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Abstract

We review recent experimental work in two-dimensional (2D) membrane—protein assemblies, in lamellar fluid
membrane phases containing tail anchored polymer—lipids, and in binary lipid mixtures which self-assemble into
equilibrium tubular vesicle phases. We outline new directions in the development of technologically useful biomolecular
materials. Synchrotron X-ray scattering studies of the purple membrane comprised of the 2D self-assembly of the
membrane protein bacteriorhodopsin (bR) are described. In particular, experiments are described in the low humidity
regime where a remarkable, exceedingly high temperature phase of bR has been discovered. Higher order self-
assemblies of the stacked 2D membranes, achieved by water removal, result in the complete suppression of the melting
transition, and the absence of protein denaturation up to 140°C. Aside from the scientific interest of elucidating the
intraprotein and interprotein forces responsible for retaining the folded structure at high temperatures, the findings
suggest methods for the development of “‘heat-proof proteins”. Higher order seif-assemblies of functional proteins
used in biosensors (e.g. toxin detectors), in bioreactors (purifying genetically engineered proteins with high temperature
sieves) and in catalytic applications should be stabilized to high temperatures. In another series of experiments, we
shall describe the properties of a new class of lamellar hydrogels based on fluid membranes which contain small
amounts of single-end-anchored polymer—lipids. There are striking differences between these membrane-based liquid
crystalline biogels labeled L, , and isotropic hydrogels of polymer networks; for example, mixtures with a larger water
content require a smaller polymer concentration for gelation. A defining signature of these lamellar hydrogels is the
presence of a highly defected underlying microstructure. “Bioactive gels” useful in tissue healing or drug delivery
applications may be envisaged with activity derived from membrane-anchored peptides, proteins or other drug
molecules, and mechanical stability resulting from the polymer-lipid minority component. © 1997 Elsevier Science B.V.
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1. Introduction assembled integral-membrane—proteins, (2) multi-
layer lipids containing membrane-anchored poly-

In this paper we review a series of recent experi- mers and (3) multilayer membranes of mixed
ments which are aimed at elucidating the structure lipids. The material systems should have many
and self-assembling interactions in a variety of technological consequences for the processing of
biomolecular materials and complex fluids systems. advanced materials consisting of self-assembled
These include (1) stacked two-dimensionally self- macromolecular sheets and functionalized inter-

0927-7757/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved.
PIT S0927-7757(96)03914-3



184 C.R. Safinya | Colloids Surfaces A: Physicochem. Eng. Aspects 128 (1997) 183-195

faces manipulated at the molecular level (e.g. using
molecules that are optically active or have particu-
lar shapes for specific binding to ligands), to
produce multilayered structures with tailored opti-
cal, high temperature enzymatic separations and
sensor properties.

High resolution X-ray scattering studies of these
important biological materials is now becoming
feasible with the recent advent of dedicated high
brightness synchrotron sources required for the
structural studies of these weakly scattering biolog-
ical materials. We stress that, compared with the
vast experimental knowledge regarding lipid phase
behavior, there are very few experimental data on
membrane-associated protein and polymer phase
behavior. To date, electron microscopy has been
used as the primary structural probe of membrane-
associated proteins, although at isolated points in
the phase diagram, by using staining and freeze-
etching techniques (see for example [1]). In-situ
synchrotron-based high resolution diffraction and
scattering techniques add unique information for
the complete characterization of these complex
materials including their global phase behavior,
structural nature and intermacromolecular inter-
actions, on length scales spanning Angstroms to
micrometres.

