Formation of Biomimetic Membranes on Inorganic Supports of Different &urfa
Morphology and Macroscopic Geometry
by

Carrie Eggen

A Dissertation Presented in Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy

Approved April 2011 by the
Graduate Supervisory Committee:

Jerry Y.S. Lin, Chair
Lenore Dai
Kaushal Rege
Trevor Thornton
Bryan Vogt

ARIZONA STATE UNIVERSITY

May 2011



ABSTRACT

Biological membranes are critical to cell sustainability $electively
permeating polar molecules into the intracellular space and pngvpdtection
to the interior organelles. Biomimetic membranes (modelroelinbranes) are
often used to fundamentally study the lipid bilayer backbone steudfithe
biological membrane. Lipid bilayer membranes are often supported usi
inorganic materials in an effort to improve membrane stglalid for application
to novel biosensing platforms. Published literature has shown thatedyvafi
dense inorganic materials with various surface properties haverhestigated
for the study of biomimetic membranes. However, literature doeadequately
address the effect of porous materials or supports with varyagroscopic
geometries on lipid bilayer membrane behavior. The objectivetlibsertation
is to present a fundamental study on the synthesis of lipid bilagenbranes
supported by novel inorganic supports in an effort to expand the number of
available supports for biosensing technology. There are two fundanaeesal
covered including: (1) synthesis of lipid bilayer membranes on ponauganic
materials and (2) synthesis and characterization of cylintrisapported lipid
bilayer membranes.

The lipid bilayer membrane formation behavior on various porous
supports was studied via direct mass adsorption using a quartzl crysta
microbalance. Experimental results demonstrate significantgreift membrane
formation behaviors on the porous inorganic supports. A lipid bilayer nae@br
structure was formed only on Si©®ased surfaces (dense S#nd silicalite, basic



conditions) and-alumina (acidic conditions). Vesicle monolayer adsorption was
observed ory-alumina (basic conditions), and yttria stabilized zirconia (Y&Z)
varying roughness. Parameters such as buffer pH, surfaogistty and surface
roughness were found to have a significant impact on the vesiclepadsor
kinetics. Experimental and modeling work was conducted to study tiomeand
characterization of cylindrically supported lipid bilayer membgn A novel
sensing technique (long-period fiber grating refractometryy wélized to
measure the formation mechanism of lipid bilayer membranes on aaldjier.

It was found that the membrane formation kinetics on the fiber wakisto its
planar SiQ counterpart. Fluorescence measurements verified membrane
transport behavior and found that characterization artifacts edfélce measured

transport behavior.
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Chapter 1

GENERAL INTRODUCTION
1.1. Cell membranes

Cells are the fundamental building blocks of every living creajpleants
or animals, and are responsible for the efficient function ofiagliorganism.
Each cell is composed of several different components that togathbte the
cell to optimally function. The three most important organellesudtec the
nucleus (functions in the cell to replicate DNA and RNA), mitoch@n(gnergy
production), and endoplasmic reticulum (protein synthesis). The sell i
encapsulated within a plasma (cell) membrane for both protectigheotell
interior from the extracellular environment and for maintainiog gradients
across the membranes [Campbell & Farrell, 2003].

The backbone of the cell membrane is a lipid bilayer membrane, a
structure that prevents the transport of the majority of madscuh the
intracellular space. The cell membrane is embedded with atywanie
biomolecules, each with a specific and important role for celition. Proteins
embedded within the bilayer allow selective transport of ions spdaifthat
particular protein; for example, Gramicidin allows for selectiv@nsport of
monovalent ions (such as Naut rejects divalent ions (such as*G4Alvarez-
Leefmans & Delpire, 2009]. Molecular recognition is completedelbgptors; for
example, an important receptor type is for low-density lipoproteivisch

regulate cholesterol within the bloodstream [Campbell & Farr2003].



Structural integrity of the membrane is maintained through cleotéstmbedded

within the bilayer membrane [Campbell & Farrell, 2003].

1.2. Lipid bilayer membranes

The lipid bilayer membrane is comprised of amphipathic molecules,
molecules with both polar and non-polar properties. Phospholipids areczdynm
utilized in lipid bilayer synthesis and are composed of one polar ¢yeap and
two hydrocarbon tails. Phosolipids are characterized by tits:t(a) the length
and degree of saturation of the hydrophobic tail, and more imporstégjlyhe
structure of the polar head. The structure of the polar head groupnisddbf/
the nature of the second alcohol esterified with various moledolethe
phosphoric acid.

The five most important phospholipids are summarized in Figure 1-1. The
moieties summarized in Figure 1-1b-f are the portions of thd gemup (Figure
1-1a) that are esterified in the phosphoric acid (at the cirefetbtation). The
head group structure defines the overall molecular charge, whitleasily
influenced by the esterified moiety. In Figure 1-l1a, the hydrophtalis are
denoted by Rand R, and often have different chain lengths and degrees of

saturation within the same lipid molecule.



(b) —CH,CH, N(CH,), (c)—CHZCH(RJngCOO-

(d) —CH,CH,NH (e) —CH,CH(OH)CH,OH
() H
H H
H OH

Figure 1-1. Typical lipid structures (b-f) esterifed to the (a) phosphoric acid - (b)
choline, (c) serine, (d) ethanolamine, (e) glycerol and (f) inositol.

While the head group charge may vary, aqueous immersed double-tailed
lipids self-assemble to form a lipid bilayer structure ($égure 1-1). The
hydrophilic portion is denoted by the sphere, while the hydrophobic deals
denoted by the two tails. As shown in Figure 1-2, the lipid érlayructure is a
double layer of lipid molecules that are arranged to minimiaeemexposure to

the hydrophobic portion of the lipid molecule.



Figure 1-2. Schematic of the lipid bilayer membrane structure.

1.3. Model lipid bilayer membranes

The cell membrane is a complex structure composed of lipids and
proteins. Cell membranes are important to the efficient funaifotine cell’s
interior organelles with its rigid, impermeable native stitetas well as the
ability to selectively transport ions with embedded proteins. Whéeole of the
cell membrane as a whole is well understood, the exact mechahfisach
individual membrane component is not well known. The role of the lijégdoi
membrane backbone (without other embedded cellular components) in cell
membrane behavior is important to isolate and is of great sht@mecurrent
research efforts. Isolation of lipid bilayer membrane behavibbrewhance the
understanding of the dynamic binding and/or transmembrane behaviors while
eliminating the influence from the bilayer structure itself.

Lipid bilayer membranes (termed biomimetic membranes if sgras a
cell membrane model) have become accepted models for cebinanees, as they

possess similar properties (e.g., bilayer structure, impermtgalddi polar



molecules without embedded proteins). The simple membrane model itcavs
study of lipid bilayer membranes in a controlled setting in orésdlate bilayer
functions. This allows the scientific community to decouple the beha¥itire

lipid bilayer and embedded proteins.

1.4. Unsupported membranes

Early work studying lipid bilayer membranes involved aperture suggort
membranes, and are often termed black lipid membranes. Thispeaeing
configuration allows for accessibility of each side of the mamdrwhich would
allow for the study of ionic transport across the membrane steuctTypically,
the aperture diameter is on the micron scale [Wiedemann et al., 2004¢cent
work has synthesized submicron apertures for applications to unsupported
membrane work [Han et al., 2007; Simon et al., 2007].

A significant advantage to unsupported lipid bilayer membranes igghat
structure is similar to its native in vivo state and thus the alalib@havior of the
membrane can be observed. Additionally, the unsupported membrans falfow
natural embedding of proteins, which promotes their natural functionnwathi
lipid bilayer membrane. These two advantages allow for the sifighyotein
function; this behavior is often measured using electrochemidahitpies (such
as impedance spectroscopy [Purrucker et al., 2004] or cyclic \alam
[Wiedemann et al., 2004]). Typical properties of unsupported lipid nasrabr

can be found in Table 1-1 below.



Table 1-1Typical synthetic lipid bilayer membrane properties

Property Variable Value Reference
Breakdown voltage Y 25x 10V Tien & Ottova-
Leitmannova, 2003
Equilibrium potential Ve oV Tien & Ottova-
over SPB Leitmannova, 2003
Capacitance e 0.5 — 1uF/enf Tien & Ottova-
Leitmannova, 2003
Compressibility ~5 N/nf Hladky & Gruen
coefficient 1982
Diffusion coefficient on Diotal 1-8um?/s Salafsky et al., 1996
glass Stelzle et al., 1992
Groves & Boxer,
1995
Refractive Index N 1.45-1.53 Salamon & Tollin,
2001
Shouten et al., 1999
Resistance R 10P-10° Qent Tien & Ottova-
Leitmannova, 2003
Typical interfacial free 0.8-2 mJ/rh Nehr et al., 1977,
energy (surface tension) Hladky & Gruen,
1982
Tien & Ottova,
2001
Viscosity \% ~10-3 kg/ms Tien & Ottova-
Leitmannova, 2003
Larsson et al., 2003
Water permeability 8-24m/s Tien & Ottova-

Leitmannova, 2003

While unsupported lipid membranes can be very useful, the membranes

are often very unstable and are difficult to prepare [Reimhult, 2006¢ final

membrane structure is very sensitive to contamination. The priepapabcess

involves the evaporation of a solvent, and if residuals are presemayiaffect

membrane properties, such as thickness, elasticity and eleqgbricperties

[Reimhult, 2006].

more than a few hours [Tien, & Ottova-Leitmannova, 2003], which limits it

Additionally, unsupported membranes are rarelyestabl



characterization (and general usefulness) beyond short termiricgle

conductance measurements.

1.5. Supported membranes

To improve the limitations presented by unsupported lipid bilayer
membranes, research has been focused on supported lipid bilayer amembr
systems.  Supported lipid bilayer membranes have significantlyrowed
membrane stability from hours to days [Purrucker et al., 2001]. Hnerseveral
types of supports that have been investigated, including dense, porous and

spherical supports.

1.5.1. Dense planar supported membranes

Supported lipid bilayer membranes are lipid bilayer membranesréeth
to a support surface. A wide variety of supporting materials haea used for
lipid membrane deposition in an effort to expand the materials biaifar
industrial applications. Many types of dense supports with variodacsur
properties have been intensely studied to fundamentally understand haw lipi
membranes interact with support surfaces. The most common suppmbiis use
SiO, (silica glass) [Johnson et al., 2002] due to its wide avaikabiliOther
common oxide (or of similar structure) supports includes§Reimhult et al.,
2003], TiG [Hennesthal & Steinem, 2000; van Oudenaarden & Boxer, 1999;
Starr and Thompson, 2000], SrgiQStarr and Thompson, 2000], and ITO

[Groves et al., 1998]. Common metals used are gold [Groves, et al., 1998;
7



Richter et al., 2003], silver [Knoll, 1998], aluminum [Hennesthal &ir&te,
2000], platinum [Tjarnhage & Puu, 1996; Puu & Gustafson, 1997], and
chromium [Groves et al., 1998]. Organic materials, such as gelst[al., 1996;
Uto et al., 1994] and grafted polymers [Sackmann & Tanaka, 2000; Tanaka &
Sackmann, 2005] have been used as supports for lipid bilayer membranes.

It has been found that the bilayer membrane structure or praparge
significantly affected by the support material. Published workdetermined
that while the support materials improve stability, the surfacpeasties (such as
chemistry or degree of hydrophilicity) directly affect theafi structure of the
lipid bilayer membrane in addition to the intra- and inter-membreangsport
properties. Within literature, only glass, $j@nd SiN4 supports have promoted
the formation of lipid bilayer membranes. Other hydrophilic neterhave
shown vesicle monolayer adsorption without rupture; the reason for this
phenomenon is not completely understood. Bilayer formation and interaction
with the support is discussed in detail in subsequent sections.

While there are numerous benefits of supported bilayer membranes, the
support material can inhibit natural membrane behavior. Publishetuitethas
shown that a small water layer with a thickness of 10 A eXistsveen the
support surface and the lipid bilayer membrane [Zwang et al., 20D0jdjprg a
small separation distance between the two materials. Whges#paration
distance exists, it does not provide sufficient distance for ssfot@scorporation
of protein ion channels that would function in their native state. Tbsec

proximity to the support surface causes the proteins to denatureeanthd
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tethered to the support thus quenching their functionality [CastellaGae&er,
2006]. The dense nature of the support also eliminates the accgssibiloth

sides of the membrane which would promote transmembrane gradient studies.

1.5.2. Planar porous supported lipid bilayer membranes

Porous supports offer the dual advantage of stability enhancementioffere
by the dense supports as well as providing easy access to dacbf sihe
membrane for applications in ionic transport. Limited work has lese to
expand the availability of porous supports to bilayer membrane teclmnolog
Hennesthal & Steinem [Hennesthal and Steinem, 2000] have shown that lipid
structures can be formed on the surface of gold-coated alummia.work used
atomic force microscopy (AFM) to study the structure ofrtr@mbrane, but did
not study the formation mechanism or characterize additionainbrane
properties of the lipid bilayer membrane on a porous gold surfaceng \&teal.,
[Weng et al., 2004a; Weng et al., 2004b] have worked to understand the
formation process and membrane diffusion behavior on silica xer@yelsrous
silica surface); their group demonstrated how porosity afféesbehavior of
membranes on silica surfaces (an increase in the formatian riéguired to
synthesize a continuous membrane while decreasing the transporiobehevto
the surface contours). Nellis et al. [2007] studied the transport behavior cdlsever
porous oxide and organic xerogels via fluorescence studies (FRAR)y@Qwhe
study does not detail the formation process of lipid bilayembranes on the

various support materials which is important towards the overall uaddimsg of
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inorganically supported lipid bilayer membranes. Widespread atiplc of
supported lipid bilayer membrane technology would require a more ih-dept
study of porous supported lipid bilayer membranes on surfaces widimge r

porosities and chemistries.

1.5.3. Support geometry

The geometry of a support material may also affect the bilagenbrane
behavior. The majority of the supports have a planar geometry stheion the
order of 5-10 crh [Johnson et al., 2002; Richter et al., 2003; Knoll, 1998;
Hennesthal & Steinem, 2000; Lu & Ottova, 1996; Uto et al., 1994; Sackmann &
Tanaka, 2000; Tanaka & Sackmann, 2005; Richter et al., 2006] and are o chos
based on desired applications. Planar supported membranes are leftéad se
due to their ease in synthesis and characterization. The vasitynaf studies
characterizing lipid bilayer membranes have been planar supported membranes

In a few cases, silica spherical supports (beads) have ascutibzed as
supporting materials for lipid bilayer membrane deposition [Baksdl.e2004;
Bayerl & Bloom, 1990; Linseisen et al., 1997; Scott & Jones, 2002; Buranda et
al., 2003]. These studies verified membrane lateral fluidity [Baksd., 2004]
and stability [Bayerl & Bloom, 1990], thus verifying membrane bioetic
membrane deposition feasibility. Due to the small surfaceadrttee support, it
was determined that the diffusivity was limited due to unmet uyidegrl

conditions (i.e. an insufficient fluorescent sink for fluorescent recovery)
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1.6. General synthesis methods of supported lipid bilayer membranes
1.6.1. General synthesis methods

Reproducible synthesis of supported lipid bilayer membranes isatlypic
performed using two general methods: successive monolayer deposition a
vesicle fusion. Successive monolayer deposition is typically condusied
Langmuir-Blodgett technology. This technology creates organieot
dimensional monolayer structures of amphiphilic molecules on a solid $ungpor
material; monolayers deposited in succession can yield a fipidl hilayer
membrane structure [Girard-Egrot & Blum, 2007]. This technique alfows
high reproducibility in membrane continuity and thickness and has thigy &di
synthesize a membrane over a large area. Additionally, thisothgiromotes
bilayer deposition on a wide range of support surfaces (assumingatibility
between lipid and surface chemistry) as well as synthesisroplicated multi-
layer lipid structures [Girard-Egrot & Blum, 2007]. While thechnique is
useful for synthesizing a lipid bilayer structure, exposure tdwing synthesis
may result in peeling or may allow for sample contaminationwioalld damage
the membrane structure and integrity [Peterson, 1990].

The second technique used to synthesize supported lipid bilayer
membranes is vesicle fusion, and is the most widely used techniqueifiadbrane
synthesis [Valenzuela, 2007]. Vesicle deposition is a processich vesicles
spontaneously fuse and rupture on a support surface to form a lipidrbilaye
membrane. Vesicles are lipid bilayer structures in a sphecmaormation

encapsulating an aqueous solution within its center. Vesiclesecalassified as
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multilamellar or unilamellar, with its lamellarity dependentthe number of lipid
bilayers layers present in the vesicle shell, as showngur&il-3. The vesicles
used as precursors to the formation of a single lipid bilayembreme are

typically unilamellar vesicles due to the presence of a single bilaytsrshell.
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Figure 1-3. Schematics of (a) multilamellar vesicles and (b) unilamellar vasicle

1.6.2. Unilamellar vesicle synthesis

There are several methods used to form unilamellar vesiolasisien,
freeze thawing and ultrasonication [Martin, 2007]. All methods begih wi
multilamellar vesicles (Figure 1-3a) and processing technigreessed to reduce
the lamellarity of the sample. Extrusion typically utilizeslycarbonate
membranes (50-200 nm), using a pressure system to pass the meilfilam
vesicles through the membrane. Multiple passes through the membsaady(
an odd number to prevent contamination) are conducted to synthesizela vesi
solution with a uniform diameter distribution near to the membrane pore diameter.

Freeze thawing is a commonly used method used in conjunction witisiextr
12



and is comprised of an equal number of freeze steps and thaw Japsther,
these two steps will cause the vesicles to rupture and réfominimize its free
energy. Multiple phases of vesicle rupture and reformation wslilten a
unilamellar vesicle (Figure 1-3b).

The third method used for synthesis of unilamellar vesicles is
ultrasonication, performed in a water bath or using a probe. This nuithoers
ultrasonic waves to the multilamellar vesicles causing tleebreéak. Upon re-
aggregation, the vesicles form a vesicle of a smaller danagid often of less
lamellarity. After sonication, samples prepared using a tip atmmiaequire
centrifugation to remove remnant metal particles fromdicator tip. Bath
sonicated vesicle preparation procedures are often preferredyadithmate tip

contamination.

