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(7) ABSTRACT

A biosensor detector device is disclosed suitable for use in
measuring membrane fluidity or membrane permeability.
The biosensor detector device is formed of a solid substrate
having a lipid bilayer compatible surface, a multi-lamellar
lipid membrane structure derived from a biological cell and
localized on the lipid bilayer compatible surface, an aqueous
layer interposed between each lipid bilayer of the multi-
lamellar lipid membrane structure. The biological mem-
brane is derived from human red blood cells and localized on
the lipid bilayer compatible surface. An electrode forming
all or part of the lipid bilayer compatible surface may be
used to detect disruptions in the multi-lamellar lipid mem-
brane structure and hemolytic activity in a test sample.

a} Prapats Ghosts

¢} Application:

13 Sonication;

o} Drying + Incubation:




Patent Application Publication  Jun. 27,2019 Sheet 1 of 20 US 2019/0195867 A1

w
-

Hon

w

Oomca

FIG. 1

a) Prepare Ghosls:



Patent Application Publication  Jun. 27,2019 Sheet 2 of 20 US 2019/0195867 A1




Patent Application Publication  Jun. 27,2019 Sheet 3 of 20 US 2019/0195867 A1

FIG. 2 (CONT.)



Patent Application Publication  Jun. 27,2019 Sheet 4 of 20 US 2019/0195867 A1

FIG. 2 (CONT.)



Patent Application Publication  Jun. 27,2019 Sheet 5 of 20 US 2019/0195867 A1




Patent Application Publication  Jun. 27,2019 Sheet 6 of 20 US 2019/0195867 A1

FIG. 3 (CONT.)



Patent Application Publication  Jun. 27,2019 Sheet 7 of 20 US 2019/0195867 A1

FIG. 3 (CONT.)



Patent Application Publication  Jun. 27,2019 Sheet 8 of 20 US 2019/0195867 A1

" # RBC membranes -
# 1 mi ABA
1.5 mb ABA
# 2 ml ASA
# 2.5 mM ABA

intensity




Patent Application Publication  Jun. 27,2019 Sheet 9 of 20 US 2019/0195867 A1

flectivity
2.5 mM ASAq

FIG. 4 (CONT.)



Patent Application Publication  Jun. 27,2019 Sheet 10 of 20  US 2019/0195867 A1

f r;i{:smas& |

FIG. 4 (CONT.)



Patent Application Publication  Jun. 27,2019 Sheet 11 of 20  US 2019/0195867 A1

FIG. 4 (CONT.)



Patent Application Publication  Jun. 27,2019 Sheet 12 of 20  US 2019/0195867 A1

AQ by st S — o

ASA concentration (mM)

FIG. 4 (CONT.)



Patent Application Publication  Jun. 27,2019 Sheet 13 of 20  US 2019/0195867 A1

FIG.5




US 2019/0195867 A1

Jun. 27,2019 Sheet 14 of 20

Patent Application Publication

9 'Old

indyst vl

DG *

i 2 52

w g B,

%

{0l woggiusty

i

2{0 Buusem




Patent Application Publication  Jun. 27,2019 Sheet 15 of 20  US 2019/0195867 A1

Before sonication After sonication

FIG. 7



Patent Application Publication  Jun. 27,2019 Sheet 16 of 20  US 2019/0195867 A1

{0 v

6 mm

FIG. 8



Patent Application Publication  Jun. 27,2019 Sheet 17 of 20  US 2019/0195867 A1

FIG. 9



Patent Application Publication  Jun. 27,2019 Sheet 18 of 20  US 2019/0195867 A1




Patent Application Publication  Jun. 27,2019 Sheet 19 of 20  US 2019/0195867 A1

FIG. 11




Patent Application Publication  Jun. 27,2019 Sheet 20 of 20  US 2019/0195867 A1

FIG. 12



US 2019/0195867 A1l

BIOLOGICAL MEMBRANE-BASED SENSOR

RELATED APPLICATION

[0001] The present application claims the benefit of U.S.
Provisional Application Ser. No. 62/608,680 filed Dec. 21,
2017, the entire contents of which are hereby incorporated
by reference.

FIELD

[0002] The present application relates to multi-lamellar
lipid membranes and more specifically to multi-lamellar
lipid membranes derived from biological cells and their use
as a biosensor.

BACKGROUND

[0003] The presence of pale cells with no internal content
in a blood smear is typically indicative of a disease. These
cells are produced by hemolysis and have been named red
blood cell (RBC) ghosts based on their appearance under the
microscope. RBC ghosts can be prepared artificially and
their preparation is a well-known protocol in biological and
medical research [1-3]. The first published protocol in 1963
by Dodge, Mitchell and Hanahan describes the extraction of
the cell membrane from RBCs through hemolysis and was
an essential step in the development of membrane proteom-
ics and lipidomics [4, 5]. The RBC lipid bilayer consists of
equal amounts of cholesterol and phospholipids, such as
phosphatidylcholine, sphingomyelin, phosphatidyletha-
nolamine and phosphatidylserine [6].

[0004] Another well-known protocol is the preparation of
highly oriented stacks of artificial supported lipid bilayers on
silicon wafers [7, 8]. This technique allows the analysis of
molecular structure and dynamical properties of these bilay-
ers using biophysical techniques, such as fluorescence
microscopy, atomic force microscopy, as well as X-ray and
neutron scattering [8-17]. This approach has advanced sig-
nificantly during the past decades and is now used to study
complex, multi-component membranes and their interaction
with drugs, small molecules [8, 18-27], bacteria [28, 29],
and in particular lipid rafts, i.e. functional lipid domains
[30-36].

[0005] Blood tests are routinely used to detect and identify
infectious agents and inform therapeutic treatment. Blood
agar plates are the current gold-standard tests for detecting
and identifying bacteria with a hemolytic activity, i.e.,
bacteria which break the red blood cell (RBC) membrane. In
this test, clinical swabs or specimens are spread on an agar
plate (a growth medium), which typically contains 5%
blood, and the plate is incubated overnight. Hemolytic
activity is evaluated visually as changes to the colour of the
plate and pattern formation. Typically, blood from sheep or
horses is used for these tests as human blood has the
potential to expose hospitals and technicians to dangerous
pathogens.

SUMMARY

[0006] This application discloses the preparation of highly
oriented stacks of RBC membranes on silicon wafers also
referred to herein as multi-lamellar lipid membrane struc-
tures. These structures are ideally suited for the study of
molecular properties of RBC membranes in-vitro using
biophysical techniques and development of sensors for
blood tests. Presented is the detailed preparation and char-
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acterization of the morphology of the membranes, as well as
their molecular structure, and present evidence for nanome-
ter-sized domains of peptide coiled-coils, and liquid ordered
(1,) and liquid disordered (1) lipid domains in RBC mem-
branes.

[0007] To demonstrate the potential of RBC membranes
on a silicon chip for the study of drug interactions, the effects
of a common drug on molecular membrane structure were
studied. When present in the body, aspirin (acetylsalicylic
acid, ASA) and its metabolites interact with the cyclo-
oxygenase (COX) pathway. The inhibition of both COX
isoforms, COX-1 and COX-2, by higher dose aspirin is
believed to lead to analgesic and anti-inflammatory effects,
while lower doses, suficient to inhibit COX-1 activity, lead
to anti-platelet activity [37, 38]. There is recent evidence that
membrane composition and fluidity play an important role in
platelet cell function [39-41], possibly related to the forma-
tion of rafts [42].

[0008] Direct experimental evidence that aspirin incorpo-
rates into the head group region of erythrocyte membranes
and leads to an increase of lipid tail distances and a decrease
in membrane width, indicating increased membrane fluidity
is presented. ASA preferably interacts with the head group
region of 1 domains of the RBC membranes.

[0009] Also described here is a proof of concept for a
blood test to detect hemolytic activity. In one embodiment,
the test uses an electrochemical sensor where a structured
electrode is coated with human red blood cell membranes
(HBLOC sensor). A droplet of blood can be applied directly
on the sensor and a leak current across the red blood cell
membranes is detected, which is indicative of membrane
damage, such as puncture or rupture. An electronic reading
proportional to the damage is available within minutes.
[0010] The HBLOC sensor has significant advantages
over the currently used tests. With one droplet of blood,
molecules and bacteria with hemolytic activity can be safely
and easily detected within a few minutes, speeding up
diagnosis and therapy. The test can be implemented in a
small portable device, akin to the existing small and portable
glucose meters. Thus, blood testing can be done directly at
the patient’s bed using a portable platform operated by
doctors or paramedics. An electronic reading provides a
direct, quantitative measure of hemolytic activity (alpha- or
beta-hemolysis). 60% of hemolytic bacteria are known to be
“culture negative”, i.e., they cannot be cultivated on stan-
dard blood agar plates. The HBLOC test measures hemolytic
activity without need of culturing the bacteria. The test uses
real human blood instead of sheep or horse blood and will
also detect those bacteria, which are known not to harm
non-human cells.

