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ABSTRACT

This thesisreportsthe first-time demonstration of lipid bilayers as reversibly wettable
dielectrics inelectrowetting systems and characterivasous physical and electrical properties
of lipid bilayers with the aim ofassessinghe capabilities and limitations afsing these thin
liquid films in electrowettingpowered microfluidic devices. Lipid bilayers enable high contact
angle changes at lower voltages than alternative organic dielectrics in electrowetting systems,
reducing the required voltage by approximately arenad magnitudeThus, lipid bilayers offer
a promising pproach to developing lowoltage, low poweconsumption electrowetting
devices. Tis thesiccharacterizethe electrowetting behavior of systems containing lipidyeila
(e.g. contact anglas a function of voltage), as well asther physical and electrical properties,
including lipid bilayer thickness in response to applied electrostatic pressure, lipid bilayer
conductivity under applied electric fields, and changes in lipid bilayer thicknessespkct to
time between voltage transitions. A discussion on the morphology of lipid bilayers formed from
two oil-based surfactants, sorbitan monooleate (Span 80) and sorbitan trioleate (Span 85), is

presented.
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INTRODUCTION

1.1 Introduction to electrowetting

Electrowetting alters the contact angle of a liquid drop on a solid surface via voltage application
acress the solidiquid interface.This phenomenon provides a general means of converting electrical
energyto mechanical energyl he typical electrowetting configuration consists oftanductive liquid
drop (oftenwaterbased)on a dielectric stack covering a planar electrode, as showiigure 1 The
LippmannYoung equation derived from thermodynamiconsiderations on the phenomenon of

electrowettingcan be used to preditite contact angle change in response to voltHge

0é i wé+ — (1)
where—is the contact angle of the water dropaaBinction of voltage;— is the angle at zero voltage
(known as Yo isthgoamcitancegér ar¢a,of the dieleatoiis the voltage applied between
the electrode and the water drop, and is the surface energy between the waterthachonconductive
ambent pthase, commonly air or oiExperimental measurements of the water contact angle with respect
to applied voltage in a variety of electrowetting systems generally align with the Lipypouary

eguation.

As the applied voltage increes, the contact andleatthe water droformsat the interfacevith
the solid surface continually decreases until the contact angle reaches a fundamental lowikendiwit
as the saturation point. Beyond this limit, the contact angle ceases to decrease despite an increase in
voltage. Virtually all electrowetting systems exhibit contact angle saturation; however, the saturation
point for any given electrowetting systesrhighly materialsdependent and proves challenging to predict.
A consensus has not yet been reached psetise mechanisiof contact angle satation, though several

theories to datbave been proposé¢d, 3, 4}
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Figure 1. (a) Representative electrowetting configuration. The solid surface consists of three layers from

bottom to top: a doped silicon layer (ground electrode), an inorganic dielectric layer, and a hydrophobic

coating. A water drop containing electrolytes and/or surfactants is pleed on the hydrophobic coating, and

the entire setup is immersed in a nomronductive oil medium. A voltage is applied across an inorganic
dielectric layer and the hydrophobic coating to decrea
thesuf ace energy between the water dr op andb) Effaceof sol i d ¢
electrowetting a water drop. At zero voltage, the water drop rests on a hydrophobic surface with a high

contact angle. When a voltage is applied, the waterrop wets the surface. The drop returns to its original

conformation when the voltage is removed again.