1.7. Lipid bilayer membrane formation

The formation of lipid bilayers on flat dense substrates bychefiision
has been extensively studied by Kasemo and cowdikeller & Kasemo, 1998;
Keller et al.,, 2000; Zhdanov & Kasemo, 2001] and Boxer and coworkers
[Johnson et al., 2002; Schonherr et al., 2004]. The lipid bilayer formatioassroc
progresses via vesicle adsorption and vesicle rupture to form a sgiprt
bilayer. While fusion and rupture are two unique processes, they do notimcc
a stepwise fashion, often occurring simultaneously and via sevecalamisms to
form a continuous lipid bilayer membrane (Figure 1-4, adapted framtdRiet

al., 2003).
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Initially, vesicle adsorption occurs randomly across the surfagere 1-
4a). As time progresses, vesicles continue to adsorb onto theesamnidollow
one of two behaviors: small vesicles,€@., where ¢, = vesicle diameter and.D
= critical vesicle diameter) adsorb on the surface and undergolevessicle
fusion to form large vesicles (Bdy) (Figure 1-4b) or vesicles of sufficient size to
rupture (>d,,) directly adsorb onto the support surface and do not interact with
other vesicles adsorbed on the surface (Figure 1-4c). The gesaiénue to
populate the surface until the substrate reaches an appreciablde vesi
concentration (an appreciable surface vesicle concentration is dep@emdée
bulk vesicle concentration [Zhdanov & Kasemo, 2001]), but typically ~15% of
the total lipid mass required for a single lipid bilayer to fdduhnson et al.,
2002]. At this critical vesicle coverage, the adsorbed vesialgsine and form
lipid bilayer islands across the support surface (Figure 1-4Bi&)ng the vesicle
rupture process, vesicles are simultaneously adsorbing on the suffaeeun-
ruptured vesicles interact with the lipid bilayer islands causiregvesicles to
rupture and increase the density of bilayer islands across the surfac@rotbiss
continues until a continuous supported lipid bilayer membrane is fornnguar€F

1-4f).
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Figure 1-4. Vesicle deposition and rupture on Si€rfaces (not drawn to scale).
The formation mechanism can be correlated to the data showruire Big
5 [adapted from Keller & Kasemo, 1998], which is dynamic mass piisor
behavior measured by a quartz crystal microbalance. The exmainoutput is
frequency, which decreases due to mass adsorption on the soffate
resonator; the frequency shift can be correlated to mass adsaifmiough the
Sauerbrey equation. This equation states that a decrease ienfrgquorrelates
to an increase in mass. A typical formation curve on, & be found in Figure

1-5 below.
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Figure 1.5. A typical lipid membrane formation process on SiO

Figure 1-5 shows an initial frequency decrease, which can beated to
vesicle adsorption (mass uptake) on the surface (Figures 1-4&ftgx a point,
the df/dt reverses and a frequency increase is seen; this ceorrblated to
vesicle rupture and a mass decrease (Figure 1-4c/d); thedeassase can be
correlated to vesicle rupture and release of the encapswated in its center.
The frequency continues to increase until it reaches steadyvet@re a stable
lipid bilayer is formed (Figure 1-4e). This behavior seenigufe 1-5 is the
typical behavior of the formation of a single lipid bilayer nbeame on a Si®
surface.

While a wide range of materials have been examined as potential supports
for supported lipid bilayer membrane technology, the formation mechanism
described in Figure 1-4 and Figure 1-5 is only valid for,%it SiN, materials

[Reimhult, 2003].
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The chemistry of the support surface is a critical paramieterthe
formation of a single lipid bilayer membrane. Keller & Kasefeller &
Kasemo, 1998] monitored the vesicle adsorption behavior on three different
surfaces to evaluate the vesicle adsorption behavior on each suB8adaces
chosen were either hydrophobic (methyl-terminated thiols anchored onagold)
hydrophilic (SiQ and oxidized gold) surfaces. Keller & Kasemo found that the
vesicle adsorption behavior showed an exponential frequency deciidasaeh
gold-based system, while the Si€xperienced the typical lipid bilayer membrane
formation behavior as described in Figure 1-4 and Figure 1-5. Theé fina
frequency shift on the methyl-terminated gold surface was dfalthe final
frequency shift of Si@indicating a lipid monolayer has been formed (half of the
frequency shift indicates half of the adsorbed mass). Thist iesepected due
to the hydrophobic interactions between the surface and the hydrophmdic li
tails which would yield a lipid monolayer on its surface. Thengtion behavior
on oxidized gold yielded an exponential frequency decrease upon vesicle
adsorption; this is indicative of irreversible vesicle adsorptiefdyng a stable
vesicle monolayer on the surface. This has been shown on nsaseichl as Ti®
[Reimhult et al., 2002], platinum [Reimhult et al., 2003], chromium ar@d IT
[Groves et al., 1998]. Published literatures has found that thisofypehavior is
characteristic of nearly all non-Si@ydrophilic surfaces.

While considerable research has been conducted to understand the
formation of supported lipid bilayer membranes, it is still unknown wésicles
adsorb with rupture on SpGsurfaces, while vesicles adsorb without rupture on
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virtually all other hydrophilic surfaces. It has been hypotleesithat the
difference in behavior may be attributed to surface polarizabdit charge
[Reimhult et al.,, 2002; Reimhult et al.,, 2003], however a systemaiity s
examining this behavior is lacking.

A literature review has also found that lipid chemistry algmificantly
affects the formation of bilayer membranes. As shown in Figtkethere is a
wide range of polar head groups that can be used for lipid bégy¢nesis. To
optimize lipid bilayer formation, there must be a charge diffee between the
support surface and the lipid molecules that would facilitateachitbn and
deposition of vesicles. Richter et al. [2006] investigated thetedfdipid charge
(by varying lipid composition) on the binding and rupture of vesicles. liplus
chosen were DOPC (zwitterionic) and DOPS (negatively chardgeathter et al.
found that vesicles composed predominately of lipids with a negatargectuo
not adsorb to a SiOsurface; this can be attributed to the charge match between
the surface and the lipid molecule due to the negative charge onubfaitesand
lipid. As the charge is balanced from a negative to a zwitie charge, the
formation behavior shifted from zero adsorption (1:2, DOPC:DOPS) taleesi
adsorption without rupture (1:1, DOPC:DOPS) to lipid bilayer formatiad, (
DOPC:DOPS). Therefore, the lipid bilayer membrane and suppstgnsymust
be designed to consider the surface interaction, which will gredhlyence the

final structure of the film.
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1.8. Lipid bilayer membrane characterization

Within the published literature, supported lipid bilayer membranes are
characterized using several techniques. While there arthoom@ of techniques
that are used to study lipid bilayer membranes, three importeimitgies are

frequently employed to characterize membrane properties, as sumnieiaed

1.8.1. Direct mass adsorption

Direct mass adsorption is frequently used to study lipid bilayanionane
formation kinetics using a quartz crystal microbalance (QCMje quartz crystal
is a piezoelectric material and when exposed to an AC voltagequbadz
resonates at a pre-determined frequency (typically 5 or 6 Hibpcbasionally 3 or
9 Hz crystals are also used). Using the Sauerbrey equtteifrequency shift
can be correlated to mass adsorption and desorption of rigid filmsfoffhation
process of lipid membranes has been studied using direct massuéatam
techniques, to study the effect of lipids of differing chemist{idh singularly
and as mixtures) [Richter et al., 2003] and of supports with diffesurfpace

chemistries [Keller & Kasemo, 1998].

1.8.2. Fluorescence microscopy

Fluorescence microscopy, and more specifically fluorescenae/esc

after photobleaching (FRAP), is a useful technique often used fg membrane
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continuity and to measure biological membrane diffusion [Richted.eR006].
Typically, membrane lipids are not inherently fluorescent and reduér covalent
attachment of a fluorescent tag (typically fluorescent tagkide NBD-PE or
Texas Red) in a ratio of 1-3 mol% for microscopic measurenteRAP analysis
measures the diffusion and lateral mobility of a membrane bgtolepa select
area of the membrane and monitoring the fluorescence recovidnn the
bleached region. A typical membrane diffusion coefficient onsgtas range
between 1-;um?/s [Baksh et al., 2004], but can vary based on the substrate, tag,

membrane composition, and membrane preparation procedures used.

1.8.3. Atomic force microscopy

Atomic force microscopy (AFM) is a surface probing technique ithat
often used to evaluate a film surface. AFM employs a tip nedumn a
cantilever, which is scanned along a sample surface; the dmikeodf the
cantilever map the surface topography. AFM is also used tondete surface
topography of the membrane and is useful for evaluating surfaceaiontand
studying the effect of membrane defects [Reviakine & Bris2080; Johnson et
al., 2002; Schonherr et al., 2004]. AFM has often been employed to monitor
stages of the vesicle deposition process in an effort to betterstamtrthe
formation process of bilayer membranes [Jass et al., 2000; Sesztrdier 2004].
Additionally, AFM has been used to characterize the continuity ipgported
lipid bilayer structures on gold-coated anopore membranes [Heninestha

Steinem, 2000].
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1.9. Supported lipid bilayer membrane applications

Supported lipid bilayer membranes are excellent candidates fonbinge
applications. Lipid bilayers create a biocompatible film on neamly transducer
surface and allow for a wide range of adsorption capabilitiesethmique
properties create a nearly universal biosensor [Martin, 2007]. Axilityp the
natural environment provided by the lipid bilayer allows a binding amatyt
retain many naturally occurring properties to provide optimal isgnsesults
[Martin, 2007].

Lipid membrane technology has been applied to a wide variety of
applications. Fundamentally, lipid membranes have been utilized as model
membranes for a range of in vivo membranes, such as plasmachairtdrial,
nerve, light sensitive, and visual receptor membranes [Tien & QtB®@&L and
references therein]. Researchers have made significaittesstin the
understanding of the membrane types above through the isolation oélcriti
receptors or protein channeling kinetics which have led to breaktisoing

understanding their individual roles in cell functionality.

1.10. Project objectives and dissertation organization
1.10.1. Project objectives

Published literature has shown that there are a significant nuafber
supporting materials examined as potential supports for supportedoiligyetr

membrane technology. Dense supports with a wide range of spriaperties
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have been investigated to understand their interaction with biologerabnanes.
Minimal work has been conducted to understand the bilayer membrane ipopert
on porous supports, which would simultaneously improve stability while
providing unsupported regions for transmembrane flow studies. Additiotiedly,
vast majority of the work in this field has focused on planar suppattisonly a
small number of studies on spherical supports. Expansion of the supparts to
cylindrical geometry would expand the available applications to dpfiioar
biosensing.

This dissertation will investigate novel supports for supported iy
membrane technology. There are two fundamental areas thaeveatudied: (1)
improvement in the available porous materials for use in supportedetbilay
membrane technology and (2) expansion of the available support nsaterial

cylindrical geometries for potential applications in biosensing.

Objective 1
In order to investigate vesicle adsorption behavior on porous supports,

four types of porous materials were chosen for study: zeoliiealise), v-
alumina, mesoporous zirconia (yttria stabilized, YSZ) and macropor@s

The vesicle adsorption process will be monitored using a quartztatcry
microbalance under a variety of conditions in an effort to understandefifest

on formation. Surface chemistry will be investigated using dsitisa andy-
alumina. Buffer pH will be investigated using mesoporous YSZyaadmina.
Surface roughness will be compared using materials of compasablace
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chemistry: dense silica and zeolite (Smaterials), mesoporous and macroporous

YSZ (zirconia materials).

Objective 2

In order to investigate lipid bilayer membrane behavior on cytadri
supports, silica optical fibers (12bm diameter) were chosen as supporting
materials. Kinetic formation behavior will be measured usingpweel optical
technique, long period fiber grating refractometry (LPFGs). A neeglsing
scheme composed of two LPFGs in series will be used to coumtieoramental
conditions that may affect the sensitive data collection durindotineation of a
lipid bilayer. Gramicidin containing bilayer membranes will heeistigated to
understand their effect on the formation of these membranes. Betais
behavior of lipid bilayer membranes greatly affects the perfocenaf optical
biosensors, the diffusion characteristics of cylindrically supgdolifgd bilayer
membranes will be investigated. Experimental artifactshwilexplored in order
to yield the true diffusion behavior. Finally, theoretical modelini lva applied
to confirm the unique observed experimental behavior.

The research objectives listed above provide a significant contriltation
supported lipid bilayer membranes. The fundamental study of lipigebila
membrane formation on porous substrates and cylindrical substrédtaslwithe
membrane community understand the capabilities of these membBrgpmsted
on novel materials. This study will also provide insight on thefaghfluencing
membrane formation behavior, such as surface effects, solutiortsefetd
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characterization effects. Finally, the expansion of the avaisigbport materials

will enhance application potential to future biosensing technologies.

1.10.2. Sructure of the dissertation

This dissertation is divided into two parts, each one accomplishing the
aforementioned objectives. Chapter 2 will address objective 1 ahghaiv the
effect of porous materials on the formation process of lipid menest Chapters
3 & 4 will address objective 2. Chapter 3 will detail the fororaprocess of a
lipid bilayer membrane on a dense cylindrical fiber using a novesirsg
technique, long period fiber grating refractometry. Chapter 4 aditiress the
dynamic transport behavior of membranes on cylindrical supports akhd wi
address system artifacts associated with characterizatiog esperimental and
theoretical techniques. Chapter 5 summarizes the work reportethisn t
dissertation and discusses future directions for the development of novel

biosensing technology.
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Chapter 2

FORMATION OF LIPID BILAYER MEMBRANES AND MONOLAYER

VESICLE ADSORPTION ON POROUS INORGANIC THIN FILMS

2.1. Introduction

As discussed in Chapter 1, the majority of the work studying bpayer
membranes employs dense supporting materials due to theiavadability and
ease of supported membrane characterization. While dense supfertnafy
advantages to studying membrane behavior, the support materiahloait i
natural membrane properties. Additionally, the dense properties Ginthalso
limit accessibility of each side of the lipid bilayer menmi@ahus eliminating the
ability for investigating transmembrane chemical gradiefennesthal &
Steinem, 2000; Reimhult & Kumar, 2011]. These limitations sigmfigaaffect
the future application of lipid bilayer membrane technology.

Porous materials offer several advantages to the field of suppgwigd |
bilayer membranes. The dense character of a supporting matktsastability to
the membrane while the porous character of the film simultaneaddl/ regions
of accessibility for transmembrane ion channeling studies [Reinéhilumar,
2011].

Within the published literature, work has been done to study the pesper
of pore-spanning lipid bilayer membranes on nano-sized apertudepaaous

supports. Simon et al. [Simon et al., 2007] synthesized pore-spanpidg li
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bilayer membranes on silicon materials with apertures of 300 nmnp®5and
1000 nm. Similarly, Han et al. [Han et al., 2007] studied pore-spanning
membranes on apertures of 200 nm and 800 nm. In both studies, results
determined that the stability of free-spanning membranes wasased with
decreased aperture diameter. Steinem and coworkers [Hennestigingm,
2000] reported the formation of a lipid bilayer membrane on an anodetaled
aluminum foil (50 nm pore diameter) modified with a 10 nm surfade lgyer;

the membrane continuity was measured using AFM, however membraitg qual
was not examined using fluorescence, acoustic or electeidahigues. Steinem
and coworkers [Schmitt et al., 2007] also examined pore spanning lipikbi
membranes on anodic alumina (60 nm pore diameter) anchored witkeatelol
derivative. This work found that quality single lipid bilayer membesawere
formed with a stability exceeding 200 hours, as measurednipedance
spectroscopy.

Weng et al. [Weng et al., 2004] reported the formation of eggpi@ Ii
bilayer membranes on porous silica xerogels, finding that theaswtesurface
area and pore distribution decreased membrane diffusivity byarisncreased
membrane formation time requirements by 30 times. Nellid.2@l1] has
studied the diffusion behavior of metal oxide and organic oxide supported lipid
bilayer membranes. Using FRAP, the authors found that the sesi¢dtumed on
the supports recovered after bleach indicating that a lipiddsilajembrane was
formed. While valuable, the formation mechanism of lipid membranssnatl
measured on their surfaces therefore limiting their future ajit potential.
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While all of these studies show promising results demonstratingaieept of
membrane deposition on porous supports, a systematic study of the layer bi
membrane formation on porous thin films of various surface chéesisand
porosities is lacking.

Inorganic porous thin films are unique films with countless appiinati
due to their ability to be engineered to possess specific mMaievjzerties (i.e.,
surface chemistry or porosity). Inorganic porous membranes andltisnhiave
recently gained attention for applications specifically for bimlalgtechnology.
For example, zeolite films and structures have recently beehassenedia for
drug delivery and also as anti-corrosive coatings for biomedigahnts due to
small pore size and chemical stability [Pina et al., 2011jie @ their current
applications in biotechnology, a study investigating the formation of plgoic
bilayer membranes on a range of porous inorganic materials wondditbine
application of pore-spanning lipid bilayer membranes to biotechnology.

Dense inorganic materials have been extensively used in the ainedic
industry due to their biocompatibility and long-term stability [Hulp&993].
Alumina and zirconia materials have been widely used in medigaants due
to their mechanical hardness and inert chemical structureb¢kHul1993].
Bioglasses have been used for implant coatings to protect theaseildstm
corrosion and to prevent interfacial attachment to the bones [Henfison,
1993]. Because of their wide use in biomedical applications, d matural
extension to apply these materials to biotechnology, and specificalypported

lipid bilayer membrane technology. Because of the biocompatibiliglumina
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and zirconia materials, these materials are ideal candidateshe novel
application of porous supported lipid bilayer membranes.

This chapter will address the current limitations of pore-spaniiind)
bilayer membrane technology through a systematic study igaésty the
formation of biological membranes on four types of porous inorganic supports:
zeolite (silicalite),y-alumina, mesoporous zirconia (yttria stabilized - YSZ) and
macroporous YSZ. These specific materials were chosen dumeitouhique
surface chemistries and porosities, characteristics which learedemonstrated
to significantly affect the formation of lipid bilayer membes. The formation
process of lipid bilayer membranes via the vesicle deposition methddr
various conditions have been examined using direct mass adsorption mheasure

using a quartz crustal microbalance.

2.2. Materials and Methods
2.2.1. Vesicle Synthesis and Characterization

Supported lipid bilayers were prepared via the vesicle depositioegsoc
pioneered by Tamm & Mcconnell [1985] and briefly described hefiéhe
chloroform solvent was gently removed from the eggPC molecules- (L
phosphatidylcholine, 99%, Avanti Polar Lipids) by an inert gas strEan30
minutes to form a lipid film on the bottom of a glass test tubee t€st tube was
subjected to overnight high vacuum conditions at ambient temperatueesi@

vacuum oven, Model 19, Thermo Electric Corporation) to remove residual

28



chloroform solvent. After vacuum, the lipid film was rehydratechvatbuffer
solution (100 mM NaCl, 10 mM Tris, pH = 8 or 4) for 1-2 hours (NaCl -
Mallinckrodt Chemicals; Tris - MP Biomedicals, LLC® - Millipore Academic
filtration system (18.2 I®)). The hydrated lipids are vortexed (Fischer Scientific
Touch Mixer, Model 232) for 10 minutes to re-suspend the lipids into goluti
The lipid suspension was sonicated for 30 minutes under high power bath
sonication (Laboratory Supplies Inc) to yield unilamellar vesi€lélsVs). A

lipid concentration of 0.1 mg/mL was used for all experiments.ic\éediameter

was characterized using dynamic light scattering (DLS,Pas, Brookhaven
Instrument Corp.) DLS verified that the vesicle diameter was+180 nm for

vesicles prepared in buffer of either pH = 8 or pH = 4.

2.2.2. Thin film preparation

All thin films were prepared on 1-inch 5MHz polished cryst&@l$ ¢ut,
Cr/Au electrode). Prior to thin film deposition, a dual layer csimgy of
chromium and Si@(outer layer) was deposited on the QCM crystal to promote
inorganic porous thin film adhesion (RF sputtering, cryopumped Kurt Jetesk
Supersystem Il). Sols or suspensions for each film type werthesized as
stated below. Each sol was added to a crystal drop wise andagied at 2000
RPM. All crystals were dried in a humidity chamber afG%nd relative

humidity of 40% for 2 days and calcined at 4Ddor either 12 hours (zeolite) or
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6 hours f-alumina or zirconia). Multiple coats were applied to achieve a
continuous film of a desired thickness.

MFI type zeolite suspension solutions were synthesized with a molar
composition of 10 Si@ 2.4 TPAOH: 1 NaOH: 110 #© and was hydrothermally
treated at 128C for 8 hours. The spincoat solution was prepared by adding 0.5
wt% hydroxyl propyl cellulose (HPC) (MW 100,000 g.mplAldrich) and
balance Millipore water (18.2 §)) and titrating the spincoat solution to pH 3-4
using 1M HNQ.

