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3 ABSTRACT
Cell membranes are composed primarily of amphipathic lipids either in a single circular layer or
as a bilayer in which all of the hydrophilic and hydrophobic groups face the same direction
respectively. Diffusion across a lipid membrane can occur spontaneously or be facilitated by
integral membrane proteins. The extent of this diffusion relies on the structure of both the
membrane and the diffusing species. Artificial lipid membranes that mimic some of the
properties of natural cell membranes can be prepared on synthetic supports for use in membranebased biosensors. We are working to develop artificial membrane-based sensors for target
molecules that should lead to more effective drug discovery and more efficient treatment and
diagnosis of diseases. In order to better understand the properties of these artificial membranes
and their potential effects on the functionality of a successful biosensor, fluorescence recovery
after photobleaching (FRAP) was used to determine the inherent diffusion in the membranes
themselves. The formation of planar supported lipid bilayers in specially designed Teflon wells
on bare glass supports yields lateral diffusion coefficients (D) for 1,2-dioleoyl-sn-glycero-3phosphocholine (DOPC) and 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) which
indicate a typical fluidity. With the goal of combining these membranes with an epoxy-based
negative photoresist, SU-8 3050, which is used as the base material in the proposed biosensors,
studies of artificial membrane properties on SU-8 3050 were undertaken. Fluorescence
intensities for the membranes formed on the SU-8 indicate monolayer formation consistent with
the chemical structure of the hydrophobic SU-8 support surface. Moreover, the decreased
diffusion coefficients for DOPC and DPhPC on SU-8 3050 indicate a reduced fluidity for the
monolayer and a more viscous membrane environment. Modification of the SU-8 3050 surface
to enhance both membrane stability and fluidity are being investigated while not inhibiting the
function of the sensor. Modification of the SU-8 3050 surface by plasma oxidation did not
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support membrane formation. Gas phase modification of the SU-8 3050 surface through
silanization chemistry did not occur despite successful surface activation. Lipid deposition of
DOPC by Langmuir Blodgettry yielded 100% transfer on bare glass and 70% transfer on
oxidized SU-8, but only 16% transfer on untreated SU-8. Application of lipid deposition by
Langmuir Blodgettry aims to examine the efficiency of lipid formation on the polymer surface in
comparison to the vesicle fusion method employed for the study.
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4 INTRODUCTION
Lipid membranes function to control the movement of chemical species both into and out of a
biological cell.1 Complexes within the bilayer include carbohydrates, proteins, such as ion
channels and structural proteins, and lipids. These complexes regulate the overall function of the
cell by aiding in the passive and active transport through the membrane while the amphipathic
lipids form a physical barrier through characteristic orientation of their outward facing
hydrophilic heads and inward facing hydrophobic tails. This boundary acts as a selective barrier
to control particle movement into and out of the internal portion of the cell, which has led to
increased study into the understanding of cell structure on its function as it relates to biological
and medicinal advancements.2,3

By imitating some of the natural properties of the bilayer, a chemical sensor based on an
artificial lipid membrane can be developed for target molecules. These model cell membrane
systems demonstrate the interactions between the lipid membranes and the inserted complexes,
proteins or sugars.4,5

The Black Lipid Membrane (BLM) structure consists of a lipid bilayer suspended across an
aperture and adsorbed onto a support on either side of the gap (Figure 1C). The formation of a
BLM structure allows for operational control regarding inserted ion channels to the membrane
and investigation of their use in biosensors.6 By placing electrodes on either side of the BLM,
both the presence of a bilayer and its mechanical stability can be revealed. Examination of the
stability and mobility of a bilayer on a planar supported surface is commonly performed using a
Planar Supported Lipid Bilayer (PSLB), a simplified artificial membrane model; this format was
used in order to better understand the interactions between the membrane and the aperture
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material (substrate).6,7 Depending on the surface chemistry of the substrate used, the lipid film
formed may take the structure of a bilayer or a monolayer, Figures 1A and 1B respectively.8 The
structure of the film is thus indicative of the hydrophobicity of the surface, an influential factor
in the ultimate fluidity and stability of the artificial membrane.

11

A

B

C

Figure 1: Illustrations of a planar supported lipid bilayer (A), a lipid monolayer (B) and a black
lipid membrane on an aperture (C).
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The non-polymerizable lipids, 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) are used in this work to form and study
PSLBs. Structures of DOPC and DPhPC are shown in Figure 2. These lipids function as
simplified models to acquire preliminary data regarding fluidity and stability trends in substratelipid interactions due to changing surface chemistry. Later ion channel insertion methods and
chemical sensor design will be based on these simplified models.

A

B

Figure 2: Structure of DOPC (A) and DPhPC (B).

