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ABSTRACT

The purpose of this thesis was to study cholera toxin binding on aluminum oxide surfaces
for bio-sensing applications. Cholera toxin is a multifunctional membrane protein that is known
to cause cholera, an acute diarrheal infection.1 This infection, linked to over 120,000 deaths per
year, is caused by infection with the bacterium Vibrio Cholerae, which secretes the cholera toxin
protein.2 Cholera toxin protein binds to ganglioside GM1 found in the cell membrane of
epithelial cells, where it then enters the cell.
Electronic biosensors are being examined as a cost-effective biosensing method, with
zinc oxide thin film transistors grabbing the greatest attention for their low deposition
temperature, fabrication cost, and compatibility with intracellular material. ZnO thin film
transistors are coated with aluminum oxide, which acts as the dielectric layer where the transistor
stores charge. It is expected that changes in charge on this aluminum oxide surface result from
the binding of cholera to a lipid membrane deposited to the aluminum oxide surface, which lead
to a change in the transistor current. This will allow for the detection of cholera.
The focus of this experimentation was to examine the interaction of lipid bilayers and
lipid monolayers with the aluminum oxide surface, specifically the surface’s effect on the
diffusion coefficient and the binding constant of cholera toxin to GM1 within the bilayers and
monolayers. The binding constant will dictate the sensitivity of the ZnO thin film transistor biosensing device. It was found that the diffusion coefficient of lipids in bilayers on the aluminum
oxide coated surface was 1.64 µm2/s and 4.71 µm2/s for lipid compositions of 99.5% DOPC,
0.5% Tx-Red and 99.0% DOPC, 0.5% Tx-Red, 0.5% GM1, respectively. For monolayers on
aluminum oxide surfaces, the diffusion coefficients were found to be 1.44 µm2/s and 4.12 µm2/s
for lipid compositions of 99.5% DOPC, 0.5% Tx-Red and 99.0% DOPC, 0.5% Tx-Red, 0.5%
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GM1, respectively. The apparent binding coefficient (dissociation constant), KD, of cholera toxin
binding to GM1 in monolayers deposited on aluminum oxide surfaces was found to be 208 nM.
More work is needed to confirm the findings. However, it seems promising that a ZnO thin film
transistor biosensor with monolayers would be able to successfully determine the presence of
cholera toxin.
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Chapter 1
Introduction
Cholera toxin is a multifunctional protein that can influence immune systems. It is primarily
known for causing the disease cholera, an infection in the small intestine, which results in diarrhea and
vomiting. Cholera toxin will bind to the epithelial cells in the gut, causing excessive electrolyte loss,
leading to extreme dehydration and death in severe cases.1 Cholera is caused by the ingestion of food
and/or water contaminated with the Vibrio cholera bacteria, which secretes the protein complex cholera
toxin. According to the world health organization, researchers have found that there are anywhere

from 1.4-4.3 million cases of cholera per year with 28,00 to 142,00 deaths worldwide.2
It has been found that ganglioside GM1, a lipid-sugar molecule found in epithelial cell
membranes, is the receptor for cholera toxin binding. The cholera toxin protein has two subunits,
a cholera toxin A and cholera toxin B subunits. The cholera toxin A subunit is enzymatically
active and causes toxicity. The cholera toxin B subunit, which forms a pentameter, will bind to
up to five GM1 receptor sugars in the cell membrane. The cholera toxin B subunits form a
highly-stable ring assembly with each subunit attaching to individual GM1 receptors.3 Figure 1
shows the binding of cholera toxin B subunit to five GM1 head groups.4 The binding of the
cholera toxin B subunits tethers the toxin to the cell’s surface, allowing the cholera toxin to pass
through the membrane, entering the cell. This work examines the cholera toxin B binding with
ganglioside GM1 for use in electronic biosensor applications. Such a device would allow for
inexpensive sensing for the presence of cholera toxin to improve the safety of food supply and
hopefully decrease human suffering from the cholera disease.
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Figure 1: Binding of cholera toxin B subunit with five GM1 head groups to form ring on cell's surface.4

The cholera toxin binding to GM1 was chosen because the binding chemistry of cholera
toxin to GM1 has been studied extensively and can be easily extended into many different
applications. Membrane proteins are an important topic to understand because of the numerous
biological functions they are responsible for, including enzymatic activity, signaling between
cells, and transportation through cell membranes.4 These proteins are difficult to study because
the lipids surrounding them significantly influence their structure and function. Therefore, it is
important to be able to characterize them in a membrane-like environment. In this
experimentation, supported lipid layers, bilayers and monolayers, are used to mimic the cell’s
membrane. The method of supported lipid layers has proven successful in numerous different
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applications.5 The electronic sensor system discussed in this thesis may provide an easier and
more robust approach to protein-membrane binding characterization.
Biosensors have been explored for over 50 years, with the earliest use of the word
‘biosensor’ describing the workings of a device composed of entrapping the glucose oxidase
enzyme in a dialysis membrane over an oxygen probe. 6 The biosensor concept has since
developed and the term has expanded to cover many different ‘biosensor’ systems - all
combining an analytic device with a biological element, or something that mimics biological
material with synthetic chemical compounds. The specificity of the biosensor is determined by
the biological sensing element. The biological sensing element can be composed of a range of
biological materials including enzymes, antibodies, membrane lipids, RNA, and more.7,8 The
binding, or reaction, between the targeted molecule and the sensing element will induce a
change, or signal, that can detected by the analytical device of choice. Several different types of
detection modes can be used. These include electrochemical, where a reaction or binding
produces or consumes electrons, transistor, where the doping effect of analytes cause a change in
the flow of electrons, thermal, where the heat of reaction or heat of adsorption can be detected,
detection by mass using a quartz crystal microbalance, or florescence, when a fluorescent probe
is used. Figure 2 show a schematic of an electronic biosensor.
The applications of biosensors are endless. Biosensors can be used in a wide variety of
industries, from the medical industry as glucose monitors to the food industry as drug residue
detectors to environmental applications for water purity. Because of the wide variety of
applications, there is high demand for small, portable, inexpensive biosensors.
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Figure 2: Electronic biosensor diagram composed of biological receptor and analytic detector.