Stable boehmite sol was synthesized by hydrolyzing aluminusedri
butoxide in water at 9C under refluxing conditions. Hydrolysis and
condensation of the aluminum tri-sec-butoxide yielded boehmite preeipitdte
boehmite precipitate was peptized using nitric acid and furtiferxeel and
boiled to remove the excess alcohol. Prior to spin coating, threasainixed with
a 3 wt% poly(vinyl) alcohol (PVA, Fluka, MW = 72000) solution to improve
particulate binding after coating and prevent film cracking.

Zirconia sol was synthesized by first mixing zirconium (R/propoxide
(Alfa-Aesar) in alcohol at ambient conditions. The zirconium n-
propoxide/isopropanol mixture was added to water dropwise &iC70 The
precipitate was filtered and washed several times to rem@es®:@alcohol in the
system. The precipitate was peptized in nitric acid overnightidungd in water
to yield the final sol. Prior to spincoating, the sol was whixath a 0.07M
yttrium (lll) nitrate hexahydrate (Sigma-Aldrich) and a 8&wPVA solution to
improve particulate binding after coating and to prevent film cracking.
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Yttria-stabilized zirconia suspension was made by mixingaysttabilized
zirconia powder (8 mol%, Tosoh) with nitric acid (1:2 mass ratiojhe
suspension was ball-milled for one week. After ball milling,dbleent ratio was
adjusted to yield a 10 wt% suspension. The suspension was mixed3wttla
PVA solution to improve particulate binding after coating and tvemt film

cracking.

2.2.3. Thin film characterization

Inorganic thin films were characterized using x-ray ddfien (XRD,
Bruker, Cuk)) for crystalline structure; scanning electron microscopy (SEM
Philips XL-30) for surface continuity; atomic force microscq@yFM, Bruker
Dimension 3000) for surface roughness; infrared spectroscopy (FSiirt
Orbit, Nicolet 6700); nitrogen porosimetry (Micromeritics ASAP2020) f
porosity. Nitrogen adsorption/desorption isotherms were collected uadeam
at 77 K under microporous mode under a minimumy B/B.14 after degassing at
200°C for at least 16 hours. There were three types of samplearedefor film
characterization: powders, wafer supported films and QCM suppontes! fiThe
powders were synthesized by pouring the sol or suspension as prepaved a
(with the addition of binding agent and water, if applicable) inteta Eish and
drying at 35°C and 40% relative humidity to achieve an unsupported film. This
film was calcined at 40C for either 12 hours (zeolite) or 6 houysajumina or
zirconia) and was ground using a mortar and pestle. This powdensegédsfor

XRD, FTIR, and nitrogen porosimetry measurements. Silicon wafers used
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as alternatives for the QCM crystals as they have idendiodhce chemistry
(wafers have a 1 nm layer of SiOn the surface occurring during air exposure).
Wafer-supported and QCM-supported films were prepared as detdimek.
Wafer supported films were used for SEM analysis, and the QoM {same
films used for kinetic studies) were used for AFM analysiSontact angle
measurements were collected using a gonimeter (Kruss Eas@orgpct Angle

Meter) (standard error of 5%).

2.2.4. Quartz Crystal Microbalance Experiments

The instrument used for measuring direct mass adsorption wastakMa
Research Quartz Crystal Microbalance (QCM). Figure 2-1 steoschematic of
the QCM flow chamber used for experiments. The QCM crystale Woaded
into the flow chamber and allowed to reach equilibrium overnight. Throughout
all experiments, the temperature was°®@0 The crystals maintained a stable
frequency response, maintaining a <1 Hz/hr drift. Prior to theriexpetation,
the crystals were exposed to water for at least 3 hours toeethsuirthe film was
completely hydrated. Tris buffer was flowed across the QCystal at 50
uL/min for at least 1 hour prior to measurement to ensure crysthility. The
lipid solution was flowed across the crystal surface (flow sate0 ulL/min) at
time = 0 min and the lipid bilayer formation process was recofdeeach thin

film type. The standard error for QCM experiments §4.
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Figure 2-1. Schematic of the QCM measurement cell.

2.3. Results and Discussion
2.3.1. Porousinorganic thin film characterization

Figure 2-2 gives SEM images showing the surface morphologyafdr e
inorganic thin film. The surface morphology of the samples medsiyr&FM is
given in Figure 2-3. Figure 2-2 shows that the surface of eachlwhlsnfound to
be continuous, but each film had different topographical features. ebhieezand
y-alumina films appear to be relatively smooth, while the zircdihias each
appear to be rough. AFM measurements confirm these resultsthgi RMS
surface roughness of each as-synthesized thin film is sunedanzTable 2-1.
AFM measurements revealed that tha@lumina surface was the smoothest
surface, with a roughness of 4 nm. The zeolite and macroporoudlSzad a

similar surface roughness of 21 nm and 25 nm, respectively, but madta

33



distinctly different topographical features. The surface roughres the
mesoporous YSZ film was 41 nm, the roughest of all surfaced tested.

Table 2-1 Material properties of the inorganic thin films

Material Surface Water Pore Size Pore Surface
roughness Contact (nm) Volume Area
Angle (deg) (cm3g)  (mig)
SiO, 6 +0.2 nm 0 - - -
y-alumina 4 +0.8 nm 10 3.0 0.33 432.4
Zeolite 21 +0.5 nm 21 0.5 0.13 224.9
vSZ 25 +3.5 nm 38 32.0 0.11 14.0
(macroporous)
VSZ 41+1.2 nm 35 5.8 0.04 27.8
(mesoporous)

Figure 2-2. Surface micrograph images of (a) zeolite thin film,ydaJumina thin
film, (c) mesoporous YSZ thin film, (d) macroporous YSZ thin film (scale bar: 1

um).
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Figure 2-3. Surface morphology images evaluated by AFM — (a) zeolite; (b)
alumina, (c) mesoporous YSZ film, (d) macroporous YSZ film.

The zeolite film (Figure 2-2a, Figure 2-3a) is synthesizeddpositing a
seed layer of zeolite particles on the surface of the QCMtalry Each seed is
spherical and smooth with a 100 nm diameter (consistent to previousbyork
Lovallo et al. [Lovallo & Tsapatsis, 1996]). The surface roughnesiseoteolite
film is induced by the packing of the zeolite seeds with minisaiface
roughness contribution from the individual seed surfaces. The réJative
smoothness of the-alumina film (Figure 2-2b and Figure 2-3b) is attributed to

the small particle size (roughly 10 nm).
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The surface roughness differences between the mesoporous and
macroporous YSZ films are attributed to different precursor paépar
procedures. Mesoporous YSZ films are prepared using the sol teldnehere
hydrolysis and condensation are used to synthesize stable pamicelution.
After peptization, the size distribution of particles is rekdy narrow because of
charge stabilization on a particle surface which prevents agjgyegthis particle
stability is an integral property of a stable sol. The soy mave destabilized
upon mixing with yttria nitrate and PVA, causing rapid aggregation ricfes in
solution. This process may produce a wide distribution of partideasid shape.
This is confirmed through the topography of mesoporous YSZ measy®EN
(Figure 2-2c) and AFM (Figure 2-3c). In contrast, the macropov@&i5 films
are synthesized by the deposition of ball milled particles witima diameter
distribution in the range of 100-200 nm in suspension. Therefore, leetiais
particles have a relatively tight size distribution, partgaeking does not induce
sharp grain boundaries thus forming a YSZ surface with a smoothegraphy
(see Figure 2-2d, 2-3d).

The porosity of each inorganic thin film was characterized usinggen
porosimetry, with the adsorption/desorption isotherms presented in Fiads
Pore size distributions foralumina and YSZ materials are inset in Figures 4b-d
and were extracted from the desorption branch using the BJH m@&igode 2-

4b-d insets). Porosity properties are summarized in Table 2-1.
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Figure 2-4. Nitrogen porosimetry adsorption/desorption curves of unsupported thin
films of (a) zeolite, (b}-alumina, (c) mesoporous YSZ, (d) macroporous YSZ (open
circles — adsorption, closed circles — desorption).

The zeolite pore diameter of 0.5 nm was calculated using the Hikodhe
this result is consistent with previous work [Cooper & Lin, 2007]. The gyant
of adsorbed nitrogen in the present study was significantly largerc(8%@) than
what was found in Cooper et al. (170 %) [37]. Additionally, the measured

surface area values between studies were 22#@ and 359 rflg (present vs.

[Cooper & Lin, 2007]). This can be attributed to differing calcination
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temperatures. Within this work, all inorganic films were ica&ld at 400°C to
preserve the QCM crystal integrity; Cooper et al. [Cooperir& R007] calcined
their samples to 650C. Cooper et al. [Cooper & Lin, 2007] found that an
increased calcination temperature created densification of tlitéezeeed layer;
this causes a decrease in the mesoporous surface area whalasimgrthe
microporous surface area. This is observed in this work, as shown tthroug
surface imaging (Figures 2a and 3a) and pore size analygisr§F2-4a). A
substantial mesoporous surface area can be seen due to the pathegealiite
seeds. The depressed calcination temperature caused a gmnetdrce of
mesopores; this would increase the available surface aredlass\lee nitrogen
adsorption capacity, which are both seen in this work.

Sharp peak distributions were found wytalumina and mesoporous YSZ
materials indicating uniform mesopore diameter. Chang etCélarig et al.,
1994] determined that a mesoporous zirconia film had a pore diam&& min,

a pore volume of 0.11 cliy, and a surface area of 57.Z/gn Although sol
preparation procedures between studies were identical, the daltinat
temperature used in Chang et al. was #5@vhereas the calcination temperature
in the present study was 48D. Chang et al. [Chang et al., 1994] determined that
the pore size and pore volume fealumina was 2.8 nm and 0.33 ¥ which

are in excellent agreement with the present work. Howelversurface area in
[Chang et al., 1994] was found to be 373gncompared to 432.4 %y in this

study; this also can be explained by the difference in calcination tetomesra
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A wide peak distribution was found with the macroporous YSZ film,
indicating that a broad range of pore diameters were found withimtwported
film. Mercury porosimetry was used to measure the pore disgebution of
identically prepared YSZ suspension; Kim et al. [Kim & Lin, 19€8termined
that the pore size distribution centered around 100 nm, which is in agreement with
this work.

The pore diameters of each inorganic thin film are less than 100 nm,
which is considerably smaller than the 180 nm vesicle diameteinrutieid work.
Because the pore size is comparatively smaller than a ejegiak likely that
vesicles will not enter the support nor will the porosity halerge effect on the
adsorption and rupture of vesicles on the surface of the porous inorgamic thi
films. While there is little expected porosity effect on aggon on the
macroscale, the porosity will contribute to the overall film rowgsnon the
nanoscale and should be considered as a contributing (albeit fantdl) to the
film roughness. The porosity will be a significant factor wiag@plying these
films to transmembrane gradient studies where porosity is wtaltheir
functionality.

Figures 2-5 and 2-6 show the XRD and FTIR spectra for eatbrial
type in an effort to characterize film crystallinity and borrdatre. Figure 2-5a
shows an XRD spectrum with long-range crystallinity consistetit randomly
oriented zeolite [O’Brien-Abraham et al., 2007]. The XRD spectfamy-
alumina (Figure 2-5b) shows major peaks &t @&d 67, which was consistent
with similarly prepared-alumina [Macedo et al., 2004]. Figures 5c and 5d show
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spectra for mesoporous and macroporous YSZ materials, respectivetypeak

positions were identical between current samples and similaapaprd samples

[Kim & Lin, 1998; Kim & Lin, 1999], indicating that all samples have Same

material structure.
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Figure 2-5. XRD patterns to verify crystallinity for (a) zeolite powder, flglumina
powder, (c) mesoporous YSZ powder, and (d) macroporous YSZ powder.
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Figure 2-6. FTIR curves for (a) zeolite powder, (eplumina powder, (c) mesoporous
YSZ powder, (d) macroporous YSZ powder.

The FTIR spectra for each film type can be found in Figuée ZFhe
majority of the zeolite spectra (Figure 2-6a) consistedeatks within 500-1500
cm?, indicating a Si-O-Si bonding [Tang et al., 2009]. While the peakken
500-1500 crit range predominate, a small peak at 3700' amas observed
signaling the presence of Si-OH bonds. The internal struciumeolite is a

continuous matrix of Si-O-Si bonds, which explains the accepted Viatvat
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silicalite zeolite is a hydrophobic material ([Funke et al., 1988],example).
However, at the zeolite surface, the Si-O-Si matrix istdwrad leaving unstable
Si-O complexes which quickly bond with hydrogen to form a stable F5i-O
complexes. These Si-OH hydroxyl groups give the surface itsoplyiic
character which promotes lipid bilayer membrane formation. Water wasadsor
onto all materials, as shown by the broad peak located in the 3280+843nd
1630-1640 cnt regions in Figures 2-6a-d [Zhao et al., 2006]. In Figure 2-6,
regions between 500 and 1200 tare indicative of M-O bonds, where M is the
metal of the film of interest (Al in-alumina [Busca et al., 1993], and likely Zr or
Y in YSZ films) (Figure 2-6b-d). Additional peaks at 1531camd 1372 ci
were found in the mesoporous YSZ material (Figure 2-5c), whichndreative
of the formation of a bidentate complex [Dominguez Crespo et al., 2009].
Water contact angle measurements can be used to determisarthce
hydrophilicity of a material, with decreasing contact angleretating to
increasing hydrophilic properties (hydrophilic materials arindd as materials
with a contact angle < 90 All materials showed a water contact angle £ @
indicating hydrophilic character (see Table 2-1). TogetherRFid contact
angle measurements indicate that each film is hydrophilis idiportant to note
that the FTIR technique cannot be used to quantify the surfadeghylic
character of the material. The penetration depth of the IR i@ the sample
can be up to lum; therefore, the material properties measured with FTIR

incorporate surface and internal structure properties. However,Fitie
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technique indicates hydrophilicity which indicates that theserrabt@re suitable

for lipid bilayer membrane deposition.

2.3.2. Biomembrane formation: effect of surface chemistry

The lipid bilayer formation process via vesicle deposition is leale
process that is highly influenced by the surface chemistry ofuitpport. A wide
range of surface chemistries have been studied in an effaeteymine the
factors governing vesicle rupture after vesicle adsorption on a suqptate. A
select few hydrophilic surfaces have been found to induce the fomuta lipid
bilayer from vesicle rupture, including SIOSEN4, and mica [Egawa &
Furusawa, 1999; Reimhult et al., 2003]. Additional hydrophilic surfaces, @s
TiO, and gold coated anodic alumina [Hennesthal & Steinem; Reimhult, et a
2002], promote vesicle adsorption without vesicle rupture on each surf&@ge. S
was chosen in this work to give a baseline of the formation praxzssring
under current conditions. y-alumina was chosen due to its similar surface
chemistry (metal oxide) and similar surface topographies Tadée 2-1); it is
ideal for study to evaluate the formation mechanism on a porousaabst
similar surface chemistry.

Figure 2-7 shows the (a) frequency response and (b) resistspoase of
lipid structures formed via vesicle deposition on S&dy-alumina. These two
films were chosen to study the effect of surface chemisteytdutheir similar
surface roughness properties (see Table 2-1). Upon inspectionyriaeid

behavior of the formation of lipid bilayer membranes significardiffered
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between the Si© and y-alumina surfaces. As shown in Figure 2-7a, the
adsorption process on SiGhows a dynamic lipid bilayer membrane formation
behavior occurring in three phases: (1) the frequency shifts tananom
frequency Afhax = -87 Hz) in 10 minutes, (2) a frequency increase to a steady
state value Afsna = -53 Hz) in 20 minutes and (3) maintain a steady state
frequency; this behavior is similar to previously published bilapembrane
formation results on SiD(when considering system temperature and vesicle
diameter) [Reimhult et al., 2002]. The lipid bilayer formation yealumina
shows a continual frequency decrease in an exponential decay belwmaaor t
steady state frequency dffiny = -90 Hz; this behavior is similar to vesicle
adsorption without rupture on Tiwhen considering system temperature and
vesicle diameter) [Reimhult et al., 2002].

In this work, a vesicle can be defined as a shell of single bpayer
membrane encapsulating a volume of water. Because of itausgruitte mass of
each vesicle is a combination of lipid and water molecules.a G, surface,
the vesicle deposition process is composed of two basic phases degickition
and vesicle rupture, which is consistent with the frequency behdesuribed
above. The initial frequency decrease correlates to mass aoisaptthe SiQ
surface. The frequency shift and mass adsorption relationship nslated

through the Sauerbrey equation (see equation 2.1):

Am=-C, | Af (2.1)
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Thus, the adsorbed mass correlates to vesicles adsorbing on the QCM crystal.
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Figure 2-7. Vesicle adsorption behavior on Si(@ense) (black) angalumina
(grey) described by (a) frequency and (b) resistance measurement8)pH =
The second property that can be measured using the QCM teclmiljae
resistance of the deposited film. The resistance is aumeea$ the oscillation

dampening of the QCM crystal [Rodahl et al., 1997]. Rodahl et mongtrated

45



a direct relationship between the thickness of a viscoelasticrigidi-thin film
and its resistance behavior. They found that as the thicknesgsgbalastic film
on the QCM crystal surface increases, the dampening of thealcogstllation
also increases; likewise, a decrease in the viscoeldstithiickness decreases the
film resistance to oscillation. Coupled with the frequency sigfiehavior of the
QCM crystal, the film resistance provides valuable informategarding the
morphology of the supported film.

As previously discussed, vesicle adsorption on the QCM surfadésras
a frequency decrease which correlates to a mass indre#fse system (sum of
lipid molecules and encapsulated water within its core); this bah&vshown in
Figure 2-7a. As the frequency decreases in Figure 2-7a,shown that the
resistance of the system increases (Figure 2-7b). Thiseattibuted to the
increased film thickness induced by adsorption of the vesicle adso(h86nm
diameter). This is consistent with the behavior described by Rodahl et al. [1997].

The second phase is characteristic of a frequency increaseh whi
corresponds to a mass loss on the surface (Figure 2-7a). When the vesicles adsorb
on the surface, they deform to increase the lipid-support contactjé¢formation
induces surface tension on the vesicle walls causing them to rupitineesicle
rupture, the encapsulated water is released and the mass ngnuairthe support
surface is only the lipid bilayer shell. Because the water masg&seel from the
vesicle, there is a net mass decrease of the adsorbed mtms QCM crystal
causing a system frequency increase. Once the vesicles rupaydorm small
lipid bilayer membrane islands across the support surface. Whiildeveupture
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occurs, vesicles continue to adsorb on the surface. These adsorl#esvesi
dynamically fuse with the lipid bilayer islands scattereds&ithe crystal surface
to form a continuous lipid bilayer membrane.

During this second phase, there is an overall frequency indrehsating
a mass decrease within the system. When comparing the freqoeregse with
the resistance data in Figure 2-7b, the resistance behavioasasr&hile the
frequency shift increases. While initially contradictory todghl, et al. and
previous lipid bilayer membrane formation work (i.e., Keller, et 2000, who
found that upon vesicle rupture there was a decrease in dissipatioa), w
considering the surface properties of the present crystal thédtsrecan be
explained. The crystal itself maintains a surface roughne&snwh, which is
comparably a higher surface area than supports utilized in otineation studies.
The increased surface roughness yields an increase in thebkvailaface area
for vesicle adsorption, which increases the adsorption capacity cfuttiece.
Vesicle rupture results in a frequency increase, and should ticathyeresult in a
resistance decrease due to the overall thinning of the filmthisnwork, the
resistance continually increases, which can be attributed tootitgwual vesicle
adsorption on the QCM surface. The effect of the resistanceasecrdue to
vesicle adsorption is far greater than the effect ofésestance decrease resulting
from rupture; therefore, the system resistance yields a contimmesise during
the lipid membrane formation process.