[0011] This test has the potential to become a routine test
in health care. This innovation is based on two key tech-
niques: the combination of the ability to reproducibly isolate
and deposit complete human red blood cell membranes on
solid surfaces and to produce high surface area electro-
chemical sensors that can be functionalized for maximum
compatibility with such membranes. This combination of
biotechnology and nanotechnology resulted in natural smart
sensors that detect membrane damage by dangerous bacte-
ria.

[0012] Accordingly, in one aspect there is provided a
biosensor comprising:

[0013] a solid substrate having a lipid bilayer compatible
surface;
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[0014] a multi-lamellar lipid membrane structure derived
from a plurality of biological cells and localized on the lipid
bilayer compatible surface; and

[0015] an aqueous layer interposed between each lipid
bilayer of the multi-lamellar lipid membrane structure.
[0016] In one embodiment, the multi-lamellar lipid mem-
brane structure is derived from red blood cells or red blood
cell ghosts, optionally from human red blood cells or red
blood cell ghosts.

[0017] In one embodiment, the multi-lamellar lipid mem-
brane structure is prepared by incubating a lipid bilayer
compatible surface with a preparation of red blood cell
ghosts, wherein the red blood cell ghosts anneal to form the
multi-lamellar lipid membrane structure. Also provided are
methods for preparing red blood cell ghosts and/or a multi-
lamellar lipid membrane structure as described herein. In
one embodiment, the lipid bilayer compatible surface is
incubated with the preparation of red blood cell ghosts at a
temperature between about 35° C. and 40° C., optionally
about 37° C. in the presence of a saturated potassium sulfate
solution.

[0018] In one embodiment, the lipid bilayer compatible
surface comprises acid treated Si0O,. In one embodiment, the
biosensor comprises at least one electrode. In one embodi-
ment, the electrode comprises all or part of the lipid bilayer
compatible surface. In one embodiment, the electrode is
functionalized in order to render the lipid biolayer compat-
ible surface hydrophilic. For example, in one embodiment
the surface of the electrode is acid treated, treated with
organic solvents, or with plasma.

[0019] In one embodiment, the biosensor further com-
prises a power supply and/or a detector for detecting a
change in current and/or potential. In one embodiment, the
biosensor comprises a microfluidic device, well, or channel
for receiving a sample in contact with the lipid bilayer
compatible surface.

[0020] In another aspect, there is provided a method of
detecting membrane disruption activity in a sample using a
multi-lamellar lipid membrane structure as described herein.
In one embodiment, the method comprises:

[0021] contacting the sample with a biosensor as described
herein; and
[0022] detecting a change in the multi-lamellar lipid mem-

brane structure in response to the sample.

[0023] In one embodiment, the biosensor comprises at
least one electrode and detecting the change in the multi-
lamellar lipid membrane structure comprises voltammetry,
optionally cyclic voltammetry, chronoamperometry, differ-
ential multi pulse voltammetry, double potential pulse tech-
niques or additive differential pulse voltammetry. In one
embodiment, the sample further comprises a redox-indica-
tor, optionally ferricyanide.

[0024] The biosensors and methods described herein may
be used to detect the presence of hemolytic agents, such as
hemolytic bacteria, in a sample. Accordingly, in one embodi-
ment the sample is a biological sample from a subject,
optionally a blood sample. In one embodiment, the sample
is an environmental sample such as a water sample or food
sample. In one embodiment, detecting membrane disruption
activity in a sample is indicative of the presence of a
hemolytic agent in the sample.

[0025] Also provided are kits comprising one or more
biosensors as described herein. Optionally, the kits further
comprises instructions for performing a method for detect-
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ing membrane disruption activity in a sample. Also provided
are kits comprising reagents for preparing a biosensor as
described herein.

[0026] Other features and advantages of the present appli-
cation will become apparent from the following detailed
description. It should be understood, however, that the
detailed description and the specific examples, while indi-
cating embodiments of the application, are given by way of
illustration only and the scope of the claims should not be
limited by these embodiments. but should be given the
broadest interpretation consistent with the description as a
whole.

DRAWINGS

[0027] The embodiments of the application will now be
described in greater detail with reference to the attached
drawings in which:

[0028] FIG. 1. Schematic of the Blood-on-a-Chip prepa-
ration protocol. The protocol is based on the original pro-
tocol for the preparation of red blood cell ghosts (a). The
RBCs are then sonicated to form small uni-lamellar vesicles
and centrifuged (b) before the solution is applied to silicon
wafers (c). The membranes are dried and annealed (d) to
form well developed multi-lamellar stacks of red blood cell
membranes supported on silicon wafers.

[0029] FIG. 2. Removal of hemoglobin from the erythro-
cyte blood fraction after induced lysis in hypotonic buffer. a)
Ghost samples lose their characteristic red color through
sequential centrifugation and washes. b) Comparison of
UV-vis absorbance curves at different stages within ghost
preparation. Characteristic hemoglobin absorbance signa-
tures are significantly reduced in the final solution after the
procedure. ¢) Schematic of the UV-vis setup.

[0030] FIG. 3. Fluorescence microscopy images of the
ghost solution before and after sonication. The membrane
was labelled using Dil in parts a) and ¢), while Alexa Fluor
488 labelled phalloidin was used to label the F-actin network
in b) and d). Before sonication, ghosts of highly irregular
shape and a large size distribution are observed including
‘ghosts inside of ghosts’. The solution also contains large
clusters of actin. Small uni-lamellar vesicles are observed
after sonication and no actin particles (within the resolution
of the microscope used).

[0031] FIG. 4. Photos of the silicon chips after a) appli-
cation of the RBC solution on a hydrophilic wafer and fast
drying, b) application on a hydrophobic wafer after slow
drying. ¢) and d) show hydrophilic wafers after slow drying
and slow drying and annealing, respectively. See text for
details.

[0032] FIG. 5. Overview of the X-ray diffraction results.
The setup is schematically shown in a). The highly aligned
membranes are oriented on the X-ray diffractometer, such
that g, measures out-of-plane, and , in-plane membrane
structure. b) Two-dimensional data. The main features are a
series of intensities along the g -axis and two broad signals
along the in-plane axis . ¢) shows a cut along q.. The data
are well fit by three series of Bragg peaks corresponding to
three different lamellar spacings assigned to 1, and 1d lipid
domains (green and blue) and coiled-coil a-helical peptide
domains (red). d) The in-plane signals show three correla-
tion peaks corresponding to the packing of o-helices in the
peptide domains (ap=10.83 A), and packing distances of 1d
(ald=5.39 A) and lo lipid tails (alo=4.69 A) in the hydro-
phobic membrane core.
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[0033] FIG. 6. Analysis of the X-ray diffraction data in
FIG. 5. The lamellar spacings of the peptide, and the 1, and
1d lipid domains are determined from the slopes of g, vs. n
plots. b) Shows the corresponding electron densities as
determined through Fourier analysis of the out-of-plane
diffraction data. The densities for the 1, and Id lipid domains
agree well with literature values. The peptide domain shows
an almost constant density in the hydrophobic membrane
core, indicative of trans-membrane peptide domains. c)
Membrane orientation is determined from radial integration
of the scattered intensity along the meridional degree, ¢. The
solid Iine is a fit using a Gaussian profile. RBC membranes
are 90.9% oriented with respect to the silicon substrate.
[0034] FIG. 7. Analysis of the RBC/aspirin complexes. a)
Shows all reflectivity curves for complexes containing
between 0 and 3 mM ASA. b) The pattern for the 2.5 mM
sample is well fit by three series of peaks corresponding to
1,, 1d and peptide domains. ¢) The location of the ASA
molecule is determined by comparing the electron density of
a pure RBC membrane with a low concentration of | mM
ASA. Aspirin is found to partition the 1, lipid domains of
RBC membranes and locate in the head group region, at
|zl-values of 22.8 A, d) Small partitioning of aspirin is
observed in 1d lipid domains, indicative that aspirin prefer-
ably interacts with 1, domains. ¢) Lamellar spacing, d_, and
membrane thickness, dHH of the 1, lipid domains decrease
significantly with increasing ASA concentration until thick-
ness of 1, and 1d domains coincide.

[0035] FIG. 8. The structural findings are summarized in
cartoons of pure RBC membranes (a) and RBC membranes
containing aspirin (b). While domains of saturated, unsatu-
rated lipids and coiled-coil peptides are observed in pure
RBC membranes, with significantly different membrane
thicknesses, the addition of aspirin leads to an overall
thinning of the membranes and an increase of the lipid
spacings, indicative of a fluidification. Aspirin mainly inter-
acts with the 1_ lipid domains. Structural parameters deter-
mined in this study are given in the figures.

