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Abstract Incorporation of membrane proteins with
retained activity in artificial membranes for use in mem-
brane-based sensors has attracted scientists for decades.
This review briefly summarises general concepts on
relevant cubic phases with and without incorporated
proteins and provides some insight into the development
of biosensors where bicontinuous cubic phases are used for
incorporation of an enzyme. Some new data on impedance
characterisation of a supported cubic phase are also shown.
An efficient membrane-based electrochemical biosensor
requires that the analyte has free access to the immobilised
membrane protein and that regeneration of the catalysing
enzyme is fast. Long-term stability of the system is also
necessary for the biosensor to find applications outside the
research laboratory. These basic concepts are discussed in
the review along with presentation of those biosensing
systems based on cubic phases that are reported in the
literature.
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Introduction

Model bilayer lipid membranes have been constructed for
precise investigations of biological processes and have
provided deep and detailed information at a cellular level
of, for example, ligand—receptor interactions, viral attacks,
and cellular signalling events [1]. These artificial lipid
membranes are also suggested as useful templates for
membrane proteins in biosensor applications. There are
several suggested approaches to achieve stable lipid
membranes on electrode surfaces and the most important
approaches are described briefly below.

1. Solid supported lipid bilayers, SLB. In these the surface
should be smooth, clean, and hydrophilic for formation
of a high-quality fluid film. The lipid layer is separated
from the solid support with a thin water film, ~10 A,
enabling some mobility of the lipids in the lower
leaflet. There is, however, no room for bulky trans-
membrane proteins [2—6].

2. Polymer cushioned bilayers, PCB. In these a thin poly-
mer cushion is formed to mimic the extracellular matrix
and provide space for transmembrane proteins [7—14].

3. Hybrid lipid bilayers, HLB. In these the first layer is a
self-assembled monolayer, SAM, of a thiol or silane
with a long carbon chain, providing the first leaflet of
an artificial bilayer. The second layer is added with the
same methods as for SLB, i.e. vesicle fusion and/or
Langmuir-Blodgett transfer [15-18]. A hydrophilic
spacer is sometimes introduced at the base of the
alkanethiol-silane to form an aqueous reservoir be-
tween the bilayer and the solid substrate to make room
for transmembrane proteins in the bilayer [19-21].

4. The classical black lipid membrane, BLM. This is
easily formed by painting a lipid solution across a small
aperture [22]. This type of artificial lipid bilayer is,
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however, fragile and only useful for fundamental
research. The stability has however increased consider-
ably with the introduction of nano-BLMs that are
readily produced on porous alumina substrates from
lipid solutions [23, 24].

So far there is no super-stable model membrane that can
be kept in the laboratory drawer for several months before
use, although some measures have been proposed for
further stabilisation of these fragile systems [14]. Most
model membranes as referred to above would delaminate
immediately on exposure to air. However, there is one
promising exception—the lipid cubic phase is stable for
months and is easily prepared [25]. It consists of a 3D
bilayer lipid membrane where membrane proteins can be
inserted with retained activity [26]. Their unique structure
has inspired to several different application areas such as:

1. Biofuel cells based on the cubic phase can easily be
miniaturized and stacks of cells could be constructed.
There is a possibility of constructing biofuel cells
without the bulk solution phase since the cubic phase
allows elimination of separating membranes. Moreover,
it has already been demonstrated that the monoolein
cubic phase is a suitable matrix for immobilisation of
enzymes as a holder of the catalyst at either the cathode
or anode, or both, in a biofuel cell [27].

2. Cubic phases are also good matrices for controlled
release and drug delivery in pharmacological applica-
tions. Lipidic cubic phases are biocompatible, digest-
ible, and bioadhesive, and the pore structure provides a
diffusion pathway for controlled release. Due to pre-
sence of bicontinuous water and amphiphilic channels
there is a possibility of incorporation of water-soluble or
lipid-soluble molecules, for example proteins, vitamins,
and small drugs. Moreover, the cubic phase have been
shown to improve the topical/transdermal delivery of
relatively small molecules such as nicotine, salbutamol,
acylovir cyclosporin A(CysA), and aminolevulinic acid
esters [28—32]. The diffusion of these molecules depends
on the size of the molecules and the dimension and/or
charge of the aqueous channels. Applying lipids with
different acyl chains to the lipid mixture that comprises
the cubic phase will modify the water channels, which in
turn modulates the rate of transport.