The final formation phase is characterized by a steady Btdeency
response. This steady state response is indicative of zero mass
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adsorption/desorption from the surfac®nce the entire surface is covered by a
single lipid bilayer membrane, mass will not adsorb onto or desorb tinem
surface of the lipid bilayer membrane, indicating the formatioa sthble bilayer
membrane. This is mirrored by the steady state value ofdhjaency response
shown in Figure 2-7a for SO The resistance is also nearly at steady state, with
fluctuations possibly stemming from rearrangement of the essiiithin the
lipid bilayer system.

On y-alumina, the frequency and resistance measurements were
considerably different from the behavior observed on the Si@ace (Figure 2-
7). The frequency response decayed exponentially to a steadyvatae of
-90Hz (Figure 2-7a), while the resistance response expongntiateased to a
steady state resistance aR 4Figure 2-7b). A continuous frequency decrease
with time indicates continuous mass adsorption on the support surfadbe If
frequency data in Figure 2-7a is combined with the resistartaerdgigure 2-7b,
the structure of the continuously adsorbed film can be determined.stéhey
state resistance value is relatively low, indicating thatftnal film structure is
not predominately viscoelastic. However, because the resistanceriear zero,
the film is not a rigid film, which would indicate a single lijgdayer membrane
structure. Thus, the final film structure must be a combinatica $hgle lipid
bilayer and adsorbed vesicles within the lipid bilayer membr&ezause of the
final required configuration, it is believed that the vesicleoddsnd rupture
upon contact to the-alumina surface. While the majority of the vesicles rupture
upon contact, it is believed that a small fraction of vesicle®itgedded within
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the lipid bilayer membrane which increases the visocelastifitthe film as
indicated by the steady state resistance value.

These results are contrary to work done by Groves et al. who thahd
vesicle fusion does not occur on aluminum oxide films [Groves etl298].
However, it is believed that in their work the vesicles werakilyeadsorbed to
the surface and were removed during the rinsing step. This alsadiots Nellis
et al. [2011] who found that alumina-xerogels promoted bilayer faomads
opposed to vesicle adsorption and immediate rupture seemalomina. It is
believed that the formation mechanism differences between Mélas [2011]
and this work are due to a difference between the charge dendlitg sarface of

the two materials.

2.3.3. Biomembrane formation: effect of buffer solution pH

Zeta potential is the electrostatic potential near to thesaidf a particle
in solution [Colloidal Dynamics, 1999]. Several factors affect zmitential,
including particle concentration, solution conductivity, and most impoytantl
solution pH. As the solution pH is varied, particle surface chiargikered due to
the variation in the ionization state of the surface functional graypgally a
pH increase results in a zeta potential decrease. The zetatiglois often
engineered through pH adjustment to optimize the particle-suirfta@ction; a
greater zeta potential difference enhances the adhesion hetiveeparticle and
the surface [Saravanan & Subramanian]. The zeta potential dieziddack, et

al., 2006],y-alumina [Song, 2005], zirconia [Saravanan & Subramanian] and
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vesicles of similar lipid chemistry [Fatouros et al., 2005] swenmarized in

Figure 2-8. The two pH values used in this study were pH = 8 and pH = 4.
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Figure 2-8. Zeta potential properties ¢falumina, zirconia, zeolite and vesicles of
similar surface chemistry to the vesicles used in this study.

2.3.3.1. y-alumina

The lipid bilayer membrane formation process was evaluatgeabmmina
using solutions of two different pH values to evaluate the effestlation pH on
the formation of a lipid bilayer membrane. Figure 2-9 sunmearithe (a)
frequency and (b) resistance response for lipid bilayer formatioress using a
buffer solution with pH = 8 and pH = 4. As previously discussed, the fnegue
decreases in an exponential decay behavior when using a buffer sofupidn=
8. Combined with the resistance data, this is indicative of vesipleire upon
contact with the surface, with a final frequency shif\tif, = -90 Hz. When the
pH is adjusted from 8 to 4, the dynamic system behavior changes @rom

50



monotonically decreasing frequency shift to a multidirectionadjidency shift
(Figure 2-9a). Likewise, the resistance behavior experiemcg#eady increase
followed by a change in slope. Qualitatively, the new dynamic system befsavi
similar to that of bilayer formation on a SiGurface, with a\f.x = -84 Hz and a
final Afsinq = -74 Hz after 12 minutes and 30 minutes, respectively.

As shown in Figure 2-8, as the pH lowered from pH = 8 to pH #Hel, t
magnitude separating the zeta potential yedlumina and the lipid vesicle
increased yielding greater attraction between the vesicleclpaand they-
alumina surface. This increased attraction would alter the adhesiraction
potential between the vesicles and the support. It is believed that a dectbase i
buffer pH created a charge shielding effect on the lipids legusichange in the
rupture kinetics of the surface. This charge shielding may nuginthe
surface/vesicle charge and could reduce the rupture potentiadlobesicle. The
decreased rupture potential would result in a system similaOtg Which would
require a critical vesicle concentration on the support surfacedt@e vesicle
rupture. The multidirectional behavior of the frequency shift in Eifi#®a for
pH = 4 indicates that adsorption does occur upon rupture as seen with th@ pH
system. Additionally, the system resistance the pH = £sy& high compared
to the pH = 8 system; this shows that the lipid film under pH s faigely
viscoelastic which indicates that a high percentage of the §iltomprised of
embedded vesicles. This behavior is indicative of vesicle adsorption tpr
rupture. The resistance multi-directional behavior shown in Fig@e &+ the
pH = 4 system indicates that rupture does occur after adsorption.evieQw
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because the magnitude of frequency increase or resistaneaskeds relatively
low, the response indicates that there is a high percentage desesnbedded

within the lipid bilayer membrane on thealumina system (pH = 4).
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Figure 2-9. Vesicle adsorption kinetics gralumina with a buffer solution at pH
= 8 (black) and pH = 4 (grey) comparing (a) frequency shift and (b) resistance
shift.
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2.3.3.2. Mesoporous YZ

Figure 2-10 shows the lipid bilayer formation process on mesoporous YSZ
films using a solution of pH = 8 and pH = 4. The frequency shift behavi
(Figure 2-10a) and resistance behavior (Figure 2-10b) between oosdii the
same, with a frequency decrease in an exponential decay fastaomagimum
shift of Affina = -210 Hz (pH = 8) andfsny = -240 Hz (pH = 4), each in 250
minutes. The final resistance values were found tAABg-s = 110 Q and
ARpn=~ 63Q. The exponential decay frequency behavior (Figure 2-10a) and the
exponential increase resistance behavior (Figure 2-10b) is ivdioattivesicle
adsorption without rupture on the support surface. Quantitatively, thelevesi
adsorption rate for vesicles using a buffer solution titrated to gHs=kinetically
faster than the adsorption rate under pH = 8 conditions. The gap ipoitaafor
Figure 2-10, pH = 4 was due to malfunctioning equipment, which caudatha
gap. The lipid flow was constant throughout the duration of the exprithes,
the vesicle adsorption behavior was uninterrupted throughout the expeaintent

data integrity before and after the malfunction is maintained.
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Figure 2-10. Vesicle adsorption kinetics mesoporous YSZ using a vesicle
solution at pH = 8 and pH = 4 showing (a) frequency and (b) resistance.
The mesoporous YSZ film is an M,O; hybrid system (M = Zr, N =
Y) and would maintain a hybrid surface chemistry of Sa@dy-alumina (AbO3).
Previous work has shown that surfaces with similar surfaceistrgni.e. SiQ
and TiQ) do not necessarily exhibit the same lipid bilayer formationhaesism

[Reimhult et al., 2002]. Therefore, it is unknown if the behavior onSa
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surface with a low (and comparable) surface roughness would behalslgito
SiO, or y-alumina. Because the mesoporous YSZ film has distinct topographical
features, the surface topography plays a significant role ifoth®ation behavior
of lipid structures on its surface and would most likely override siinéace
chemistry effect characteristic of the material. Previwask [Cremer & Boxer,
1999] has found that surface scratches or barriers hinder the fornodtian
continuous, fluid lipid bilayer membrane. It is believed that a rosigftfiace
inhibits rupture after vesicle adsorption due to a minimized suviesiele
contact; this contact would be needed to induce vesicle deformattbrthan
rupture. Therefore, due to the rough surface topography, it is predartdd
confirmed) that vesicle monolayer adsorption occurs on the mesop¥&xis
surface.

Alteration of the buffer solution pH quantitatively affected theictes
adsorption rate (see Table 2-2), but did not change the overall systemior.
Similar to y-alumina surface, variation in the solution pH affected the zeta
potential of the material (see Figure 2-8). Therefore, theased zeta potential
difference between the vesicle and surface zeta potential waukk ayreater
attraction between the surface and vesicle thus enhancing thke \agigorption
rate. The increased magnitude of adsorption (difference ¢iz)5can also be
explained by increased adsorption due to the pH. Because the adsmafaitn
enhanced due to the pH change, it is likely that additional vesvelesadsorbed

due to an increased rate of adsorption driven by buffer solution pH. This
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conclusion is supported by the high resistance of the mesoporous YSZtedppor

film induced by the greater amount of vesicles adsorbed on the surface.

2.3.4. Biomembrane formation — effect of surface roughness
2.3.4.1. SO, materials: Zeoliteand SO, films

SiO, and zeolite were chosen to evaluate the surface roughness effec
because of their similar surface chemistries but varyingase roughness
properties. Figure 2-11 summarizes the lipid bilayer membrane formaticgsproc
[measured by (a) frequency and (b) resistance] via vesiplesdion on SiQ and
zeolite supports. Qualitatively, the lipid bilayer membranen&diron behavior
measured by the frequency response is similar. On zeblt&Q€M experiences
a frequency decrease uniif,.x = -120 Hz is reached where the frequency
directionality reverses until it reach&&;,, = -69 Hz. The resistance shift mirrors
the frequency shifting behavior; the resistance increases @ 8ad reverses
directionality to 332. The frequency shifts on the Si€urface were  Afpax=
-87 Hz andAfsna = -53 Hz (a 30-40% difference in the adsorption/rupture
frequency shifts between SiGnd zeolite). The resistance on the Sfin
increased to & eventually reaching a maximum at8 The frequency shifting
behavior on the zeolite surface is qualitatively similar tobsteavior on the Si©
surface, indicating the formation of a lipid bilayer membramecgire. While
gualitatively similar, the quantitative kinetic behavior varies leetw SiQ and

zeolite thin films.
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Figure 2-11. Lipid bilayer membrane formation on SiO2 and zeolite, measured
by the (a) frequency and (b) resistance (pH = 8).

As shown in Figure 2-11 and summarized in Table 2-2, the lipaydil
membrane formation process occurs more rapidly on thessiface than on the
zeolite surface. The vesicle adsorption rate (denoted byehadncy shift) on
SiO, was found to be 8.7 Hz/min and occurred within 10 minutes, whileleesic

adsorption rate on zeolite was observed to be 4.8 Hz/min within 25 minLhes
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transition to the final lipid bilayer state occurred within an &oldal 10 minutes
and 55 minutes on the SiGand zeolite films, respectively. The decreased
adsorption rate and required time for adsorption for the zefilite can be
explained by the increase in the available surface area arettiee film when
compared to the SiOsurface; the surface area of the zeolite thin film is 400%
greater than the Spsurface area. Thus, due to the increasing surface area the
zeolite film requires a larger quantity of vesicles to adsord rupture on the
surface (when compared to the Hi€ubstrate) to synthesize a complete lipid
bilayer membrane. Likewise, the increased zeolite surfaea aequires
additional vesicles to reach a critical vesicle saturatignired to induce vesicle
rupture [Goksu et al., 2010]. As evidenced by these behaviorafthewas 33

Hz larger for zeolite than for SYO Likewise, Afsina is 16 Hz greater for the
zeolite surface due to the increased mass required to syntaesinénuous lipid
bilayer membrane. Similarly, the rupture kinetics can be aqidaby the same
surface area principle. The required time for the formatiom @fntinuous lipid
bilayer membrane is greater due to the additional time requireces$icle rupture
and fusion processes due to the increased support surface area EbBGKS
2010].

In addition to frequency, the film resistance was measitiigdire 2-11b)
and can be used to further detail the formation process and fatal it the
membrane. As described previously, the resistance behavior of fi§i3
showed a continuous increase in resistance, eventually reachingds state
value of 8Q. This continuous resistance increase is attributed to the continuous
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adsorption of vesicles on the SiQurface, a process that also occurs during
vesicle rupture on the support surface. It is believed that thepsidsobehavior
dominated the resistance behavior due to the increased surfa¢erameereased
surface area required additional adsorbed vesicles to form a contihpious
bilayer membrane). On the zeolite surface, the resistagt@vior mirrored the
frequency behavior, showing a resistance increase followe@ bgsistance
decrease. The final resistance for the zeolite supportedfilipidvas 39Q, a
resistance nearly five times greater than the,&@pported lipid film. This
indicates that the lipid film supported on the zeolite maintainedhae
viscoelastic final film structure than the Si€upported lipid film. This indicates

a higher percentage of vesicles embedded within the zeolite supfibrtavhen
compared to the Sisupported film. The difference in resistance behavior can
be attributed to a difference in the surface area. With théeéibh, the surface
contours limit the accessibility of adsorbed vesicles. Therefarenigher
percentage of adsorbed vesicles is required to induce vesictactiaa that
would cause rupture. Due to the large amount of vesicles adsorbed on the surface,
vesicle adsorption after rupture would be limited. Therefore, eesighture
would dominate the adsorption/rupture behavior on the zeolite surface. This
would result in a resistance decrease for the zeolite suppapiddfilm as

opposed to the resistance increase and plateau seen in $H#nsiO
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Table 2-2 Formation kinetics of a lipid bilayer membrane on inorganic thin films
before and after vesicle rupture.

Before vesicle After vesicle
rupture rupture
Substrate Substrate pH 2] Afy k1 [P Afy ko
Material Surface (mn) (Hz) (HzZ (mn) (Hz (HZ
Roughness min) min)
SIO, 6 nm 8 10 -87 8.7 20 -53 34
Zeolite 21 nm 8 25 -120 4.8 80 -69 0.9
y-alumina 4 nm 8 30 -90 3.0 - - -
4 12 -84 7.0 30 -74 25
YSZ 41 nm 8 250 -210 0.8 - - -
(mesoporous) 4 230 -240 1.0 - - -
YSZ 25 nm 4 230 -190 0.8 - - -
(macroporous)

This behavior is similar to results obtained by Weng et al.nfyvet al.
2004] who measured the membrane formation behavior on a xerogel surface
(another Si@ based system). In their work, the contours induced by particle
packing created a surface roughness of 70 nm (compared to 21 his wotk).
They determined that the increased surface area decreasatktnption rate by
30 times; the behavior was attributed to the additional surfaggmess induced
by particle contours which limited the ability for the vesictesinteract and
rupture to form a continuous membrane [Weng et al. 2004]. The reskiture
2-11 are also confirmed by Subramaniam et al. [2010], who examined the
curvature effects on the quality of lipid bilayer membranes usipggraphically
patterned polydimethylsiloxane (PDMS). Using FRAP analysis,abudmiam et
al. [2010] found that the differences between the diffusion coeffEiem@asured
on the planar and curved areas of the substrate were experisnarsigificant.

Together with Weng et al. [2004], surface roughness will affeet vesicle
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adsorption kinetics while preserving the diffusion potential on a Sidace with

curvature effects.

2.3.4.2. Zirconia materials: mesoporous and macroporous Y& films

Surfaces of identical surface chemistry but varying roughwess chosen
for this study to evaluate the effect of surface roughness oretfiele adsorption
kinetics. Figure 2-12 summarizes the vesicle interaction bahavith the
macroporous YSZ and the mesoporous YSZ surfaces in terms of dagricy
and (b) resistance. In this study, vesicles were preparedrieason with a
buffer solution at pH = 4. Buffer solution at pH = 4 was chosen laasitbeen
shown to increase formation kinetics [Cremer & Boxer, 1999; currenk]wa
lower pH will allow for a better comparison between YSZ maker Figure 2-
12a shows the frequency for each material decreasing in an expbdecty
behavior to a final frequency shift of -190 Hz (macroporous YSZ) and H240
(mesoporous YSZ). The exponential decay in the frequency behavioirsee
Figure 2-12a is indicative of vesicle adsorption without rupturehis Tis
confirmed by the resistance data in Figure 2-12b, which shovexgonential
increase in the resistance response. Each of these behavites egoiained by
the roughness of the surface. As shown in Figure 2-2c/d guleF2-3c/d and
summarized in Table 2-1, each YSZ surface is relatively rowgh the
mesoporous surface more rough and disjointed than macroporous surface. The
disjointed nature of the film does not allow for sufficient defdramaof the

vesicle upon adsorption which is required for vesicle rupture. Thus,iceves
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monolayer is formed on each YSZ surface instead of a singkk bilayer

structure. This is also confirmed by the large resistantleeofiim, as shown in

Figure 2-12b.
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Figure 2-12. Vesicle adsorption kinetics on macroporous YSZ and mesoporous
YSZ at pH = 4 measured by (a) frequency and (b) resistance.

It is also important to note that the final frequency shift ofntlesoporous

film is 50 Hz larger than that of the macroporous film (Figg#iE2a). This can be
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explained by additional total surface area available for adsorpfismreviously
discussed, the mesoporous YSZ surface has a disjointed surface pbyoghae

the macroporous YSZ has a comparatively smoother surface. Thbetdib
nature of the film will decrease the propensity for vesiafgure. However, the
disjointed nature of the film does increase the available suafaee which would
promote additional adsorption of vesicles on the film surface. Tlhavim is
supported by the higher frequency shift on the mesoporous support. The
frequency behavior is supported by the increased resistampmnsesfor vesicle
adsorption on each surface, as shown in Figure 2-12b. Continuous vesicle
adsorption onto each YSZ film type both yield higher resistance, hwisic
consistent with a film of increased viscoelasticity. Th&istance for the film
supported by the mesoporous YSZ film is substantially higher ttiegtnfor the
macroporous YSZ film. This can also be explained by the increamednt of
vesicles adsorbed on the surface with the increase of avaslatiéee area. This
would lead to higher overall viscoelasticity, which is confirmedh®yincreased
resistance of the film structure.

The adsorption rate of the vesicle monolayer on the macroporous YSZ
film was evaluated by the frequency response and was found to be /lihHz
and while the adsorption rate of the mesoporous YSZ film was measuoe 0.8
Hz/min. These results are also indicative of the surfacehreasg of the two
films. The synthesized macroporous YSZ film has a surfacénn@sg of 25 nm,
whereas the surface roughness of the mesoporous YSZ film is 4% shpwan in
Table 2-1. Since the macroporous YSZ film is a smoother surfaare, is more
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available continuous surface area for the vesicles to adsorb osutfece.
Therefore, the adsorption rate would proceed more rapidly on the mamspor
support due to the increased available smooth surface area whisidicwe to

rapid vesicle adsorption. The mesoporous film has an increased surface
roughness, which is characterized by greater surface discoesnand thus does

not allow for rapid vesicle adsorption.