[0036] FIG. 9. Nanostructured gold electrodes with RBC
membranes applied to the sensors.

[0037] FIG. 10. Modelling hemolytic activity based on
membranes disrupted using the surfactant, sodium dodecyl
sulfate (SDS).

[0038] FIG. 11. Microscopy images of an exemplary bio-
sensor. (a) and (b) are standard images at different resolu-
tions. (c) shows a fluorescent image where the red blood cell
membranes are illuminated, indicating that the red blood cell
membranes are annealed to the sensor. (d) shows an electron
microscopy image of an enlarged section of the surface of
multi-lamellar structure on a biosensor.

[0039] FIG. 12 shows the improved quality of the mem-
brane coating obtained using the protocol of Example 3. (a)
shows a 2D x-ray image, (b) shows the reflectivity Bragg
peaks.

DETAILED DESCRIPTION

[0040] Unless otherwise indicated, the definitions and
embodiments described in this and other sections are
intended to be applicable to all embodiments and aspects of
the present application herein described for which they are
suitable as would be understood by a person skilled in the
art.

[0041] In understanding the scope of the present applica-
tion, the term “comprising” and its derivatives, as used

Jun. 27,2019

herein, are intended to be open ended terms that specify the
presence of the stated features, elements, components,
groups, integers, and/or steps, but do not exclude the pres-
ence of other unstated features, elements, components,
groups, integers and/or steps. The foregoing also applies to
words having similar meanings such as the terms, “includ-
ing”, “having” and their derivatives. The term “consisting”
and its derivatives, as used herein, are intended to be closed
terms that specify the presence of the stated features, ele-
ments, components, groups, integers, and/or steps, but
exclude the presence of other unstated features, elements,
components, groups, integers and/or steps. The term “con-
sisting essentially of”, as used herein, is intended to specify
the presence of the stated features, elements, components,
groups, integers, and/or steps as well as those that do not
materially affect the basic and novel characteristic(s) of
features, elements, components, groups, integers, and/or
steps.

[0042] Terms of degree such as “substantially”, “about”
and “approximately” as used herein mean a reasonable
amount of deviation of the modified term such that the end
result is not significantly changed. These terms of degree
should be construed as including a deviation of at least +5%
of the modified term if this deviation would not negate the
meaning of the word it modifies.

[0043] The term “and/or” as used herein means that the
listed items are present, or used, individually or in combi-
nation. In effect, this term means that “at least one of” or
“one or more” of the listed items is used or present.
[0044] In one aspect, there is provided a biosensor com-
prising a multi-lamellar lipid membrane structure. An exem-
plary multi-lamellar lipid membrane structure comprising
two lipid bilayers is shown in FIG. 5. In one embodiment,
the biosensor comprises a solid substrate having a lipid
bilayer compatible surface and a multi-lamellar lipid mem-
brane structure derived from a plurality of biological cells
and localized on the lipid bilayer compatible surface. In one
embodiment, there is an aqueous layer interposed between
each lipid layer of the multi-lamellar lipid membrane struc-
ture.

[0045] In one embodiment, the substrate comprises a lipid
bilayer compatible surface that is selected or configured to
allow for the localization of the multi-lamellar lipid mem-
brane structure adjacent to the surface. In a preferred
embodiment, the surface is a planar surface. In one embodi-
ment, the lipid bilayer compatible surface is hydrophilic.
[0046] In one embodiment, the multi-lamellar lipid mem-
brane structure may be derived or prepared from red blood
cells. In one embodiment, the multi-lamellar lipid membrane
structure is derived from red blood cell ghosts. As shown in
FIG. 1 and detailed in the Examples, incubating a prepara-
tion of red blood cell ghosts on a lipid bilayer compatible
surface results in the annealing of the individual cell ghosts
into a multi-lamellar lipid membrane structure adjacent to
the lipid bilayer compatible surface. In one embodiment, the
multi-lamellar lipid membrane structure is a bilayer. In one
embodiment, the multi-lamellar lipid membrane structure is
made of two stacked lipid bilayers.

[0047] In one embodiment, the multi-lamellar lipid mem-
brane structure is formed by incubating the lipid bilayer
compatible surface with the preparation of red blood cell
ghosts, wherein the red blood cell ghosts anneal to form the
multi-lamellar lipid membrane structure. In one embodi-
ment, the cell ghosts are incubated at a temperature greater
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than about 30° C.,35° C., or 40° C. In one embodiment, the
cell ghosts are incubated at a temperature between about 30°
C. and 60° C. In one embodiment, the temperature is about
30° C., 35° C., 37° C., 40° C., 45° C. or 50° C. In one
embodiment the temperature is between about 35° C. and
55° C. , or between about 35° C. and 40° C.

[0048] As demonstrated in the Examples, the formation of
a multi-lamellar lipid membrane structure is improved under
humid conditions. Accordingly, in one embodiment the cell
ghosts are incubated at a relative humidity greater than 50%.
In one embodiment, the relative humidity is greater than
50%, 60%, 70%, 80%, 85% or 90%. In one embodiment, the
relative humidity is between about 70% and 100%, option-
ally between about 80% and 95%.

[0049] In one embodiment, the biological cells, optionally
cell ghosts, are incubated in the presence of a salt or salt
solution. For example, in one embodiment the substrate is
incubated on a platform above a salt solution. In one
embodiment, the salt solution is a potassium sulfate solution,
optionally a saturated potassium sulfate solution. In one
embodiment, the salt is potassium sulfate, lithium chloride,
potassium acetate, magnesium chloride, potassium carbon-
ate, magnesium nitrate, sodium chloride, potassium chlo-
ride, potassium nitrate, potassium sulfate, or combinations
thereof.

[0050] Various materials known in the art may be used as
the solid substrate for the biosensor. For example, the solid
substrate may be made of a material such as silicon dioxide
(810,), glass, polydimethylsiloxane (PDMS), polymethyl
methacrylate (PMMA), and/or polycarbonate (PC). In one
embodiment, the solid substrate comprises SiO,.

[0051] In one embodiment, the solid substrate comprises a
lipid bilayer compatible surface. Optionally, the lipid bilayer
compatible surface may be made of the same material as the
solid substrate or a different material. In one embodiment,
the lipid bilayer compatible surface is hydrophilic. In one
embodiment, a hydrophilic surface promotes the formation
of the multi-lamellar lipid membrane structure adjacent to
the surface on the biosensor.

[0052] Various methods known in the art may be used to
render a surface of the solid substrate hydrophilic. For
example, the lipid bilayer compatible surface may comprise
acid treated SiO, or poly-lysine. In one embodiment, the
surface may be plasma-treated to render the surface hydro-
philic by oxidation and formation of hydroxyl (OH) groups.

[0053] Acid-treatment may be performed by various
methods known in the art. For example, in one embodiment
Si0, is cleaned by immersion in a sulfuric acid (H,0,)
mixture (volume fraction of 70% concentrated H,SO,,, 30%
H,0, at 40° C.) for 30 min).

[0054] In one embodiment, the biosensor comprises at
least one electrode. In one embodiment, the electrode com-
prises all or part of the lipid bilayer compatible surface. The
electrode may comprises gold, carbon, gold, silver, copper,
aluminum, graphite, brass, platinum, palladium, titanium or
a combination thereof In one embodiment, the electrode
comprises gold. For example, as demonstrated in Example 2
a biosensor may be formed by using a solid substrate
comprising an electrode of functionalized gold that serves as
the lipid bilayer compatible service. In another embodiment,
the biosensor may comprise an electrode comprising a
functionalized metal such as gold, copper, silver, or plati-
num.
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[0055] Optionally, in one embodiment the biosensors
described herein include at least one reference electrode.

[0056] It will be appreciated by a person skilled in the art
that various means for applying potential and measuring
current can be used in combination with the biosensors
described herein that comprise one or more electrodes. In an
embodiment, the biosensor is operatively connected to a
power supply or voltage source, and/or a detector for detect-
ing a change in current and/or potential, optionally in
response to a sample.

[0057] In one embodiment, the biosensor comprises a
microfluidic device, well, or channel for receiving a sample.
In one embodiment, the microfluidic device, well, or chan-
nel is in fluid communication with the lipid bilayer compat-
ible surface. For example, in one embodiment, the micro-
fluidic device, well or channel is in fluid communication
with at least a portion of the surface of an electrode as
described herein.

[0058] In another aspect, the there is provided an array
comprising a plurality of the biosensors described herein.

[0059] In another aspect, there is provided a method of
detecting membrane disruption activity in a sample. In one
embodiment, the method comprises:

[0060] contacting a biosensor as described herein with the
sample; and
[0061] detecting a change in the multi-lamellar lipid mem-

brane structure in response to the sample.