3. The bicontinuous cubic phase also allows for crystal-
lization of membrane proteins "in cubo" and has
resulted in well-ordered crystals that enabled determi-
nation of high-resolution structures of several mem-
brane proteins [33, 34].

4. Akerman et al. have shown that the bicontinuous cubic
phase can be used as a matrix for electrophoresis of
both membrane-bound fluorescent probes and oligonu-
cleotides. Since both the bilayer lipid membrane and
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the aqueous phase are continuous throughout the
crystal both the hydrophobic and the hydrophilic
probes can migrate through the same bicontinuous
cubic crystal. A size separation capability was demon-
strated for nanosized hydrophilic molecules with a
strong retardation [35, 36]. However, migration of both
types of probe were slow and therefore it was
concluded that the cubic phase is not a feasible
replacement for conventional gels.

5. Another suggested and challenging application is to use
the lipid cubic phase to host membrane proteins in
biosensing applications since it gives a unique option of
depositing a stable lipid bilayer on an electrode surface.
Water-soluble proteins can accommodate successfully
with extended lifetime in the ca 5-nm aqueous channels
of the cubic phase close to the electrode surface, for
example, use of glucose or pyranose oxidase to
determine sugars [37-39]. The analyte in the surround-
ing aqueous phase will have free access to both the
electrode surface and the inserted protein, which is easily
wired to the electrode with an electroactive mediator.

No commercial membrane-based biosensor has yet been
prepared by anyone, so this particular approach remains a
great challenge and inspiring subject for biosensor-oriented
analytical chemists. The background and requisites for this
type of biosensor are discussed in this paper.

Background of liquid crystalline cubic phases

Lipids, like most other amphiphiles, can form a variety of
lyotropic liquid crystalline phases. The lamellar phase with
its multibilayer structure is well known and the different
nonlamellar structures, occurring for a number of lipids,
have gradually entered the scene. The lipid aggregate units
can have different shapes like spheres, rods, or lamellae.
Lamellar liquid crystalline phases exhibit one-dimensional
periodicity, i.e. lamellar units of infinite extension are
stacked regularly, and hexagonal liquid crystalline phases
exhibit a two-dimensional periodicity with rod-like aggre-
gates of infinite length packed into a hexagonal lattice.
One particular class of liquid crystalline structure has
cubic symmetry. Similar to lamellar and hexagonal phases
they possess long-range order with (short range) disordered
hydrocarbon chains. The aggregates formed by the lipids
are situated in a cubic three-dimensional lattice. In contrast
to the lamellar and hexagonal phases, which are optically
birefringent, the cubic phases are optically isotropic. Cubic
phases might in some cases be difficult to discover
experimentally due to their isotropic properties. Further-
more, they are very viscous, often waxy or in some cases
jelly-like and can also be extremely metastable. The cubic
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phases are classified according to their space group
obtained by X-ray diffraction. The number of different
cubic structures might be quite many, but the space groups
carefully determined for cubic phases containing membrane
lipids are still limited to a few such as la3d and Im3m with
body-centred space groups and Prn3m, Pm3n with primitive
cubic lattices [25, 40, 41].

The first observations of cubic liquid crystalline phases
were made in the 1960s. Since then these phases have been
paid intense attention and knowledge of cubic phases has
accumulated substantially. The most important and exhaus-
tive reviews are found in Refs. 25, 40 and 41.

Discussion here is restricted to systems containing
membrane lipids in order to keep it to a reasonable size.
These lipids may be divided into two groups:

1. water soluble micelle-forming amphiphiles; and
2. water insoluble swelling amphiphiles.

An example of the first group is lysolecithin while
lecithin belongs to the second group. However, there is not
always a sharp boundary between the two groups since an
insoluble swelling lipid at room temperature may be soluble
and form micelles at a higher temperature. Cubic phases for
binary systems containing a swelling amphiphile, for
example monoolein, usually form in equilibrium with an
L, phase on one side and with excess water on the other
side (Fig. 1). Another possibility is that the cubic phase is
in equilibrium with an Hj phase, which in turn is in
equilibrium with excess water.