Synchrotron techniques (see for example [2-4])
of high resolution small- and wide-angle X-ray
scattering are used for the in-situ determination of
both structure and interactions [2,4] by measuring
the material’s elasticities (e.g. compression and
shear moduli, and bending rigidities) derived from
the intermembrane and intermacromolecular in-
teractions. Synchrotron-based grazing-incidence
X-ray scattering (GIXS) and grazing-incidence
reflectivity (GIR) techniques (see for exapmle [5-
7]) may be used to characterize the structure of
ultrathin overlayers on substrates. GIR allows one
to measure the average electron density profile
normal to the substrate, yielding the membrane
film thickness and height roughness [6].
Additionally, by measuring the diffuse scattering
around the specular reflection, the in-plane lateral
roughness present in the electron density is probed
[7]. This technique complements the GIXS tech-
nique used at synchrotron sources to characterize
the in-plane structure of ultrathin membrane layers

deposited on a solid substrate [5]. In addition, as
we shall show, because of the very large length
scales some macromolecular self-assemblies can be
directly imaged with optical microscopy.

2. Experimental details
2.1. Chemicals

Purple membrane (PM) (native two-dimen-
sional (2D) hexagonal lattice of bacteriorhodopsin
(bR)) was prepared as described in [8]. A lyophi-
lized suspension of PM in distilled water
(5 mg ml ') was centrifuged and 1 mg was spread
on a thin, 25 pm (hydrophilically prepared), silicon
wafer transparent to X-rays and covering an area
with diameter about 10 mm. The wet membrane—
substrate preparation was then placed in a closed
container and brought into equilibrium with
deionized water at about 100% relative humidity.
This sample procedure yiclded highly oriented
multilayer samples approximately 10 pm thick with
a mosaic spread of the layer normals of about 15°
measured through a standard crystallographic
“rocking-curve” X-ray scan. Dimyristoyl phos-
phatidyl choline (DMPC) and the polymer—
lipid 1,2-diacyl-sn-glycero-3-phosphoethanolamine
(DMPE)-N-[poly(ethylene glycol)] (PEG) at
two different molecular weights of PEG,
2053 gmol ~! (PEG2000; n=45 is the degree of
polymerization) and 5181 g mol ~! (PEG5000; n=
113), were purchased from Avanti Polar Lipids,
Inc. (Alabaster, AL).

2.2. Methods

The X-ray scattering and diffraction experiments
were carried out with both an 18 kW rotating-
anode X-ray generator and, at higher resolutions,
the synchrotron sources at the National
Synchrotron Light Source and the Stanford
Synchrotron Radiation Laboratory. The optical
micrographs were taken with a Nikon Diaphot
300 equipped for epifluorescence and high reso-
lution differential interference contrast.
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3. Results and discussion

3.1. Higher order self-assembly of the two-
dimensional lattice of bacteriorhodopsin: structure,
interactions and heat-proof proteins

Recently, Shen et al. [8] and Safinya and
Rothschild [9] reported the discovery of an exceed-
ingly high temperature stable phase of the mem-
brane protein bR, in dry multilayers of the self-
assembled 2D lattice, revealed through synchro-
tron X-ray scattering experiments. As we discuss
later in this section, these experiments lead one to
propose the development of a general class of
more highly ordered self-assembled membrane-
associated protein systems with potential high tem-
perature stability of proteins and enzymes. Aside
from the clear scientific interest of elucidating the
intraprotein and interprotein forces responsible for
retaining the folded protein structure at high tem-
peratures, obtaining increased stability of biomo-
lecular molecules, especially at high temperatures
(i.e. heat-proof proteins), is also technologically
important. High temperature proteins will
undoubtedly find utility in numerous present-day
and future biotechnology applications. For exam-
ple, current PCR machines which cycle to high
temperatures to denature DNA, utilize high tem-
perature DNA polymerase enzymes derived from
thermophile Archaebacteria which have an optimal
growth at 90°C [10]. Other examples where high
temperature stability is desirable include biosen-
sors (e.g. toxin detectors), in bioreactors, and high
temperature catalysis. Before outlining our strat-
egy we first briefly review the recent results on bR.

bR is a light-driven proton pump [11], responsi-
ble for the photosynthesis carried out by
Halobacterium halobium. In its native form, bR
self-assembles into a 2D crystalline PM which is
incorporated into the lipid bilayer plane of the
plasma membrane of the bacterium. Native PM
has a diameter of the order of 0.5 mm and bilayer
thickness of 49 A; it consists of trimers of bR
which self-assemble in a hexagonal lattice with a
spacing of 61.6 A with the remaining space filled
by lipid (Fig. 1). By using cryoelectron microscopy
Henderson and Unwin [12] showed that each bR
molecule, shown schematically on the right of

Fig. 1, consists of a polypeptide chain which
weaves back and forth through the membrane,
forming seven-folded tube-like a-helical structures.
The absorption of light by the PM, which in its
light-adapted form has an absorption maximum
near 570 nm, is due to retinal found also in the
visual pigment rhodopsin (see for example
[11,13]).