Current biosensor methods for the detection of bacterial proteins, such as cholera toxin,
include cultures, immunosorbent assays, and micro arrays.7,8 In an article published in May
2000, Rowe-Taitt and coworkers created a ganglioside-based assay for cholera toxin using an
array biosensor. This biosensor used optical waveguides and fluorescence for the detection of
fluorescently labeled cholera toxin.9 The authors also worked on creating an array biosensor,
capable of detection multiple targets, including cholera toxin, on the surface of a single
waveguide.10 In March 2008, Huan Chen and Yue Zheng reported the development of a cholera
toxin chemiluminescence biosensor based on a supported lipid layer with GM1 present. The
biological element in this case was the lipid layer with GM1. A horseradish peroxide-catalyzed
reaction would occur, producing light and the luminescence intensity was then measured to
detect the presence of cholera toxin.11 All three of the methods described above have a fairly
high cost, long processing time, limited sensitivity, and require experienced personnel to be
performed. As a result of these issues, an electronic biosensor was chosen to be explored as the
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next generation biosensor based on potential lower cost, quick result, robust, portable, and highsensitivity.
Most electronic biosensors consist of some type of transistor interfaced with a biological
environment. Field-effect transistors (FET) are three-terminal devices that include a gate, source,
and drain, with a dielectric layer and semiconductor layered on a substrate. Figure 3 displays a
field-effect transistor diagram, with all parts labeled. The voltage between the source and the
drain terminal regulates the current flow through the gate. The current is controlled by the
electric field generated by the voltage applied to the gate.12 There are two types of FETs, n-type
and p-type. A p-type contains holes (positive charges) as the majority carriers. When a positive
voltage is applied across the channel, it causes holes, where the positive charges are repelled
from the substrate region under the gate and pushed deeper into the substrate, leaving behind a
depletion region filled with negative charge. The n-type FETs are the opposite of this, having
electrons (negative charges) as the majority carriers. When voltage is applied between the source
and drain, a current flows through the channel via the negative mobile electrons. By modifying
the gate terminal with the presence of charged molecules, the electric field between the gate and
drain can be modulated to cause a change in current. This current change can then be measured,
allowing for the determination of the presence of specific charged molecules.

Figure 3. Field-Effect Transistor (FET) Diagram.*Adapted from Dr. Jackson Lab
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These field-effect transistor devices have attracted particular attention because of their
low-cost of fabrication, easily tailorable properties, and the ease in which their sensitivity can be
manipulated.13 Several different types of field-effect transistors exist. Ion-sensitive field-effect
transistors (ISFET) have become a popular basis for electrical biosensors. ISFETs can be used to
measure the ion concentrations, or the pH, of a solution. The ions cause an interfacial potential
on the gate of the transistor, as explained above, causing a change in the electrical potential
across the gate.12 Thin-film transistors are another type of FET in which ultra-thin semiconductor
channels (10-20 nm) facilitate high electric fields and enhance the sensitivity if the transistor by
almost two orders of magnitude by comparison to ISFETs. Zinc Oxide (ZnO) used as the
semiconductor in thin film transistors (TFTs) have been also used in biosensor devices to
successfully detect soluble proteins binding to antibodies with high sensitivity and selectivity.13
There are several advantages of using a ZnO thin film transistors. ZnO is a low cost and an
ecologically friendly material with low toxicity to the human body. It allows for sensing with
little influence on most target specimens. The ZnO-TFT has a self-assembled nano-structure
growth, allowing for a higher surface area to volume ratio, meaning the sensor can have a higher
sensitivity. One of its main attractions is that zinc oxide field-effect transistors can be
synthesized at low temperatures, allowing for a low fabrication cost as compared to other field
effect transistors.14 Because of the advantages of zinc oxide as a semiconductor, a zinc oxide thin
film transistor was chosen as the biosensor system to be explored in the current work.
Zinc oxide thin film transistors will have an aluminum oxide passivation layer as the topmost surface which interfaces with the biological environment. It is important to explore the
interactions between the biological environments, in this case lipid layers, and the aluminum
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oxide surface. Mager and coworkers found that lipid bilayers have different characteristics when
deposited on aluminum oxide versus glass surfaces.15 They also observed that the diffusion
coefficient was lower in a bilayer on an aluminum oxide vs glass surface.15 The diffusion
coefficient characterizes the fluidity of the membrane and can give an indication of whether a
continuous lipid membrane coats the surface.
Fluidity is commonly measured through the diffusion coefficient, which represent the
area the lipids can move per unit time. Peters and coworkers found that in monolayers of Lalpha-dilauroylphosphatidylcholine (Lau2-PtdCho) the translational diffusion coefficient of the
fluorescent lipid probe N-4-nitrobenzo-2-oxa-1,3 diazole egg phosphatidylethanolamine was
110µm2/s.16 No other monolayer diffusion coefficients could be found that were similar
phospholipid monolayer system used in this thesis. Mager and coworkers did work comparing
the lipid bilayers on alumina surfaces to lipid bilayers on silica surfaces.15 They found the
diffusion coefficient of 1-palmitoyl-2-oleoyl-PC (POPC), an unsaturated lipid used for the
formation of bilayers, on aluminum oxide and was determined to be 0.6 μm2/s as compared to
the value of 1.4-2.0μm2 /s reported on silica.15
A fluidity change of the membrane should affect protein binding to ligands in the
membrane, especially if the protein binds to multiple ligands like the cholera toxin subunit B
pentamer. The fluidity of monolayers is expected to be lower than the fluidity of bilayers,
resulting in a lower diffusion coefficient for monolayers. In turn, it is expected that the binding
coefficient for monolayers will be higher versus bilayers for the CTB-GM1 system because of
the lower fluidity.
This thesis focused on determining the binding coefficient of cholera toxin to GM1 on an
aluminum oxide substrate coated with lipid monolayers and bilayers. The diffusion coefficients
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for both monolayers and bilayers on aluminum oxide and the binding coefficient of CTB to GM1
in a lipid monolayer on an aluminum oxide surface were measured. The binding coefficient
found in this experimentation represents the concentration at which half the ligands are bound.
The binding coefficient impacts the sensitivity of the zinc oxide TFT biosensor and so is an
important characteristic of the system.