Cubic phases form in several lipid systems and their
existence often critically depends on temperature and com-
position, as seen in phase diagrams of lipid—water systems.
Determination of phase diagrams is usually very tedious work
using classical methods and there are only a limited number of
phase diagrams available. NMR techniques were therefore
developed since they are more rapid for such investigations.
These elegant and convenient methods, based generally on *H
and *'P NMR, are frequently utilized in the laboratory at
Umed University. The positions in the phase diagram of the
various phases often give very helpful information about
physicochemical properties and, in particular for cubic
phases, about the aggregate structure building up the phases.
Hitherto a cubic phase has been observed between almost
every other phase in the phase diagram, which definitely
shows that the cubic phase is not an abnormality.

Methodologically it is convenient to divide the cubic
phases into two fundamentally different groups:

1. cubic structures having regions which are continuous
with respect to both polar (water) and nonpolar
(hydrocarbon) components, called bicontinuous; and

2. cubic structures built up either with discontinuous
hydrocarbon regions but with continuous water regions

JLLE

Fig. 1 (a) Structure of monoolein. (b) Typical structure of a cubic
phase

(for example micelles in water) or with discontinuous
water regions but with continuous hydrocarbon regions
(for example reversed micelles in liquid hydrocarbon).

There is a remarkable difference in viscosity between the
two types of structure—all the bicontinuous phases are
extremely viscous whereas the phases built up of globular
aggregates usually are less viscous and have a more jelly-like
consistency. Most of the cubic phases formed by membrane
lipids have been shown to be bicontinuous. This group of
cubic phases is also the most attractive approach for biosensor
applications since they allow transport of both hydrophilic
and hydrophobic substrates throughout the crystal [35].

Characterisation of lipid cubic phases
Structure
Theoretical treatment of the formation and structure of

cubic phases has advanced considerably during recent
years. This has been possible mainly due to the application
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of differential geometry to the description of the complicat-
ed surfaces building up many cubic structures. However,
more than one physical method are required to solve the
complex structure of the cubic phases. Thus X-ray diffrac-
tion [42] alone will not be able to give a conclusive answer.
One promising candidate for further complementary infor-
mation is transmission electron microscopy (TEM) that has
recently been applied to membrane lipid systems [43].

NMR techniques have shown to be particularly powerful
for this purpose and, above all, the NMR pulsed-field
gradient method. A large number of cubic phases formed
by membrane lipids have been investigated with this
method for the determination of translational diffusion
coefficients of both the lipid and water components [44].
Since the molecular motion is isotropic the NMR spectra of
cubic phases exhibit narrow highly resolved peaks, where
one is from the lysolipids. The NMR signals of cubic
phases are therefore similar to those of a micellar solution
and are consequently not sensitive to details of the
structures of isotropic phases. Therefore, for cubic phases
the diffusion coefficient can be measured directly without
using probe molecules and no model-dependent assump-
tions have to be made. From comparison of the lipid
translational diffusion coefficients in the cubic and lamellar
liquid crystalline phases, it is possible to differentiate
between the two fundamentally different types of cubic
phase, namely the bicontinuous ones and those built up of
closed micellar aggregates [45—47].

Protein interactions with cubic phases

Remarkable amounts of proteins in their native forms can
be incorporated in a cubic phase without loss of the cubic
structure. This property provides the fundamental require-
ments for development of biosensors based on immobilisa-
tion of membrane proteins in cubic phases. Some of these
are discussed below.

Fontell et al. investigated a cubic monoacylglycerol—
protein—water phase with low-angle X-ray diffraction. A
ternary phase diagram of the monoolein—lysozyme—water
system was constructed and it was proposed that the protein
molecules were located in the water channel systems [26].
It was concluded that high repulsive electrostatic forces
facilitated the formation of this cubic phase.