1.2 Lipid bilayers in electrowetting systems

Electrowetting finds use in a variety of microfluidic applications, including liquid disg&ys,
7], liquid lenseq8, 9, 10] and miniaturized bioassajkl, 12] Virtually all electrowetting systemssed
in research studies for commercialpplicationgely on spincoated amorphous fluoropolymessich as
Tefl on AFE , onrtop ©fyinomanie dielectrics to obtain reversible wettjihig, 14, 15]

Although fluoropolymers enable reverghwetting, their electrical properti@dow permittivities and low



breakdown fieldd render them poor dielectridd6, 17] Electrical breakdown of the fluoropolymer
irreparably damages the electrowetting properties ofystem, even if the inorganic dielectrics beneath
the fluoropolymer remain intact. Thick fluoropolymer films are required to reduce the electric field and
prevent dielectric breakdown of the fluoropolymer, resulting in high actuation voltages for ettitrgw
typically exceeding 10 V[1, 18] Lipid bilayers display improved electrical properties over
fluoropolymers that enable a drastic reduction in the voltage required for electrowetting. This thesis will
explore varios properties of lipid bilayers in electrowetting systems to assess the capabilities of this

alternative dielectric layer.

The development ofeliable, lowvoltage electrowetting systems is essential fealizing
portable batterypoweredelectrowetting dvices. Compared to fluoropolymers, lipid bilayers exhibit
higher capacitances per area and higher breakdown fields, facilitating high contact angle ahamges
voltagesin electrowetting systemsomparable to those observed in mercury/oil/walectrocapillary
systems without dielectritayers [19]. Lipid bilayers enablereversible electrowetting witlminimal
contact angle hysteressothat the contact angle changes consistently and predictably in response to the
apdied voltage, without dependence on previously applied voltages across the same dielectric surface
Lipid bilayers also exhibiinteresting liquid dielectric properties, such as presdependent thickness
and some ability to selieal after electrical aaage.Interestingly, the electrowetting effect only works in
systems containing lipid bilayers with AC voltages at frequencies afsuitt and above. However, at
sufficiently high frequenciedipid bilayers offer a promising approach to the developmémel@ble,

low-voltage electrowetting systems for use in portable electrowetting devices.

1.3 Formation of stable lipid bilayers

Lipid bilayers form spontaneously between water drops and hafnium oxide suffaoes

appropriate otbased surfactants sufficiently high concentrationsia adsorption of the surfactainbm

3



the oil phasento the oithafnium oxide and oilvater interfacesas depicted in Figure Z'he disjoining
pressure between the two layers of adsorbed surfactant maintains psgpmmaltion between the water
drop and hafnium oxide surfacBven during electrowetting, there remains a thilnlayer betweerthe
water drop and the hafnium oxidarface Surfactant bilayers are commonly used to stabilize wateil
emulsions[20, 21] and have even been used to electromat water drops against eaciher [22].
However, this effect haseverbeforebeen exploited for reversible electrowetting of a walt@p on a
solid, hydrophilic dielectric surfacén these types oflectrowetting systemstable lipid bikyers may be
formed using notonic, lipophilic surfactants. This thesis focuses on lipid bilayers formed from two such
surfactants: sorbitan monooleate (Span 80) soibitan trioleate (Span 85)able 1 provides the

molecular weights and chemical structures of these surfactants.

== =
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Dodgcane /fj at Interfaces $\
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Figure 2. Schematic drawing of a lipid bilayer formed from a surfactant dissolved in dodecane The
surfactant adsorbs at the oithafnium oxide and oilwater interfaces, forming a thin oilbased lipid bilayer

that buffers the water drop from the hafnium oxide surface.



Table 1. Molecular weights and chemical structures of Span 80 and Span 85, both of which may be used to

form lipid bilayers on hafnium oxide in electrowetting systems.

Surfactant Name Molecular weight Chemical Structure [23]

(g/mol)

o
I
CH, O—C —CH, (CH,); CH, CH=CHCH,(CH,).CH,

|
Span 80 428.6 HO Ll-Ic o
(sorbitan monooleate) p
HO ‘OH
RO OH |
OR
Span 85 957.5
(sorbitan trioleate) 0 OR

R-= *)LcHQ(CHQ)SCH{:CHQ(CHQ)SCHg

As shown in Table 1Span 8tand Span 85 are amphipathic surfactants that contain a hydrophilic
head andl and 3 lipid tails, respectively,with one carborcarbon double bonger tail. All these
surfactants are liquid at room temperature; the double bond in the hydrocarbon tails may give rise to
disorder within the surfactant, inducing liquidity at room temperature and théesdifig properties
observed in lipid bilayers faned from these surfactants. Similarly structured surfactaitii@ut carbon
carbon double borsde.g. Span 60, Span 65) dot form stable lipid bilayers in electrowetting systems.