Chapter 2
Material and Methods

Materials
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and Ganglioside GM1 were
purchased from Avanti Polar Lipids, Inc. Texas Red-DHPE was purchased from Life
Technologies (Eugene, OR). FITC fluorescently-labeled cholera toxin subunit B (CTB) was
obtained from Sigma Aldrich (St. Louis, MO). The buffer used was 10× phosphate-buffered
saline (PBS) from Corning Mediatech, Inc (Manassas, VA) diluted to 1× PBS. Purified water for
these experiments came from a Synergy® UV Millipore filtration unit with a BioPack® Polisher.

Preparation of Small Unilamellar Vesicles
Small unilamellar vesicles (SUVs) were prepared for use in the formation of supported
lipid bilayers and monolayers. DOPC, Texas Red-DHPE, and GM1, were mixed in chloroform
and then dried into a thin layer onto round-bottom flasks followed by desiccation under vacuum
for at least 2 hours. Next, the lipid films were rehydrated with 2 mL of 1× PBS buffer solution.
The multilamellar vesicles were then extruded at least seven times through a Whatman®
Nucleopore Track Membrane containing 50 or 100 µm pores. SUVs extruded through 50 µm
pores were measured at approximately 70 µm in diameter and those prepared with 100 µm pores
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were approximately 115 µm in diameter, as determined by dynamic light scattering with a
Zetasizer Nano-ZS Malvern Instrument.
The composition of the bilayers that were used for cholera toxin binding analysis were as
follows: for binding experiments, the lipid composition was 99.0% DOPC, 0.5% Texas RedDHPE, 0.5% GM1. For control experiments to monitor for non-specific binding, the lipid
composition was 99.5% DOPC, 0.5% Texas Red-DHPE.

Preparation of Lipid Bilayers
Lipid bilayers were formed using SUVs prepared by the previously described method.18
Glass surfaces for lipid bilayers were cleaned by placing under UV/Vis for 25 minutes to provide
a hydrophilic surface that promotes lipid bilayer formation. 25 µL of hydrated vesicle solution
was pipetted onto a plastic well plate. The glass slides were laid face down over the droplet and
covered with foil to incubate at 22 ᴼC for 10 minutes. The glass slides were then submerged in
water and rinsed to remove excess vesicles. Vesicle fusion occurred on the glass surfaces to form
a continuous lipid bilayer coating that was confirmed through fluorescent microscopy and
fluorescent recovery after photo-bleaching (FRAP).
For Al2O3 surfaces different salt concentrations were added to the hydrated SUV solutions
to aid in vesicle fusion.18 Solutions were prepared by mixing 50:50 by volume SUV and salt
solution. 25 µL of the new salt-lipid solution was then used to form bilayers. The following salts
were tested: 5 nM MgCl2 and 250 mM NaCl.
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Preparation of Self-Assembled Monolayer (SAM)-coated Al2O3 Surfaces with Channels
Al2O3-coated glass slides were incubated in a 1 mM solution of octadecyl phosphoric
acid (OPA) in isopropanol (IPA) at 22 ᴼC for 2 hours. The sample was taken out of the solution
and rinsed with IPA, then deionized water, then dried with pressurized air. This created a
hydrophobic surface on the Al2O3-coated glass slide to form a lipid monolayer. Two pieces of
double sided tape were placed onto the Al2O3 surface to form a 22 mm x 1.5 mm channel. A
coverslip, put under UV/Vis for 25 minutes was placed on top of the double-sided tape to close
the channel. 3 µL of vesicle solution were pipetted into the channel. The channel was covered
with foil and let to incubate at 22 ᴼC for 2 minutes. The channel was then rinsed three times with
5 µL of 1× PBS, keeping the channel filled with fluid the entire time as to not exposed the lipidcoated surface to air.
3 µL of fluorescently-tagged CTB, in varying concentrations depending on the
experiment being performed, was pipetted into the channels. The CTB containing channels were
covered with foil and left to incubate at 22 ᴼC for 1 hour. The channels were then rinsed four
times with 5 µL of 1× PBS to removed excess, non-bound CTB. The concentrations of CTB in
1× PBS used were: 2.5 nM, 5 nM, 10 nM, 50 nM, 100 nM, 150 nM, 200 nM, 250 nM, 800 nM,
1600 nM, 2400 nM.

Microscopy and Analysis
Samples were imaged using a 20× air objective on a Nikon Eclipse Ti-E inverted fluorescence
microscope equipped with a Photometrics HQ2 CCD camera. Five images were taken of each sample
using the Texas-Red filter to assess uniformity and coverage of lipids and the FITC filter to monitor CTB
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bound to the surface. The images were imported into ImageJ64 software to measure the intensity of
Texas-Red and FITC (green) -fluorescently labeled CTB images of lipid samples. The intensity was used
to assess lipid diffusion and the binding of CTB to GM1.

Fluorescent Recovery After Photo-bleaching (FRAP) Analysis
Fluorescent Recovery After Photobleaching (FRAP) was used to determine the diffusion
or fluidity of the lipid membranes.18 Fluorescent bleaching was performed on a hexagonal
section of the lipids to determine the diffusion characteristics of lipids within the lipid
monolayers and bilayers using 40× magnification. The fluorescently labeled lipids were exposed
to a hexagonal shape of light for 30 seconds. The hexagon was then removed and the section was
imaged initially and thereafter in 20 second time intervals, with the light removed between
images (Figure 4). Due to the diffusion of the lipids, bleached fluorophores were replaced with
unbleached fluorophores causing the fluorescence to increase and recover towards its previous
intensity.