Cytochrome c (cyt c¢) forms a cubic phase with
monoolein and water, and is an interesting model of the
inner mitochondrial membrane. The lipid—protein interac-
tions in this system were investigated with FT-IR spectros-
copy, differential scanning calorimetry, and electrochemical
techniques by Razumas et al. [48, 49]. A structural
rearrangement in the polar head group region and a higher
conformational order of the acyl chains was found which is
related to the presence of the protein. In order to avoid
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phase transitions the water content was around 38-41%,
which ensured that the cubic phase remained in space group
Pn3m irrespective of protein content [48] up to a
concentration of at least 5% w/w. In this cubic phase the
inner core of the lipid bilayer forms a diamond-type infinite
surface. An increase in the unit cell dimension was
observed at high protein loadings or on addition of buffer
solution. The diffusion coefficient of the entrapped protein
was estimated with electrochemical techniques and showed
very restricted mobility of the protein. This is the first
report on direct redox conversion of an entrapped protein in
a cubic phase.

Later, Kraineva et al. investigated the MO—cyt c—water
system in order to characterise the lipid phases and their
stability at various temperatures and pressures with small-
angle X-ray scattering. In this case the water content was
around 20% and an increase of cyt ¢ concentration above
0.2% w/w in the bicontinuous cubic phase promoted a
phase transition. It was shown that protein interaction with
the bilayer membrane affects not only the conformation of
the protein itself but also lipid membrane curvature [50].

Razumas et al. also investigated interactions in the
vitamin A—monoolein—water cubic phase system and found,
from cyclic voltammetry, in this case also, rather slow
mobility of the entrapped vitamin. The phase diagram of
the binary system was not affected at a concentration below
1% w/w vitamin A [51].

In a recent publication Rogalska et al. investigated
hydrophobin interactions with various lipid layers, i.e. lipid
monolayers at the air—water interface and in lamellar and
monoolein cubic phases [52]. Interestingly the adsorption
of a slightly modified Cu"-chelating Schizophyllum com-
mune hydrophobin, SC3, in the cubic phase results in open-
circuit accumulation of copper ions in the protein—lipid
system. The preconcentrated Cu" can be readily detected
with cyclic voltammetry and it is suggested that this could
open the way for electrochemical detection of copper. The
impact of the added hydrophobin on the cubic phase
structure was studied using SAXS. A slight decrease in
the lattice parameter was found compared with pure
monoolein cubic phase. The cubic phase was not damaged
by SC3 as are lipid monolayers [52], again indicating the
robustness of the cubic phase.

These observations are indeed promising for biosensing
applications since it has been shown that membrane
proteins can be incorporated in the cubic phase to rather
large concentrations. It has also been shown that an
electroactive protein is readily accessible and can be
oxidised or reduced within the cubic phase. It should be
stressed that the water content of the phase, the tempera-
ture, the pressure, and lipid composition are of importance
to the stability of the cubic phase when increasing the
protein loading. A high protein loading might promote a
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phase transformation to a lamellar phase and this would
substantially decrease the efficiency of the biosensor
because of the loss of water channels.

Electrochemical characterisation

The suggested use of a cubic phase as a supporting matrix
for membrane proteins in biosensor applications motivates
the characterisation of the system with electrochemical
methods. First, the membrane protein (either oxidase or
reductase) should be incorporated readily into the cubic
phase in its native form with retained activity for prolonged
time and without rupture of the cubic structure. Second, the
mass transport of the substrate into the cubic phase should
not be restricted in order to ensure efficient oxidation or
reduction. Third, regeneration of the membrane protein
should be rapid. In an optimum biosensor the mass and
charge-transport properties should harmonize with the
heterogeneous and homogeneous rate constants for oxida-
tion or reduction reactions so that the whole volume of the
cubic phase is active in the recognition event. It was
recognised early in research on polymer film electrodes for
electrocatalytic purposes that in many cases only the
outermost layer of catalysts was active and the limiting
step was charge transport through the film. The original
theory and background are found in Ref. [53]. The same
logic should also be valid for biosensors based on cubic
phases with immobilised membrane proteins.

