoconductiv- 
ity studies of mixtures of C60 and polysty- 
rene, Wang (I I) concluded that.C60 at- 
taches to the polystyrene polymer. 

O n  the basis of Raman scatterine stud- - 
ies, we have reported (1 2) that Ar-ion laser 
radiation at 514.5 and 488.0 nm that ex- 
ceeded -50 mW/mm2 appeared to initiate 
an irreversible transformation of fcc C60 to 
a different solid phase with a richer Raman 
spectrum. In particular, the high-frequency 
A,-symmetry "pentagonal-pinch (PP) mode 
shifted at room temperature from 1469 to 
-1460 cm-' (12), while the polarization 
ratio for this mode deteriorated from 100% 
in pristine C60 to -80% in the phototrans- 
formed phase (1 3). There has been some 
disagreement about the value of the PP- 

~exin i ton,  KY 4051 1 
- 

mode frequency (1 3). In our opinion, the 
G. T. Hager, W.-T. Lee, X.-X. Bi, Center for Applied 
Energy Research, University of Kentucky, Lexington, of 1469 cm-' has been 
KY 4051 I. associated with only oxygen-contaminated 
J. M. Holden, Department of Physics and Astronomy, C60 (14, 15), and &is view has recently 
University of Kentucky, Lexington, KY 40506. 
D. S. Cornett, M. A. Duncan, I. J. Amster, Department been supported by others- Fourier transform 
of Chemistrv. Universitv of Georaia. Athens. GA Raman studies bv Chase et al. (16) that - .  
30602. used a yttrium-aluminum-garnet (YAG) la- 
*To whom correspondence should be addressed. ser with photon energy 1.06 eV, which is 

less than the absorption threshold in C60 
(1 7, 18), confirm the 1469-cm- ' PP-mode 
frequency for oxygen-free, pristine fcc C60 
obtained with a low-power Ar-ion laser 
beam (12, 13, 19). 

The data presented here were taken on 
thin solid films of C60 vacuum-deposited on 
either KBr, fused quartz, Si(100), or stain- 
less steel substrates from 99% pure C60 
(Bluegrass Fullerenes, Inc., Lexington, Ken- 
tucky) first degassed in a vacuum of 
torr for 3 to 6 hours at temperture (T) = 
300°C. For the laser desorption mass spec- 
troscopy (LDMS) studies, the C60 film sam- 
ples were deposited directly onto the end of 
stainless steel rods that could be transferred 
under a N2 atmosphere into the mass spec- 
trometer. The film-deposition apparatus re- 
sided in an He-atmosphere glove box (Vac- 
uum Atmospheres, Inc., O2 and H 2 0  < 1 
ppm), and the exposure of the films to 
oxygen was therefore minimized. Inside the 
glove box, the film-substrate samples were 
transferred to a gas-tight cell with a quartz 
window that allowed the samples to be 
removed from the glove box and pho- 
totransformed by light from a 300-W Hg arc 
lamp or an Ar-ion laser. All of the pho- 
totransformed C60 films studied received 
enough photon irradiation to shift the PP- 
mode frequency to 1460 cm-', and no trace 
of the initial 1469 cm-' peak remained. 
The film thickness (d) was typically in the 
range 1000 A < d < 5000 A. 

A scanning electron microscope (SEM) 
image was taken of a phototransformed film 
that had been boiled in isodurene for sev- 
eral minutes (boiling point 198°C) (Fig. 1). 
The film had broken loose from the sub- 
strate, tearing along the line AB and fold- 
ing over itself along line BC-that is, point 
A folded to point D. The area enclosed by 
ABC is associated with a residual film of 
phototransformed C60 that was still at- 
tached to the substrate. Striations in the 
C6, film that are evident in the image were 
not transferred from the glass substrate. The 
cracks in the film were also not transferred 
from the substrate and were not evident in 
the pristine film. They may be the result of 
heating during irradiation or a small con- 
traction in the lattice parameter. Films such 
as the one shown in Fig. 1 survived boiling 
toluene (boiling point 11 1°C) for several 
hours but eventually dissolved in boiling 
isodurene. 

We recorded LDMS spectra of photo- 
transformed films (12-hour exposure to a 
300-W Hg arc lamp) and pristine C60 films 
(Fig. 2) that spanned the mass range of 720 
atomic mass units (amu) (C60) to 15,120 
amu (21 x C60). We took the spectra in 
Fig. 2, A and B, under similar desorption 
conditions: vacuum at -lop7-torr, pulsed 
N, laser at wavelength of 337 nm focused to 
a spot 0.3 mm in diameter, pulse width of 5 
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