There are several features which make bR an
attractive biomaterial; at low temperatures, bR
can function as an optically driven bistable switch.
Thus it may be possible to develop optically
addressable materials containing mutant forms of
bR [14] which function as high density memories
and holographic media at room temperature [15].

Under fully hydrated conditions, the 2D lattice
of bR undergoes a reversible melting transition
around 70°C, followed by a broad denaturation
transition starting at around 90°C [4,8] where the
bR protein undergoes a transition from its tightly
coiled o-helical conformation (Fig. 1), which is
the biologically active form, to a more polymer-
like random coil structure, where the characteristic
570 nm absorption band in the visible disappears
[16].

As described by Shen et al. [8] the behavior
under dry conditions is strikingly different.
Fig. 2(a) shows plots of the X-ray intensity in dry
multilayers under flowing nitrogen conditions, for
scans along the in-plane membrane direction ((10),
(11), (20), and (21) peaks) both at room temper-
ature and at very high temperatures, 7=132°C.
The multilayer structure is essentially unchanged
as one goes from room temperature to high tem-
peratures. Fig. 2(b) compares high resolution plots
of the X-ray intensity under vacuum, for scans
along the in-plane direction at 7=76°C and 140°C.
The observation of sharp in-plane peaks is quite
remarkable and shows that, under dry conditions,
the ordered hexagonal lattice remains intact to
very high temperatures of the order of 140°C.
Furthermore, the fact that the X-ray structure
factor intensities are essentially unchanged from
room temperature to 140°C indicates that bR
remains in its tightly coiled a-helix conformation
with bR trimers self-assembled in the hexagonal
lattice. The order—disorder transition, which
occurs at around T=69°C at high humidities [4,8],
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Fig. 1. Schematic top view of the hexagonal lattice of bR trimers with a magnification of a side view of one bR molecule showing

the seven x-helices which span the PM.
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Fig. 2. Low humidity (dry), (a) low temperature and (b) high
temperature X-ray and (c) absorption data from multilayers of
bR showing that “higher order self-assemblies” of bR (through
dehydration) result in the protein’s extreme high temperature
stability as discussed in the text (from Shen et al. [8]).

is suppressed entirely under these dry conditions
as the membrane bilayers are forced to stack in
close proximity. The X-ray data [8] also show a
complete lack of interlayer positional correlations
under these dry conditions. Thus, the suppression
of the in-plane melting transition is not a result of
the lock-in of interlayer correlations and a cross-
over from 2D to three-dimensional (3D) behavior.

Fig. 2(c) shows the visible absorption spectrum of
three dry PM samples measured at room tem-
perature: curve 1 is for the sample at 23°C
(Amax = 560 nm), while the other two samples were
cycled through 140°C (curve 2; Ap., =567 nm),
which resulted in a reduced intensity and a slight
red shift, and 160°C (curve 3) which bleached the
sample irreversibly (i.e. loss of retinal ) and showed
a flat visible band. The retention of the purple
color characteristic of the absorption around
570 nm of all the high temperature and dehydrated
samples held below T=140°C indicates that the
retinal molecule responsible for the absorption
remains covalently attached and maintains its
normal interaction with the protein. It is highly
likely that the absence of the melting transition
enhances the stability of the protein structure at
this unusually high temperature of about 140°C.
This remarkable discovery suggests some inter-
esting new directions. High temperature stability
may be imparted to other proteins and enzymes
through higher order self-assembly without the
need for 3D crystallization. A broad range of
temperature-stabilized ordered multilayered self-
assemblies of proteins and enzymes may be envis-
aged which utilize the biotin—avadin scheme
(Fig. 3(b)) pioneered by Uzgiris and Kornberg
[17], involving the specific binding of macro-
molecules to a single functionalized interface.
Avidin is a water-soluble protein [18] which
binds specifically via a lock-and-key interaction to
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Fig. 3. (a) Affinity of biotin to avadin. (b) Single bilayer of lipid
mixed with biotinylated lipid with bound avadin (c) Multilayers
of (b). The functionalized bilayer in (b) and multilayers in (c)
are capable of binding any biotinylated macromolecule (e.g.
proteins, peptides or nucleic acids shown in (c)).