Rowinski et al. [54] investigated mass transport proper-
ties of hydrophilic probes in a monoolein—water cubic
phase with cyclic voltammetry and chronocoulometry. The
diffusion coefficients for Ru(NH)s>", benzoquinone, and
ferrocene carboxylic acid were found to be 5x107°° 1x
10_6, and 4x10°° cm? s L respectively, where the first two
values are factors of four and two smaller than those in pure
solution and the last value is similar to that in pure solution.
Similarly, Kostela et al. [55] have investigated diffusion of
hydrophilic, hydrophobic, and amphiphilic redox probes.
They used chronocoulometry and found that the hydrophil-
ic probes where retarded by a factor of 2-4, in good
agreement with Rowinski [54], whereas the hydrophobic
probes ferrocene and TMV (amphiphilic viologen) where
slowed down by a factor of 50.

Interestingly, Kumar et al. have recently investigated
three redox probes in a similar system, i.e. a lyotropic
hexagonal liquid crystalline phase based on Triton X-100
and water. They found that the diffusion coefficients for the
hydrophilic probes, i.e. ferro/ferricyanide and hexaammi-
neruthenium(II/ITIl) were not much retarded whereas the
diffusion coefficients for the hydrophobic probe ferrocene/
ferrocenium was slowed down by a factor of two orders of
magnitude [56]. This is surprisingly in good agreement
with results from cubic phases, but can be explained by the

fact that the hexagonal and cubic phases are polycrystalline
so the ion mobility is not restricted to the aqueous channels
in the two different types of crystalline phase.

The monoolein—water system is at present investigated
with electrochemical impedance techniques by the authors.
Here we want to present some of the unpublished data. In
the complex impedance plane a capacitive line was
observed in the case of no electroactive couple in solution.
Surprisingly, the presence of a cubic phase gave rise, in
most cases, to an increase in solution resistance of
approximately 40-50 Q cm?® (Fig. 2a,b). In Fig. 2c the
impedance data are displayed in the complex capacitance
plane. The diameter of the high-frequency semicircle is in
this case identical with the double-layer capacitance and a
simple graphical estimation gave Cy;=9.6+0.8 uF cm 2 on
the bare Pt electrode whereas with cubic phase on the
electrode surface Cy was increased to 22.4+0.8 pF cm 2. A
similar increase was also observed in cyclic voltammetry.
Interestingly, this is in contrast with the case when lipid
bilayers are deposited on an electrode surface where the
membrane capacitance at high frequencies decreases to, for
instance, 0.58 wF cm 2 as reported in Ref. [57]. The reason
is the special structure with water channels within the cubic
phase that increases the charge storage capacitance at the
interface.

With Fe(CN)g> /Fe(CN)¢*~ in solution the effect of the
cubic phase was considerable. A constant phase element
with ca 45° slope at medium and low frequencies was
identified as a Warburg line, Fig. 2a [58]. In this frequency
range mass transport of the ferro/ferri cyanide couple is the
rate-limiting step and the apparent diffusion coefficient,
D,pp, was calculated from the Warburg coefficient of 5.3 x
10°® ecm? s ! obtained at the bare electrode, which is in
accordance with literature values, whereas the mass
transport was much retarded in the cubic phase with a
diffusion coefficient of 2.5x10® cm® s™'. On the bare
electrode a semicircle was observed in the high-frequency
range related to the slow heterogeneous electron transfer,
whereas with the cubic phase at the electrode surface the
semicircle disappeared.

The observations from electrochemical investigations
clearly show that the cubic phase is permeable to ions
although mass transport is retarded. Interestingly, the
diffusion coefficient of ferro/ferricyanide is smaller when
determined with impedance spectroscopy than with chro-
nocoulometry. Chronocoulometry is a dynamic method in
which much energy is introduced into the system when the
potential is stepped from fully oxidised to fully reduced, or
vice versa, and migration effects cannot be excluded. In
impedance spectroscopy the experiment is performed near
equilibrium and the driving force is mainly thermodynamic.
The latter situation is more relevant in the case of a
mediated electrocatalytic reaction in a biosensor.
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<« Fig. 2 Impedance spectroscopy at a planar Pt electrode, 4=0.031 e,
f=0.01-100,000 Hz logarithmically distributed. Peak to peak
amplitude=10 mV Thickness of cubic phase=1 mm. Filled symbols:
with 0.5 mmol L™ Fe(CN)s*" and 0.5 mmol L' Fe(CN)s*"; Unfilled
symbols: without added redox couple. Complex impedance plane,
measurement at 50 Hz is highlighted. Complex impedance plane,
measurement at 1 Hz is highlighted. Complex capacitance
plane, measurement at 50 Hz is highlighted