[0062] Various methods known in the art may be used to
detect a change in the multi-lamellar lipid membrane struc-
ture. For example, in one embodiment the change in the
multi-lamellar lipid membrane structure is detected opti-
cally. In another embodiment, the change in the multi-
lamellar lipid membrane structure is detected using x-ray
scattering techniques such as x-ray diffraction.

[0063] In one embodiment, the change is detected using
voltammetry, optionally cyclic voltammetry, chronoamper-
ometry, differential multi pulse voltammetry, double poten-
tial pulse techniques or additive differential pulse voltam-
metry.

[0064] In one embodiment, the sample further comprise a
redox-indicator. The redox-indicator may be, for example,
ferricyanide, o-dianisidine, viologen, 2,2'-biyridine, violo-
gen, thionine, safranin, indigo carmine, or N-Phenylanthra-
nilic acid . In an embodiment, the redox indicator is ferri-
cyanide.

[0065] The sample may be any sample for which infor-
mation regarding the presence or absence of membrane
disruption activity in the sample is desired. For example, in
one embodiment the sample is an environmental sample
such as a water sample or food sample. In one embodiment,
the sample comprises a test compound or agent and the
method is for screening the test compound or agent for
membrane disruption activity, optionally for hemolytic
activity. In one embodiment, the sample is a biological
sample, such as biological sample from a subject. In an
embodiment, the biological sample may include is blood,
tissue samples, tissue biopsies, samples taken from tissue
culture, biological fluids, tissue extracts, freshly harvested
cells, lysates of cells which have been incubated in cell
cultures. In one embodiment, the biological fluid is urine,
blood, a component of blood such as plasma or serum,
sputum, or cerebral spinal fluid.
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[0066] In an embodiment, the membrane disrupting activ-
ity is hemolysis, membrane fluidity, membrane elasticity, or
membrane permeability.

[0067] In an embodiment, the change detected in the
multi-lamellar lipid membrane structure is compared to a
control. In one embodiment, a difference or similarity
between the change detected in the multi-lamellar lipid
membrane structure in response to the sample and the
control may be indicative of the presence or absence of
membrane disrupting activity in the sample such as a
hemolytic agent. In one embodiment, the control is repre-
sentative of a change in the multi-lamellar lipid membrane
structure in response to a hemolytic agent, and a similarity
between the change detected in response to the sample and
the control is indicative of the presence of a hemolytic agent
in the sample.

[0068] In another aspect, the multi-lamellar lipid mem-
brane structures described herein are useful for the investi-
gation of molecules or compounds in association with a lipid
membrane. For example, in one embodiment, there is pro-
vided a method comprising contacting a nulti-lamellar lipid
membrane structure as described herein with a molecule or
compound, bombarding the multi-lamellar lipid membrane
structure and measuring the resultant diffraction pattern.

EXAMPLES

[0069] The following non-limiting examples are illustra-
tive of the present application:

Example 1: Preparation and Fabrication of
Multi-Lamellar RBC Membranes on Solid Support

Materials and Methods

Optical Microscopy and Total Internal Reflection

Fluorescence Microscopy (TIRF)

[0070] The images were acquired through a LEICA
DMI6000 B inverted microscope equipped with a Spectral
Laser Merge Module for multi-wavelength illumination
(Spectral, Richmond Hill, ON), adaptive focus control, a
motorized X-Y stage (MCL Micro-Drive, Mad City Labs
Inc., Madison, Wis.), a piezo X-Y-Z stage (MCL Nano-
Drive, Mad City Labs Inc., Madison, Wis.), a LEICA
100x/1.47NA oil-immersed TIRF objective and an Andor
iXon Ultra EMCCD camera. Excitation was provided by
488 and 647 nm diode-pumped solid-state lasers with 40
mW and 60 mW output power respectively (Spectral, Rich-
mond Hill, ON). Alexa Fluor 488 labelled phalloidin (Invit-
rogen) was used to label the F-actin network and 1,1'-
Dioctadecyl-3,3,3',3"- Tetramethylindocarbocyanine
Perchlorate (Sigma-Aldrich) was used to label the mem-
branes.

UV-Vis Spectroscopy

[0071] Ultraviolet-visible spectroscopy (UV-vis) was
obtained using a M1000Pro Plate reader from Tecan. The
technique is depicted in FIG. 2¢): the absorption of light in
the visible and adjacent (near-UV and near-infrared) ranges
is detected. Hemoglobin shows characteristic absorption
lines at 335+0.4 nm, 416.4£0.2 nm 543+0.8 nm and 577+0.4
nm [77]. In order to prepare a sufficiently diluted RBC
solution, 50 pL of the erythrocytes fraction was mixed with
1 mL PBS. 400 pL of this solution was afterwards diluted
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with 400 ulL PBS. This dilution procedure has been repeated
three times. For the measurement, a 96-plate from Costar
was used. 200 pL of the diluted blood solution, the ghosts
solution and the RBC solution were filled in the chambers of
the plate. The absorption spectrum for each sample was
scanned for wavelengths between 310 nm and 800 nm.

X-Ray Diffraction

[0072] X-ray scattering data was obtained using the Bio-
logical Large Angle Diffraction Experiment (BLADE) in the
Laboratory for Membrane and Protein Dynamics at McMas-
ter University. BLADE uses a 9 kW (45kV, 200 mA) CuKa
rotating anode at a wavelength of 1.5418 A. Both source and
detector are mounted on movable arms such that the mem-
branes stay horizontal during the measurements. Focusing
multi-layer optics provides a high intensity parallel beam
with monochromatic X-ray intensities up to 10'° counts/
(mm*s). This beam geometry provides optimal illumination
of the solid supported membrane samples to maximize the
scattering signal. A sketch of the scattering geometry is
shown in FIG. 5a). Note that there is no risk of sample
damage using this in-house technique because of the large
beam size and relatively low intensity of the X-ray beam as
compared to synchrotron sources.

[0073] The result of an X-ray experiment is a 2-dimen-
sional intensity map of a large area of the reciprocal space,
as sketched in FIG. 5. The corresponding real-space length

scales are determined by d-2n/Q and cover length scales
from about 2.5 to 100 A. All scans were measured at 28° C.
and 50% relative humidity (RH) hydration. As depicted in
FIG. 5a), the wafers were oriented in the X-ray diffracto-
meter, such that the g|]-axis probed lateral structure, parallel
to the wafer surface, and the perpendicular axis, q,, probed
out-of-plane structure, perpendicular to the substrate.
[0074] The experimental errors were determined as fol-
lows: Errors for peak positions, peak width and peak height
are determined as the fit standard errors, corresponding to
95% confidence bounds, equivalent to 2 standard deviations,
0. Errors for calculated parameters, such as peak area, were
then calculated by applying the proper error propagation.

Calculation of Electron Densities

[0075] The out-of-plane structure of the membrane was
determined using specular reflectivity. The relative electron
density, p(z). is approximated by a 1-dimensional Fourier
analysis [51, 78].

N is the highest order of the Bragg peaks observed in the
experiment. The integrated peak intensities, 1, are multiplied
by g, to receive the form factors, F(q,) [51, 78]. The bilayer
form factor F(q,), which is in general a complex quantity, is
real-valued in the case of centro-symmetry. The phase
problem of crystallography. therefore, simplifies to the sign
problem F(q,)=+IF(q,)! and the phases, v, can only take the
values =1. The phases, v, are needed to reconstruct the
electron density profile from the scattering data following
Eq. (1). When the membrane form factor F(q,) is measured
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at several q, values, a continuous function, T(q,), which is
proportional to F(q,), can be fitted to the data [51, 78].

T(g,)= Z \/Esinc(%dzqz - ﬂn).

[0076] Once an analytical expression for T(q,) has been
determined from fitting the experimental peak intensities,
the phases v, can be assessed from T(q,). The phase array v,
=[-1-1 1-1 1] was used for all samples.

[0077] The electron densities determined by Eq. (1) are on
a relative scale. In order to compare the electron densities in
FIGS. 6¢) and 7c¢), p in the membrane centre at z=0 was set
to 0 and the electron density at the boundaries (z values
between 25 and 30 A depending on the lamellar spacing),
which probe the water laver between the stacked mem-
branes, were scaled to the electron density of water of
p=0.33 e7/A°,

Membrane Orientation

[0078] To determine the degree of orientation of the mem-
branes in the stack the correlation peak intensities were
integrated as function of the meridonal angle ¢ (the angle
relative to the q, axis). The corresponding intensity was fit
with a Gaussian distribution centered at 0, which was then
used to calculate the degree of orientation using Hermans
orientation function:

3<cos?d> -1
- 2

[0079] The degree of orientation, H, of the RBC mem-
branes was measured to be 90.9%.