Immediately after
bleaching

2 minutes after bleaching

Figure 4: FRAP images of lipid bilayer on glass surface: immediately
after photobleaching (left) and 2 minutes after bleaching (right).
The dark hexagonal shape represents the bleached area.
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Diffusion Coefficient Calculation
The diffusion coefficient of lipids was calculated from the data acquired using FRAP time lapse

images. The normalized intensities, obtained using Image J, were plotted as a function of time, as shown
in Figure 5. This recovery curve was fit to an exponential equation to obtain the half-time of the
fluorescent recovery.18

Normalized Intensity Density
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Figure 5. Fluorescence Recovery Curve: Intensity vs Time Graph.
Bilayer (99.0% DOPC, 0.5% Texas-Red, 0.5% GM1) supported on Al2O3 surface.

The diffusion coefficient, D, was then estimated using equation 1, where rn is the radius of the
bleach spot and τ1/2 is the recovery half time.19

𝐷 = 0.224

𝑟𝑛2
𝜏1
2

(Eq. 1)
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Binding Curve and Binding Coefficient Calculation
The equilibrium dissociation constant for single-site interactions can be reasonably
approximated by fitting the binding data to a saturation behavior of Langmuir isotherm.
Equation 2 shows the fundamental rate equation for the binding of a monovalent ligand, L, to a
surface receptor binding site, R, to form a ligand-receptor complex on the membrane, LR.
[𝐿] + [𝑅] ↔ [𝐿𝑅] (Eq. 2)
The equilibrium constant in this case would be the dissociation constant, KD, and is
derived in the following manner. Through fluorescence, the fraction of bound sites can be
measured. It is useful then to put this equation in terms of the fraction of bound sites. Equation 3
shows this relationship, where [S] is the total amount of available binding sites ([S] = [R] +
[LR]) and KD is the dissociation constant.
[𝐿𝑅]
[𝑆]

=

[𝐿]
𝐾𝐷 +[𝐿]

(Eq. 3)

The Langmuir isotherm fit can be adopted for multivalent interactions, such as the
binding of CTB to GM1. The overall binding affinity of multivalent ligands is dependent on the
valency of interaction and the receptor concentration in the membrane.17 The KD determined
from the Langmuir fit would correspond to the effective or apparent dissociation constant. The
effective dissociation constant, KD, refers to the bulk protein (CTB) concentration at which halfmaximal coverage of the surface binding sites (GM1) is achieved.
Data to create the binding curve was obtained as described in the previous microscopy
and analysis section. The normalized fluorescence intensity data corresponds to the fraction of
bound sites. Equation 4 shows the normalized fluorescence calculation, where FN is the
normalized fluorescence, F is the fluorescence intensity of CTB bound to the surface for
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concentration specific bulk solution concentration of CTB, F0 is the background intensity, and
FM is the maximum fluorescence intensity at saturation of the membrane-bound receptor with the
fluorescently labeled ligand.

𝐹𝑁 =

(𝐹−𝐹0 )
𝐹𝑀

(Eq. 4)

In the case of this experiment, it was unsure where saturation would occur. Therefore, the
normalization equation (Eq. 4) and the dissociation equation (Eq. 3) were combined and the data
was fit to the resulting equation.

(𝐹 − 𝐹0 ) = 𝐹𝑀 ∗ (

[𝐿]
𝐾𝐷 +[𝐿]

)

(Eq. 5)

The normalized fluorescence was plotted as a function of the CTB incubation
concentration. This data was fit to equation 5 using Wolfram Mathematica to solve for the
maximum intensity, FM, and binding constant, KD.
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Chapter 3
Results and Discussion

Vesicle Quality Analysis
Light scattering size analysis was done to measure the diameter of the vesicles formed as
a way to look at the quality of the vesicles that would be used to form the bilayers and
monolayers used in the experimentation. Vesicles were prepared by extrusion, allowing control
of the size of the vesicles and consistent composition of lipids in each vesicle.18 Analysis was
done on the vesicles immediately after extrusion and 3 days after extrusion to see whether the
vesicles would maintain their size during storage. Figure 6 displays the light scattering results of
small unilamellar vesicles composed of 99.0% DOPC, 0.5% Tx-Red, and 0.5% GM1 that were
extruded through a 100 nm pore membrane. The size for both treatments was found to be
consistent at approximately 100 nm for both immediately after extrusion and 3 days after
extrusion. This gives confidence that the vesicles are not fusing with each other during storage.
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Immediately after Extrusion

3 Days after Extrusion

Figure 6: Light scattering analysis results of vesicle size using 100 nm
pore membrane immediately after extrusion and 3 days after extrusion.

Supported Bilayer Formation on Al2O3 Surfaces Enhanced with Salt
Bilayer formation occurs in the following manner: SUVs will adsorb onto the substrate
surface, fuse with each other along the surface to form larger vesicles, then rupture resulting in
bilayer disks on the substrate.18 The bilayer disks will then coalesce to form a continuous bilayer
membrane along the surface of the substrate. Al2O3 coats the top of the zinc oxide thin film
transistors, which will be used to take electrical readings for the presence of CTB. This means
the vesicles must be able rupture and self-assemble to form a lipid coating on this Al2O3 surface.
The vesicles, in 1xPBS buffer (pH 7.4), added to the Al2O3 surface did not show the same bilayer
uniformity as the vesicles, also in 1xPBS buffer (pH 7.4), that were added to a glass surface.
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Figure 7 shows pictures of the bilayers on a control glass surface and an Al2O3 surface. It is
observed that the Al2O3 bilayer is not uniform like the glass surface bilayer.

Control Glass Surface

Al2O3 Coated Surface

Figure 7: Bilayer formation on control glass surface (left) and an aluminum oxide coated
surface (right). Vesicle composition: 99.5% DOPC, 0.5% Tx-Red.