State of the art in biosensor applications

Razumas et al. pioneered work on biosensors based on
cubic phases, and in 1994 they presented the first report on
membrane-based biosensors for determination of glucose,
lactate, urea, and creatinine. The enzymes were trapped in a
thin layer of a cubic phase of monoolein—water—protein that
was coated with a dialysis membrane. Anodic biocatalytic
currents due to oxidation of H,O, were recorded at the
amperometric enzyme electrodes [37].

In an attempt to produce an electroactive cubic phase
Kostela et al. introduced different types of ferrocene
amphiphiles into a melted mixture of mono and diglycer-
ides and then an appropriate amount of water was added
[59]. After centrifugation and storage for two weeks the
samples where investigated with SAXD measurements,
visual polarization microscopy, and electrochemistry. Phase
diagrams where constructed and the electrochemical mea-
surements revealed a 100-200-fold decrease in diffusion
coefficient as compared with that is found in acetonitrile
solutions for the ferrocene amphiphile. The idea of
assembling a liquid crystalline cubic phase based on lipid
bilayers with built in electroactive moieties is indeed
challenging, since it would provide an appealing model
system for studies of electron transfer processes in
biomembranes. If more rapid electron transport could be
provided by, for instance, electron hopping between the
ferrocene amphiphiles, the system would provide a means
of efficient regeneration of an inserted membrane protein
serving as the recognition element in a biosensor. However,
many problems remain to be solved.

Ropers et al. investigated two different cubic phases in
the development of a cholesterol biosensor [60]. Thus,
monoolein and a fluorinated derivative of an ethoxylated
alcohol were used to produce two types of reverse
bicontinuous cubic phases in excess water for immobilisa-
tion of cholesterol oxidase, ChO. The protein was efficient-
ly entrapped in the water channels of the two cubic phases,
and a slight increase in the dimensions of the unit cell was
observed. The diffusion of the analyte, i.e. cholesterol, was
much slower in the MO—water phase than in the fluorinated
cubic phase; this enabled a fast response in the latter
system. The reduction peak in cyclic voltammetry was used
to investigate the concentration-dependence of the biosen-



Anal Bioanal Chem (2008) 391:1569-1578

1575

sor based on a fluorinated cubic phase and a linear range of
0.01-5 mmol L' cholesterol in solution was found. The
ChO-MO-water system was more stable but was not
usable for biosensing purposes because of the retarded
transport of analyte into and out of the cubic phase.

There are a few reports in which laccase oxidoreductase
was entrapped in a cubic phase for catalysis of O, reduction
following the original work from 1994 of Razumas [37]. In
2004 Rowinski et al. investigated two systems based on a
MO-H,0 cubic phase where laccases from either Trametes
sp (fungal) or Rhus vernicifera (higher plant) were inserted
[61]. Cyclic voltammetry and chronoamperometry were
employed to characterise the modified electrode. Hydro-
quinone was added to the solution to serve as a mediator for
regeneration of the oxidised laccase following the catalysed
reduction of oxygen. The formed quinone is continuously
regenerated at the electrode surface (Fig. 3). The reduction
current was found to be proportional to the O, content of
the solution with a linear range between 0.09 and 0.2 mmol
L' O, (Fig. 4) [61]. Moreover, the overpotential for
oxygen reduction was decreased and no poisoning of the
electrode surface was observed.

In another paper the same group reports on two laccases
that were immobilised in a liquid-crystalline cubic phase,
i.e. native laccase from Trametes hirsuta, and a modified
version of the same enzyme to render it more hydrophobic.
The mediator used was 2,2'-azinobis(3-ethylbenzothiazoline-
6-sulfonate) diammonium salt (ABTS?"). The system was

- -

1.8 | . .
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Fig. 3 Chronoamperometric current versus concentration of dioxy-
gen. The current value was measured at —0.3 V, 300 s after applying
this potential to the electrode, recorded in 0.05 mol L' phosphate
buffer, pH 6. 1/1 mmol L™ 1,4-benzoquinone: (filled diamonds)
laccase-modified electrode and (empty diamonds) enzyme-free elec-
trode. Quantity of Trametes sp. Laccase immobilized on the electrode,
180 pg. Figure 7 in Ref. [61]. Reprinted with kind permission from
the American Chemical Society

investigated with Raman spectroscopy and cyclic voltam-
metry [62]. The mediated enzymatic processes were found to
be effective.