2.4. Conclusions

The formation mechanism of eggPC lipid bilayer membranes ancleves
layer adsorption was explored on porous inorganic films of differumjpse
chemistries and surface topographies and under various buffer pH. mMasyof
the results found in this work can be found in Figure 2-13. The studg fbaha
single lipid bilayer membrane was formed only on the zeoliledléte) surface,
due to its similar surface chemistry to Si(@H = 8). It was found that the
surface contours on the zeolite support increased the formation yir6086.
While the formation time was increased, the basic formationepso¢vesicle
adsorption and vesicle rupture) was preserved. The buffer pH lteasdato
determine its effect on vesicle adsorption behavior. It was foundvdsatle
ruptured upon adsorption (without vesicle surface accumulation) gratuenina
surface under pH = 8. However, under pH = 4, a multi-step vesicle
adsorption/rupture processes was found to govern the formation of a hybrid
vesicle/lipid bilayer system. A buffer pH adjustment also iased the vesicle

adsorption rate on mesoporous YSZ, but did not alter the qualitative bebavior
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the vesicle adsorption (without rupture) process. Surface roughnass w
examined using SiObased and zirconia based materials. ,S#Qd zeolite
materials were found to maintain bilayer formation behavior, howé¢ver
increased surface roughness of the zeolite film decreasddrthation kinetics.
Zirconia materials were each found to promote vesicle adsorption without rupture.
However, increased surface roughness was found to decrease addongtics
due to the inaccessibility of vesicles to deform and rupture osutiace due to
the jagged structure of the film. However, the additional serésea induced by
the surface roughness caused a greater magnitude of adsorption the t
increased surface area. These new porous inorganic materialsrhaxged as
novel supports for lipid bilayer membranes and lipid structures foaenpat

applications for transmembrane ionic gradient studies.
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Figure 2-13. Schematic of lipid bilayer formation and vesicle monolayer adsorption modetsedbge this work.
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Chapter 3

STUDY ON THE FORMATION OF LIPID BILAYER MEMBRANES
FORMED ON SILICA FIBERS BY DOUBLE-LONG PERIOD FIBER

GRATING LASER REFRACTOMETRY

3.1. Introduction

In Chapter 2, the kinetics of vesicle adsorption was explored on porous
planar supports. It was determined that the formation rate of Héyer
membranes on porous supports were significantly affected by solution pHesurfa
chemistry and surface roughness. In Chapter 1, the limitationsuroént
supported lipid bilayer membrane technology were discussed. Thisl@acthe
formation and characterization of lipid bilayer membranes on twostyye
supports: porous inorganic supports and cylindrical supports. As didcusse

cylindrical supports will be valuable in biosensing applications.

Biosensors have recently become important in modern biotechnology due
to their rapid response time, high sensitivity and in situ detecéipahslity, thus
providing an effective tool for studying a wide variety of biolofisgstems
[Rokhina et al., 2009]. Several sensing platforms, such as elestnaxh,
acoustic, calorimetric and optical biosensing devices, have beedoafadr to
allow for a comprehensive study of both biological process clesistats and
selective molecular binding of desired molecules [Paddle, 1996]. Arthasg

techniques, optical fiber biosensing has attracted much attention bexfaise
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advantages of small size, continuous monitoring capabilities andhbihty to

probe otherwise inaccessible regions [Wolfbeis, 2006].

Klee et al. [Klee et al., 1995] recently used a silica opfibal evanescent
wave sensor (EWS) platform to monitor the formation and removal ggesef
biotin incorporated lipid bilayer membranes. These processesieer@nstrated
by monitoring the formatioand desorption properties of lipid bilayer membranes
on a glass optical fiber surface using luminescent labeled hygilecules. This
study demonstrated the feasibility for complete fiber surfageneration over
several successive lipid bilayer formation and removal cyclesila8y, Abel et
al. [Abel et al., 1996] utilized the EWS platform to fabricateavel optical
biosensor engineered to possess rapid surface regeneratiomualtipte DNA
binding events on the fiber surface. Recently, novel optical fiber eeViave
been fabricated to broaden the available platforms for biosensingajpis.
One such technique involved a fiber optic coupler based refraotidex isensor
used to study concentration dependent binding of streptavidin [Tazawa et a
2007].  Another optical fiber technique utilized two-photon fluorescence
measurements to monitor the binding capabilities of a dendrimer-luhsgd
delivery agent for the treatment of cervical cancer [Yealet 2002]. The
availability and multi-functional uses of optical fiber sensohtetogy allow for
the development of highly effective and miniaturized biosensors foida w

variety of applications [Wolfbeis, 2006].
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Refractometry is an optical sensing technique used for process
characterization which identifies a specific process by ubgig to probe the
refractive index changes of a material. Refractometrgdasptical fiber
chemical sensors have been demonstrated to investigate tgasecsrin both
vapor and liquid phases [Zhang et al., 2005; Xiao et al., 2005]. High s@wnsiti
biosensors can also be developed by incorporating refractometryawithg
period fiber grating (LPFG). For example, refractometryebdalsPFG devices
have been used to study saline separateness of bovine serum alb8jra(@
mice-immunoglobulin G (M-IgG) protein solutions [Mao et al., 2007], measur
binding and hybridization of DNA molecules [Chen et al., 2007], and, ®ith
coating of silica nanospheres on the fiber surface, to detegliaih antibody at
low concentrations [Corres et al., 2008]. The studies show that LPB&o0d

biosensing platform for building various biosensors.

A supported lipid bilayer membrane biosensor can be fabricated by
synthesizing a lipid bilayer membrane on the sensing elementgsuat LPFG)
yielding a highly sensitive biosensor platform. Structural chanige the
membrane (such as DNA binding events) cause a change in the filmtigope
(e.g., refractive index) which is converted to an optical sidgmyalthe highly
sensitive LPFG. Such biosensors can find a number of applicationslingl
uses in studying processes such as DNA hybridization or malebirding
within a natural cellular environment. The development of supported lijpigebi
membrane-based optical fiber biosensors requires a fundamental amdiegtof

lipid membranes and their behavior on the surface of silica optical fibers.
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This chapter reports a study of the formation of a supported lifagelbi
membrane on silica fiber surface by a new double-grating L&B&m. A novel
LPFG sensing method is developed to minimize environmental effeetsent
during sensing. This chapter will demonstrate how this method lendiset
fabrication of a highly sensitive biosensor for supported lipid bilayembrane

technology.

3.2. Materials and Methods
3.2.1. Materials

The lipids used throughout experiments werex-phosphatidylcholine
lipids (eggPC) (99%, Avanti Polar Lipids) and were used as ratei@eamicidin
D was purchased from Sigma-Aldrich and was diluted in ethanol (200, proof
Fisher Scientific). Sodium chloride (99.0%) and Tris (Ultrapureevpeirchased
from Mallinckrodt Chemicals and MP Biomedicals, LLC, respectivelfhe gas
used for chloroform removal during vesicle preparation was Argasedreh
grade) purchased from Air Liquide. Isopropanol was purchased Figher

Scientific (reagent grade). Ultrapure water was made @sMdlipore Academic

filtration system (18.2 ).

3.2.2. Vesicle Formation and Characterization
The preparation procedure for vesicle solutions is identical todbatfin
Chapter 2. The Tris buffer was 100mM NaCl and 10mM Tris and niraéctaat

pH = 8. Stock vesicle solutions were made at a concentration of Gn@Lnagd
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further diluted to desired lipid concentrations (0.1 mg/mL or 0.4 my/mL
Gramicidin was incorporated into the lipid film by removing theaabl solvent
using a gentle stream of argon gas after the lipid drying allepribsequent steps
in the vesicle preparation process are the same as deta@pter 2. The final

Gramicidin concentration was 0.1 mg/mL solution.

3.2.3. Optical Fiber Preparation and Surface Characterization

The optical fiber used to fabricate the LPFG was a Corning SVEtRgi
mode optical fiber with a @m core diameter and a 12&n cladding diameter
made of germanium-doped silica and pure silica, respectively. pohener
protection layer on the fiber surface was removed mechanigsilyg a polymer
stripper (Micro-Strip precision stripper), followed by sucoesslow-power
sonication (Cole-Parmer bath sonicator, model 8890) treatments iopsojot
and ultrapure water. The surface of the fiber was examinaddnning electron
microscopy (Figure 3-1) and no surface scratches or foreigeriadat were

observed thus verifying surface continuity after polymer removal.
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Figure 3-1. Silica optical fiber used as supporting material for lipid bilayer
membranes.

The LPFGs were made by point-by-point £l@ser irradiation (Firestar
V20, Synrad, Inc) on the optical fiber, causing a periodic refracindex
modulation inside the fiber core. Several LPFGs of varyingngrgeriods were
fabricated for the optical study of sensor functionality. Tlaimgs had periods
ranging between 51gm and 525um (the grating period used for each test is
noted in the associated figure caption) and all LPFGs had 108dperiBefore
each experiment, the LPFG surfaces were cleaned via low-momération in
isopropanol and ultrapure water for 5 minutes each, and immediategdplato
the incubation cell and submerged in ultrapure water to minimizéace

contamination. Figure 3-2 shows the three-layered structureheofLPFG
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immersed in the Tris buffer with lipid layer formed on the swafat the fiber
(illustrative purposes only and not to scale).
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Figure 3-2. Structure of three-layer long period fiber grating including the core,
cladding, and lipid thin film immersed within the Tris buffer system (thg gra
stripes on the core indicate fiber gratings).

3.2.4. Optical Measurements

Following the cleaning, the sensing and reference LPFGs \aeeéulty

inserted into two homemade Teflon incubation cells in series, hesnsdically
shown in Figure 3-3.
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Figure 3-3. Schematic of the optical measurement system and long period fiber
grating incubation cells for grating immersion.

The Teflon incubation cells allow approximately 13 cm of the optical
fiber, including the grating section of approximately 5 cm, to nemathin an
agueous system without stressing the fiber. A constant liquitliteweaintained
within the Teflon incubation cells through the aid of septums usetinnate
leakage during measurement. Lipid solution and blank buffer solutioa we
simultaneously introduced into the sensing and reference incubatienacell
resonance coupling wavelength measurements were immediateidedcto
monitor the bioaccumulation on the fiber surface of the sensing LPH& T
broadband source was constructed by multiplexing a C-band (BBS 1550%-TS
AFC Technologies) and an L-band (HWT-L-BS by Highwave Optical
Technologies) erbium doped fiber amplified spontaneous emission (ASE)
sources, which covered the spectral range from 1530 nm to 1630 nm. HGe LP
transmission spectrum was detected by an optical spectrum em@9852B by

Hewlett-Packard).
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The transmission spectra were measured in two separate wgihielen
intervals during experimentation: 100 nm, or 5 nm spans. The 100 nm span was
used to determine the functionality of the LPFGs in various tefeaindices
through immersion in air and water (refractive indices of 1.08 ar83,
respectively). The 5 nm spans were used to detail the res®r@oupling
wavelength with higher resolution. Regardless of the span widththsesphectra
were separated into 1000 discrete units. Therefore, a smaleterngth scan
will give greater resolution when measuring the resonance coupémglength.

Each collected measurement is an average of two spectra, astdridard error

associated with each experiment is 5%.

3.3. Results and Discussion
3.3.1. Characteristics of Double-Grating LPFG System

A primary difficulty with the use of LPFG to detect the forroatprocess
of a supported lipid bilayer membrane is the effect of environméuatabations
(such as temperature or vibration) on the response of the sensimmetamsing
inaccurate measurements. Therefore, a double grating system allowdfor
correction of the environmental contributions to the sensor responseedeh@uyi
accurate sensor behavior. Figure 3-4 shows the resonance couglielgvgth
(wavelength of minimum transmission) for a single grating=(522um) and a

double grating system(= 515um and 524.m).
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Figure 3-4. Verification of single grating and double grating system functionality
when immersed in a Tris buffer solution.

A double grating system is similar to the single gratingesgsshown in
Figure 3-3 except only a single incubation cell for gratmghersion is used; this
single grating is directly connected to both the light source aadofitical
spectrum analyzer. During testing, each grating was immansadpure water
solution and the resonance coupling wavelength was measured. The sing
grating system (top spectrum) shows a single inverse pedhkeatesonance
coupling wavelength of 1575 nm. The double-grating system (bottom wpéctr
shows two separate inverse peaks at 1555 nm and 1583 nm corresponding to
Grating 1 and Grating 2, respectively.

When two gratings are connected in series, their individual tiasgm
spectrum might overlap to create a cross-coupling effect th etwer. It is

important to verify that the two gratings in the double-gratipsfesn provide
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independent responses. Grating independence signifies that aiveftéadding
refractive index variation (thus a resonance coupling wavdiesigift) in one
grating will not cause a shift in the resonance coupling wavéiesfghe second
grating. To test the grating independence, Grating 1 was expossctdasing
isopropanol concentrations (20 vol%, 30 vol%, 40 vol%) while Grating 2 was

exposed to a constant solution of pure water. The results are shown in Figure 3-5.
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Figure 3-5. Grating independence with varying concentration of IPA surrounding
Grating 1 while Grating 2 has a constant bulk concentration of 0 vol% IPA.

The varying isopropanol concentrations of 20 vol%, 30 vol%, and 40
vol% correspond to proportionally increasing refractive indices wttiehefore
cause a decrease in resonance coupling wavelength of Gratihg 516 um).
However, the position of the resonance coupling wavelength for Grat{ng=
521 um) remains constant. A shift of 3.2 nm in the Grating 1 spectrum

corresponded to a shift of 0.10 nm in the resonance coupling wavelength of
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Grating 2. The cross coupling effect was 3.3%. This provesathatvelength
shift in one grating of a double-grating system (with a res@navavelength
separation of 20 nm) will only cause an insignificant wavelergtift in the
second grating.

To examine the impact of the environment on the response of the two
gratings, the transmission spectrum of the double-grating sysésnmwnersed in
air and ultrapure water. Air was chosen to elucidate the baselode coupling
characteristic of the LPFGs. Ultrapure water was chosemugedais the primary
component of both the Tris buffer solution and the vesicle solution. The
refractive indices along with the associated resonance coupliaglemgth in

each media can be found in Table 3-1.

Table 3-1.Summary of properties for air and water used for evaluating sensing
functionality.

Medium  Refracti Resonance Coupling Intensity (dB)
ve Index Wavelength (nm)4r

Grating 1 Grating 2 Gratingl Grating 2

Air 1.00 1569.37 1588.34 -32.43 -37.15
[28]
Ultrapur 1.33 1547.85 1566.17 -32.60 -43.51

e Water [28]

Figure 3-6 shows the laser transmission spectra of the doulileggra
LPFGs in air and ultrapure water. The left reverse peakdoh double grating

system is Grating 1A = 525um) while the right reverse peak for each double
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grating is Grating 24 = 519um). This figure shows that the LPFGs resonance
coupling wavelengths decreadg, when exposed to a material with an increasing

refractive index.
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Figure 3-6. Verification of double grating functionality through immersion in
solutions of varying refractive indices: air (light line) and water (h1diare).

It is known that the resonance coupling wavelength is related to the
effective refractive indices of the core mode and a specdddahg mode order,

Ny o @NdNg ,, as described in Equation 3.1 below [Erodgan, 1997] :

A =A(n

eff ,co - neﬁ ,cl) (31)
where A is the grating period. For gratings of the same grating peried,
decreases with decreasing, , because of the increase in the refractive index of

the environment surrounding the fiber. For a given fiber with twangs of

different grating periods in the same environmgpis determined by the grating
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period A, which is 519um and 525um for Grating 1 and Grating 2 for the
double-grating system tested.

The primary purpose of the double-grating system is to estahbstone
grating can be used as a sensor to monitor a dynamic process atitethean be
used to monitor any fluctuations in the environment, such as tempeoature
vibrations that would affect the sensor response. Thereforegiiaigo show that
the two gratings respond identically to any environmental changes. Tothsify
two gratings in series (as shown in Figure 3-3) were irsetein two ultrapure
water baths and the transmission spectrum was measured aiaftime. The
two baths were placed next to each other in an air-conditioned tatyoraom,

where the temperature drifted by 1°@over the course of a day.
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Figure 3-7. Resonance coupling wavelength shift behavior of two gratings in

series each immersed in water to verify for behavior similarityRé&y data (b)
Normalized wavelength shifts, (c) Normalized wavelength ratio data Imgveri

around unity.

Figure 3-7a (Grating 14 = 519um] and Grating 24l = 512um]) shows
the resonance coupling wavelength of the two gratings in the wathras a
function of time. The resonance coupling wavelength for both gratiryeates

with time due to the change in the room temperature. At a ginenduring the

process, Equation 3.1 can be rewritten as:

A (t)= A~ Ang (t)
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with:
Ang (t) =N o — Negt o (1) (3.3)
At the initial state of a dynamic process, Equation (3.2) apgié®th gratings
and it yields:
Aei(0)= A, - Ang (0) (3.4)
where subscript= 1 andi = 2 for Grating 1 and Grating 2, respectively. Note that

AN (O) is the same for Grating 1 and Grating 2 because both grategs dhe
same fiber and in the same environment initially (sape(0)and n,,  for both

gratings) Equation (3.2) also applies to Grating 1 and Grating 2 at a given time
of the process:
Ari =(t)=A,; - Ang, (t) (3.5)
Note thatan,, (t) for Grating 1 is different from that for Grating 2 when Grgtin
1 is used as the sensor and Grating 2 as the reference. Guyribipiations (3.4)
and (3.5) to eliminate the grating period gives:

Aoi ()= 2, (0)  An, (t)-An,, (0)
() . An, (0)

(3.6)

for both Grating 1 and Grating 2. When both gratings are exposed $auties
environment (therefore the same dynamic procasg)(t) = An,, ,(t). Applying
Equation (3.6) for both Grating 1 and Grating 2 yields:

;LR,l(t) B ;LR,l(O) _ ;LR,Z (t) - ;LR,Z (0)
2et0) 4,00

(3.7)
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Thus, the normalized change of the resonance coupling wavelengbnafong 1
should be the same as that for Grating 2.

Figure 3-7b plots the normalized coupling wavelength change &tm@r
1 and Grating 2, from the data in Figure 3-7a. The two curvesgurd=i3-7b
have almost the same slope, indicating the compensation feasibilitg double-
grating system by referencing one grating to another. The fafh@ &wo curves
shown in Figure 3-7b is plotted in Figure 3-7c. This ratio hoveyana unity
throughout the 2 hour measurement period, which confirms that the behavior of
each grating is similar throughout the entire experiments Worth noting that
the drifts of the two gratings shown in Figure 3-7 may be calbisevarious
contributions such as temperature variation, light source drift, anchicie
composition change. However, the compensation should be adequate ta the firs
order, especially when the range of variation is relativetgls These results
suggest that the effect on the resonance coupling wavelength Ishift
environmental fluctuations experienced by a sensor grating (Grading a
double grating system can be estimated from the response showeféremce
grating (Grating 2) by:

/1R,2 (t) - /1R,2 (O)
/7'R,2 (0)

Aﬁ“g,l(t) = /1R,1 (O) (3-8)

where A/l'é'l(t) is the resonance coupling wavelength shift in Grating 1 (sensor

grating) which corresponds to the shift due to the environmental ivasat If
Grating 1 is used as the sensor to measure the dynamicgastfiailar process

such as the lipid bilayer formation on the fiber surface, theectwd resonance
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coupling wavelength,i‘;;,l(t), can be obtained from the measured resonance

coupling wavelengthiys, (t) by:
Za(t) = Ag(0) - Mg 1) (3.9)

3.3.2. Detection of Lipid Bilayer Membrane Formation on Slica Fiber Surface

A double-grating LFPG was used to detect the lipidyer formation
process on the silica fiber surface. Initially fbogratings were placed in
incubation cells each filled with Tris buffer sabn. Before injection of the
vesicle solution, the resonance coupling wavelemgith measured for 6 minutes
to verify system stability. Once confirmed, bolie tvesicle solution and blank
buffer solution were simultaneously injected inte incubation cells for Grating
1 (sensorA = 513um) and Grating 2 (referencd,= 524 um), respectively, and
the dynamic behavior of each grating was measwe@G minutes. Figure 3-8
shows the resonance coupling wavelength shift f@tiGg 1 and Grating 2 as a
function of time. Att = 0, Ag(0) = 1548.5 nm for Grating 1 and 1583.3 nm for

Grating 2.
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Figure 3-8. Resonance coupling wavelength shift of Gratingeh¢sr) and
Grating 2 (reference) in response to the formatiom lipid bilayer membrane on
the Grating 1 surface.