Determination of Domain Sizes

[0080] The average size of the different lipid and peptide
domains was estimated from the widths of the corresponding
in-plane correlation peaks in FIG. 5d) by applying Schet-
rer’s equation [79]:

_ 0.942
= B(20)cos(6)’

where A is the wavelength of the X-ray beam, 6 is the
diffraction angle and B(26) is the width of the correlation
peak in radians. Scherrer’s equation is an established way to
estimate crystallite sizes of up to y100 nm in X-ray diffrac-
tion experiments. Note that the equation has limitations to
quantitatively determine sizes of small domains of a few
nanometers, only. The determined values present upper
limits of the domain sizes.

[0081] The preparation protocol is schematically depicted
in FIG. 1 and consists of two main parts: In the first step,
RBC ghosts are produced from blood samples. In the second
step, these RBC ghosts are applied onto silicon wafers and
annealed to form multi-lamellar RBC membrane stacks.
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Preparation of Ghosts

[0082] The preparation of RBC ghosts was first published
in 1963 by Dodge, Mitchell and Hanahan [1]: 10 mL of
venous blood were drawn from a participating individual.
The blood was collected in venous blood collection tubes
from BD (Product Number: BD 367874), coated with
sodium heparin as anticoagulant. The tube was centrifuged
at 3,000 g for 10 min at room temperature. After this process,
a clear separation between an erythrocyte fraction and a
plasma fraction was observed. The white blood cells and
platelets form a layer between those two fractions.

[0083] In the original protocol, the RBC solution was then
filtered by a procedure by Beutler, West and Blume [43],
where the RBC solution is pushed through a cellulose filter.
This process was suggested to produce pure erythrocyte
preparations without the remaining leucocytes and platelets.
While this protocol is well established and widely used in
blood cell investigations (see, for instance, [44] for a recent
review), the ghost solution produced by this protocol did not
result in well-developed multi-lamellar lipid membrane
stacks when applied on silicon wafers. Cellulose particles
were observed under the microscope in the solution after
passing through the filter, which likely inhibit the formation
of well-ordered membrane stacks.

[0084] In order to avoid contamination with cellulose, the
RBC solution was purified through centrifugation using the
following protocol: The supematant in the separated blood
sample was removed using a pipette. PBS was added to the
precipitate to achieve a volume of 10 mL and centrifuged at
3,000 g for 10 min. This process was repeated twice.
[0085] 50 uL of the RBC solution was then mixed with 1
mL of buffer solution in a 1.5 mL reaction tube. For the
buffer, 16 mL of PBS and 484 mL of 18.2 M €2-cm ultra-pure
water were mixed and stored at 0° C. The solution was
buffered with potassium hydroxide and hydrochloric acid to
a pH of 8. This creates a hypotonic solution for the RBCs,
resulting in an influx of water into the cells and their lysis.
The diluted solution is vortexed for 10 s to prevent clump-
ing. After vortexing, the reaction tube is immediately placed
in ice for 30 min to slow down the re-closing of the burst
cells.

[0086] Samples were then centrifuged at 18,000 g for 30
min at 0° C. After the centrifugation, a pellet is formed at the
bottom of the reaction tube. The supernatant was removed
by pouring the reaction tube in a beaker. 1 mL buffer solution
was added to the pellet and the solution was vortexed for 10
s and centrifuged for 15 min at 18,000 g and 0° C. This
process of centrifugation and removal of the supernatant was
repeated 4 times. During this washing, most of the hemo-
globin is removed, resulting in a transparent, colorless
solution. FIG. 2a) shows images of the reaction tube after
different numbers of washing steps.

[0087] The removal of hemoglobin was quantitatively
checked using ultraviolet-visible spectroscopy (UV-vis).
The corresponding data is shown in FIG. 2 b). The charac-
teristic hemoglobin absorption bands at 335 nm, 416.4 nm
543 nm and 577 nm decrease in every step; the hemoglobin
content of the final solution was found to contain less than
2% of the original content.

[0088] This procedure results in solutions with typical
mass concentration of RBC’s of ~0.3 mg/mL.. To increase
the concentration, pellets from 24 such reaction tubes were
collected and centrifuged at 18,000 g for 15 min. The
supernatant was removed and the tube was refilled with
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buffer solution to the 1 mL mark of the tube. This results in
a solution with a final mass concentration of ~7 mg/mL. The
ghost solution was analyzed by fluorescence microscopy, as
shown in FIGS. 3 a) and ). The red blood cell membrane
was fluorescently labeled in part a) using 1,1'-Dioctadecyl-
3,3,3"3"-Tetramethylindocarbocyanine Perchlorate (Dil).
The image shows a mix of multi-lamellar and uni-lamellar
ghosts with a highly irregular shape and a large distribution
of shapes and sizes, from round to long, more chain-like
objects including vesicles that contain several smaller
vesicles. These shapes are likely related to the presence of a
cytoskeleton, whose main components are spectrin and actin
in RBC [45]. To analyze this network, Alexa Fluor 488
labelled phalloidin was used to label the F-actin network in
FIG. 3 b). Structures of =5 um were observed, indicative of
the presence of actin.

[0089] As indicated below, the variation in size and shape
of the ghosts, and the presence of an actin network likely
prevents the formation of well defined, solid supported
multi-lamellar RBC. To achieve a more uniform distribution
of vesicle sizes and shapes, the RBC solution was tip
sonicated 10 times for 5 s, each, in order to form small
uni-lamellar vesicles (SUVs). The result of the sonication
process is shown in FIGS. 3¢) and d). In part c), the
membrane was fluorescently labeled using Dil. Small dots
were observed, indicative of small uni-lamellar vesicles of
-50 nm, beyond the resolution limit of the microscope.

[0090] The actin concentration was analyzed by labelling
with Alexa Fluor 488 labelled phalloidin. After sonication,
no more particles were observed within the resolution of the
microscope used. In order to separate the SUVs and remain-
ing actin, the solution was centrifuged for 30 min at 20,000
g. Since SUVs can only sediment in ultra-centrifuges at
120,000 g when centrifuged for more than 30 min [46], the
pellet contains actin polymers and potential larger and
multi-lamellar vesicles, while the SUVs stay in the super-
natant. This supernatant was found to be ideal for the
formation of solid supported, multi-lamellar RBC mem-
branes, as will be discussed below.

Silicon Wafer Preparation

[0091] All membranes were prepared on single-side pol-
ished silicon wafers. 100 mm diameter, 300 pm thick silicon
watfers were pre-cut into 10x10 mm? chips. The wafers were
functionalized for deposition of the ghost solution by either
preparing a hydrophobic or hydrophilic surface. To create a
hydrophobic silicon surface, the wafers were pre-treated by
sonication in dichloromethane (DCM) at 40° C. for 25 min.
This treatment removes all organic contamination and leaves
the surface in a hydrophobic state. Each wafer was then
thoroughly rinsed three times by alternating with ~50 mL of
ultra-pure water with a resistivity of 182 M Q-cm and
HPLC grade methanol.

[0092] To create a hydrophilic state, the wafers were
cleaned by immersion in an H,O, sulfuric acid mixture
(volume fraction of 70% concentrated H2S0,, 30% H,0, at
40° C., Piranha™ solution) for 30 min on a 3D orbital shaker
(VWR) set to tilt angle 1 and speed 15). This strongly
oxidizing combination removes all organic contaminants on
the surface, but does not disturb the native silicon oxide
layer. Each wafer was then thoroughly rinsed with ~50 mL
of ultra-pure water with a resistivity of 18.2 M Q-cm.
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Fabrication of Highly Oriented, Multi-Lamellar Solid
Supported RBC Membranes.

[0093] The ghost solution did not spread well on hydro-
phobic silicon wafers, as shown in FIG. 4a). For this wafer,
100 uL of concentrated ghosts solution was applied onto a
10x10 mm? hydrophobic silicon wafer mounted on a leveled
hot plate at a temperature of 40° C. The solution was applied
slowly using a 100 pl syringe to avoid spill, and the wafer
typically dried within ~10 min. The membrane film was
found not to cover the entire wafer and showed several
wrinkles.

[0094] Slowly drying the solution to allow more time for
the solution to spread and membranes to form was achieved
by placing the wafers in a leveled desiccator for 5 days at
97.620.5% relative humidity using a saturated K2 SO4 salt
solution. The slow drying resulted in a smoother film,
however, still incomplete coverage of the substrate, as
shown in FIG. 4b). FIG. 4¢) shows a hydrophilic wafer
prepared by applying 100 ul, of concentrated SUV solution
and dried for 5 days at 97.6+0.5% relative humidity. The
solution covered the entire wafer indicating a homogeneous
mass distribution. Only weak signals of membrane stacking
in this sample were detected and thus the inventors picture
the morphology of the membranes as depicted in FIG. 1d),
as uni-lamellar vesicles that have been dried out on the
silicon substrate. This situation is similar to the preparation
of single solid supported bilayers through vesicle fusion [47,
48], where small bilayer patches initially develop on the
substrate, and eventually undergo a transition into a large
uniform single bilayer [47]. Substrates are typically
annealed for 72 h at 55° C. in an oven in air. The energy
barrier for forming a lamellar structure can be overcome
through gentle heating and the lamellar membrane organi-
zation becomes energetically more favorable, as it minimize
the bending energy.