Fluorescence Recovery After Photobleaching (FRAP) is a technique commonly used to monitor
lateral diffusion in a membrane.9,10 According to Axelrod’s equation,11

𝐷=

𝛾𝐷 𝑤 2
4𝜏1/2

(1)

D is the diffusion coefficient, γD is the correction factor for bleach depth, τ1/2 is the time constant
for the half time recovery and w is the bleach spot half-width radius. The extent of diffusion of
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lipids in the membrane along the plane of the substrate is a measure of the strength of the
phospholipid-surface interaction. When the diffusion of a lipid along a substrate is reduced, it is
suggested that the association between the two is increased, leading to a more durable artificial
film. In order to employ FRAP as a technique, a fluorescent label will be added to the lipids to
allow for visible determination of bilayer or monolayer formation. Exciting at 560 nm,
rhodamine-B linked to the PE head group of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) will be used as the fluorophore (Figure 3) .12 The resistance of the rhodamine-DOPE to
photobleaching makes it optimal for studying the recovery of lipid membranes in which constant
light exposure for imaging of the film is required.13

Figure 3: Structure of the fluorophore, rhodamine-DOPE.

Alteration of the hydrophobicity of the planar surface using polymers can modify the membrane
formation to favor stronger lipid-substrate interactions. In the case of the photoresist, SU-8, these
interactions favor lipid monolayer formation as the presumed hydrophobic surface should favor
interaction with the hydrophobic lipid tails. Figure 4 shows the structure and crosslinking of the
SU-8 photoresist. The effect of SU-8 and other highly hydrophobic coatings as a polymer
support on the diffusion of the lipids, however, is not fully understood.
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Figure 4: The photochemical crosslink reaction of SU-8.

Chemical modifications to the polymer surface may alter the lipid-substrate interactions further.
Activation of the SU-8 surface aims to open any remaining epoxide groups on the surface to
increase reactivity for modification. Both plasma oxidation and chemical treatment with sulfuric
acid have accomplished ring opening on SU-8 for enhanced cell attachment. 14,15 Activation of
the SU-8 allows the subsequent use of gas phase silanization to alter the hydrophobicity of the
substrate and thus further alter the durability of the associated film.

Figure 5: Epoxide ring opening by chemical treatment with sulfuric acid.
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Comparison of membranes formed on bare glass to those formed on polymers and modified
polymers used as aperture materials for BLMs is needed to evaluate these materials for biosensor
applications.
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5 MATERIALS AND METHODS
5.1 Creating SU-8 Slides
Glass VWR Micro slides were cut into 1 in by 1 in pieces using a Fischer glass cutter. All further
SU-8 slide preparation was completed in a Class 1000/ISO Class 6 environment cleanroom. The
glass slides were cleaned in Piranha (30:70 H2O2/H2SO4) for 5 min, rinsed with deionized water
and briefly dried with a stream of nitrogen gas. Substrates were then immediately cleaned
according to the first step of the Radio Corporation of America (RCA) cleaning protocols (2:1:1
NH4OH/H2O2/H2O).16 The slides were rinsed with deionized water and dried with a steady
stream of nitrogen gas. The slides were heated for 5 min at 125°C to completely remove any
remaining liquid from the surface. Glass substrates were then placed in the Harrick Plasma
Cleaner/Sterilizer PDC-3XG for 5 min at 150-200 mtorr on the high plasma setting. Substrates
were rinsed with isopropyl alcohol (IPA) and heated on a hot plate at 60°C for 5 min. The SU-8
3050 polymer was heated to 60°C for 15 min to reduce viscosity. The glass slides were placed
within the Laurell WS650S Spin Processor with vacuum chucks and 1 ml of the SU-8 was added
to the center of the glass slide. The substrates were spun at 500 rpm for 20 sec, then 2000 rpm for
40 sec and then immediately covered for 15 min. A softbake was performed on the substrates at
60°C for 15 min before exposure to a high intensity Blak-Ray B-100AP/R 100 W UV lamp for 1
min at an angle of 30° normal to the substrate. Slides underwent a post exposure bake for 5 min
at 95°C. The substrates were then placed in MicroChem SU-8 3050 developer and gently
agitated for 7 min. Slides were rinsed with IPA and completely dried using nitrogen gas. Fully
developed SU-8 3050 slides were covered from direct light and stored at room temperature for
further use.
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5.2 Lipid Vesicle Preparation
A mixture of the chosen lipid to produce a final concentration of 0.5 mg/ml with a 0.6% mole
fraction of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)
(ammonium salt) (rhodamine-DOPE) in chloroform was prepared in a 4 mL glass vial. Argon
gas was used to remove the chloroform and the sample was dried in a lyophilizer for at least 4
hours. The sample was dissolved in 1 ml of 10 mM phosphate buffer pH 7 and the mixture was
vortexed until all visible dried lipid was removed from the walls of the vial. The lipid mixture
was sonicated in a W-380 ultrasonicator at 35°C for 1 hr and the sample became transparent.

5.3 Lipid Membrane Formation by Vesicle Fusion
5.3.1 Glass Slide Preparation
Glass VWR Micro slides were cleaned in Piranha solution (30:70 H2O2/H2SO4) for 5 min then
thoroughly rinsed with deionized water and immediately dried with nitrogen gas.
5.3.2 SU-8 Slide Preparation
Previously prepared SU-8 3050 slides were rinsed with deionized water and then immediately
dried with a steady flow of nitrogen gas.
5.3.3 Teflon Apparatus Assembly
The Teflon blocks and rubber O-rings were cleaned in an aqueous solution of 1% Alconox by
sonicating in the solution for 15 min. The Teflon blocks and O-rings were rinsed with deionized
water and sonicated in nanopure water for an additional 15 minutes. The steel mount was briefly
exposed to a stream of nitrogen gas to remove any debris from the substrate compartment and the
cleaned substrates were placed into the insert. The Teflon blocks and O-rings were dried using
nitrogen gas and an O-ring was inserted into the Teflon well to create a seal between the slide
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and the well. The Teflon blocks were screwed into the steel mount being careful not to slide the
O-ring along the substrate surface. A diagram of the apparatus can be seen in Figure 6 below.