The injection points induced liquid circulation @ach incubation cell,
causing an 85 pm increase in the resonance coupbrglength, as shown in the
response for the reference Grating 2. The injaabosolution induces a positive
shift in the response for the sensor Grating 1,thist effect is overshadowed by
the greater negative shift caused by the formatiolpid film formation on the
silica fiber surface of Grating 1.

In order to correct for the environmental effectsl diquid injection, the

corrected resonance coupling wavelength for theme@rating 1 is calculated

from the measured resonance coupling wavelengttsfating 1, Ay, (t), and the

measured resonance coupling wavelength for theerefe grating, Grating 2, by

the following equation combining Equation 3.8 argli&tion 3.9:
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(t) - /1R,2 (O)

/IR,z © (3:10)

A
Aﬁ“g,l(t) = /vg,l(t) - /1R,1 ©) R2

The corrected resonance coupling wavelength forsémsor Grating 1

showing the effect of the lipid bilayer formatiangiven in Figure 3-9.
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Figure 3-9. Corrected resonance coupling wavelength shiftyieg the
formation of a lipid bilayer membrane on the suefa€ Grating 2 with a lipid
concentration of 0.1 mg.m

The resonance coupling wavelength exhibits a rdpatease in the first 3
minutes, followed by a slow decrease over 60 msjuteth an overall resonance
wavelength shift of -500 pm. This wavelength stiftue to formation of a lipid

bilayer on the fiber surface, as explained in Chaptl & 2. Reimhult et al.

[Reimhult, 2006] found that a single supported dighilayer membrane was
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formed after 400 seconds using a vesicle solutmmcentration of 0.1 mg/mL.
The formation time measured using QCM/SPR andithe tmneasured by LPFG
differ by 220 seconds. This can be attributedhto differences between vesicle
diameters used. The exponential decaying formattancan be attributed to the
continued deposition of biomolecules on the memdbranrface due to the
presence of surface forces from the solid oxidepsttpthough their presence is

minimized.

In Chapter 2 the formation process on Siflas measured on a planar
surface using the QCM (Figure 2-7a); a bilayer fation time of approximately
20 minutes was observed. In Chapter 3, the foongbrocess on a cylindrical
support was measured using LPFG refractometry (EigtD); a bilayer formation
time of approximately 3 minutes was observed. fmmation time differences
between the two supports can be explained by sheface roughness properties.
AFM measurements determined that the surface rasgh(RMS) for the planar
surface and fiber surface were 6 nm and 0.5 nnpeptisely. As discussed in
Section 2.3.4.1, differences in the support surfacghness properties will alter
the available surface area thus changing the tieggired to form a bilayer
membrane (increased time due to increased amourdsidles/lipid required for
bilayer formation). Thus, a surface roughness ease will proportionally
increase the formation time required to form a cwaus lipid bilayer membrane
(assuming a smooth surface without jagged surfeatifes, similar to the zeolite
surface). The 10-fold increase of the RMS surfemgghness on the planar

support explains the nearly 10-fold increase inftrenation time required for a
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lipid bilayer membrane. Therefore, the formatieaults on Si@measured on the
planar surface and fiber surface in this work aiststent.

The effect of the presence of Gramicidin on thenfation process of an
eggPC lipid bilayer on a silica fiber surface wasdged using the double grating
LPFG technique. This was done by using two 0.4mhd.eggPC solutions: one
with a 0.1 mg.m[* Gramicidin concentration and one without the pmeseof
Gramicidin. Each solution was prepared as preWadsscribed and the thin film
formation for each solution was monitored usingdbable grating LPFG system,
as shown in Figure 3-10. The gratings used fasehests were as follows: with

Gramicidin [A;2 = 515um (sensor), 524m (reference)] and without Gramicidin

[A12=516um (sensor), 52Am (reference)].
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Figure 3-10. Corrected resonance coupling wavelength shiftiferfformation of a
SLBM with a lipid concentration of 0.4 mg.ritlwith and without Gramicidin at
concentrations 0.1 mg.miL
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Figure 3-10 shows that the resonance coupling \eaggh rapidly
decreases and exponentially decays indicating heeattsorption and rupture on
the support surface for an eggPC concentrationdfriy.mL* and a Gramicidin
concentration of 0 mg.mt, similar to the results shown in Figure 3-8. The
Gramicidin-incorporated lipid bilayer experiencedrapid resonance coupling
wavelength shift oAz = -625 pm. As supported by the data, the indfenge
occurred in approximately 3 minutes (amount of tieguired to reach 90% final
value), similar to that for the Gramicidin-freeitigbilayer membrane. The rapid
decrease in the resonance coupling wavelength whst followed by a 65 pm
shift increase, eventually stabilizing with a tatalvelength shif\Ag = -560 pm.

Ganeli et al. [Ganeli et al.,, 2003] found that theeorporation of
Gramicidin into the lipid domain increases a vesidiameter due to an increase
in the number of total molecules per vesicle aralititlusion of water exposed
domains of the Gramicidin molecule, thus increashegvesicle’s hydrodynamic
radius. Previous work suggests that there is plowueffect present between
Gramicidin proteins and a support surface thus ptorg strong surface-protein
interactions [Lei et al., 2006]. The inclusiontbé Gramicidin in the vesicles as
well as the increased vesicle-surface interactioouldv result in a denser
supported film (due to the presence of additionalecules) with a higher thin
film refractive index. Thus, a higher resonanceiptimg wavelength shift is
observed for the Gramicidin-containing bilayer meames when compared to the
Gramicidin-free system (as shown in Figure 3-10kaneli [Ganeli et al., 2003]
found that the presence of Gramicidin in a lipidayer system does not
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significantly affect the kinetic formation procesbkerefore the kinetic formation
rate of the Gramicidin-containing lipid bilayer merane would be similar to the
pure lipid system, as is seen in this work. Thewvsincrease in the resonance
wavelength after the initial 3 minute drop may kteilzuted to readjustment of the
structure of the dense Gramicidin-containing lipithyer membrane to adopt the

final stable structure.

It is believed that the phenomena observed wittGr@micidin-containing
lipid bilayer membrane formation process is du¢htoformation of a single (yet
denser) membrane system as opposed to a multi-Eysem because of the
formation kinetics shown in Figure 3-10. A denkgagid bilayer system response
would result in a greater resonance coupling wangtkeshift (when compared to
the formation of a single lipid bilayer membranesteyn); a multi-layer system
response would show either multiple shifts or gdacontinuous decrease in the
resonance coupling wavelengths indicating multipleers are formed. Neither of
these trends was observed in this work, negatiagctinclusion of a dense lipid
bilayer system or a multilayer system. Insteadloay decrease was observed in

this work, indicating that a single yet dense lipithyer was formed.

3.4. Conclusions

The formation of a supported lipid bilayer membrg&eBM) on a silica
fiber was examined using the long period fiber igat(LPFG) — based
refractometry technique. A double-grating systeas witilized to minimize the

environmental influences for more reliable sensatad Experiments were
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conducted to confirm the compensation capabilityhef double-grating system
for quantitative study of the processes; it wastbthat the two LPFGs did not
compensate for 100% of all environmental influentetause they were in
separate measurement cells yet it was sufficianthis application. The data of
the resonance coupling wavelength shift show tmafarmation of a lipid bilayer
on the silica optical fiber surface occurs in tistf3 minutes. The measurements
also indicate that a multi-phase lipid bilayer systcould be formed on the fiber
surface during a 60 minute in-situ measuremente [jhid bilayer membrane
system continuously deposited biomaterials on taéing surface throughout the
entire 60 minute measurement period to yield a -p@@meter shift in the
resonance coupling wavelength of the sensing LPF@corporation of
Gramicidin into the eggPC vesicles does not aftbet formation rate of lipid
bilayer membranes on the silica fiber; howeverwas found that Gramicidin
incorporation into the lipid bilayer membranes @sus greater decrease in the
resonance coupling wavelength than a pure eggPCbna@m because of the
increased refractive index for the Gramicidin-camtay eggPC lipid bilayer

membrane.
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Chapter 4

LATERAL FLUIDITY OF LIPID BILAYER MEMBRANES SUPPORED ON

A SILICA OPTICAL FIBER

4.1. Introduction

As discussed in Chapter 1, the most commonly usetthad to evaluate
the continuity and quality of a lipid bilayer merabe is fluorescence microscopy.
Epifluorescence microscopy is a technique that oreasthe intensity of emitted
light from the supported lipid bilayer membrandHer via auto-fluorescent lipids
or fluorescently tagged lipids) and is typicallyedsto characterize membrane
continuity. A continuous membrane is measuredrform image fluorescence,
while membrane defects are detected by a fluorescenid within the image.
The quality of a lipid bilayer membrane is typigatheasured by its diffusion
properties. One of the most frequently utilizedhtgaques for evaluating
membrane diffusion is fluorescence recovery aftbotgbleaching (FRAP)
[Richter et al., 2006].

Axelrod et al. [1976] were the first group to pien¢he characterization of
membrane diffusion via FRAP analysis. This tecbaignvolves bleaching a
small membrane area with a high-intensity lasenmb&aremove the fluorescent
properties within that bleached region. The flgosnce recovery within the
bleached area is dynamically measured and the swbfiucoefficient can be
extracted from the fluorescence recovery data usmahematical models.

Axelrod et al. derived mathematical relationshipsatibing the transport of lipid
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membranes and verified the theoretical work usingegmental results.
Assuming an infinite fluorescent sink and a smbdbbhing area (compared to the
entire membrane area), the authors found that iffiesidon coefficient can be

estimated using Equation 4.1:

W2
D= {4% } (4.1)

Where D = diffusion coefficient (cffs or um?®s), w = bleaching radius (cm or

um), t2 = time (s) required to recover half of the fluarest intensity (obtained
from the fluorescent recovery after bleach curve&quation 4.1 provides an
efficient method for estimating the diffusion coei#nt of a lipid membrane
supported on a planar surface and allows for diceatparison of various lipid
bilayer membrane systems.

The majority of the studies have employed plandd,Snaterials as
supports for lipid bilayer membranes. Using théatrenship developed by
Axelrod et al., Baksh et al. [2004] determined thhe typical diffusion
coefficients of model fluid membranes on Si€ipports range from 1 tquB?/s
[Baksh et al., 2004]. A few studies have been ootetl to evaluate lipid bilayer
membranes on the surface of Sieads. Buranda et al. [2003] determined
through FRAP analysis that the behavior of a sph#y supported lipid bilayer
membrane (1um bead diameter) was comparable to a planar swgzbdigid
bilayer membrane.

While planar and spherically supported lipid bilageembranes have been

studied, cylindrically supported membranes havetgdte fully characterized for
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their usefulness in applications such as fiber d&sesensing. Chapter 3 detailed
the first study examining the formation mechanisha dipid bilayer membrane
on a cylindrical fibrous support; it was found thla¢ formation mechanism was
similar to surfaces of identical surface chemistnd roughness measured with
other acoustic techniques (i.e. QCM). However, thality of the final
membrane structure must be examined in order trtyr compare membranes
supported on various macroscopic geometries.

Axelrod et al. [1976] and subsequent groups (faneple, Weng et al.,
2004) have examined the diffusion behavior of adlipilayer membrane in a
planar configuration. Planar supports offer théque property that the entire
surface studied can be viewed in one fluorescemege. However, due to the
three dimensionality of the fibrous support, thérerfiber supported lipid bilayer
membrane cannot be examined in a single image.s Mimits the ability to
accurately measure the diffusion coefficient of gystem because the entire
bleached region (circular region) cannot be fullgasured. Therefore, alternate
bleaching configurations must be explored in otdesiccurately characterize the
cylindrically supported lipid bilayer membrane. ditionally, a new theoretical
model must be derived in order to accurately meashe diffusion coefficient
with the new bleaching configuration.

This chapter will address the current limitatiorfs characterizing the
transport behavior of cylindrically supported lipmlayer membranes. A new
mathematical model incorporating a novel bleachsanfiguration will be
explored. Additionally, experimental FRAP resulil be examined using the
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novel theoretical model in an effort to characteffibrous supported lipid bilayer

membranes.

4.2. Experimental Methods

Materials used within this dissertation were caesis throughout all
experiments. Vesicle synthesis was completed &slel® in Chapter 2.2.1. The

buffer pH was maintained at pH = 8.

4.2.1. Lipid Bilayer Support Preparation and Surface Characterization

Within this study, the support used was a pureasitiptical fiber (Corning
SMF-28) with a 12hm outer diameter. The surface was successiveanetkin
isopropanol and ultrapure water for 60 minutes eaahlow-power sonication
(Cole-Parmer bath sonicator, model 8890). Theaserfwas immediately
submerged in ultrapure water to minimize surfacgamination during exposure
to the ambient air.

Scanning electron microscopy (SEM, Philips XL30)crographs and
atomic force microscopy (AFM, Digital Instrumentambscope Il Multimode)
topographical images of the fiber surface wereectdld to verify the smoothness
and the absence of foreign materials on the fihgfase following polymer
removal and successive sonication treatments. pfesentative SEM micrograph
of the fiber surface is shown in Figure 3-1. Nofate scratches or any foreign

material were observed at high magnification (SEPDOX, data not shown) and
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possessed a surface roughness of 5A (AFMn X Ium, Figure 4-1). These

results verify fiber surface continuity followingrdace preparation.

Figure 4-1. AFM measurements of the fiber surface (ix1i).

4.2.2. Confocal Microscopy Measurements

Following fiber cleaning, the fiber was securedam incubation cell and
incubated within a concentrated lipid bulk solutitor 1-2 hours to ensure
adequate lipid bilayer deposition on the fiber soef. After incubation, the fiber
was carefully rinsed using excess Tris buffer tnaee unbound vesicles from the
fiber surface and surrounding solution. The filbe&s placed in a culture well
(35mm glass-bottomed Petri dish with 20mm microwdidstek Corporation), to

facilitate fluorescence measurements. MeasuremaTes collected using a Zeiss
96



LSM DUO 510 confocal microscope (40x Plan-NeofludA 1.3 oil immersion
objective, Argon ion laser at 488nm, tube curreh6¥). Once placed into a
culture well fluorescence microscopy measurements falorescence recovery
after photobleaching (FRAP) studies were perfornoederify both the presence
of a lipid bilayer membrane and to measure its itglon the support surface.
Bleaching was done as outlined in Figure 4-2. fEgtt2a is a schematic of the
fiber system indicating fiber orientation and asated axes with the grey stripe
indicating the bleaching location and configuratmnthe fiber surface. Figure 4-
2b shows photobleaching technique used througaisstudy (bleaching shown
by hatched rectangle) and it is assumed constarthioth experimental and
modeling studies (scale bar measurean®0 Figure 4-2c is a schematic of
bleached area on fiber and method of analysis, thighgrey arrows indicating
fluorescent directional flow from infinite fluoresist sinks.

The focal points for the confocal microscope weosifioned at discrete
theta locationsé,, see Figure 4-2a) using a constant xy plane (rsaomee axes)
to collect information on the lipid bilayer membeaat different locations.

Bleaching was conducted and the dynamic fluoresceacovery within
the bleached regions was measured. Bleaching veased out in the
configuration demonstrated in Figure 4-2b. Theatheng configuration and
position were held constant throughout all expentseavhile the theta positions
were varied. Because the bleaching location remdaioconstant throughout
experiments, it is vital that the system reacheddy state prior to a subsequent
bleaching experiment was performed. Thus, theesyswvas allowed to reach
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steady state for at least 20 minutes between rilixgeriments were performed

sequentially either frondiow_nigh OF Ghign, 1ow. The observed behavior remained

constant regardless of run order.

R P P P P B BB L R R R R R B B R R R R R
e e
S o S A S0
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| | I
9261 9206) 9261
(©)

Figure4-2. Schematic of the bleaching configuration witthirs study with (a)
indicating fiber orientation, (b) photobleachingheique, and (c) recovery area.
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The fluorescence recovery data was normalized aicdulated using

Equation (4.2) to allow for direction comparisorivieeen runs.

_FO-FO
" F ()~ F (0

(4.2)
where Frorm = normalized fluorescence intensitl(t) = dynamic measured
fluorescence intensityf=(0) = fluorescent intensity at bleaching, aR@o) =
steady state florescent intensity. Experimentsewesnducted assuming an
infinite lipid reservoir and short bleaching timeNormalized fluorescence
recovery curves were analyzed by a two-dimensidifalsion model described
next to obtain diffusivity coefficients. Standagdor in FRAP experiments was

5%.

4.3. Theoretical modeling for diffusion in a cylmzhl geometry

Axelrod et al. [Axelrod et al., 1976] were the fits report a mathematical
model describing the diffusion of biological menima upon photobleaching on
planar support assuming a circular beam profileamahfinite sink of fluorescent
material. This approach was followed by many otlesearchers [Richter et al.,
2003; Johnson, et al., 2002; Knoll, 1998; Richteale 2006; Hennesthal et al.,
2000; Lu et al., 1996; Uto et al., 1994; Sackmana&aka, 2000; Tanaka &

Sackmann, 2005; Weng et al., 2004] to evaluatediffasivity of biological
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membranes on planar supports. However, theserplandels cannot be applied
to the diffusion of lipid membranes supported olinclyical geometry.

Bleaching on the lipid bilayer on the silica fif@25 um diameter in this
work) and the diffusion of unbleached lipid molexsiinto the bleached area can
be illustrated in Figure 4-2. In the present wtitk bleaching was conducted
across the fiber width with dimensions of -9@:<< 90° and -10 < z < 10m, as
shown in Figure 4-2b. The bleached area can beectsd to a rectangle in the
planar geometry as shown in Figure 4-2c. The begand the four sides of the
rectangle can be considered as the infinite flummessinks and the unbleached
lipid molecules diffuse two dimensionally into tbéeached area. The diffusion
of unbleached lipid molecules (designated as Ah@nlipid bilayer membrane can

be modeled using the continuity equation for spegi¢Bird et al., 2007]:

2 2
p(aa)A v, 0w, +V_980)A v, aa)Ajz D, Eg(r aa)A}iza a)ZA +8 a;A
ot o r 00 oz ror\ or r< oo 0z

(4.3)
where p = density, wa = mass of species ADag = diffusion coefficient of
unbleached molecule A into bleached molecule Bcah be assumed that the
diffusion coefficient,Dag, remains constant over the experimental time swade
the membrane maintains a constant density.
Because there is no bulk fluid velocity in the idip

membraney, =v, =v, = 0 Additionally, there is no radial diffusion angan
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conversion from a mass to a mole basis, yield,LrwgcA(H,z). Upon application

of the above assumptions and non-dimensionaliziugaion (4.3) using:

p=-2 (4.4)
Ca,
y4

& :I (4.5)

Equation (2) is reduced to:

B _p, (L%, 10 @6)
ot PlR? 007 L% 057 '

where Cp, IS the concentration of lipid molecules in theksih is length of
bleaching area, and R = radius of support fiber (&2.5um for the fiber studied
in this work).