In the presence of these surfactants, water drops irreversibly wet hafriden surfaces in otherwise

identical environments.

For a stable lipid bilayer to form between a water drop and a hafnium oxide suréxeemiist
be a minimum concentration of surfactant present in the oil ambient. The minimum reequi
concentration iglifferent for eactsurfactant, and presumaligpend®on the base oil as well, though only

dodecane was udeo experiment with the formatiaf stablelipid bilayers. In the case of Span &Bly



~0.8 mM is needed to form a stable lipid bilaygpan 80 mst be present at a concentration M in
dodecane to form a stable lipid bilay&he concentrations of surfactareiquiredto form a lipid bilayer
generally produce low oil-water surface energies (<4 m3jmn these electrowetting systems,
consequety reducing the speed of electrowetting effects as well agatege required to induce a given

contact angle change.

When forming a stable lipid bilayethe water drop must be dispensed dhi hafnium oxide in
oil. If the water drop is first placednchafnium oxide in air and then submersed in oil, the wdtep
remains pinned to the surface with a hydrophilic cordagie, though the contact angle slowly increases
over the followingdays. This steady increase suggests that the formation of the Higayer is a
thermodynamicallystable process, and that direcntact between the water drop and the hafnium oxide

surface in dodecane with these surfactantiseseforenot stable over long timescales.

Interestingly, water drops containing fluoroswaténts do not exhibit reversible wetting in
systems with lipid bilayers. Water drops containing fluorinated surfactants irreversibly wet hafnium oxide
surfaces, whereas water drops containingfhworinated surfactants show complete wetting reversibility.
(Approximately ten notfluorinated surfactants and three fluorinatestersolublesurfactants were tested
in electrowetting systems containing lipid bilayers to see if they electrowetted revrHitlg,to ensure

reversible electrowettingvater drops may only contain nélmorinated surfactantand/orelectrolytes

Furthermore stable lipid bilayers only form on hafnium oxide surfaoas of all the dielectric
surfaces testeddther common inorganic dielectrics such as silicon dioxide slimbn nitride do not
enable the formation of stable lipid bikerg Although silicon dioxide surfaces shownse tendency to
form bilayers withhigher conentrations of oil surfactant (85mM Span 85 in dodecane, for instance
the water drp still occasbnally pins to a few spots on the surfaltging electrowettingHafnium oxide,
by comparisonnever leads to pinningrovided the concentration of oil surfactaexceeds a certain

threshold.



Interestingly, patinum surfaceslsobecome hydrophobic upomismersion in similar oil phases,
indicating lipid bilayer formation, but the lipid bilayer is electrically fragile and immedigiiresvhen
the water drop and the platinum substrate are groundtedrespect to each othesuggestinghat the
bilayer beaks down at voltages lower than the work function ofelleetrical components in the setup
Ideally, the properties of the lipid bilayer would be studied using such a platform, as it would be the only
dielectric layer in such a system (platinwvhich ishighly conductivewould function as the electrode).
However, since the lipid bilayer is too electrically fragile to be studied as the sole dielectric layer in an
electrowetting system of this nature, the lipid bilayer was only studied as formed orhafttirm oxide
dielectric. Electrical properties of the hafnium oxide film were measim@ependently and subtracted
out from the total dielectric propertiesf the lipid bilayerand the hafnium oxide filmto obtain the

specific properties of the lipid bilayer.