Figure 6: Top view of the Teflon cradle apparatus.

5.3.4 Addition of Lipids
Into the wells of the cradle apparatus were placed 6 drops of lipid vesicle solution and the
apparatus was covered from light and dust for 30 min. The solution was rinsed with 20 ml of 10
mM phosphate buffer pH 7 by pipetting 1 ml of the solution into the well and then removing it.
The well remained filled after the final rinse to prevent air exposure of the formed lipid
membrane due to evaporation of the buffer.

5.4 Epifluorescence Microscopy
Lipid samples in the apparatus wells were observed under a Nikon TE2000-U inverted
microscope using a 20x objective with a rhodamine filter cube to check for the formation of
uniform films. Images of both uniform and non-uniform bilayers can be seen below in Figure 7.
A non-uniform bilayer could not be used for further quantitative analysis and FRAP.
Photographs of the substrates were taken using a TE CCD 512 TK/1 camera, from Princeton
Instruments, Inc. Images were documented using Winspec/32 and the software was used to
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obtain average pixel intensity values for the membrane images. The background intensity from a
cleaned slide under buffer was subtracted from each of the membrane images. SU-8 slides were
photobleached by directing a mercury lamp through a 4x microscope objective straight onto the
center of the slide for 2 hours prior to cleaning and vesicle fusion to obtain background intensity
images. This initial photobleaching was necessary to reduce the inherent fluorescence of the
photoresist that may be susceptible to bleaching during FRAP (Figure 8).

B

Figure 7: Epifluorescent images of a uniform (A) and a non-uniform (B) lipid bilayer formed on
glass.
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Figure 8: Decay in the background fluorescence intensity of SU-8 3050 due to direct
photobleaching.

5.5 Fluorescence Recovery After Photobleaching
5.5.1 Automated Instrumentation
A Class 4 Innova 70 Argon Laser at 514 nm was warmed up for 30 minutes. Using a Coherent
210 power meter, the laser power was maximized by adjusting a neutral density filter to about
300 mW. The laser beam was directed into the microscope through a series of mirrors including
a 50/50 beam splitter to allow for simultaneous use of the laser and the 100 mW mercury lamp
acting as the light source for imaging. A rhodamine excitation filter was placed in front of the Hg
lamp. A block containing a 545 nm laser dichroic mirror and an emission filter was used to guide
the fluorescence emission onto the CCD. The Winspec/32 software was used for imaging and a
LabVIEW program was used to control the laser pulse and the lamp and camera shutters.
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Figure 9: Diagram of the laser and microscope setup for FRAP.

5.5.2 Photobleaching Protocol
A uniform section in the lipid membrane was chosen for the diffusion analysis by FRAP. Using
the LabVIEW program, Full FRAP auto program, final, v6a 0816215 simplified, the number of
desired images was selected. The program was started, closing the camera and the lamp shutters
and pulsing the laser for 50 ms. Immediately following the pulse of the laser, the program
reopened the camera and lamp shutters and began to collect images. Figure 10 depicts the
photobleaching of a lipid film and the subsequent diffusion of the photobleached species. The
FRAP protocol employed was based on that developed by Dr. Kristina Orosz.13
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A

B

C

Figure 10: Diagram of the photobleaching process of a fluorescently labeled bilayer and the
diffusion of the bleached (black head group) lipids (A), and epifluorescent images of an
unbleached (B) and a bleached (C) rhodamine-DOPE doped PSLB.

5.6 Activation of the SU-8 3050 Surface
5.6.1 Plasma Oxidation
SU-8 3050 substrates were rinsed with deionized water and dried with nitrogen gas. The slides
were quickly placed in the Harrick Plasma Cleaner/Sterilizer PDC-3XG and the instrument was
turned on for a warm up period of 1 min. The power was set to high and the substrates were
oxidized for 20 sec. The substrates were removed and used for immediate analysis.
5.6.2 Chemical Treatment with Sulfuric Acid
A solution of the desired concentration of sulfuric acid was prepared using deionized water and
concentrated sulfuric acid. The SU-8 3050 substrates were briefly rinsed with the sulfuric acid
solution and then placed in a round bottom flask containing the acid solution. The solution was
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refluxed for a varying amount of time between 1 hr and overnight. The mixture was allowed to
cool and the substrates were removed. The SU-8 was rinsed thoroughly with deionized water,
dried with nitrogen gas and used for immediate further analysis.