[0095] However, using the same procedure and heating the
RBC membranes in an oven led to destruction of the
membrane film. The silicon chips were, therefore, incubated
at different temperatures and under relative humidities
between 50% and 100% RH by placing them in a closed
container and exposure to different saturated salt solutions.
The best results were obtained when the RBC chip was
annealed at 50° C. and 95.8+£0.5% relative humidity in a
saturated <o, salt solution for 5 days, which resulted in the
photo in FIG. 4 d). In this protocol, annealing of the RBC
membranes at high temperature and humidity leads to the
formation of lamellar membrane structures through mem-
brane fusion.

Preparation of RBC/Aspirin Complexes.

[0096] In order to prepare complexes of RBC membranes
containing increasing amounts of aspirin, a solution of 9
mg/mL acetylsalicylic acid (molecular weight 180 g/mol) in
18.2 M Q-cm water was prepared. 2 ul, 3 pl, 4 ul, 5 ul,
and 6 pL of this solution were added to 100 pL of the final
ghosts solution resulting in acetylsalicylic acid concentra-
tions of 1 mM, 1.5 mM, 2 mM, 2.5 mM and 3 mM. The
resulting solutions were applied onto silicon wafers and
dried slowly and incubated for 5 days following the above
protocol.

[0097] The molar concentration of ASA in the RBC mem-
branes can be estimated as follows: between 2 and 5 pL of
the 9 mg/ml, ASA solution were added to the membrane
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solution, resulting in between 1 1077 and 2.5 10~7 mol. 100
ul, of the 7 mg/ml. RBC contain ~2 10~ mol (when
assuming an average molecular weight of the membranes. of
400 g/mol). This results in molar ASA concentrations
between 5-10 mol %, i.e.. 1 ASA molecule per 10 to 20 lipid
molecules. This ASA concentration is elevated as compared
to plasma concentrations of typically less than 1 mol %,
however, comparable to ASA concentrations typically used
in the literature [49].

Results and Discussion

Molecular Structure and Properties of RBC Membranes.

[0098] In this section, X-ray diffraction was used to deter-
mine the morphology and molecular structure of the RBC
membranes. The main findings can be summarized as fol-
lows.

[0099] The protocol presented in this paper produces
highly oriented, multi-lamellar RBC membranes on silicon
wafers, which are highly suited for study using biophysical
techniques in order to provide detailed molecular level
information.

[0100] RBC membranes consist of nanometer-sized liquid
ordered (1,) and liquid disordered (Id) lipid domains and
a-helical coiled-coil peptide domains, at ratios of 30.4% 1,
45.0% 1d and 24.8% coiled peptides.

[0101] As the membranes are oriented with their mem-
brane plane parallel to the silicon substrate, the in-plane and
out-of-plane structure could be determined separately but
simultaneously. A schematic of the X-ray diffraction setup is
shown in FIG. 54). FIG. 5b) shows the 2-dimensional X-ray
diffraction pattern of a sample pre-pared with the final
preparation protocol. The organization of the membranes
normal to the silicon wafer is observed along the q.-axis,
while molecular organization in the plane of the membranes
parallel to the substrate is observed along the ¢|-direction.
Cuts of the diffracted intensity along the out-of-plane and
in-plane direction are shown in FIGS. 5¢) and d).

Structure Perpendicular to the Membrane Plane

[0102] A lamellar membrane structure, ie., a stack of
membranes, where the bilayers are organized parallel to
each other, results in a series of equally spaced and well
defined Bragg reflections in diffraction experiments [8],
corresponding to the ‘fundamental’ and the ‘overtones’. The
well-developed Bragg peaks along the out-of-plane axis in
FIG. 5 ¢) are indicative of a lamellar organization of the
RBC membranes on the substrate. The fundamental reflec-
tion for each series is colored in the Figure. Following
Bragg’s law (q,=27/d_n), the lamellar spacing, d,, can be
determined from the slope of the curve when plotting q, vs.
the order of the Bragg peak, n. This is shown in FIG. 6a) and
3 d_-spacings were determined: ;,=59.2 A, ,,~51.6 A and
d,=40.6 A

[0103] Electron density profiles, p(z), of the bilayers were
determined through Fourier analysis of the out-of-plane
Bragg peaks, as described in the Materials and Methods
section, and are shown in FIG. 64). The electron rich head
group can be identified by the absolute maximum in the
electron density profile at z~22 A. o monotonically
decreases to the bilayer center at z=0, where CH3 groups
typically reside in the center, with a low electron density.
The electron density of the ;;,=59.2 A domain (blue curve)
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corresponds well to a lipid bilayer with lipids in the gel state
with lipid chains in an all-trans configuration [50, 51], and
was, therefore, assigned to lipids in lo domains. These
domains are enriched in cholesterol making them more
ordered and thicker [32, 35].

[0104] The electron density corresponding to the d,=51.6
A spacing (green curve) agrees well with the electron
density reported for fluid lipid bilayers, where the structure
of the lipid tails in the hydrophobic membrane core is
dominated by gauche-defects, as reported for instance by
[52, 53]. These signals were assigned to domains of 1d lipids.
[0105] The 3rd spacing of d,=40.6 A is significantly
smaller and the electron density shows an almost constant
density in the hydrophobic membrane core. This density
profile is well described by a-helical peptide coiled-coils,
which are embedded in the membranes [26].

[0106] Lamellar spacings, d., membrane thicknesses, dg,
and the thicknesses of the water layer, d,, were determined
from the electron densities and are listed in Table 1.

In-Plane Membrane Structure

[0107] Three peaks at g||F0.58 A~!, ¢l|-1.35 A~! and
qlF1.55 A~ were observed in the in-plane diffraction in
FIG. 5d). These peaks fit well to distances between peptides
and lipids, observed in previous investigations in single and
multicomponent artificial and biological membranes [26, 35,
52, 54-56]. The peaks at q|-1.35 A=! and ¢|~1.55 A~ are in
good agreement with structural features reported in model
lipid membranes in their well-ordered gel and fluid phases,
where the lipids tails take an all-trans conformation (gel) or
are dominated by gauche defects (fluid). A correlation peak
at -1.5 A~! was reported in the gel phase of saturated
phospholipid membranes, such as DMPC (Dimyristoyl-sn-
glycero-3-phosphocholine) and DPPC (Dipalmitoyl-sn-
glycero-3-phosphocholine) [32, 50, 54, 57]. Unsaturated
lipids were reported to order in a structure with slightly
larger nearest neighbor tail distances, leading to an acyl-
chain correlation peak at -1.3 A™", as reported for DOPC
and POPC [27, 58]. These correlation peaks were assigned
to the 1, and 1d lipid components of the plasma membranes.
[0108] The in-plane peaks are the result of a hexagonal
packing of the lipid tails in the hydrophobic membrane core
(planar group p6) [32]. The distance between two acyl tails
is determined to be a=47t/(v3q). where q is the position of
the corresponding correlation peak. The area per lipid chain
is obtained to AT=(v3/2) & Lipid tail distances in 1, and 1,
domains and lipid tail areas are listed in Table 1. Distances
and areas in the lo domains are smaller, as lipid tails in their
all-trans configuration are straighter and pack tighter than 1,
tails, dominated by gauche defects.

[0109] Membrane peptides are often organized in bundles,
whose structure is dominated by a-helical coiled-coils [26,
59-62]. Coiled coils consist of a-helices wound together to
form a ropelike structure stabilized by hydrophobic interac-
tions, found in about 10% of the proteins in the human
genome [63]. The main feature of this motif is a ~10.8 A
(ql~0.58 A™") equatorial reflection corresponding to the
spacing between adjacent coiled-coils [64-66]. The volume
fractions of the peptide, the 1, and 1, lipid domains were
determined from the integrated peak intensities of the lipid
and peptide signals in FIGS. 5d) to 30:45:25 (1, lipids:1,
lipids:coiled peptides).

[0110] While RBC membranes were reported to consist of
~52% proteins and ~40% lipids [4], the values above
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indicate a higher fraction of lipids (and cholesterol). The
technique is not sensitive to monomeric short peptides, but
to the packing of peptide helices, only. These helical regions
are likely part of larger trans-membrane proteins. The
molecular structure of the RBC membranes is pictured in
FIG. 8a).