biotin (vitamin H) and its homologues ( Fig. 3(a)).
Single bilayers have been prepared on substrates
consisting of a mixture of biotinylated lipid and
lipid, and shown [17,19] to bind the ligand avidin
specifically (Fig. 3(b)). Because avidin possess
four binding sites for biotin, two on either side
of the molecule, the avidin-covered membrane
(bound to the biotinylated lipid) itself becomes
the receptor for the ligand biotin or any other
biotinylated macromoliecule (shown in Fig. 3(c)).
The real significance of the avidin-coated system
lies in the fact that, through straightforward syn-
thesis, many macromolecular materials can be
biotinylated [19].

In our laboratory we are exploring the extension
of this scheme to multilayers shown schematically
in Fig. 3(c) which should result in high temper-
ature proteins and enzymes. Aside from the search
for high temperature proteins, these experiments
are also designed to characterize protein—protein
interactions. Very little is known about the pro-
tein-protein and protein-membrane interactions
in real experimental cases although there has been
much theoretical work [20,21].

3.2. Lamellar biogels: multilayer fluid membranes
containing membrane-anchored polymer—lipids

Hydrogels of polymer networks constitute a very
important class of “‘soft” matter materials from

both scientific and technological viewpoints. Their
uses span diverse areas from the food industry to
the medical and biotechnological industries in
implants and tissue replacements, drug delivery
systems, and bioseparations among others [22—
27]. So-called “smart” hydrogels can shrink or
expand by a factor of up to 10* depending on their
local environment have bewildered scientists for
over a decade [22,28,29].

As described by Warriner et al. [30]a we have
recently developed an entirely new class of
hydrogels in our laboratory which are based on
fluid membranes comprised of lipids and cosurfac-
tants with small amounts of a low molecular
weight polymer-lipid PEG-DMPE (Fig. 4). The
PEG-lipid is hydrophobically anchored but free
to diffuse within the fluid membrane. There are
striking differences between these membrane-based
liquid crystalline biogels, labeled L, ,, and isotropic
hydrogels of polymer networks. For example, as
the water concentration is increased, a smaller
polymer concentration is required for gelation as
is seen in the phase diagram (Fig. 5). Furthermore,
whereas even concentrated (greater than 50 wt.%)
free PEG (molecular weight =5000)-water mix-
tures do not gel, gelation occurs in lamellar mix-
tures containing as little as 0.5wt.% of PEG
(MW =5000)-lipid. A defining signature of the
biogel L,, regime as it sets in from the fluid
lamellar L, phase is the proliferation of defects
which are stabilized by the segregation of
PEG-lipids to the high membrane curvature defect
regions connecting the membranes. The underlying
defected structure of these lamellar gels is qualita-
tively consistent with their unusal macroscopic
properties compared with isotropic gels.