5.7 Gas Phase Silanization
A hot plate was heated to 100°C inside of a controlled atmosphere box (CAB). Substrates were
placed in a Teflon rack in a crystallizing dish. 50 µl of 1H,1H,2H,2Hperfluorooctyldimethylchlorosilane was added to the bottom of the dish and the dish with the
substrates was placed inside of a desiccator. The desiccator was evacuated to less than 20 torr for
15 min using a vacuum system and completely closed and sealed. The desiccator was placed in
the CAB on top of the hot plate and heated for 1 hr. The substrates were removed and cooled to
room temperature.

5.8 Water Contact Angle Determination
To the substrate was added 1 µl of nanopure water using a 10 µl autopipet. The contact angle
was determined using the DSA 10 MK2 Drop Shape Analysis System and images were taken
using a model TM-7CN video camera. Contact angles were measured using the circular droplet
method.17 Contact angles of water on diol-modified glass, prepared by Christopher Smith
according to the protocols employed by Nilsson and Larsson, were obtained for comparison
purposes.18,19

5.9 Lipid Deposition with a Langmuir Blodgett Trough
Lipids were prepared as in section Lipid Vesicle Preparation and then reconstituted in
chloroform to produce a solution with a concentration of 1 mg/ml. Substrates were prepared as in
section Lipid Membrane Formation by Vesicle Fusion. Oxidized SU-8 substrates were

24
prepared as in section Activation of the SU-8 3050 Surface. The NIMA Technology Model 611
trough was thoroughly cleaned using chloroform and the pressure sensor calibrated. Nanopure
water was added to 2 mm above the edge of the trough as the subphase. To the subphase was
added 100 µl of lipid solution and the chloroform solvent was allowed to evaporate. The lipids
on the subphase were compressed to a pressure of 20 mN/m, just below “solid” phase
compression. The substrate was mounted onto the arm of the trough and dipped into the
subphase at a rate of 10 mm/min on both the downstroke and the upstroke. Hydrophilic
substrates were started on the upstroke and hydrophobic substrates were started on the
downstroke. Fluorescent images of the deposited lipid films were acquired as in section
Epifluorescence Microscopy.

25
6 RESULTS AND DISCUSSION
6.1 Lipid Monolayer Formation on SU-8
Optically uniform films of both DOPC and DPhPC were formed based on examination of
epifluorescent images of the fluorescently labeled membranes. The vesicle fusion method was
employed to generate a 0.5 mg/ml concentration lipid film with a 0.6% mole fraction of
rhodamine-DOPE. Qualitative images were acquired for DOPC on bare glass, DOPC on SU-8
3050, DPhPC on bare glass and DPhPC on SU-8 3050. Pixel intensity counts for each of the
images were used to quantitatively determine the number of layers or leaflets the lipid formed on
the respective surfaces. Background intensities of the substrates without the addition of a lipid
film were obtained and removed from the final average pixel intensity count of the membrane to
accurately reflect the extent of lipid film formation. An average background fluorescence of
nearly 3600 counts in the SU-8 photoresist required prebleaching of each of the slides prior to
further application in PSLB formation. The extended exposure to the bleach lamp resulted in a
loss of 200 counts from the background of the SU-8 without altering the overall surface
chemistry of the substrate based on a consistent water contact angle of 83±1.7° before and
84±2.2° after bleaching. Background intensities for each of the crafted SU-8 photoresist slides
were determined individually.
Stable lipid bilayers have previously been formed on the planar hydrophilic glass surface.5,20,21 In
applying the knowledge of bilayer formation on the bare glass as a reference, ratios of the
epifluorescent intensity data generated by the films yields insight on the number of layers formed
on the SU-8 surface. The epifluorescent data in Table 1 depicts a decrease in the average lipid
film intensity and thus a decrease in the number of fluorescently labeled lipids by greater than
half from the bare glass to the SU-8 3050 slides after background subtraction.
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Table 1: Lipid film intensity ratios on glass and SU-8 3050.
Lipid
Glass
Lipid
SU-8
Lipid Background Background Ratio
Background
Layer
Background Layer
Subtracted Subtracted
Intensity
Intensity
Intensity Intensity
Glass
SU-8
on Glass
on SU-8
Intensity
Intensity
DOPC
3140
10800±144 3200±20 6300±186
7708
3081
0.40
DPhPC
3140
10400±215 3310±66
6690±43
7247
3377
0.47
n=4 for intensity measurements

The ratios in Table 1 regarding the fluorescence of the film formed on the bare glass substrate in
comparison to the film formed on the SU-8 3050 for both DOPC at 40% and DPhPC at 47%
suggest the formation of a monolayer is favored over the formation of a bilayer on the
photoresist. This apparent monolayer formation on the SU-8 plane is consistent with the
anticipated hydrophobic surface chemistry of the crosslinked polymer.

The measured contact angle for the untreated SU-8 3050 surface was 76±2.5°. Two known
hydrophobic surfaces that similarly support lipid monolayer film formation are cyano-terminated
modified glass and alkanethiol self-assembled monolayers on glass; both of which also have high
water contact angles at 55° and 115±3° respectively.22,23 The measured value for the water
contact angle on bare glass was 14±4.1°. The high wettability indicated by the low contact angle
on the known hydrophilic surface of the glass in conjunction with the low wettability of the two
comparison hydrophobic surfaces, suggests that the surface of the untreated SU-8 is hydrophobic
and thus does support monolayer formation over bilayer formation on the substrate.