Because of the non-uniform layer seen, salt addition was tested to assist in the bilayer
formation. Salt has been previously observed to help with vesicle fusion, when present in the
form of Na+, Ca2+, and Mg2+ ions.18
The vesicles in 1xPBS buffer solution (pH 7.4) were mixed in equal volume with 5mM
MgCl2and 250 mM NaCl salt solutions. The resulting vesicle-salt solution was immediately
incubated on the substrate surface to allow the vesicles to fuse and coalesce. The resulting
bilayers were examined under the microscope to access the uniformity and quality of the bilayer.
The addition of salt drastically improved the bilayer formation on the Al2O3 surfaces. Figure 8
shows the resulting images, using a 250 mM NaCl salt solution and 5 mM MgCl2 salt solution. It
can be seen that the addition of the salt solution assisted significantly in the formation of the lipid
bilayer on the Al2O3 coated surface.
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MgCl2 Addition

NaCl Addition

Figure 8. Addition of salts, 5 mM MgC12 (left) and 250 mM NaCl (right),
show improved bilayer formation on Al2O3 coated surface. Note that these
images were taken along the edge of the substrate.

Poor Lipid Monolayer Formation with Removal of Buffer
Thin film transistors are highly sensitive devices. The electrical response that is generated
from thin film transistors are plots of current versus voltage. A shift in the current versus voltage
trend denotes a charge change between the source and drain gates. This experiment focuses on
sensing the charge change associated with the binding of cholera toxin. It was hypothesized that
the presence of ions from the buffer solution in which the lipid layers were made could affect the
observed electrical shift. Because of this, the removal of the buffer was attempted. It was thought
that the buffer may not be necessary in the formation of the monolayers, as the surface was
thought to be sufficiently hydrophobic for the vesicles to rupture and attach to form the lipid
monolayer.
Vesicles were prepared in deionized water and then incubated according to the previously
described procedure for monolayers. The channels were then rinsed with deionized water as per
normal preparation. Vesicles from the same batch were also used in an additional channel where
they were mixed with an equal amount of 2× PBS to create an overall buffer solution of 1× PBS,
which is the normal buffer concentration for vesicle preparation. The channels were then
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examined under the microscope for monolayer quality assessment. Unfortunately, it was found
that the monolayer did not form with vesicles in deionized water on OPA-SAM coated surfaces.
Figure 9 and 10 show the two channels, with the deionized water channel treatment having
essentially no lipid coverage. This means that the buffer is necessary for the formation of
monolayers and this effort to remove interfering ions was unsuccessful.
Note: Supported lipid bilayers were not tested with deionized water only, as salt is already needed in
addition to the buffer to get a smooth supported bilayer on alumina surfaces.

1xPBS Buffer
Figure 9. 1x PBS Buffer Channel. The red fluorescence shows the
uniform coverage of the lipids to form a monolayer.

Deionized Water
Figure 10. Deionized Water Only Channel. Almost no coverage is
seen in the deionized water only channel, since no uniform red
fluorescence is observed, as compared to the 1x PBS buffer channel.
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Fluorescent Recovery After Photo-Bleaching: Monolayers vs Bilayers
Fluorescent recovery after photo-bleaching, commonly referred to as FRAP, was used to
determine the diffusion coefficient of lipids within a membrane. The diffusion coefficient is a
typical way to characterize membranes, as all cell membranes have a certain amount of fluidity.
The diffusion coefficient represents the bilayer’s viscosity, substrate-lipid hydrodynamic drag,
and the nature and density of defect sites along the surface of the substrate.15 It has been found
that lipid molecules on aluminum oxide coated substrates have lower diffusion coefficients than
on glass substrates.15 In previous studies, the FRAP method was used to determine the diffusion
coefficient of POPC, a common lipid used for the formation of bilayers, on aluminum oxide and
was determined to be 0.6 μm2/s as compared to the value of 1.4-2.0 μm2 /s reported on silica.15
It is anticipated that the cell membrane fluidity will impact the strength of binding of CTB to
GM1-containing membrane because CTB can bind to five GM1 molecules. For this reason, the
diffusion coefficient was determined for the lipid monolayers and bilayers on the alumina
surface. Table 1 summarizes the results found. For lipid compositions with and without GM1,
the monolayers were seen to have lower diffusion coefficients.

Table 1. Diffusion Coefficients of Bilayers and Monolayers on Aluminum Oxide Surface.

Bilayer
Monolayer

Composition
99.5% DOPC, 0.5% Tx-Red
99.0% DOPC, 0.5% Tx-Red, 0.5% GM1
99.5% DOPC, 0.5% Tx-Red
99.0% DOPC, 0.5% Tx-Red, 0.5% GM1

*Full data tables available in Appendix B.

Calculated Diffusion
Coefficient (µm2/s)
1.64
4.71
1.44
4.12

Standard
Deviation
0.37
0.65
0.42
0.93
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This data was similarly reflected in the recovery curves of the monolayers and bilayers.
Figure 11 shows the comparative FRAP recovery curves for monolayers and bilayers plotted
together. The recovery of the monolayers is slower, resulting in the lower diffusion coefficient.
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Figure 11. Bilayer and Monolayer Recovery Curves.
From the curves it can be seen that the bilayer recovers faster than the monolayer, meaning it is more
fluid. (Composition: 99.0% DOPC, 0.5% GM1, 0.5% Tx-Red)