The diffusion problem is defined by Equation (4v@th the following

initial and boundary conditions:

=0
$=0 0<0<6, (4.7)
0<&<1
$=1 c=1 at any t>0 (4.8)
- 0<0<6, ' y '
0<¢<1
=1 ,atany t>0 4.9
¢ {e:@ y (4.9)
=0
9 _g J , at any t>0 (4.10)
o0& 0<0<6,
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0 1
9% _y <o < , at any t>0 (4.11)
00 0=0°

The boundary conditions consider the diffusion bérain area A shown in
Figure 4-2c as the diffusion into the bleachedamgke is symmetrical in both
dimensions.

A two-dimensional finite element method was usedinid the numerical
solution to the initial/lboundary value problem givby the partial differential
equation (4.6) together with the initial conditi¢f.7) and boundary conditions
(4.8) - (4.11). The software ANSYS [ANSYS, 2004asvused to conduct the
simulations with a discretization of the bleacherkaa in the axial and
circumferential directions. A mesh with the 3-Dratnt (Shell57), which has in-
plane diffusion conductivity capability, was usewdth a finer structure at the
boundaries and in regions with high diffusion gesd$ and coarser elements in
parts with little concentration variation. The elamh Shell57 is the 4-node finite

element with one degree of freedom, concentratibeach node.

4 .4. Results and Discussion

4.4.1. Confocal Microscopy Measurements

In confocal microscopy, each specimen is profile@ugh a collection of
optical slices to allow for greater resolution detsample and to negate the
“stacking” phenomena that prevents high resolutbrthe inner portions of the

sample. The optical slices can be focused to imagmus sample depths and
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locations on the specimen surface by adjusting osampe parameters (such as
the numerical aperture), or adjusting the microscagis, respectively. Each

individual optical slice is a two-dimensional prcjen of the three dimensional

object. These individual slices can be correlatedexact locations on the

specimen only if the optical slice depth and infatimn about the specimen

geometry is known.

In the present work, a cylindrical silica opticabdr with a 125um
diameter was used as the support to a lipid bilayembrane. A lipid bilayer
membrane supported with a planar support can beletaty imaged in a single
x-y plane (microscope plane) due to the planardogahy of the support surface;
essentially, the entire surface can effectively ‘inside of a single optical slice.
Contrary to the study of a planar support systdm,three dimensional optical
fiber support must be observed through the studg skries two dimensional
optical slices. Within this work, the various aati depths, in increments ofirh,
were studied to isolate the behavior of the lipikhy@er membrane at discrety
values.

Each optical slice of a fiber supported lipid béaymembrane captures
only a small portion of the fiber and consequetily supported lipid bilayer is
represented by two parallel lines; each set of lighrines represent the lipid
bilayer membrane at discrete locations on the Soeface. The distance between
the two parallel lines varies with the location the fiber being imaged,, as
shown in Figure 4-3. As the theta position is edyithe separation distance of the
parallel lines likewise fluctuates. The distaneween the two parallel lines
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increases with increasin@, After geometric manipulation, the exact position
shown on the fiber is representeddyywhered = ( is at the vertical axis and is

located at the fiber's center,(= 0). The translation of the two-dimensional
representation, as shown in Figure 4-3a, to theetldimensional configuration

experienced by the lipid bilayer system is illustchin Figure 4-3b.

Figure 4-4 shows confocal images collected of &l lplayer membrane
supported on the fiber. Based on the distancedmivhe two parallel lines, the
exact location on the fiber surface can be caledlavarious locations on the
fiber were studied, sweeping frofn= 15°to 0 = 76° in Figures 4-4a-f. This can
be further characterized by analyzing the fluoraseentensity within a constant

line scan of each image in Figure 4-4. The resultsgiven in Figure 4-5.
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Figure 4-3. Translation of fluorescence images from a plane@asurement plane
(rn) to cylindrical coordinates corresponding to d@sdtion on the fiber surface

(On).
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Figure 4-4. Confocal images of th lipid bilyer membrane ditbar surface at
different measurement positions: (a) 15°, (b) 24°27°, (d) 399, (e) 51°, and (f)
76°. Scale bar measuresis@

It is clear that the distance between the two perahes increases and the
maximum fluorescence intensity decrease with irgingptheta value. The
fluorescence intensity is directly related to thstahce between the microscope
objective lens and the sampling location. @At= (°, there is a minimum
separation distance between the sample and thetiokjéens; thus, the measured
fluorescence intensity is the intensity emittedrirthe lipid bilayer membrane.
As the theta increases, the working distance betwee objective lens and the

sampling location increases, thus allowing a lowercentage of the emitted

fluorescence to reach the objective lens.
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Figure 4-5. Line scans of fluorescent images of a fiber sugodipid bilayer
membrane at various measurement positigg)ofr the fiber. The center of the
fiber is designated atdm and 6.

To determine lipid fluidity, the fluorescence insgy at a givend,
location was measured as a function of time. Altgiothe measured fluorescence
intensity before bleaching varies from #docation, as shown in Figure 4-5, it is
the normalized transient fluorescence curve th&grdenes measurement of the

fluidity of the lipid molecules. The transientifirescence recovery curves can be

obtained from the solution of the mathematical nha@scribed in Equation (4.2).

4.4.2. Modeling Results and Analysis of Membrane Diffusion

Figure 4-6 shows numerical solutions of transienteshsionless

concentration profiles for the species A in theableed area of & # < 45°and
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0 <z< 15um with diffusion coefficient of 2.im?s. It is assumed that there are
continuous fluorescent sinks along left and topesdand the bleached area center
at the bottom and right.

Figures 4-6a-g show concentration increase from ¢kdges of the
rectangle into the center of the entire region t(botright corner). The
normalized concentration of species A at the cem@@sus time is shown in
Figure 4-6h. It should be noted that the fluoreseeintensity is proportional to
the concentration of the species A, therefore trenalized fluorescence intensity
is directly correlated to the dimensionless conmegion of species A. As shown
in Figure 4-6h, the fluorescence intensity appreacthe equilibrium at time

larger than 125s.
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Figure 4-6. Simulated normalized lipid concentration in tiedehed area on the
surface of cylindrical support at time = (a) 19,%b, (c) 25s, (d) 40s, (e) 100s, (f)

200s, (g) 250s, (h) FRAP recovery.

Figure 4-7 shows the normalized transient fluoreseecurves for a

constant diffusivity at differerd, locations of the fiber.
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Figure 4-7. Normalized fluorescence intensity recovery cue84°, 76° and 88°
with a constant diffusion coefficierl) = 1.0um?/s. Recovery curves fér< 64°
remains constant.

As shown in Figure 4-7, the fluorescence recovatg is greatest near to
the boundaries of the bleached areé at88°, and the rate significantly decreases
as the physical location shifts ic= 76° with a minor decrease in the modeled rate
atd = 649 It is found that the recovery rate remains conséaft< 64°(data not
shown).

This behavior can be explained by the two-dimeraiaiffusion of lipid
bilayer molecules from the infinite fluorescentksnnto the bleached region. At
0 = 900, the lipid bilayer membrane experiences dwectional diffusion from the
z = Opum and 6 = 90° boundaries, where the contribution for fesmence
recovery is derived equally from both boundarieds the 0, decreases, the

diffusion contribution from thed = 90° boundary decreases; therefore, the
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diffusion process transitions from a two directibdaminated diffusion scheme
to a one directional diffusion scheme. This trendetter explained by the two-
dimensional simulation results shown in Figure 4wBich give fluorescence
recovery of a bleached region from (a) t = 1 srdfteach to full recovery at (f) t
= 100s. The 1 designates a two-directional diffn process while the *

signifies a one-directional diffusion process. @ajradient corresponds to the

concentration gradient as defined in Figure 4-6.

Figure 4-8. Fluorescence recovery with an area of 0 < zgriby 0 <¢ < 90° at
time = (a) 1s, (b) 10s, (c) 20s, (d) 30s, (e) $0<,00s.

The two-dimensional dominated regime seen withenrggion of interest
is designated by a T in Figure 4-8a, while the dineensional dominated regime
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within the region of interest is designated by th@ Figure 4-8a; the included
arrows further delineate between one- and two-siifia dimensionality.

This one- vs. two-directional diffusion is importamnd must be
considered when using the FRAP technique to guively measure the fluidity
of the bilayer membrane. Figure 4-9 shows the atim&d fluorescence recovery
curves at = & for varying values of the membrane diffusivity ffament using

the two-dimensional model presented in this work.
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Figure 4-9. Normalized fluorescence intensity recovery agsretion of diffusion

coefficient at constant location (8°).

As shown in Figure 4-9, the recovery rate increaséh increasing
diffusivity coefficients. Recovery curves with féifing values of membrane
diffusivities can be obtained for various positiansthe fiber. When using the
model to fit the experimental data to obtain thi#udivity, it is critical that the
two-dimensional diffusion model at the adequatetmrson the fiber is used in
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order to obtain reliable results. Unreliable reswlill stem from using wrong
diffusion model, which will incorrectly determined membrane behavior.
Figure 4-10 shows experimental transient floreseeecovery curves of

the lipid bilayer membrane on the silica opticakefi measured &= 12° and a#

= 62°.
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Figure 4-10. FRAP experiments &, = 25° (a) before bleach, (b) just after bleach
and (c) after 100s (full recovery). Solid white badicates 50m. FRAP

modeling at 62 (black dots) and £Agrey dots) and their associated modeled
behavior are found in (d). Diffusion coefficierits 62° and 12 were found to be
1.1 +0.2um%s and 0.78 0.2um?/s.
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Figure 4-10 shows the fiber (a) before, (b) juserableach, and (c) after
full recovery [identical to (a)] fo¥ = 12°. These images verify the transient
process and full recovery of the bleached area bléaching. The same behavior
was observed for = 62°. Figure 4-10d shows the normalized fluarase
intensity within the bleached region (experimendata shown by individual
points, modeling results shown in bold lines). Teéerimental fluorescence
recovery at each location shows full recovery aiuallO seconds. Simulation
results for the normalized florescence intensigowery curves were calculated
for each position for the fiber using the model aligged in this work. The
diffusivity coefficient was varied in order to acately model the experimental
results.

It found that upon comparison of the simulation ultss with the
experimental data, the model data with a diffusioafficient of 1.1um%s™* + 0.2
um?/st fits well the experimental data &t= 62°. Likewise, the model data
predicts a diffusivity coefficient of 0.78m%s* + 0.2 um?s* for the lipid bilayer
membrane measured at the positiot of 12° (Figure 4-10d). These diffusivity
values are in agreement with Wagner and Tamm [Wa§ntamm, 2000] who
report diffusivity measurements of 2 wt% NBD-taggedgPC membranes
supported on a planar silica surface. While the tacations yield different
calculated diffusion coefficients, the two calcelht values are within the
experimental range of error; therefore, the twoffcments can be considered the
same experimentally. Continuous lipid bilayer meanies should maintain a
similar diffusion coefficient across its entiretyittout barriers on the support
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surface since barriers have been shown to affeotbrane diffusion [Cremer &
Boxer, 1999]; this requirement is satisfied witktins work. This would allow the
one- vs. two- directional diffusion to dominate &hn measurement location,
thus affecting accurate diffusion coefficient cddtions of membrane behavior
with position. Therefore, while these results fyetthat the supported lipid
membranes in this work are comparable to similambranes previously
reported, it is critical that the supporting geomeind its associated theoretical
model describing the diffusion are considered whaltulating the diffusivity
coefficient. Failure to account for the supporbmetry could yield unreliable

results which could affect subsequent experimestallts and calculations.

4.5. Conclusions

The diffusion behavior of a lipid bilayer membrasepported by a
cylindrical silica support was modeled using a wwmensional unsteady state
diffusion and studied experimentally using fluoeste recovery after
photobleaching (FRAP). The diffusion model wassedl numerically using the
ANSYS software to obtain simulated fluorescenceovecy curves at different
positions on the fiber. Due to the cylindrical gesiry of the support and limited
optical depth of the confocal microscope during HRAP analysis, fluorescence
recovery curves vary significantly from the measugat positions on the fiber.
Fluorescence recovery curves exhibit a slower aatéhe measurement position
moves from the edge to the center of the fiber ttheetransition of the diffusion

process from two-dimensions to one dimension. tWeedimensional diffusion
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model at a given measurement position can be wsedléquately describe the
experimental fluorescence recovery curve. TheusiNity for the silica fiber
supported eggPC lipid bilayer membrane was foungnge from 0.7§m%s™ +
0.2um?s'to 1.1um%s’+ 0.2um?.s* depending on the position measured, which
is comparable to membrane diffusivity results ofjfleG lipid bilayer membranes
formed on a planar silica supporting surface. Thisrk improves the
understanding of cylindrically supported lipid lyga membranes and allows
investigators to take this observed rate variatioto consideration when
designing novel systems for supported lipid bilaygehnology in various arenas,

such as biosensing and biorecognition.
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Chapter 5

SUMMARY AND RECOMMENDATIONS

5.1. Summary

This research work focused on the fundamental stiidiye synthesis and
characterization of lipid bilayer membranes on haornerganic supports. Direct
mass adsorption (using the QCM technique) was useaharacterize the
formation process of eggPC lipid bilayers on eadmnops support material.
Several parameters were varied to determine tfffeicte on the bilayer formation
process. A novel optical sensing technique (loegeal fiber grating) was
utilized for studying the formation of lipid memines on cylindrical supports.
Experimental and theoretical examination of memérénansport behavior on
cylindrical supports was also investigated.

The first objective of this work was to syntheslipgd bilayer membranes
supported on porous inorganic thin films. In Cleap®, the four types of
inorganic thin films chosen for this work were z@l(silicalite), y-alumina,
mesoporous zirconia (yttria stabilized zirconia,Zy.Sand macroporous YSZ thin
films. The films were prepared via the spincoatimgthod and calcined at 400
the temperature was chosen to remain below theeptinassition temperature of
the QCM quartz to maintain crystal integrity. Ariedy of characterization
techniques were employed to characterize the ftomsnsure that film structure

was maintained at the lower calcination temperature
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Several parameters were examined in an effort nthsgize lipid bilayer
membranes and to study their effects on adsorppimyperties. The first
parameter studied was the effect of surface chgmish the lipid bilayer
formation process Surface chemistry studies foilmad the vesicle adsorption
process yielded a lipid bilayer membrane structare SiQ and a vesicle
monolayer ony-alumina. This can be explained by a differingdexstructure
between the two materials (SIQrs. ALOs); the differing oxygen bonding
structures promote different van der Waals forcdsclv would significantly
affect the forces driving vesicle rupture. Thisespbmenon has been shown to
exist within published literature; however the dxaeason explaining this
behavior requires further study.

The second parameter examined was the pH of tHertadlution. Within
this work, pH was varied between 8 and 4 and thtases examined werg
alumina and mesoporous YSZ. For a pH of 8, theeh on they-alumina film
was observed as the formation of a vesicle monolag®nversely, changing the
pH to 4 had the effect of forming a lipid bilayerthvembedded vesicles within
the bilayer structure on thealumina film. It is believed that the decreaselkh
caused a greater zeta potential difference betweisupport and vesicles; this
increased zeta potential difference is believethtiuce greater attractive forces
between the support and vesicles thus driving leesigpture upon adsorption.
Contrary to they-alumina film, the mesoporous YSZ film experiencegsicle

monolayer adsorption regardless of the buffer peldusHowever, a decrease in
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the pH yielded more rapid vesicle adsorption kostia result of the enhanced
attractive forces between the vesicles and supmjpven by the pH change.

The final parameter examined affected the lipiday®F membrane
formation process was the surface roughness oupeort surface. This was
evaluated by using supports with identical surfatemistries but different
surface roughness properties. It was found thsitleemonolayer adsorption was
more rapid on the macroporous YSZ film when comghénethe mesoporous film.
This can be explained by the disjointed naturehef mesoporous film which
decreased the continuous surface area availablestole adsorption. Dense SiO
and porous zeolite were compared and it was fohatl @ planar lipid bilayer
membrane was formed on both $i€urfaces. Quantitatively, the formation
process required additional time on the zeolit® flue to the increased available
surface area.

This is the first systematic study examining thenfation of lipid
structures on these four porous inorganic supp@tenals. It is also the first
study to examine various parameters such as buydfférand high surface
roughness (over 5 nm) to determine their effecthenkinetic vesicle adsorption
process.

The second objective was to characterize the fooma&nd transport
behavior of lipid bilayer membranes on cylindriclpports. In Chapter 3, a
novel sensing technique, long-period fiber gratif@n optical fiber sensing
platform), was utilized to monitor the lipid bilayenembrane formation process
on the cylindrical supports. A double grating systwas fabricated in order to
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account for environmental fluctuations that couféet the kinetic measurements.
Double grating functionality was monitored througkposure to air and water to
measure the wavelength shift between these tworialatevith varying refractive
indices. Grating independence was measured thnmegbmental introduction of
isopropanol to the first grating while the secomdtiog remained in a constant
water solution; this test proved that there wasaignificant wavelength shift in
the second grating while a grating 1 experienceigaificant wavelength shift
with a high refractive index changar( = 0.01). Gratings were found to behave
very similarly when each exposed to a water bath.

Using the double grating system, it was observadl ttie lipid membrane
was synthesized on the cylindrical support withimidutes, which is comparable
to the formation process on a dense planar sugbdite same chemistry; these
results verify that a lipid bilayer was formed dmetsupport surface. The
formation process of a Gramicidin incorporated memb was also tested using
the double grating system. It was found that tfes@nce of Gramicidin did not
affect the formation rate of a lipid bilayer memtea this is consistent with
published results [Ganeli et al., 2003]. The Gt membrane system showed
a larger wavelength shift, which is indicative ofdanser adsorbed film. The
increased density can be attributed to the adddfdaramicidin molecules within
the bilayer membrane.

The transport behavior of the fiber supported lipihyer membrane was
evaluated through experimentation and theoreticadeting, as detailed in
Chapter 4. Theoretical modeling was used to madldel unsteady state two
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directional diffusion behavior on the surface o# fiber; the numerical solution
was obtained using ANSYS. The model system dematest that the measured
diffusion coefficient was dependent on the locatolhosen for measurement on
the optical fiber support; theoretical results weonfirmed with experimental
data. These results are significant, since ibusél that the measurement location
on the three dimensional surface affects the diffiys coefficient; the
measurement location must be accounted in ordecowectly understand
diffusion behavior.

This work is the first reported study detailing thee of a novel double
grating system, which is useful for accurately meiag dynamic processes.
Additionally, this is the first work elucidating ehformation process of a lipid
bilayer membrane system on cylindrical support$ie information presented in
this study will be valuable to supported lipid pga membrane biosensing
technology, as it will allow for easy and direcpapation to support lipid bilayer

membrane sensing technology.

5.2. Recommendations

Based on the experimental and theoretical studi¢kis dissertation, the
following recommendations are made for future redea

This dissertation has shown the vesicle adsor@rmahrupture kinetics on
porous inorganic supports. This work illustratédttsmall range of materials
formed a planar lipid bilayer membrane system usgecific conditions. Further

study should be conducted to evaluate the effeganbus parameters to further
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the study of the formation of lipid bilayer membeanas the formation of
adsorbed vesicle monolayers was more prevalehismtork.