6.2 Analysis of FRAP Curves
Fluorescence recovery after photobleaching was performed on DOPC on bare glass, DOPC on
SU-8 3050, DPhPC on bare glass and DPhPC on SU-8 3050. The lipid films were bleached by
pulsing a 514 nm argon laser for approximately 50 ms. All FRAP components including the
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laser, CCD and all shutters were controlled automatically by the LabVIEW program, Full FRAP
auto program, final, v6a 08162015 simplified, written by a graduate student, Christopher Smith.
FRAP curves were generated and analyzed using a series of equations based on Axelrod’s
diffusion equation (EQ 1) as stated above.11 A combination of data analysis programs written by
Dr. Kristina Orosz and Christopher Smith were used to fit both single-exponential and doubleexponential models to recovery data.13 The equation for the single-exponential model is:
𝐹𝑏𝑙𝑒𝑎𝑐ℎ
𝐹𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

= 1 − (𝐴𝑒 −(𝑘1 𝑡) + 𝐵

(2)

where Fbleach/Freference is the fluorescence intensity ratio, A is the fraction recovered, k1 is the rate
constant, t is the time and B is the immobile fraction. The double-exponential model equation is:
𝐹𝑏𝑙𝑒𝑎𝑐ℎ
𝐹𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

= 1 − (𝐶 + (𝐷𝑒 −(𝑘1 𝑡) + 𝐸𝑒 −(𝑘2 𝑡) ))

(3)

where Fbleach/Freference is the fluorescence intensity ratio, D and E are the fractional recoveries, k1
and k2 are rate constants, t is the time and C is the immobile fraction. Fbleach in each model was
found by imaging a region of interest of the fluorescent film beginning immediately after pulsing
the laser and then extracting pixel intensity values from a 100x100 pixel region of the bleached
spot. Freference was obtained from the same region of interest of the fluorescent film. The
reference spot was chosen as a 100x100 pixel uniform area sufficiently far enough away from
the bleach spot for comparison in the fluorescence intensity. The fluorescence intensity of the
reference spot varied throughout the FRAP experiment due to minor photobleaching of the film
from exposure to the imaging lamp. To complete Axelrod’s equation (EQ1), the time constant
for the half time recovery of the film, τ1/2 is given by:
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1

𝜏1/2 =

𝑙𝑛(2)

(4)

𝑘

The double-exponential fit yields two diffusion coefficients, D1, the fast diffusion coefficient and
D2, the slow diffusion coefficient for the rhodamine-DOPE. From the diffusion coefficients and
the equation for the double-exponential fit, the percent of the recoverable fraction can be
calculated for each:
𝐷

%1 = 𝐷+𝐸 × 100
𝐸

%2 = 𝐷+𝐸 × 100

(5)
(6)

An average (weighted) diffusion coefficient can be calculated for overall comparison of lipid
diffusion among films. The average diffusion coefficient is found by:

𝐷𝑎𝑣𝑔 =

%1 𝐷1
100

+

%2 𝐷2
100

(7)

Lipid samples were fused simultaneously and analyzed to obtain a same day comparison of the
films on the differing substrates and to avoid variations in the film formation due to
environmental effects on the vesicle fusion method.
6.2.1 DOPC
Recovery curves were generated for DOPC on bare glass and on the SU-8 3050 photoresist.
Example recovery curves for the lipid on glass and their residuals are displayed in Figure 11.
Example recovery curves for the DOPC on SU-8 3050 and their residuals are displayed in Figure
12. Full recovery can be seen for DOPC on glass, with a majority of the recovery occurring in
the first 100 seconds after pulsing the laser and photobleaching the membrane. It was determined
that nearly full recovery (91%) also occurred on the SU-8 substrate. The increased frictional
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force between the lipids and the surface may prevent the complete migration of the bleached
rhodamine labeled lipids outside of the area of imaging. However, the rate of recovery is
significantly decreased in comparing the overall curve shape of Figure 11A and Figure 12A.
Table 2 lists the percent recovery and diffusion coefficients of each of the two populations as
well as the total recovery and average diffusion coefficient in the membrane. The number of
trials included in the average is also indicated. Table 2 further supports the decreased lateral
diffusion of the DOPC from a glass substrate (2.9 µm2/s) to the SU-8 photoresist (1.1 µm2/s).

Data reported in Table 2 employs the double-exponential curve equations for both the glass and
the SU-8 3050. While the single-exponential and double-exponential recovery curves are
reasonably similar for glass in Figure 11A and Figure 11B, the residuals for the plots indicate a
better fit for the double-exponential. The residuals in Figure 11D demonstrate a statistically
random deviation about the average with an R2 value of 0.95, especially in the range in which the
majority of the recovery occurs. In contrast the residuals for the single-exponential, which has a
lower R2 value of 0.89, do not appear to fluctuate about the average until nearly 500 seconds
have passed, at which point most of the photobleach recovery has already occurred. A better fit
to the double-exponential model for the recovery of DOPC on glass is consistent with the
expectation of formation of a bilayer on the substrate. The double-exponential model describes
the diffusion of two populations which may be represented by the two leaflets of the bilayer
formed on the glass in which the lower leaflet may experience a greater frictional drag than the
upper leaflet.
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Figure 11: FRAP recovery curves for DOPC on glass, fits of single-exponential (A) and doubleexponential (B) models to the curves, and residuals plots for single-exponential (R2=0.89) (C)
and double-exponential (R2=0.95) (D) fits.