1.4 Thesis objectives

This thesisdemonstrateghe firsttime use of lipid bilayers as reversibly wettable organic
dielectrics inelectrowetting systemdAs this thesiswill show, lipid bilayers have the ability to produce
high changes in water contact angles at exceptionally low volt&gethermore this thesisaims to
guantifysome of the physical and electrical propertiesipl bilayers in electrowetting systerf@r the
purposes of assessing the capabilities and the limitations of utilthiesge thin liquid filmsin future
electrovetting devices Specifically, this thesis focuses on propertieslipid bilayers formed using
sorbitan monooleate (Span 8&)d sorbitan triokate (Span 8% in dodecaneThe properties measured
includethe thickness of the lipid bilayer with respéotelectrostatic pressuepplied to the water drop
leakage current through thigid bilayer resulting from thepplied electric fieldacross the lipid bilayer
and an assessment of the lipid bilayer morphol@ggsuming a densefyacked polymer brush model.
Preliminary results on changes in lipid bilayer thickn@gsrtimein response ta step change in voltage

are also presented.



CONTACT ANGLE AS A FUNCTION OF VOLTAGE

2.1 Measuring contact angles in dectrowetting systems

To characterize the electrowetting behawbrsystems containing lipid bilayera degenerately
boron doped single crystal silicon electrode coated w&itthin hafnim oxide film (~9 nm)was
submersed in dodecamdgth a dissolved surfactanand a water drop~3-4 mm diameter)containing
electrolytes and/or surfactantgas deposited @a the hafnium oxide surface, abown in Figrela A
platinum electrodevasbrought into contact witbhe waterdrop, and a voltage was applied ttoe water
drop while the silicon wagrounded. Applied voltage in the form of A€ sinusoidawave from V to-V
at a specified frequencwas incremented fror V to a maximum voltagddrward sweep), resulting in
wetting, and then decremented back to 0 V (reverse sweepllting in dewetting. The water drop

contact angle-{f wasrecorded for eachpplied voltage.

All contact angle measurements wedetermined optically usinga Rané&Hart goniometer
(example drop image depicted kigure 3) The software Droplmage Advanced was used to tiaee
surfaceof the water dropn the captured imagand calculatehe angle of the tangent line that the drop
makes with the solid surfac€he ciralar curve fit method was used for all contact angle measurements

presented in this thesis
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Figure 3. An example of measuring thecontact angle of a liquid drop on a solid surface. The green and yellow
vertical markers are placed to the left and right of the platinum electrode (not depicted here, though
normally present during electrowetting experiments. The green horizontal line is aligned with the base of the
liquid drop in contact with the solid surface. The gaiometer software tracesthe surface of the drop {nhdicted
by red arcs) and computes the tangent lines (blue)n the left and right side of the drop As reflected in the
contact angle measurement window in the upper right corner of the screen, the left and righontact angles

typically measure within 1-2 degrees of each other.

2.2 Contact anglevs. voltageplots

Figure 4a shows the electmetting behavior of two systenwontaininglipid bilayers The top
curve in Figure 4a&orresponds to an electrowettisgstem that reachezbntact angle saturation around
115 (partial wetting system), wheie the bottom curve correspontts an electrowettig system
containing additionalwater surfactants that showed vittyano contact angle saturatioftomplete

wetting system). Photographs of the complete waty system at differentoltagesare provided in Figure



4b. The water surfactasusedin this system are sodiudecyl sulfate and sodiudodecyl sulfate, both of

which consist of a negatively clggd sulfate headrgup attached ta single saturatechydrocarbon tail.
Sodium decyl sulfate and sodium dodecyl sulfate contain hydrocarbon tail lengths of 10 and 12 carbons,
respectivelyThese surfactants significantly lower thew#ter surface tension in the present8pan 80

and Span 85. For the purposes of electrowetting, the lewatér surface tension decreases the minimum
obtainable contact angle (i.e. saturation point) in these sysgumhb. low surface tensions significantly

affect the Bond number, which mafluence the contact angle measurements at high angles.