Free PEG is a non-ionic water-soluble polymer
which has been studied extensively in a broad
range of scientifically and technologically impor-
tant problems in colloidal science and complex
fluids [31], and more recently in biology and
biotechnology [22]. Because of their extremely low
immunogenicity, “free” PEO, a high molecular
weight version of PEG, is used to make hydrogels
consisting of water-swollen high molecular weight
polymer networks in numerous biomedical appli-
cations involving tissue replacement [22], and in
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Fig. 4. Schematic diagram of two undulating fluid membranes (comprised of DMPC and cosurfactant pentanol) with PEG-lipid

hydrophobically anchored, but freely diffusing within the membrane.
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Fig. 5. Phase diagram for single-end-anchored
PEG35000-DMPE plotted in terms of the water weight fraction
@, vs the mole percentage of PEG-lipid to the total lipid
content cprg. (Redrawn from Warriner et al. [30a].)

synthetic coatings with PEO grafted onto bulk
polymeric substances [23].

This immunogenicity has also led to a renais-
sance in the field of drug and gene delivery applica-
tions using liposomes [26]. This is due to the
observation of a dramatic increase in blood circula-
tion times in both peptides and proteins protected
by covalently attached PEG [27], and in so-called
“Stealth” liposomes [24-26] used as a drug carrier
system consisting of closed bilayer shells of
phospholipids covered with PEG-lipids hydro-
phobically anchored to the membrane. The inhibi-
tion of the body’s immune response to these PEG-

coated liposomes has been attributed [26] to a
polymer-brush type steric repulsion [32].

The liquid crystalline biogel is stable in water-
swollen lamellar phases with large intermembrane
separations R, <d<8R,. The L, is comprised of
membranes of DMPC, the cosurfactant pentanol,
and small amounts of the polymer-lipid PEG-
DMPE, separated by water. Warriner et al. [30a]
described lamellar biogels in two different molecu-
lar weights of PEG, 2053 g mol ~! (PEG2000) (n =
45 is the numbers of monomers) and
5181 gmol ™! (PEGS5000) (r=113). For both
molecular weights of PEG-DMPE, the sample
viscosity increases dramatically with the onset of
gelation occurring both as a function of increasing
PEG-lipid concentration and, unexpectedly, as a
function of increasing water concentration as
shown in Fig. 6. Normally, lamellar fluid mem-
branes simply show a decrease in viscosity as d is
increased at higher water fractions. Here, we find
an inverse behavior for gelation, with mixtures of
larger water content gelling at smaller PEG-lipid
concentrations.

The phase diagram for PEG5000-DMPE show-
ing the L, and L, , regions is shown in Fig. 5, with
the water weight fraction @, plotted versus the
mole percentage of PEG-lipid (¢pgg) in the total
lipid content of the membrane. The radius of
gyration of PEG-lipid in lipid membranes has
been measured to be about 62 A for PEGS5000
[33,34]. For &,<0.66 (see arrow (i) in Fig. 5),
which is below the lower two-phase boundary, the
stacked bilayers cannot incorporate any PEG5000.
This boundary corresponds to an average mem-
brane separation dy,.; = 60 A (d=03+d,aer, Where
5=28 A is the membrane thickness). Thus, as a
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Fig. 6. (A) Two lamellar samples in 13 mm diameter tubes, each with a 6.06 mol% PEG2000-DMPE concentration. Surprisingly,
the top bottle, which is a gel, has the larger water content. Lower tube, @,,=0.45; top tube, @, =0.78; these correspond to lamellar
interlayer spacings d=55 A and 165.4 A. (B) Gel sample (same as top tube in (a)) showing long lived (greater than 6 months) non-
spherical bubbles due to the finite yield stress present in the gel. Rheometric measurements of the dynamic elastic moduli show that
the elastic storage modulus is much larger than the loss modulus. (From Warriner et al. [30a].)

function of increasing water, the one-phase lam-
ellar region is stable when the separation distance
is approximately large enough to accommodate
the swollen PEG polymer. The maximum spacings
where the lamellar regions remain one phase corre-
spond to dwaterz%OA (see arrow (ii) in Fig. 5)
with d>» R,.

The key difference with previous work [33]
which allowed us to explore the regime d» R,
where the biogel is stable, was the high flexibility
of the fluld membranes within which the
PEG-lipid was incorporated. Without PEG-lipid,
the addition of the cosurfactant pentanol to mem-
branes consisting of DMPC thins the bilayer mem-
brane which leads to the decrease of its bending
rigidity k~kgT [2]. The lamellar L, phase is then
comprised of fluid, highly flexible membranes with
interactions dominated by long-range repulsive
undulation forces [2,35], giving rise to large inter-
membrane distances.