Figure 12 depicts a statistically better curve fit for the photobleach of the DOPC on SU-8 3050
using the double-exponential model with an R2 value of 0.99 relative to the single-exponential
model with an R2 value of 0.95. Due to the apparent formation of a monolayer on the SU-8
surface, the source of the second diffusing population, as indicated by the better doubleexponential fit, is still unknown.
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Figure 12: FRAP recovery curves for DOPC on SU-8 3050, fits of single-exponential (A) and
double-exponential (B) models to the curves, and residuals plots for single-exponential
(R2=0.94) (C) and double-exponential (R2=0.99) (D) fits.

Table 2: DOPC diffusion coefficients and percent recoveries for the two diffusing
subpopulations (%1, %2, D1, D2), total percent recovery (%tot), weighted average diffusion
coefficient (Davg) and number of FRAP trials (n).
Surface
Glass
SU-8

Lipid
DOPC
DOPC

%1
84±5.5
73±6.2

%2
19±3.1
18±3.0

D1 (µm2/s)
3.4±0.84
1.5±0.53

D2 (µm2/s)
0.3±0.15
0.14±0.036

%tot
103
91

Davg (µm2/s)
2.9
1.1

6.2.2 DPhPC
Recovery curves were generated for DPhPC on bare glass and on the SU-8 3050 photoresist.
Example recovery curves for the lipid on glass and their residuals are displayed in Figure 13.
Example recovery curves for the DPhPC on SU-8 3050 and their residuals are displayed in

n
4
4
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Figure 14. Full recovery can be seen for DPhPC on glass, with a majority of the recovery
occurring in the first 250 seconds after pulsing the laser and photobleaching the membrane. It
was determined that less than full recovery occurs on the SU-8 substrate at 78%. The rate of
recovery is significantly decreased in comparing the overall curve shape of Figure 13A and
Figure 14A. Table 3 lists the percent recovery and diffusion coefficients of each of the two
populations as well as the total recovery and average diffusion coefficient in the membrane. The
number trials included in the average is also indicated. Table 3 once again further supports the
decreased lateral diffusion of the DPhPC from a glass substrate (2.0 µm2/s) to the SU-8
photoresist (0.4 µm2/s). The stronger intermolecular forces present between the DPhPC
molecules resulted in an overall slower diffusion in comparison to the diffusion of the DOPC.

Data reported in Table 3 employs the double-exponential curve equations for both the glass and
the SU-8 3050. While the single-exponential and double-exponential recovery curves are
reasonably similar for glass in Figure 13A and Figure 13B, the residuals for the plots indicate a
better fit for the double-exponential. The residuals in Figure 13D demonstrate a statistically
random deviation about the average with an R2 value of 0.98, especially in the range in which the
majority of the recovery occurs. In contrast the residuals for the single-exponential, which has a
lower R2 value of 0.91, do not appear to fluctuate about the average until nearly 500 seconds
have passed, at which point most of the photobleach recovery has already occurred. A better fit
to the double-exponential model for the recovery of DPhPC on glass is consistent with the
expectation of formation of a bilayer on the substrate. The double-exponential model describes
the diffusion of two populations which may be represented by the two leaflets of the bilayer
formed on the glass.
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Figure 13: FRAP recovery curves for DPhPC on glass, fits of single-exponential (A) and doubleexponential (B) models to the curves, and residuals plots for single-exponential (R2=0.91) (C)
and double-exponential (R2=0.98) (D) fits.

Figure 14 depicts a statistically better curve fit for the photobleach of the DPhPC on SU-8 3050
using the double-exponential model with an R2 value of 0.94 relative to the single-exponential
model with an R2 value of 0.85. Due to the apparent formation of a monolayer on the SU-8
surface, the source of the second diffusing population, as indicated by the better doubleexponential fit, is still unknown.
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Figure 14: FRAP recovery curves for DPhPC on SU-8 3050, fits of single-exponential (A) and
double-exponential (B) models to the curves, and residuals plots for single-exponential
(R2=0.85) (C) and double-exponential (R2=0.94) (D) fits.

Table 3: DPhPC diffusion coefficients and percent recoveries for the two diffusing
subpopulations (%1, %2, D1, D2), total percent recovery (%tot), weighted average diffusion
coefficient (Davg) and number of FRAP trials (n).
Surface
Glass
SU-8