The lipids within a monolayer have a lower diffusion coefficient, meaning they have a
lower fluidity. This is what was expected. The lipid monolayers coat a phosphonic layer on the
aluminum oxide surface. It is believed that this interaction limits the mobility of the lipids within
the monolayer. The bilayer diffusion coefficient found, 1.64 μm2/s, was higher than the
previously discussed literature value of 0.6 μm2/s for bilayers on alumina.15 The method of
bilayer preparation varied from the literature in that salt was used to help rupture the vesicles and
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allow them to form better bilayers. In Mager and coworkers experimentation on aluminum oxide
surfaces, the vesicles were not believed to have opened to form bilayers.15 Hence, the addition of
salt during bilayer formation is crucial to the characteristics of the bilayer formed. Also, it has
been found that surface treatment can have an effect on diffusion in supported lipid bilayers. Seu
and coworkers reported that depending on the surface treatment, diffusion can be adjusted
approximately three-fold without a change in the composition.20 Therefore, the data from this
experiment falls within a reasonable range.
It is important to note that the lipid composition plays a role in the diffusion coefficient.
For both monolayers and bilayers, the diffusion coefficient was higher in the lipid composition
that contained GM1. It is believed that the GM1, being a bigger molecule than the DOPC,
disrupted the packing of the lipids. This theory is supported by a literature that discusses the
effect of free area on diffusion coefficients. In the literature experimentation, the concentration
of cholesterol in a DPPC bilayer was varied.21 Cholesterol is very close in size to DPPC and so
fills in the spaces between the DPPC molecules.21 It was found that as the concentration of
cholesterol increased, the free area in the bilayer decreased, meaning there was tighter packing of
the bilayers.21 Furthermore, the diffusion coefficient decreased as the concentration of
cholesterol increased and the packing increased.21 GM1, having a large head group and being in
low concentration, would most likely have the opposite effect of cholesterol, increasing the free
area and the diffusion coefficient. Figure 12 shows a Monte Carlo simulation performed by
Miller and coworkers which shows the packing of an 80:20 DPPE:GM1 monolayer that supports
this assumption.22
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Figure 12. Packing of 80:20 DPPE:GM1 monolayer generate from Monte Carlo simulations.22
Part A: Simulation result for the constrained monolayer when CTB is added and binds to GM1. Part
B: Simulation result for unconstrained monolayer, without CTB binding. Part C: Perfectly packed
monolayer to be used for reference.22

In separate study, Reich and coworkers found that the diffusion decreased as the
cholesterol concentration increased, but when excess GM1 was incubated with the samples,
diffusion decreased.23 This study supported the cholesterol findings previously discussed, but
disagree with the findings of this thesis. The samples used by Reich were composed of DOPC
and cholesterol in varying concentrations. The samples were then incubated with excess GM1.23
It is thought that the presence of GM1 in such high concentration in the bilayer actually limits
the mobility of the surround lipid molecules due to the large area of the head group.23 Based on
the data collected in this thesis, it is believe that the free area has a higher effect on the diffusion
for low concentrations of GM1, outweighing the limited mobility of surrounding lipids.

Binding Coefficient of Cholera Toxin to GM1 in Supported Lipid Monolayer
The binding data collected was normalized against background fluorescence to take into
account non-specific binding. Non-specific binding is the binding of CTB to the lipid layer, not
the receptor GM1. This is expected to occur in small amounts and to increase as the CTB
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incubation concentration increases. The background data was collected from channels incubated
with CTB that did not contain GM1. Figure 13 illustrates the non-specific binding, showing a
graph of the mean fluorescence versus CTB incubation concentration for channels with and
without GM1.
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Figure 13. Specific (GM1) vs Non-Specific (no GM1) Binding. Non-specific binding increases
linearly with an increase in CTB concentration, as expected.

It was found that the effective binding coefficient, KD, for CTB to GM1 in supported
monolayers is 208 nM. This effective binding coefficient represents the CTB concentration at
which half-maximal coverage of the surface binding sites, GM1, is achieved. Figure 14 shows
the normalized fluorescence as a function of CTB concentration. Equation 5 was fit to this data
to calculate the binding coefficient.
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Figure 14. Normalized Intensity as a function of CTB Concentration.
This plot gives a maximum intensity of 8.86 and a binding coefficient of 208 nM for lipid
monolayers on an aluminum oxide surface.

Literature values of CTB–GM1 binding in bilayers with 0.5 mol% GM1 are shown in
table 2. The values range from 0.32 nM measured by epilfluorescence24 to 30 nM measured by
fluorescence and colloidal assays17. The range of these values is most likely due to the
differences in bilayer compositions. As seen with the diffusion coefficients previously discussed,
membrane composition seems to play a key role in the fluidity of the membrane. This is also
believed to have a significant effect on the binding of a multivalent protein. No literature values
were found to be reported for binding of CTB to GM1 in supported monolayers.
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Table 2. Literature CTB-GM1 Binding Values for Bilayers

Membrane Composition
(mol %)
97.5% DMOPC, 1.5%
DOEPC, 1.5% Texas Red
DPPE, 0.5% GM1
99.5% phospholipid,
0.5% GM1