As discussed in Chapter 1, the overall membrarargeh significantly
influences the final structure of the lipid bilayaembrane. Richter et al. [Richter
et al., 2006] found that increasing the positivearelster of the membrane
transitioned the final structure from zero depositio a lipid bilayer membrane.
Because zwitterionic lipids were explored in thisrky positively charged lipids
could be used in membrane synthesis to determiadijfid membrane structure
can be achieved on films with pure vesicle adsonpivithout rupture seen in this
work. Additional parameters promoting rupture thah be varied such as the
inclusion of fusogenic divalent ions, such as*'Car Mg, within the buffer
solution. These ions are particularly effectivethwewitterionic or negatively
charged lipids as they are believed to “bridge” tlegative to charge which
would promote vesicle rupture [Richter et al., 2003

Another extension of porous supported lipid bilaygembranes is to
conduct transmembrane gradient studies. While @tgg on a dense QCM
crystal facilitates measurement of lipid bilayermiane formation or monolayer
vesicle deposition, the dense support does not @etmansmembrane flow. All
porous thin films explored in this work are typlgakupported ona-alumina
supports [O’Brien-Abraham, 2007]. Chapter 3 denrasd the successful
inclusion of gramicidin within the bilayer strucéyrthus a natural extension
would be to examine the transport properties thinoilng membrane. Therefore,
the combination ofa-alumina supported porous thin films and Gramicidin
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incorporated lipid bilayer membranes would allow &tudying ion transport
through lipid membrane.

The second objective of this dissertation is tdaratand the fundamental
formation and transport behavior of lipid bilayerembranes supported on a
cylindrical fibrous support. A comprehensive urst@nding of the membrane
behavior is very beneficial because it allows foect application to biosensing
technology. The results found in the work can Igasttend to supported lipid
membrane sensing technology coupled with long ddrlmer grating technology.
Because the sensing principle is depending on dhiace refractive index, the
ideal sensing configuration is to study surfacelinig events. This can yield high
guality information regarding binding kinetics invaery simple and low-cost

configuration with a very high time resolution.
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APPENDIX A

SYNTHESIS OF VESICLES



. Cover clean test tube with aluminum foil to minieniight exposure to
sample during preparation.
. Place lipid mixture* within aluminum foil - coverddst tube.
. Angle a stream of inert gas (best to use Argon (UdHkdt needed) onto
the sample for 10-20 minutes to remove the chlorofsolvent.
a. The flow rate needs to be high enough to expelrofdom, but not
so high to disturb the dried lipid film.
. After chloroform is removed, place sample into@aded vacuum oven
overnight at 25 in Hg vacuum (temperature mustrbbiant).
a. Note: cover window with aluminum foil to minimizeght
exposure.
. The next morning, remove the test tube from theivacoven and gently
pour 5mL buffer solution into the test tube (geritdynot disturb lipid
film).
. Cover the test tube with parafilm and aluminum.faieave for 1 hour.
. Vortex test tube for 10 minutes using TouchMixettisg 10).
. Remove aluminum foil and parafilm. Place test tubgonicator bath
(Sonicator: Laboratory Supplies) using a ring stand clamp for 10 — 30
minutes. Remove when solution is clear (indicataall vesicles are

formed).
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9. After sonication is complete, cover with paraféuand aluminum foil and
store in a dark place at ambient temperature (arg&sing for extended
periods of time).

10. Use promptly. Resonicate before use if 1 Inagrpassed after sonication.

*Note: the vesicles were made using a lipid:fludroge ratio of 97:3 only for
FRAP analysis

Note: all glassware must be thoroughly cleaned satyp and water and

rinsed with 18.2MR water before use in experiments
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APPENDIX B

CONFOCAL MEASUREMENTS
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B-1:

SYNTHESIS OF LIPID BILAYER MEMBRANES FOR CONBCAL

MEASUREMENTS

. Secure clean substrates in the lid of the cultgk (35mm glass-

bottomed Petri dish with 20mm microwell, Mastek gamation) using
double sided tape.
a. Substrates are cleaned by sequential sonicatiethanol and

water for over 1 hour each.

. Immerse the substrates in the lipid solution fo8 minutes. If there is

not sufficient concentrated lipid solution in thdtare well lids to cover
the supports, add additional Tris buffer solutiocdmpletely immerse the

substrate in liquid.

. Carefully inject 2-3 mL Tris buffer solution intbe lid of the culture well

to start lipid dilution. Make sure that the inject does not direct the
liquid towards the support surface which may remitreelipid bilayer
from the support surface. Likewise, carefully relm@-3 mL
concentrated solution and discard into waste béaddtle (this can later

be poured down the sink).

. Exchange a total of 150mL buffer solution to engheeonly lipids in the

system are attached to the substrate of intefidss is a very important
step to make sure the fluorescence stems onlytinersupported lipid

bilayer membrane.

. Remove the substrate from the lid of the culturé amed place into the

bottom of the culture well into the inset to faeite measurement. Ensure
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that only 2 mL liquid is in the culture well to ninize spilling on the
microscope.
6. Place culture well on the microscope stage and mneasembrane

properties.

B-2: DIFFUSION MEASUREMENTS OF SUPPORTED LIPID BIYAER
MEMBRANES
Experimental

1. Set-up microscope as instructed by equipment marfenyerted confocal
microscope: Doug Daniel, upright confocal microsedpebra (Page)
Baluch

a. If using the NBD-PE tag, the excitation is ~460 and emission is 534
nm, so choose lasers (typically a 488 nm (arg@er)aand filters
carefully. If incorrectly chosen, fluorescencelwibt be seen.

2. Choose bleaching region of interest (ROI) on the@a. Within the
bleaching program, choose to collect 5-10 fluoresteaages prior to
bleaching and up to 200 images following bleacls (thll ensure steady
state has been reached).

3. Bleach the samples with sufficient bleaching itersd to completely

remove the fluorescent characteristic of the bleddrea.
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Data analysis

1. Using ImageJ, open the series of interest usingdtie: File>Open>“file
name”.

2. To analyze image intensity, use the path: PlugimaeTSeries Analyzer.
Two windows will open: “Time Series_V3_2” and “R®lanager”.

a. NOTE: the “Time Series” plug-in needs to be dowdkdand
installed prior to use (follow instructions accompiag the plug-
in).

3. Draw the area of interest on the image and “Addhithe “ROI manager”
popup. Within the “Time Series” window, click “Gaverage”. This will
output a “Time Trace Average” window with the flescence intensity
characteristics within the region of interest. dfkscence data can be

obtained through the “list” function.
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APPENDIX C

OPTICAL MEASUREMENTS



. Carefully feed the fiber into the two gas septuriithe homemade Teflon
liquid incubation cell. Gently tighten the nutdeal the fiber in the cell
without any slack in the fiber.

NOTE: Make sure that the gratings are in the cewiténe incubation cell.
. Splice the fiber to fiber connectors using a fibptic splicer
(SUMITOMO TYPE-36). A typical dB loss is <0.5dB.

. Allow the system to sit overnight to allow the filie reach temperature
and tension equilibrium.

NOTE: If conducting liquid experiments, immerse tiber in water
before leaving the system overnight.

. Verify system stability by measuring the resonacmeapling wavelength
peak for at least two hours to verify grating diebi Double grating
stability occurs when the behavior of both gratiagsidentical (I[1, = +
50pm).

. Synthesize vesicle solution (of desired lipid cartcation) using standard
procedures (Appendix A). Measure out an identrodime of blank
solvent solution (typically Tris buffer solution$ #&he lipid solution volue.
Allow each solution to sit in the room for ~1 haira location nearest to
the experimental location as possible to allowlidngids to reach
temperature equilibrium.

. Upon optical system stability, simultaneously injéne lipid solution and

blank buffer solution into their respective incubatcells. Make sure that



the introduction of the liquids does not occur dgra measurement

collection cycle.



APPENDIX D

SYNTHESIS OF ZEOLITE FILMS



D-1: SYNTHESIS OF ZEOLITE SEEDS

1.

Add 0.7g of NaOH (Aldrich, 99.99%) into 50 mL (1NIPAOH (Aldrich,
Cat.# 25, 253-3) solution which is placed in a B0 Teflon flask.

Stir until a clear solution is obtained.

Turn on the heater.

Keep stirring, when the temperature reaches ~8@¢ 189 of fumed
silica into the solution.

Keep stirring until a “clear sol” (homogeneous sslpbtained (5-10 min).
Add ~3 g DI water into the sol.

Cool down the synthesis sol to room temperaturepdace the flask in air
for 3 hours (total time for cooling and aging).

The flask should be capped throughout preparation.

D-2: SYNTHESIS OF ZEOLITE THIN FILMS

1.

Mix zeolite seed solution, HPC, and water (6:3:3hake by hand for one
minute. Sonicate the solution using a Cole-Pad860 bath sonicator for
1 hour immediately prior to coating. NOTE: for bessults, complete this
step immediately prior to coating to prevent aggioates in solution.
Place one or two drops of ethanol in the center microscope glass slide.
Make sure that only a small amount of ethanol eduss too much will
cause ethanol to leak onto the surface of thearystich will necessitate

another substrate cleaning step.



3. Center a clean QCM crystal on the microscope slidle ethanol. Using a
low-flow rate of nitrogen, evaporate the ethandlseal”’ the QCM crystal
to the microscope slide.

- Make sure the QCM crystal is centered, otherwisectliystal will
break upon rotation.

- Before the first coating, QCM crystals are cleafeed!5 seconds in a
Piranha solution (3:1, #0s:H,0,) at 90°C. Crystals are immediately
rinsed in HO, soaked in water for 30 minutes, and re-rinsedtfaces
are dried in Mand placed in a UVO cleaner for 15 minutes. Gigst
are used immediately after UVO.

- NOTE: Piranha solution is extremely hazardous!8elacid
gloves, safety glasses and a lab coat at all timndle handling
material.

4. Upon sealing, immediately place the microscopeesbid the spin coater
and apply vacuum.

5. Add the zeolite/HPC solution solution drop-wisectiver the QCM crystal
surface. Allow the sol to incubate on the QCM aoeffor 10 seconds.
NOTE: make sure there are no air bubbles in thevgbin the pipette
when coating crystal — this will cause a discordimufilm.

6. Start rotations at 2000 RPM (55 seconds) and 30@ RIB seconds).
Immediately after completion, remove the microscslme from the spin

coater and detach the QCM crystal from the micrpsdide.



Immediately place the freshly coated crystal irumldity chamber at 35-
40°C for 2.5 days.
. Calcine the film at 408C for 12 hours (ramp rate = (°G).
. Repeat coating procedure for as many iteratiomeasssary to create a
continuous film.

- With a zeolite concentration 6x the normal concarin, 2 coats

are required to synthesize continuous film.



APPENDIX E

SYNTHESIS OF ZIRCONIA THIN FILMS



E-1: SYNTHESIS OF ZIRCONIA PRECURSOR SOLUTION

1. Make a solution by adding 123 ml of zirconium n-poaide (Alfa,
MW = 327.56 g/mole, 70% purity, 0.25 mole = 1168 123 mi)
into 500 ml of anhydrous isopropanol with stirriagroom
temperature and in water-free atmosphere (in nénolgox).

2. Add the solution dropwise to 900 ml deionized wateth stirring at
70°C and last 1-2 hours. A white precipitate shoolan.

3. Filter with vacuum suction and wash the precipitatevater several
times.

4. Dilute the product in 1 liter of water and peptiegh 125 ml of 1M
HNOs solution.

5. Refluxing at 90-100°C over night with stirring.

6. Redisperse the sol in an ultrasonic bath for 30ut@a before use.

E-2: SYNTHESIS OF ZIRCONIA THIN FILMS

1. Mix zirconia sol and PVA solution (1g/mL) in a A/8lume ratio. Shake
by hand for one minute. Sonicate the solutiongisitCole-Parmer 4800
bath sonicator for 1 hour immediately prior to @ogt NOTE: for best
results, complete this step immediately prior tatow to prevent
agglomerates in solution.

2. Place one or two drops of ethanol in the center mwiicroscope glass slide.
Make sure that only a small amount of ethanol eduss too much will
cause ethanol to leak onto the surface of thearystich will necessitate

another substrate cleaning step..



. Center a clean QCM crystal (See Appendix D-2-3)hanmicroscope
slide with ethanol. Using a low-flow rate of niyen, evaporate the
ethanol to “seal” the QCM crystal to the microscgpde. (NOTE: make
sure the QCM crystal is centered, otherwise thstalyvill break upon
rotation).
. Upon sealing, immediately place the microscopeesbid the spin coater
and apply vacuum.
. Add zirconia sol/PVA solution drop-wise to coveetantire QCM crystal
surface. Allow the sol to incubate on the QCM aoeffor 10 seconds.
NOTE: make sure there are no air bubbles in sohvdoating crystal —
this will cause a discontinuous film.
. Start rotations at 2000 RPM (55 seconds) and 30@ RIB seconds).
Immediately after completion, remove the microscslmte from the spin
coater and detach the QCM crystal from the micrpsdide.
. Immediately place the freshly coated crystal iuentlity chamber at 35-
40°C for 2.5 days.
. Calcine the film at 406C for 6 hours (ramp rate = 0°6).
. Repeat coating procedure for as many iteratiomeasssary to synthesize
a continuous film.

- This work found that three coats were requiretbtafa

continuous film.



APPENDIX F

SYNTHESIS OF GAMMA ALUMINA THIN FILMS



F-1: SYNTHESIS OF BOEHIMITE SOL

1. Heat while stirring 1 liter of water to 70-90 °C.

2. Weigh 1 mole aluminum-tri-sec-butoxide (ALTSB, Js@&is, MW =
246.33 g/mole, 97% purity, 1 mole = 253.95 g = 26l) by graduated
cylinder.

3. Add the ALTSB into the warm water with a graduahgreasing stirring
speed and last for 1-2 hours.

4. Keep stirring the solution at 90°C for a half tcedmour.

5. Add 70 ml 1M HNQ solution into the Boehmite solution

6. Shut off heating, slow down the stirring speed.

7. Reflux at 90-100°C over night (at least 10 hours).

F-2: SYNTHESIS OFI-ALUMINA THIN FILMS

1. Mix boehmite sol and PVA solution (1g/mL) in a #&8lume ratio. Shake
by hand for one minute. Sonicate the solutiongisitCole-Parmer 4800
bath sonicator for 1 hour immediately prior to @ogt NOTE: for best
results, complete this step immediately prior tatow to prevent
agglomerates in solution.

2. Place one or two drops of ethanol in the center miicroscope glass slide.
Make sure that only a small amount of ethanol eduss too much will
cause ethanol to leak onto the surface of thearystich will necessitate

another substrate cleaning step..



. Center a clean QCM crystal (See Appendix D-2-3)hanmicroscope
slide with ethanol. Using a low-flow rate of niyen, evaporate the
ethanol to “seal” the QCM crystal to the microscgpde. (NOTE: make
sure the QCM crystal is centered, otherwise thstalyvill break upon
rotation)
. Upon sealing, immediately place the microscopeesbid the spin coater
and apply vacuum.
. Add boehmite sol/PVA solution drop-wise to coves #ntire QCM
crystal surface. Allow the sol to incubate on @@M surface for 10
seconds. NOTE: make sure there are no air bubbks when coating
crystal — this will cause a discontinuous film.
. Start rotations at 2000 RPM (55 seconds) and 30@ RIB seconds).
Immediately after completion, remove the microscslmte from the spin
coater and detach the QCM crystal from the micrpsdide.
. Immediately place the freshly coated crystal iuenhlity chamber at 35-
40°C for 2.5 days.
. Calcine the film at 406C for 6 hours (ramp rate = 0°6).
. Repeat coating procedure for as many iteratiomeasssary to synthesize
a continuous film.

- This work found that two coats were required totsgrize a

continuous film.



APPENDIX G

SYNTHESIS OF YSZ SUSPENSION THIN FILMS



G-1: SYNTHESIS OF YSZ SUSPENSION

1.

Mix YSZ powder (8 mol%, Tosoh) and dilute nitricid§pH=3-4) with
the weight ratio of 1 to 2, and put into PE pothatrconia milling balls.
Treat the solution ultrasonically to bresk the agutrates.

Ball-mill for 1 week.

Add more dilute nitric acid with the same pH to wadjthe powder to

solvent ratio to 10 wt%.

G-2: SYNTHESIS OF YSZ THIN FILMS

1.

Mix YSZ suspension and PVA solution (1g/mL) in & Yolume ratio.
Shake by hand for one minute. Sonicate the solutging a Cole-Parmer
4800 bath sonicator for 1 hour immediately priocéating. NOTE: for
best results, complete this step immediately gaoaroating to prevent

agglomerates in solution.

. Place one or two drops of ethanol in the center microscope glass slide.

Make sure that only a small amount of ethanol eduss too much will
cause ethanol to leak onto the surface of thearystich will necessitate
another substrate cleaning step.

Center a clean QCM crystal (See Appendix D-2-3)h@nmicroscope
slide with ethanol. Using a low-flow rate of niyen, evaporate the
ethanol to “seal” the QCM crystal to the microscgpde. (NOTE: make
sure the QCM crystal is centered, otherwise thstalyvill break upon

rotation)



. Upon sealing, immediately place the microscopeesbid the spin coater
and apply vacuum.
. Add YSZ suspension/PVA solution drop-wise to caver entire QCM
crystal surface. Allow the sol to incubate on @@M surface for 10
seconds. NOTE: make sure there are no air bubbks when coating
crystal — this will cause a discontinuous film.
. Start rotations at 2000 RPM (55 seconds) and 30@ R seconds).
Immediately after completion, remove the microscslme from the spin
coater and detach the QCM crystal from the micrpsdide.
. Immediately place the freshly coated crystal iuentlity chamber at 35-
40°C at 40% relative humidity for 2.5 days.
. Calcine the film at 406C for 6 hours (ramp rate = 0°6).
. Repeat coating procedure for as many iterationsesseey to synthesize a
continuous film.

- This work found that two coats were required to enak

continuous thin film.



APPENDIX H

QCM MEASUREMENTS



. Place the clean QCM crystal in the QCM flow cdlighten the lid and
place within the foam piece to minimize vibrations.

. Allow to reach equilibrium for at least 8 hoursaiaminate tension effects
induced by tightening the lid onto the cell.

a. Make sure that the tubing is already connectetdditl. The
connection will induce tension on the cell whichlwequire
additional time for equilibrium.

. Inject 1-2 mL HO (via syringe) into the measurement cell. All@nsit
for 3-4 hours to ensure that the film is hydratetbbe measurement
(indicated when frequency reaches equilibrium).

. During stabilization, fill syringes with buffer sdion [~20mL and
~18mL] for buffer syringe and lipid syringe.

a. Minimize handling of the syringes as it will induamperature
variations within the sample.

. Secure the syringe in the syringe pump. Flow l#tzoss the crystal
surface (5QL/min) for 1-2 hours until frequency equilibriumrsached.
. Begin vesicle preparation when buffer flow begiApgendix A).

. After vesicle synthesis and frequency stabilizatioject 2mL lipid
solution (Img/mL) into 18mL buffer to yield a find1mg/mL lipid
solution.

. Secure syringe into the second pump. Begin floautbet flow using

coupled 3-way valves (these coupled valves musebared using a vice).



9. Once the flow is stabilized from the lipid syring#op both syringe pumps
and carefully switch the valve to allow the lipgtisge to flow across the
QCM cell. Restart the lipid flow.

10.During experiments, keep the lights off and makergeffort to make

sure that no one enters the room (this will sigatfitly affect results).