Lipid
DPhPC
DPhPC

%1
83±5.0
51±5.8

%2
16±3.7
27±7.1

D1 (µm2/s)
2.3±0.21
0.7±0.21

D2 (µm2/s)
0.21±0.022
0.07±0.025

%tot
99
78

Davg (µm2/s)
2.0
0.4

6.3 SU-8 Surface Modification
Circular water drop contact angles were used to elucidate information regarding the surface
chemistry of the fabricated SU-8 3050 slides and to determine the effectiveness of any further
processing and surface modification. It was discovered that the initial surface chemistry of the

n
4
5
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SU-8 changes over the first couple of days after development has been completed (Figure 15).
The water contact angle decreased from a maximum angle of 92° to a stable angle of 76°
(measured across three separate slides), requiring a waiting period of at least four days before the
SU-8 slides can confidently be used for subsequent experiments. Furthermore, the measured
contact angle of the crafted diol-modified glass for comparison which contains hydroxyl groups
at its surface was 40±3.4°. With the goal of modifying the SU-8 3050 surface to be more
hydrophilic, the diol-modified glass represents the model water contact to be achieved as
opening of the remaining epoxide groups on the SU-8 surface will result in a surface similar to
that of the diol-modified glass. In completing this modification, the surface chemistry of the SU8 3050 may lead to a change in the structure of the suspended lipid film to favor the formation of
a bilayer.

Contact Angle (degrees)

Average Water Contact Angle
100.00
90.00
80.00
70.00
60.00
50.00
40.00
30.00
20.00
10.00
0.00
0.0000
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4.0000
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8.0000

10.0000
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Time Since Preparation (days)
Figure 15: Water contact angles on SU-8 3050 monitored over the first couple of days following
fabrication.
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6.3.1 Plasma Oxidation
SU-8 3050 slides were plasma oxidized and their contact angles were measured before and after
the modification to the substrate surface. Table 4 shows the decrease in the contact angle of the
SU-8 3050 surface from 76±2.5° to 29.2±0.27° following the plasma oxidation treatment. This
decrease in the hydrophobicity of the SU-8 is comparable to the water contact angles achieved
on the model diol-modified glass surface. While plasma oxidation achieves a highly wettable
hydrophilic surface on the SU-8 3050, the effectiveness of the method is reduced by the
temporary nature of the treatment. One hour after treating the SU-8 3050 slide, the water contact
angle of the surface had reverted almost 20° from the initial decrease. This instability of the
surface chemistry following plasma oxidation requires that any further modification to the slide
be completed almost immediately to utilize the reduction of the hydrophobicity of the surface
most effectively.

Table 4: Circular fit water contact angles on a plasma oxidized SU-8 3050 surface.
Surface
Untreated SU-8
Oxidized SU-8
Immediately after Oxidation 1 hr after Oxidation
Contact Angle (°)
76±2.5
29.2±0.27
47±4.9

6.3.2 Sulfuric Acid Treatment
The SU-8 3050 slides were treated with sulfuric acid by refluxing the substrates in the acidic
solution. The initial treatment using 0.001 M sulfuric acid for 1 hr proved to be too weak to
produce the desired reduction in the water contact angle on the SU-8 surface. According to Tao
and Hamid who used SU-8 2100, this treatment should have produced contact angles as low as
15.76°.14,15 Hamid found that SU-8 2100 has an initial water contact angle of 103.84° ± 3.27°.15
Despite the proprietary additions to the SU-8 3050 formula to improve the adhesive properties
relative to the SU-8 2100, measured contact angles of SU-8 slides of each formula fabricated on
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the same day under the same conditions did not produce a significant difference in the surface
chemistry between the two SU-8 series. The water contact angle for the SU-8 2100 series was
77±3.5° while the contact angle for the SU-8 3050 series was 79±1.4°.

Figure 16 demonstrates the resulting water contact angles after refluxing the SU-8 3050 in
stronger concentrations of sulfuric acid for varying amounts of time. While treatment with 9.0 M
sulfuric acid produced a more hydrophilic surface with a contact angle near that of the optimal
diol- modified glass, too strong of a chemical treatment yielded visible darkening or “burning” of
the SU-8, making the slide optically unclear and ineffectual for microscopy work. Despite the
multiple published accounts of success with modification of the SU-8 surface by chemical
treatment with sulfuric acid, the change in the water contact angle of most treated slides was not
significant enough to yield the desired surface chemistry for gas phase silanization.14,15 SU-8
slides that did exhibit a low enough contact angle for silanization, also experienced undesirable
“burning” of the substrate surface, making the slide unusable.
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Figure 16: Circular fit water contact angles on SU-8 3050 surfaces chemically modified by
sulfuric acid of varying concentration.

6.4 Gas Phase Silanization
By silanizing the substrate, the surface chemistry of the activated SU-8 3050 should have
become more hydrophobic than the untreated surface. In making the surface more hydrophobic,
a larger frictional force may be introduced in the interaction between the substrate and the lipid
film. Should this frictional force be equated to diffusion coefficients and quantified through
FRAP measurements, a smaller diffusion coefficient would have been likely. Reduction of the
diffusion coefficient through higher frictional force indicates a more stable and thus more
durable lipid film has formed.