[0111] In early X-ray diffraction studies of human eryth-
rocytes membranes [67, 68 | ghosts were prepared using the
Dodge protocol and pellets of the final preparation were
imaged. Diffraction patterns with lamellar periodicities
between ~55 and ~70 A were observed and assigned to
hemoglobin free membranes, in agreement with our find-
ings. Large amounts of hemoglobin were reported to result
in much larger lamellar periodicities of ~110 A [67]. The
electron density in FIG. 54) agrees qualitatively well with
the early electron density in [68], which was assigned to
intact, hemoglobin-free erythrocyte membranes.

Membrane Orientation

[0112] The orientation of the RBC membranes in the stack
was determined from the 2-dimensional data in FIG. 5b) by
radial integration using Hermans orientation function, as
described in the Materials and Methods Section. The inten-
sity of the first reflectivity peak as function of the meridional
angle ¢ is plotted in FIG. 6¢). The degree of orientation was
determined to be 90.9% (x0.26%). While values of ~97%
are reported for synthetic supported membranes [69], the
value for the RBC membrane is to the best of our knowledge
the highest ever reported for a biological membrane. This
high degree of orientation of the RBC membrane on silicon
chips is required for a detailed structural characterization of
the membranes, in particular to differentiate in-plane and
out-of-plane structure.

Determination of Domain Size

[0113] The in-plane diffraction signals in FIG. 5d) are
significantly broader than typical Bragg peaks in crystalline
materials, indicating that the corresponding phases are
small. The domain sizes can be estimated from the peak
widths of the corresponding correlation peaks using Scher-
rer’s equation (as detailed in the Materials and Methods
Section). Values for the domain size, &, are listed in Table 1.
From these results, RBC membranes consist of small, nano-
meter sized domains of 1, and 1, lipids and coiled-coil
a-helical peptides

The Effect of Aspirin on RBC Membrane Structure

[0114] There is growing evidence for an influence of
various pharmaceuticals on lipid membrane organization
and stability [70]. In particular, non-steroidal anti-inflam-
matory drugs (NSAID’s) have been shown to disturb bilayer
structures in native and model membranes [71, 72]. Aspirin
is the most common NSAID and is known to interact with
membranes [51, 71]. Aspirin strongly perturbs model mem-
brane structure in a concentration dependent manner and
influences human erythrocyte shape [73] and decreases the
hydrophobic surface barrier in mucosal membranes, leading
to a diffusion of acid and gastrointestinal injury [74] and
impacts on protein sorting [75]. Aspirin was previously
reported to partition into lipid bilayers and position itself in
the lipid head group region [24, 51, 76]. Recently, an
interaction between aspirin and cholesterol was reported, as
aspirin was observed to reduce the volume of cholesterol
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plaques in model membranes at elevated cholesterol con-
centrations of ~40 mol % [76]. Aspirin also inhibits the
formation of cholesterol rafts in fluid lipid membranes at
physiological cholesterol concentrations [24, 76].

[0115] 1In this section it is disclosed that: Aspirin partitions
in RBC membranes, preferably in 1, lipid domains, and is
located in the membrane head group region. Aspirin also
reduces membrane thickness and increases lipid tail dis-
tances, indicative of a fluidification of the RBC membranes.
[0116] The out-of-plane scattering for RBC membranes
containing 1 mM, 1.5 mM, 2 mM, 2.5 mM and 3 mM ASA
is shown in FIG. 7a). The curve containing 2.5 mM ASA and
the corresponding fit is shown in part b). Data is well fit by
3 series of Bragg peaks, corresponding to 1, 1, and peptide
domains, in agreement with pure RBC membranes.

[0117] Electron density profiles of the 1, lipid domain for
RBC membranes and RBC membranes +1mM aspirin are
shown in FIG. 7¢). Upon the addition of aspirin, the electron
density increases at 7~22.8 A. Under the assumption that a
small amount of aspirin does not disturb the bilayer structure
significantly, the two densities can be subtracted and the
extra intensity assigned to aspirin molecules. The experi-
ments thus locate aspirin inside the head group region of the
RBC membranes, in agreement with results in model phos-
pholipid bilayers [24, 51, 76]. There is only a small effect of
aspirin on the electron density of the 1, domains, as shown
in FIG. 7e), indicating that aspirin preferably interacts with
1, regions.

[0118] The lamellar spacing, d, and head group to head
group spacing, d,,., of the 1 and 1d lipid domains as function
of ASA content are depicted in FIG. 7d). While lamellar
spacing and membrane thickness for the 1, lipid domains are
not affected by the presence of ASA, the two spacings
significantly decrease with increasing aspirin concentrations
for the 1_ lipid domains. They decrease until lamellar spacing
and membrane thickness for 1, and 1d domains coincide at a
ASA concentration of 2.5 mM. At this ASA concentration,
the overall lamellar spacing of the RBC membranes is
rAeduced to 53.4 A, the overall membrane thickness to 41.8
[0119] While the lipid spacing in the 1d domain is
unchanged by the presence of aspirin, the ¢||-value of the lo
signal slightly shifts to smaller g|-values, indicative of an
increase in the distance between lipids from a,,=4.69 A to
0,,~4.85 A, and an increase in tail area from 19.04 A* to
20.37 A%, Lipid domain sizes are approximately independent
of aspirin concentration, however, a slight increase in pep-
tide domain size was observed with increasing ASA content.
A cartoon of the structure of RBC membranes in the
presence of ASA is shown in FIG. 85).

Conclusions

[0120] Presented here is the preparation of human red
blood cell membranes on a chip, i.e. highly aligned multi-
lamellar stacks of RBC membranes applied on silicon
wafers. These solid supported RBC membranes are ideally
suited for analysis using biophysical techniques and devel-
opment of sensors for blood tests. Based on the protocol for
the preparation of red blood cell ghosts, small uni-lamellar
RBC vesicles were produced, which are applied onto func-
tionalized silicon chips and annealed into multi-lamellar,
planar membranes. Morphology and molecular structure of
the RBC membranes were analyzed by optical microscopy,
fluorescent microscopy, UV-vis spectroscopy and X-ray
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diffraction. These RBC’s on a chip present a platform to test
the interaction of bacteria and drugs with RBC membranes
and determine their molecular mode-of-action in the future.

[0121] The X-ray diffraction measurements present direct
experimental evidence that RBC membranes consist of
nanometer sized 1, and 1d lipid domains, and c-helical
coiled-coil peptide domains. The composition of RBC’s was
determined to be 30:45:25 (1 :1d:coiled peptides).

[0122] RBC membranes that contain up to 3 mM of ASA
were prepared. Presented here is experimental evidence that
aspirin partitions in RBC membranes and preferably locates
in the head groups region of the 1, lipid domains. ASA led
to an increase of the lipid-lipid distance and a decrease of the
membranes thickness, indicative of a fluidification of the
RBC membranes.

Example 2. Hemolysis Assay Based on a Human
Red Blood Cell Membrane (HBLOC) Sensor

[0123] Inventors have developed a method which isolates
human red blood cells on a silicon chip for use as a safe and
quantitative test for hemolytic bacteria. To develop our
human blood cells on a chip, a sample of human blood is
exposed to a hypotonic solution which causes the RBC’s to
burst and empty their contents. A series of sonication and
washing steps are then applied to isolate only the RBC
membrane, and to remove all hemoglobin and other con-
taminants. The result is a solution of empty membrane sacks
known as RBC “ghosts”. This solution is then applied to
sensors and allowed to slowly dry, leaving behind stacked
sheets of RBC membrane. The sensors use nanostructured
gold electrodes, functionalized for the application of the
RBC membranes and maximizing the surface area for
increased sensitivity of the tests. The coated electrodes are
then used as part of a 3-electrode electrochemical cell, where
any damage to the cell membrane allows a redox-indicator
in solution to access the electrode surface. Under cyclic
voltammetry or chronoamperometry measurements the
reduction/oxidation of the indicator molecule gives rise to a
current that is proportional to the amount of membrane
damage.

[0124] Nanostructured gold electrodes have been fabri-
cated and the RBC membranes successfully applied to the
sensors (FIG. 9). Membrane damage was quantitatively
measured using ferricyanide as the redox indicator and
cyclic voltammetry. To mimic hemolytic activity by bacteria
attacking RBC membranes, the membranes were disrupted
using a surfactant (sodium dodecyl sulfate, SDS). The
voltammograms and bar graph show increases in the reduc-
tion and oxidation peak currents as a result of membrane
damage and higher electroactive surface available (FIG. 10).

Example 3. RBC Ghost and Biosensor Preparation
Protocol

[0125] Additional experiments were performed with
respect to investigating the preparation of RBC ghosts from
blood samples and the application of the RBC ghost prepa-
rations onto a substrate (silicon wafers) and to form multi-
lamellar RBC membrane stacks.