We note that the L,, phase is a physical gel
rather than a traditional chemical gel with perma-
nent covalent bond cross-links [22]. Using approx-
imate values for the PEG radii of gyration [33,34]
together with those for the areas of lipid and
cosurfactant molecules [2], the concentration
where the mushroom-shaped PEG-lipid first
covers a flat membrane before any overlap of the
polymer chains occurs, is estimated to be about
3mol% for PEG5000-DMPE. The transition to
the gel phase then may occur in PEG-lipid concen-
trations significantly below the brush regime

(Fig. 5, &,>0.78), where the polymer does not
fully coat the membrane. Thus, the direct inter-
actions between the PEG on opposing layers can
be ruled out as a mechanism for gelation.

We show small-angle X-ray powder scans, corre-
sponding to the (001) peaks of the lamellar struc-
ture, in four mixtures along a line of increasing
PEG2000-DMPE concentration in the fluid
(Figs. 7(A) and (B)) and gel (Figs. 7(C) and (D))
regions. Larger-angle experiments verify that the
interference peak due to interactions between the
lipid chains remains liquid like in both the L, and
L, . regimes; thus, the addition of PEG-lipid does
not affect bilayer fluidity. Hence, unlike L, gels,
gelation is not due to in-plane chain ordering
[36,37]. In a fluid lamellar phase, the onset of the
higher harmonics is an indication of the stiffening
of the bulk compression modulus B[2,38,39]. This
suggests that PEG-coated membranes in a flexible
multilayer system experience an enhanced repulsive
interaction [40] as a function of increasing cpgg
which is consistent with an increase in B. The
dramatic transition from fluid to gel is not mir-
rored in any similarly dramatic change in the
X-ray scattering profiles, rather B increases
smoothly as cppg increases. The onset of the har-
monics is observed to depend on cppg, but is
essentially independent of the water content &,
(or d). Thus, this apparent increase in B is not
directly related to the gel transition.

The onset of gelation is marked by a distinct
change in the defect structure observed in polarized
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Fig. 7. Synchrotron X-ray scattering data on four samples along
an increasing PEG2000-DMPE line: (A) cpgg=0mol%,
®,,=0.80, d=155 A; (B)cprg=2.9 mol%, &, =0.78,d=147 A;
(C) cpeg=7.8mol%, &,=0.75, d=133A; (D) cpeg=
15.5 mol%,®,,=0.70, d=127 A. The first two samples are in
the L, fluid and the last two are in the L,, gel regime which
sets in around cppg=4.01+0.25 mol%, &, =0.76+0.05 along
this line. (From Warriner et al. [30a].)

light microscopy. Samples in the fluid L, regime
primarily exhibit the typical “oily streak’ defects
characteristic of lamellar phases with melted chains
(Fig. 8(c); x—z plane) shown schematically in
Fig. 8(a) (two opposite edge dislocations with large
Burgers vectors) [39,41]. As the transition to the
L, region is approached, we observe a prolifera-
tion of defects (Fig. 8(d)). The fluid—gel transition
then appears to be driven by the softening of the
free energy of defects and their consequent prolifer-
ation as observed experimentally.

The gel phase is then characterized by a highly
defected microstructure comprised of a network
of connected membrane bilayers with the
PEG-lipid segregated to the high curvature
regions, which on a semimacroscopic length scale
leads to random layer orientation domains
(Fig. 8(b)). This random layer orientation of
domains may lead to elasticity and thus gel-like
behavior, because domains which have their layer
normals with a finite projection along the flow
direction will resist shear, to avoid tilting of layers.