Half Maximum Binding
Concentration (KD)
30 ± 6 nM

Method
Fluorescence17

5 nM

Flow Cytometry25

0.32 ± 0.07 nM
99.5% POPC, 0.5% GM1

Microchannel Array with
Epifluorescence
Microscopy24

The lower mobility of the monolayer is thought to be the main contribution to the
observed increase of KD. Being a multivalent protein, fluidity plays a key role in the binding of
cholera toxin to GM1. Having five binding sites (see figure 1), the cholera toxin must attach to
GM1 molecules that are in close proximity. Maximum cholera toxin binding would occur if there
were one to one binding of cholera toxin to GM1. However, it is likely that this one to one
binding will not happen in our reconstituted membrane system. Lauer and coworkers found that
at low incubation concentrations of CTB, three GM1 molecules are bound to each CTB
pentamer.25 With lower membrane fluidity it may be less likely for GM1 molecules to localize
close enough together for the CTB petamer to bind to multiple GM1 molecules. Therefore, this
would be expected to result in an increased effective KD value.
Note: Due to time constraints, only one successful binding trial was able to be run. This experiment
should be repeated in future to confirm results.
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Chapter 4
Conclusion and Future Work
Dynamic light scattering analysis demonstrated that vesicles prepared for supported lipid
use maintained their diameters within 10 µm for several days after extrusion. These vesicles
were used to form supported lipid bilayers and monolayers on aluminum oxide surfaces in an
effort to characterize supported bilayers and monolayers for biosensor applications. It was found
that the addition of salt, specifically 5 mM MgCl2, assisted in the formation of supported bilayers
on aluminum oxide surfaces. It was attempted to form monolayers using vesicles prepared in
deionized water; however, this was found to be unsuccessful, proving that buffer is an important
component of monolayer formation on aluminum oxide surfaces from vesicle fusion.
It was found that the diffusion coefficient of lipids in bilayers on the aluminum oxide
coated surface was 1.64 µm2/s and 4.71 µm2/s for lipid compositions of 99.5% DOPC, 0.5% TxRed and 99.0% DOPC, 0.5% Tx-Red, 0.5% GM1, respectively. For monolayers on aluminum
oxide surfaces, the diffusion coefficients were found to be 1.44 µm2/s and 4.12 µm2/s for lipid
compositions of 99.5% DOPC, 0.5% Tx-Red and 99.0% DOPC, 0.5% Tx-Red, 0.5% GM1,
respectively. As expected, the monolayers showed lower fluidity for both lipid compositions. We
anticipate that the fluidity of the membrane affects the binding of CTB to GM1 with these lipid
layers because cholera toxin is a multivalent protein. It was found that the binding constant of
CTB to GM1 was 208 nM for the monolayer on aluminum oxide system. This is much higher
than any literature value of CTB – GM1 in bilayers, shown previously in table 2. Overall,
supported monolayers showed lower fluidity and higher binding coefficients than supported
bilayers.
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In the future, it is recommended that these experiments be repeated to confirm these
results, as this could not be done due to time constraints. The binding coefficient should be
evaluated for bilayers on aluminum oxide to confirm that the coefficient is lower than
monolayers on aluminum oxide, as we predict.
This thesis is the first step to creating a ZnO-FET based cholera toxin biosensor. This
system should be tested on a ZnO-FET with varying cholera toxin concentrations. A binding
curve could be constructed using the current-voltage data from the transistor and this could be
compared to the fluorescence curve. The next steps would be to make this system more robust
and easier to operate. The goal of this is to ultimately create a device that would allow for
inexpensive sensing for the presence of cholera toxin to improve the safety of food supply and
decrease human suffering from cholera.
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Appendix A
Relevant Past Experimentation
Learning the techniques of this experimentation and the best methods for achieving
reliable data took a lot time. This appendix contains a summary of important experimental
learnings and previous experimental methods used throughout the year and half of work
performed on the topic of supported lipid bilayers and cholera toxin binding.

Preparation of Supported Lipid Bilayers through Vesicle Fusion
The first focus was to learn the technique of creating unilamellar vesicles to use to create
lipid bilayers. The process of making vesicles includes three main steps, determining the
composition of the vesicles, drying the lipids into films, rehydrating them to form multilamellar
vesicles (basically spheres made of multiple lipid layers), and dispersion of the multilamellar
vesicles to create small unilamellar vesicles (used for bilayer formation). There were issues in
the beginning with getting a uniform lipid film. Several different ways to do this were tried
using a rotary evaporator, with a rapid decrease in pressure leading to the best films. Extrusion
was the chosen method for creating SUVs because of the ability to achieve uniform vesicle sizes.
After the formation of the vesicles, they were stored at 4 degrees Celsius for as long as 14
days to be used for bilayer formation. The first bilayers were formed on glass surfaces to test the
bilayer formation technique. The glass surfaces were cleaned using UV/Vis to create a
hydrophilic surface for the lipid to adsorb to. The “Splat and Smear” method was employed to
create the bilayers. A 25 µL drop of vesicle in buffer (1xPBS) solution was pipetted onto a plate.
The functionalized glass surface was placed onto the small droplet. The droplet would expand
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upon the addition of the surface to cover the enter glass surface with vesicles. This was covered
with foil and let sit for 5 minutes. During this time, the vesicles would open up and form a
bilayer on the glass surface because of the hydrophilic head groups of the lipids. The plate with
the glass substrate on the vesicle droplets was then carefully submerged into a bath of deionized
water. The glass substrate was then carefully flipped over, using tweezers, and gently waved in
the water to remove excess vesicles. The substrate was kept completely submerged in a petri dish
and transported to the microscope for examination.
Two of the most common issues with the technique were exposing the substrate to air and
scratching of the substrate surface with tweezers during the flipping and waving process to
remove excess vesicles. These two issues seriously affect the quality of the membrane formed.
Figure 15 shows a properly formed lipid bilayer. Figure 16 shows an air-exposed and scratched
bilayer. The quality of the bilayer directly affected the binding of the cholera toxin. Therefore, it
was important to spend time perfecting this technique before moving on to binding trials.

Figure 15: Properly formed bilayer.
This was confirmed by the smoothness and uniform coverage seen in this image.

32

Figure 16. Air-exposed Bilayer.
The spotty non-uniform coverage and streak marks are caused by scratching with the tweezers and air
exposure during the process of removing excess vesicles.

Formation of Supported Lipid Bilayers on Glass Slides in Wells
Initial binding curve trials consisted of bilayers supported on 12 mm circular VWR micro
cover glass slides in wells. The glass slides were put under UV/Vis for 30 minutes to
functionalize the surface, then placed functionalized-side up in individual wells of a multiwell
plate. 100 µL of vesicle solution was added to each well, covered with foil, and left for
incubation for 20 minutes. In order to remove excess vesicles, the wells were filled with 800 µL
1x PBS, then 600 µL were removed, leaving the glass submerged in buffer solution. This rinsing
procedure was repeated seven times in order to remove excess vesicles from the well.
Keeping the glass from being exposed to air was the difficulty with this method. This
presented the most problems during the rinsing process. Also, the wells had to be rinsed enough
to remove most excess vesicles and vesicles that attached to the bottom of the well – not the
glass slide. After repeating the technique several times, these errors were eliminated.
After observing several supported bilayers trials under the microscope, it was concluded
that the bilayers were not forming smooth coverage. Looking to the literature, it was found that
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salt assisted in the formation of supported bilayers.18 Trials were then done with 50:50 volume of
vesicles solution and salt solution. The two types of salt solution tried were 250 mM NaCl and 5
mM MgCl2. The addition of salt greatly improved bilayer formation, as discussed previously in
Chapter 3. Cholera toxin binding was initially studied on supported lipid bilayers created by
using the “Splat and Smear” method.