[0126] The following protocol was observed to produce
desirable preparations of RBC ghosts for annealing to form
multi-lamellar RBC membrane stacks:
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[0127] 1. Take blood from volunteer.
[0128] 2. Prepare Buffer:
[0129] a. PBS Buffer: 2 Tablets of PBS in 400 ml
Ultra Pure Water
[0130] b. Diluted PBS Buffer: 16 ml of PBS Buffer
filled to 500 ml; Adjust the pH to 8 using KOH.
[0131] 3. Wash Blood: Centrifuge Blood at maximum
settings for 10 minutes and remove the supernatant
(Plasma). Fill the Tube with PBS buffer to ensure a total
volume of ~10 ml.

[0132] Repeat this washing step twice.
[0133] 4. Prepare 24 Eppendorf tubes in an ice bucket.
[0134] 5. Remove the supernatant from the Blood tube

after the last Washing step.
[0135] 6. Mix 50 pl of the RBC fraction with 1 ml of
diluted PBS buffer in each of the 24 Eppendorf tubes.

[0136] 7. Vortex the tubes.
[0137] 8. Let the tubes sit for 30 minutes.
[0138] 9. Centrifuge the tubes at maximal settings (~20

000xg) for 30 minutes.

[0139] 10. Remove the supernatant. And refill the tubes
with 1 ml diluted buffer solution.

[0140] 11. Vortex the tubes.

[0141] 12. Centrifuge the tubes at maximal settings
(~20 000xg) for 15 minutes.

[0142] 13. Repeat steps 10 to 12 until the solution is
clear.

[0143] 14. The Ghosts may be stored in the Fridge.

[0144] 15. Centrifuge all Eppendorf s at maximal set-

tings (~20 000xg) for 15 minutes.

[0145] 16. Remove the supernatant and combine all
Pellets in one Eppendorf. It might be convenient to first
combine 2x12 tubes and then combine these pellets.

[0146] 17. Centrifuge the sample at maximal settings
(~20 000xg) for 15 minutes.

[0147] 18. Remove or add diluted PBS buffer to ensure
a total volume of 0.5 ml. This will result in a RBC
membrane concentration of ~14 mg/ml.

[0148] 19. Sonicate the sample: Place the sample in an
ice bucket and insert the sonication tip. Set the instru-
ment to 5 second pulses and 50 second breaks at 20%
Intensity for 20 minutes.

[0149] The sample should look milky first but clear up
during sonication.

[0150] 20. Centrifuge the sample at maximal settings
(~20 000xg) for 20 minutes.

[0151] The following protocol was observed to produce
desirable substrates for promoting the formation of multi-
lamellar RBC membrane stacks:

[0152] 1. Silicon wafers placed in a Glass dish.

[0153] 2. Fill in 5 ml Hydrogen Peroxide and 15 ml
Sulfuric Acid (98%) (“Piranha Solution”).

[0154] 'This step ensures the wafer surface is hydro-
philic.

[0155] 3. Let the wafers sit for min 20 Minutes.

[0156] 4. The beaker does not need to be heated (room

temperature works).
[0157] The following protocol was used for contacting the
preparation of RBC ghosts with the prepared silicon sub-
strate:
[0158] 1. Heat the 3d orbital shaker and the metal plate
to 37 degrees.
[0159] 2. Set the Shaker speed to 7 and the tilt to 8.
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[0160] 3. Take the wafer out of the Piranha solution and
rinse it ONLY with Water (no Methanol).

[0161] 4. Dry the wafer with nitrogen gas.

[0162] 5. Place the metal plate on the 3D orbital shaker.

[0163] 6. Place the wafer on the metal plate.

[0164] 7. Slowly apply 100 pl of the Ghost solution onto
the wafer.

[0165] 8. Place a plastic lid on top of the wafer and tilt

the 1id with a Qtip.
[0166] 9. Wait until the wafers look well dried.
[0167] The following protocol was then used to incubate
the RBC ghosts on the substrate to promote the formation of
multi-lamellar RBC membrane stacks:
[0168] 1. Place the wafers in a glass beaker with a
saturated Potassium Sulfate solution.
[0169] 2. Seal the beaker with a lid and parafilm.
[0170] 3. Place the beaker in the incubator at 37 degrees
Celsius.
[0171] 4. Let the wafers sit for 3 days.
[0172] FIG. 11 shows images of a biosensor and multi-
lamellar RBC membrane stack prepared according to the
protocol of the present example. FIG. 12(a) shows a 2D
x-ray image of a biosensor comprising a prepared according
to the protocol of the present example. FIG. 12(5) shows the
reflectivity Bragg peaks. The narrow peaks go up to an order
of 5 which indicates a very well ordered and uniform
membrane film.
[0173] While the present application has been described
with reference to examples, it is to be understood that the
scope of the claims should not be limited by the embodi-
ments set forth in the examples, but should be given the
broadest interpretation consistent with the description as a
whole.
[0174] All publications, patents and patent applications
are herein incorporated by reference in their entirety to the
same extent as if each individual publication, patent or
patent application was specifically and individually indi-
cated to be incorporated by reference in its entirety. Where
a term in the present application is found to be defined
differently in a document incorporated herein by reference,
the definition provided herein is to serve as the definition for
the term.

TABLE 1
saturated unsaturated
lipid lipid peptide

domains domaing domains
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1. A biosensor comprising:

asolid substrate having a lipid bilayer compatible surface;

a multi-lamellar lipid membrane structure derived from a

biological cell and localized on the lipid bilayer com-
patible surface; and

an aqueous layer interposed between each lipid bilayer of

the multi-lamellar lipid membrane structure.

2. The biosensor of claim 1, wherein the multi-lamellar
lipid membrane structure comprises two stacked lipid bilay-
ers.

3. The biosensor of claim 1, wherein the multi-lamellar
lipid membrane structure is prepared from red blood cells or
red blood cell ghosts.

4. The biosensor of claim 3, wherein the multi-lamellar
lipid membrane structure is prepared by contacting the lipid
bilayer compatible surface with a preparation of red blood
cell ghosts and incubating the lipid bilayer compatible
surface with the preparation of red blood cell ghosts at a
temperature between about 30° C. and 60° C. and a relative
humidity greater than 50%, wherein the red blood cell ghosts
anneal to form the multi-lamellar lipid membrane structure.

5. The biosensor of claim 4, wherein the multi-lamellar
lipid membrane structure is prepared by incubating the lipid
bilayer compatible surface with the preparation of red blood
cell ghosts at a temperature between about 35° C. and 40° C.
in the presence of a saturated potassium sulfate solution.

6. The biosensor of claim 1, wherein the solid substrate is
made of a material selected from silicon dioxide (SiO,),
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glass, polydimethylsiloxane (PDMS), polymethyl methacry-
late (PMMA), and polycarbonate (PC).

7. The biosensor of claim 1, wherein the lipid bilayer
compatible surface is hydrophilic.

8. The biosensor of claim 1, wherein the lipid bilayer
compatible surface comprises acid treated Si0,.

9. The biosensor of claim 1, wherein the biosensor com-
prises at least one electrode.

10. The biosensor of claim 9, wherein the electrode
comprises all or part of the lipid bilayer compatible surface.

11. The biosensor of claim 10, wherein the lipid bilayer
compatible surface of the electrode has been rendered
hydrophilic, optionally wherein the lipid bilayer compatible
surface of the electrode comprises a functionalized metal,
optionally functionalized gold.

12. The biosensor of claim 9, further comprising a power
supply and/or a detector for detecting a change in current
and/or potential.

13. The biosensor of claim 1, wherein the biosensor
comprises a microfluidic device, well, or channel for receiv-
ing a sample in fluid communication with the multi-lamellar
lipid membrane structure.

14. A method of detecting membrane distuption activity
in a sample, the method comprising:

a) contacting the sample with the biosensor of claim 1;

and

b) detecting a change in the multi-lamellar lipid mem-

brane structure in response to the sample.

15. The method of claim 14, wherein the biosensor
comprises at least one electrode and detecting the change in
the multi-lamellar lipid membrane structure comprises vol-
tammetry, optionally cyclic voltammetry, chronoamperom-
etry, differential multi pulse voltammetry, double potential
pulse techniques or additive differential pulse voltammetry.

16. The method of claim 14, wherein the sample in
contact with the biosensor further comprises a redox-indi-
cator, optionally ferricyanide.

17. The method of claim 14, wherein the sample is a
biological sample from a subject, optionally a blood sample
or tissue sample.

18. The method of claim 14, further comprising compar-
ing the change detected in the multi-lamellar lipid mem-
brane structure to a control.

19. The method of claim 18, wherein the control is
representative of a change in the multi-lamellar lipid mem-
brane structure in response to a hemolytic agent, and a
similarity between the change detected in response to the
sample and the control is indicative of the presence of a
hemolytic agent in the sample.

20. The method of claim 19, wherein the hemolytic agent
is a hemolytic bacteria.
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