3.3. Entangled tubular vesicles: a new phase of
liposomes

Liposomes consist of phospholipids which form
closed fluid spheres (because of the hydrophobic
effect), capable of encapsulating chemicals. To
date, because of their similarities to real cells and
their encapsulation properties, liposomes con-
sisting of spherical multilamellar vesicle phases
have been extensively studied. From a scientific
viewpoint, liposomes are studied as models of
interacting cells (e.g. in adhesion and de-adhesion
events). From a technological viewpoint, liposomes
are currently increasingly utilized in the cosmetics
industry (i.e. as a slow chemical release agent) and
have potential applications as drug and gene
carriers.

The Safinya and Zasadzinski groups at Santa
Barbara recently reported on the discovery of a
new phase belonging to the family of liposomes
consisting of multilamellar tubular vesicles (L,,)
[42]. Macroscopic observations (Fig. 9(A) and
(B)) show that the L,, is a distinct phase coexisting
at equilibrium with the well-known L, phase of
spherical vesicles and exhibiting under flow the
Weissenberg rod climbing effect characteristic of a
polymeric-like entanglement for its underlying
microstructure. Optical microscopy (shown in
Fig. 9(C) and (D)) and electron microscopy reveal
it to be liposomes comprised of highly entangled
(hollow) tubular vesicles, the L, phase, in ternary
mixtures of DMPC, water and geraniol, a biologi-
cal cosurfactant derived from oil-soluble vitamins.
In-situ X-ray diffraction confirms that the tubule
walls are multilamellar with the lipids in the chain-
melted state. These tubules are then quite distinct
from the solid lipid tubules [43].

This new equilibrium phase of liposomes is not
predicted by current theories describing fluid mem-
branes. Among the very dilute phases which appear
at equilibrium in surfactant solutions, including
the dilute lamellar L, phases [2] that are stabilized
by the Helfrich [35] undulation forces, the equilib-
rium L, phase of spherical vesicles [44,45] and the
bicontinuous L, phases [46,47], all may be
described by considering fluid membranes with
physical properties described by Helfrich [35]. In
contrast, the existence of the L, phase is not
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Fig. 8. Real space schematic structure of defects in (A) the fluid L, and (B) the gel L., phases as discussed in the text. Optical
microscopy pictures between crossed polarizers of defects in PEG2000-DMPE samples along a line of increasing PEG-lipid concen-
tration (with @+ Ppp=0.8). (C) cpge=1.1 mol%, @, =0.79 sample showing the oily streak defects typical of L, phases. (D)
cpeg=4.53 mol%, P,=0.78 mixture in the gel phase. The proliferation of defects as the gel phase sets in is evident. (From Warriner

et al. [30]a.)

predicted within the Helfrich theory. Recent theo-
retical work which emphasizes a non-analytical
bending energy term that appears to favour cylin-
drical and “egg-carton” geometries may turn out
to be the correct theory of the L,, phase [48].

4. Conclusions

Biomolecular materials are materials that result
from research at the interface between materials

science and engineering and biology (see for exam-
ple [49,50]). This highly interdisciplinary research
enterprise claims practitioners from diverse disci-
plines including soft condensed-matter physics,
complex fluids, biophysics, chemical synthesis, bio-
chemistry, molecular cell biology and genetic engi-
neering. In most cases a common structural feature
of such materials is self-assembly, in particular,
into more highly ordered supramolecular
materials.

Among the most interesting biomolecular materi-
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Fig. 9. (A) Photograph of a test-tube showing the interface of a two-phase sample with an upper tubular vesicle phase and a lower
dilute spherical vesicle phase. (B) When a rotating rod (not shown) is inserted in the upper phase, the observed response is highly
unusual for surfactant solutions: the interface moves inward and upward. This behavior is more commonly observed in entangled
polymeric solutions. (C) Optical micrographs using differential interference contrast depicting the multilayered tubular vesicles phase.
(D) Phase contrast optical micrograph of a different region of the same sample showing the elongated tubular vesicles. Bars indicate
10 pm. Micrographs taken with a Nikon Diaphot 300. Because of the extremely large structures resolvable by light microscopy, this
model polymeric system (of membranes) would allow us to visualize flow-induced distortions of the microstructure of polymeric
complex fluids directly. The distortions in turn gives rise to normal stress effects at the macroscopic level which underlie all the
technologically useful properties of polymers. (From Chiruvolu et al. [42].)