The same group employed two different oxidases, i.e.
glucose oxidase and pyranose oxidase, that were immobi-
lised in the monoolein cubic phase and the oxidation of
glucose was monitored with and without mediator [38].
Both oxidases catalyse the oxidation of glucose, with
hydrogen peroxide as the product of both reactions. The con-
centration of glucose could therefore be determined ampero-
metrically by oxidation of H,O, at a platinum electrode. The
linear range of this system was 1-20 mmol L™ for glucose
oxidase. In an attempt to improve the biosensing system
either ferrocene or ruthenium hexamine was used as a
mediator. This did increase the sensitivity considerably but
not the linear range.

Implanted biocell fuel cell electrodes are often readily
poisoned by biological components from body liquids.
Thus, the electrodes of an O, cathode for medical implants
are negatively affected by serum urate at the working
potential and therefore methods have to be developed in
order to exclude urate from the cathode. This is also the
objective in a recent report from Rowinski et al. in which
bilirubin oxidase was wired to the electrode with a
copolymer of acrylamide and N-vinlyimidazole [63]. The
wired bilirubin oxidase film was then coated by a layer of
1,2-dioleoyl-sn-glycero-3-phosphate-doped monoolein cu-
bic phase in order to exclude the urate from the cathode.
Doping with phospholipids changes the charge on the
channel walls inside the cubic phase and thus the anion-to-
cation permeability ratio. Thus, the permeation of the
unwanted contaminant urate decreased even further when
making the aqueous channel anionic. The dopant was also
found to improve the stability by increasing the shear
strength of the film [39] which made possible an investi-
gation of the catalytic system at a rotating-disk electrode.
Rowinski et al. have also reported on the formation of a
lyotropic liquid crystalline cubic phase that is stabilized by
adding a newly synthesized amphiphile with lyotropic
properties and vitamin E acetate [63]. Similar to the
previous case glucose oxidase was wired to the carbon
electrode with a redox polymer that was subsequently
coated with the cubic phase. The linear range of this sensor
was 2-30 mmol L™ which is most appropriate for glucose
control of diabetic patients. However, the response time is
much retarded because of the slow diffusion of glucose in
the cubic phase.

Wiyaratn et al. used cyclic voltammetry, chronoamper-
ometry, and rotating disk experiments to investigate the
catalysis of the reduction of organohalides at a cubic phase
with immobilised Zn(Il) porphyrin. The detection limit of
organohalides was decreased to 0.1 pmol L', which is one
order of magnitude lower than in an electro-polymerised
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Fig. 4 Quinone/hydroquinone
redox process catalyzed by a
laccase. Scheme 1 in Ref. [61].
Reprinted with kind permission
from the American Chemical
Society

ELECTRODE

film. The authors suggest that the reason is the open
structure of the cubic phase that allows effective mass
transport of the substrate [64]. This system is certainly not a
true biosensor but shows that rapid mass transport of the
substrate within the cubic phase is an important parameter
that can substantially increase the detection limit in a cubic
phase-based sensor.

In an interesting approach to protein biochip develop-
ment it has been suggested that self-assembled nanochannel
networks can be formed from a mixture of monoolein and
maleimide (triethylene glycol) ether lipid. In this highly
ordered structure, sensor protein fragments, human blood
proteins, were inserted and long-term stability in a broad
temperature range was demonstrated [65]. Furthermore, in a
later publication the same group employed freeze fracture
electron microscopy and synchrotron X-ray diffraction to
investigate the protein-induced porous soft matter cuboso-
mic nanopattern, such as nanoridges and open nano-
channels [66]. In these papers the authors investigated
how protein inclusion affects cubic phase morphology and
the stability of the nanostructures. However, no data were
provided about the functionality of the captured or
entrapped biomolecules, whereas it was concluded that
the proteins were immobilized in the cubosome. More
investigations are needed, with, for instance, variation of
the charge of the analyte to increase/reduce transmem-
brane communication and exchange. This might pave the
road for a new class of immunological biosensor assays if
only for a limited number of low-molecular-weight
molecules.