Cholera Toxin Binding on Glass Slides in 24-Well Plate
The first attempts to create a cholera toxin binding curve was done in wells. The
supported bilayers were formed on glass slides in wells as described in the previous section, with
half of the wells containing bilayers made of 99.5% DOPC, 0.5% Tx-Red and half containing
bilayers with 99.0% DOPC, 0.5% Tx-Red, and 0.5% GM1. Three different concentrations of
CTB were added to two wells, one containing GM1 and one without GM1, as shown in Figure
17. The wells without GM1 were used to measure the non-specific binding of cholera toxin to
the bilayer. This non-specific binding slightly increases linearly as the concentration of cholera
toxin is increased. Therefore, to get an accurate binding curve, the non-specific binding was
measured at each concentration and taken into account during the creation of the binding curve.
The wells were covered with foil and left to incubate with the cholera toxin solution for one
hour. They were then rinsed with buffer, using the same rinsing procedure noted above.
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Figure 17. Cholera toxin binding well layout. Different concentrations of cholera toxin b were tested,
with each concentration being put two wells, one with GM1 and one without GM1.

Using this method, a preliminary binding curve was created. Figure 18 shows the results
for binding curve. These results only contained three different concentrations of CTB, 0 M, 5
nM, and 50 nM. The cholera toxin binding was measured using fluorescence intensity as
described in Chapter 2. The non-specific binding stayed nearly constant throughout the different
CTB concentrations. The data points shows that saturation may have occurred before 5 nM,
causing a plateau to occur. It is expected that the small decrease in intensity from 5 nM to 50 nM
is due to experimental error and the saturation of the binding of CTB to GM1.
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Figure 18. Average Intensity Density as a function of CTB concentration. This is a preliminary
cholera toxin binding curve for glass substrate supported lipid bilayers.

There were two main sources of error with this method. The first occurred with the
incubation concentration of CTB. If any measurements were inaccurate during the rinsing
procedure of the lipid bilayers, more or less buffer could be present in the well. This would in
turn affect the CTB concentration, since there was no way for this addition or loss of buffer
volume to be measured and accounted for in the concentration calculations. The second source of
error could occur in the rinsing procedure of the wells after CTB incubation. If any unbound
cholera toxin remained in the well after rinsing, it would cause a higher fluorescent intensity
reading. With the microscopy method used, there was no way to differentiate between the
fluorescence from the cholera toxin floating in solution and the cholera toxin bound to the
bilayer. Both of these sources of error could result in significant error in the binding curve.

36

Reasons for Experimental Methodology Change
Once the thin film transistors began to be fabricated, alternative methods were pursued
for the creation of the binding curve. Micro-channels have been used in thin film transistor
applications before and so were turned to as the most practical method. The formation of the
bilayers was done with the same sort of incubation method used in the well experiments. The
vesicle solution was pumped into the channel, whose surfaces had been functionalized using
UV/Vis, covered with foil, and left to incubate for 20 minutes. The channels were then rinsed
with 1xPBS buffer by pumped the channels with 10x their volume of 1x PBS. The channel
method allowed eliminated the two major errors that occurred in the well method as a result of
the rinsing procedure, incorrect volume of buffer for CTB concentrations and residual CTB in
wells.
The thin film transistors fabricated had an aluminum oxide coating. This aluminum oxide
surface is what would interface with the supported lipid layer. Therefore, it was deemed most
beneficial to look into the binding of cholera toxin on aluminum oxide surfaces. Based on the
previous experiments conducted with salt, it was thought that the addition of salt would also aid
the binding of bilayers to the aluminum oxide surface. As discussed in chapter 3, this did
improve the supported bilayers formed on the aluminum oxide surface.
Overall, the previous experiments performed did indirectly help achieve the results
presented in this thesis. They are worth noting, as much time and effort was put into them, and
they paved the way for current approaches for the studies.
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Appendix B
Diffusion Coefficient Data

Table 3. Bilayer Diffusion Coefficient Data on Aluminum Oxide Surface: No GM1
(99.5% DOPC, 0.5% Tx-Red)
FRAP
Trial

Calculated Diffusion
Coefficient (µm2/s)

1

1.22

2
3
4
5

1.66
1.42
2.32
1.58

Average

1.64

Standard
Deviation

0.37

Table 4. Bilayer Diffusion Coefficient Data on Aluminum Oxide Surface: With GM1
(99.0% DOPC, 0.5% Tx-Red, 0.5% GM1)
FRAP
Trial

Calculated Diffusion
Coefficient (µm2/s)

1
2
3
4
5
Average

5.41
5.02
3.50
4.71
4.92
4.71

Standard
Deviation

0.65
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Table 5. Monolayer Diffusion Coefficient Data on Aluminum Oxide Surface: No GM1
(99.5% DOPC, 0.5% Tx-Red)
FRAP
Trial

Calculated Diffusion
Coefficient (µm2/s)

1
2
3
4
5
Average
Standard
Deviation

1.90
1.21
1.02
1.07
1.99
1.44
0.42

Table 6. Monolayer Diffusion Coefficient Data on Aluminum Oxide Surface: With GM1
(99.0% DOPC, 0.5% Tx-Red, 0.5% GM1)
FRAP Trial

Calculated Diffusion
Coefficient (µm2/s)

1
2
3
4
Average
Standard
Deviation

4.39
3.75
5.43
2.89
4.12
0.93
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