als are those comprised of self-assembled and func-
tionalized interfaces where the functionality is
derived from biomolecules which may be manipu-
lated at the molecular level. For example, 2D self-
assemblies of membrane—proteins such as bacterior-
hodopsin and similar native bacterial self-assemblies
of surface protein layers are of current interest for
the development of biomolecular materials in tech-
nological areas as diverse as molecular electronics
and optical switch applications, to uses as molecular
sieves and the lithographic fabrication of nanome-
tre-scale patterns [1,14,15]. Functionalized biomo-
lecular interfaces which include receptor proteins
could form the basis for developing advanced mate-
rials which serve as chemical and biological sensors

[19], or those with controlled interfacial properties
such as adhesion and lubrication. In many cases
the materials have uses in biomedical applications,
e.g. in tissue engineering or in developing self-
assembled drug and gene delivery vehicles [26-28].

The fluid membrane-based biogels described in
this article [30] immediately suggest new directions
for further development of functionalized bioactive
materials. Because their principal component is
lipid and surfactant, “bioactive gels” useful in
tissue healing, in chemical sensing or drug delivery
applications [24,26,27] may be envisaged with
activity derived from membrane-anchored pep-
tides, proteins or other drug molecules, and
mechanical stability resulting from the poly-
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mer-lipid minority component. By analogy to
so-called “smart” hydrogels of polymer networks
which respond by contracting or expanding to
external stimuli such as temperature, solvent or
pH changes [23,29], a suitable choice of lipid and
polymer—lipid should lead to a different class of
smart lamellar hydrogels.

Bioactive gels may also be envisaged comprised
of the reconstitution of bR into the lamellar bio-
gels. bR can function as an optically driven bistable
switch at low temperatures. Thus, because of the
importance of bR in the field of biomaterials
research, bR-containing lamellar gels should find
much utility. The bioactive gel would combine the
optimal mechanical integrity and processability
properties of the underlying membrane—polymer
structure together with the desirable optical prop-
erties of bR.

In the next few years, many researchers of
biomolecular materials and complex fluids will
almost certainly be working in the area of “non-
viral based” gene therapy. Somatic gene therapy
depends on the successful transfer and expression
of extracellular DNA to the nucleus of eucaryotic
cells, with the aim of replacing a defective or
adding a missing gene in corrective molecular-level
biomedical applications (see for example [51]).
While viral-based carriers of DNA are at present
the most common method of gene delivery, there
has been a tremendous recent surge in activity in
the development of synthetically based non-viral
vectors. In particular, an important recent break-
through involves the use of cationic liposomes
(CL) as non-viral transfer vectors (i.e. carriers) of
recombinant DNA molecules [52]. While signifi-
cantly improved in transfection efficiency com-
pared with other non-viral carriers, at present, CL
vectors exhibit much lower efficiencies than do
viral vectors. This low efficiency is related to the
lack of fundamental knowledge regarding the
mechanisms which underly transfection via “cat-
ionic” liposomes [51-53]. In particular, what is
the precise nature of the interactions and resulting
structures of the CL-DNA complexes? What are
the interactions of the complex with intracellular
organelles and the mechanism of transfer across
the nuclear membrane? Recent experiments are
now beginning to address properly the structure

of the complexes through quantitative X-ray
diffraction studies which are revealing a well-
defined, more highly ordered liquid crystalline
structure of the CL-DNA complexes with the
DNA, which is intercalated between cationic lipid
bilayers, forming a well-defined one-dimensional
lattice of DNA chains [54].

The obvious complexity in biomolecular materi-
als research makes the field especially pleasing
because of the seemingly unlimited number of very
important unresolved problems. Furthermore,
while almost no problem in this area will be
completely solved owing to its complexity, because
of the importance of the field, even small progress
towards their solution tends to lead to large gains
from scientific, technological, medical and environ-
mental aspects.
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