SU-8 3050 slides previously activated by plasma oxidation were immediately modified further
through gas phase silanization. The slides were placed into the dish with the perfluoro silane. A
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slight vacuum was created inside the desiccator and then the entire setup was placed inside a
controlled atmosphere box to limit environmental contributions, such as the presence of
atmospheric water, to the reaction process. Complete modification of the SU-8 3050 surface with
the silane was expected to yield a highly hydrophobic surface with a water contact angle of
110°.24 Table 5, however, demonstrates that there was no change in the surface chemistry of the
SU-8 side of the slide after the gas phase silanization treatment according to the measured water
contact angles. While the water contact angle of the SU-8 coated side of the slide was 79±5.1°,
the uncoated bare glass side of the same slide yielded a contact angle of 106±3.8°. This increased
contact angle of the glass side of the slide demonstrates the expected increase in hydrophobicity
for the silanization process, indicating that the procedure itself was successful even through
modification of the SU-8 was not successful. The lack of success of the modification of the SU-8
likely comes from incomplete epoxide ring opening during the plasma oxidation step, reducing
the number of available active sites for the reaction with the perfluoro silane.

Table 5: Circular fit water contact angles on SU-8 and glass modified by gas phase silanization
with 1H,1H,2H,2H-perfluorooctyldimethylchlorosilane.
Surface
Untreated SU-8 Gas Silanized SU-8 Glass
Contact Angle (°)
81±3.8
79±5.1
106±3.8
n=3 for all samples

6.5 LB Trough Transfer Ratios
Langmuir Blodgettry allows for the compression of the lipid on the subphase to what is known as
the “solid” phase.25 In this phase, the lipids form a densely packed monolayer on the surface of
the subphase. The lack of spacing between the lipids in this phase promotes a complete and
uniform film deposition on the entirety of the dipped substrate surface. The ability to control the
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density of the film formed on the substrate surface could improve upon the inconsistency in the
uniformity of films formed through the vesicle fusion method.

Both SU-8 and bare glass slides were used as substrates for lipid deposition using a Langmuir
Blodgett trough. A 1 mg/ml concentration of DOPC was spread across the water subphase. Glass
slides were placed below the subphase prior to addition of the lipid and film formation was
completed on the upstroke, allowing the hydrophilic head groups of the lipid to associate with
the silanol groups on the glass surface. Film formation was completed on the downstroke for the
SU-8 surface, allowing the hydrophobic lipid tails to interact with the crosslinked polymer
surface. The oxidized SU-8 was also started on the upstroke. Figure 17 demonstrates these two
deposition orientations.

Figure 17: Langmuir Blodgett lipid film deposition orientation on a hydrophilic (A) and a
hydrophobic (B) substrate.

In dipping the slides, the percentage of lipids transferred is based on the expected number of
molecules occupying the surface of the subphase and the known area of the slide. These transfer
ratios are depicted in Table 6. Nearly complete transfer was accomplished on the glass surface.
This complete transfer suggests that a uniform lipid film of known density should have formed
on the surface. Minimal film formation was accomplished on the untreated SU-8 surface with a
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transfer ratio of only 16.1%. Langmuir Blodgett lipid film deposition may be considered an
improvement in consistent membrane formation on the glass surface but does not pose an
advantage over the vesicle fusion method for film formation on the SU-8 surface as the transfer
ratio on the oxidized SU-8, a substrate with a presumed similar surface chemistry to the
hydrophilic glass, was still only marginally successful at 70.0%. Table 7 compares fluorescence
intensity of the lipid films formed by vesicle fusion and Langmuir Blodgett deposition observed
through epifluorescence microscopy. With a similar fluorescence intensity after background
subtraction for the apparent monolayer formation of rhodamine-DOPE doped DOPC by vesicle
fusion on the SU-8 at 3081 counts, it is reasonable to assume monolayer film formation was also
successful by the Langmuir Blodgett deposition method with an observed fluorescence intensity
increase of 2884 counts. However, a direct comparison between the two methods cannot be
made. The investigation into the potential effects of the film formation technique on the diffusion
of the lipid membrane could yield information regarding differences in the strength of the
interactions between the membrane and the surface.

Table 6: LB trough lipid deposition transfer ratios of DOPC.
Surface
Transfer Ratio (%)
Glass
97.0
Untreated SU-8
16.1
Oxidized SU-8
70.0
n=3 for both surfaces

Table 7: Fluorescence intensity of lipid films formed through vesicle fusion and Langmuir
Blodgettry.
Film Formation Method Background Subtracted Film Intensity
Vesicle Fusion
3081
Langmuir Blodgettry
2884
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7 CONCLUSION
The apparent formation of a lipid monolayer by vesicle fusion on the SU-8 substrate is consistent
with the schematics in Figures 1B and 1C, and supports the potential use of this polymer as an
aperture material for a BLM-based biosensor. Furthermore, the overall diffusion rate of the lipids
was reduced on the more hydrophobic SU-8 polymer surface, from 2.9 µm2/s to 1.1 µm2/s for
DOPC and from 2.0 µm2/s to 0.4 µm2/s for DPhPC. This reduced diffusion is a potentially
beneficial property because slower diffusion (i.e., increased frictional force) should yield a more
stable anchoring of the suspended membrane. Overall, activation of the SU-8 surface was
promising through plasma oxidation yet modifying the polymer surface chemistry using gas
phase silanization proved to be unsuccessful in being able to further tune the structure and
properties of lipid films on SU-8. The lipid film deposition through Langmuir Blodgettry
presents a potential next step in determining the effects of film formation methods on the
substrate-membrane interactions. Improvement on the success of the lipid transfer on the SU-8
surface must first be developed, however, before diffusional data can be collected.
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