The search for a robust cubic phase that can be used in
rugged biosensing applications or in drug delivery systems
has motivated Tiberg et al. to investigate the aqueous phase
behaviour of glycerol monoloeate, GMO, and glyceryl
monooleyl ether, GME, at various mixing ratios [67]. GMO
is known to increase chemical stabilisation and to reduce
susceptibility to hydrolysis. The two lipids are totally
miscible with each other and when a PPO-PEO triblock
copolymer, e.g. “Pluronic F127”, was added a dispersion of
cubic phase nanoparticles was formed. Three ternary phase
diagrams were constructed based on results from X-ray
diffraction and H NMR.

@ Springer
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Concluding remarks

The cubic phase seems to be promising in biosensor design.
A stable three-dimensional lipid bilayer can be deposited on
the electrode surface where membrane proteins can be
inserted with retained activity. The inserted redox proteins
are readily recovered by mediators that shuttle electrons
between the electrode surface and the protein. The mediator
can, for example, be dissolved in the electrolyte or be
linked to the lipid three-dimensional structure as inserted
electroactive amphiphiles.

The advantage the cubic phase sensors can provide
compared with those based on supported planar lipid
membranes is twofold: i.e. the cubic phase has a better
stability than the supported bilayer and it can also hold a
larger surface concentration of protein on the electrode
surface. The large amount of membrane protein that can be
accommodated inside the cubic phase will give increased
sensitivity provided mass and charge transport is rapid
within the cubic phase. The signal-to-noise ratio can also be
substantially improved by modification of the charge at the
walls in the water channels. This is an advantage compared
with other electrochemical sensors based on different
enzyme immobilization approaches.

Other major advantages are the non-toxicity of the cubic
phase and the ability of biodegradation in organisms.
However, if the cubic phase is intended for use directly in a
physiological fluid, the reaction with lipases may interfere.
Under these conditions either a lipase-impermeable mem-
brane should be used to cover the cubic phase film or
monoacylglycerol cubic phase can be substituted by com-
pounds not containing acyl moieties e.g. phytantriol. Im-
proved characteristics of three-component liquid-crystalline
matrices for the cathode and anode have been demonstrated
recently by Heller and coworkers [39]. In general, the use of a
ternary cubic system seems promising to further improve
the stability and the shear strength of the lipid phase, which
is also the inclination in several other recent publications
[56, 63, 65-67].

Also the physical parameters of the cubic phase are of
importance for improved performance of the biosensing
system. Here, experience from drug delivery research
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provides important information on how to fine-tune the
diameter of the water-channels and/or the charge on the
walls by substituting amphiphiles in the phase. The aim
with this research is of course primarily to control the
release of a particular drug, but it also provides information
on how to exclude contaminants from entering the cubic
phase, to increase the sensitivity and specificity of a
biosensor. Moreover ongoing research concerning biofuel
cells and crystallisation of membrane proteins provides
important information for development of a stable and
sensitive biosensing system.

Surprisingly there are only a few biosensors reported in
the literature so far that are based on a cubic phase on an
electrode surface. It should be recalled that when the theory
concerning kinetics of electrochemical reactions mediated
by redox polymer films was launched by Saveant et al. [53]
in the early 1980s a great interest arose in the scientific
community to utilize this elegant theory. The aim was to
improve the efficiency of this particular electrochemically
mediated system. Thus, the work on finding stable cubic
phases that can be characterised with a rotating disc electrode
in order to fully elucidate the electrode kinetics is promising
and also necessary for future developments. It might, for
instance, be useful to decrease the film thickness to increase
the sensitivity of the biosensor if the diffusion of the analyte
and/or the regenerating charge transport for re-reduction of
an inserted reductase is/are retarded. A theory that considers
the mass and charge transport properties and the electro-
chemical kinetics both at the redox protein and at the
electrode surface is essential to fully optimise the system.
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