The Bond numberd § is a dimensionless quantity that compares the relative influence of surface
tension forces and gravity forces on a botly.case of high Bond numbers~®0), gravity forces
dominate. In the case of low Bond numbers (<~0.1), surface tension forces are considered dbmainant.

Bond numbers defined as follows:

6¢ — )

where” is the density of the water drajis the length scale of theater drop,, is the oitwater surface

tension, and®gs the relative acceleration due to gravity, defined as:

‘9 "0 3)

where"Qis theregularacceleration due to gravijty is the density of the water drop, ahdis the density

of the surrounding oilApproximatingttas 1 mmthe Bond number for the water drop in these types of
low-surface tension systems exceeds 10. Thus, gravity forces donninaise systems, and the drop
adopts a -lmoked fishH aophe a s icab popfigusatiod In temns @& costgcthamgle
measurements, the high Bond numbentribute to the distortion of the drop shap@d potentially
results inunderestimations of the contact angle, most notably at high aiktpesever, at microfluidic

lengthscales, the Bond number is significantly lower, and gravity effects are considered negligible.
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Figure 4. (a) Electrowetting behavior of two systems containing lipid bilayers. The partial wéng system

contained 9 nm of hafnium oxide, a 0.1 N NaCl water drop, and dodecane with 0.1 wt. % sorbitan trioleate.

The complete wetting system contained additional water surfactants (0.5 wt. % sodium decyl sulfate and 0.5

wt. % sodium dodecyl sulfate)and 0.2 wt. % sorbitan trioleate. The partial wetting system reached contact

angle saturation around 115°, whereas the complete wetting system electrowetted below 10°, showing

virtually no saturation. (b) Images of the complete wetting system captured as voltage decreased (from top to
bottom chronol ogically). The <contact angle fully rest
electrowetted to 7° at 1.06 V.
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In addition to enabling high contact angle changes at low voltages, lipid bifyened on
hafnium oxide surfaceproveremarkably stablén reliability tests Within the time ranges tested, lipid
bilayers donot break down, and they completely prevemitact between theater drop andhe hafnium
oxide surfaceeven after thousands of electrowetting cycles. An example of a reliability experiment
performed with a lipid bilayer electrowetting system is presented in Figure 5. This system contained just
0.1 wt% Span 85 (around the minimum threshold required for stable bilayer formation) and was
electrowetted for over 40 hours with a 75% duty cycle. The sharp idé@kase in contact angiethe
wetted stateeflectsthe lowering of the oilvater surfacéension during theeliability experiment as the
water drop equilibrated with the surrounding oil phddes experimenttommencealmost immediately

after the water drop was dispensed onto the hafhium oxide surface in the oil phase.

160 & -
155

150 | 3 1
145l A . O Dewetted State

Ve =0V)

rms

140 | e e TR

135 b U S ® Wetted State .

130 ‘‘‘‘‘‘ R EEE V..
120 ' '
115
110 :
105 |- Water: 0.1 N NaCl PSSO S
100 . Oil: Dodecane with 0.1 wt% Span85 . .. . . ... . . ..
Solid: 14 nm HfO, on Doped Silicon

Contact Angle (degrees)

95 |-

90 L i ) ] ) ] ) I
0 10 20 30 40

Time (hours)

Figure 5. Reliability experiment of electrowetting system containing a lipid bilayer. The water phase
contained 0.1 N NaCl, and the ambient oil phase consisted of dodecane with 0.1% Span 85. AC VoltagaK
voltage=1 V, 100 Hz, square wave) was applied in 12Z&cond cycles with the voltage on for 90 seconds and off
for 30 seconds. The contact angle was measured each cyfde both the wetted and dewetted states. fe

contact angles in each state for each cycle are fikd against time.
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2.3 Discussionon electrowetting with lipid bilayers

As illustrated in Figure 4electrowetting systems with lgb bilayers carproduce high contact
angles withvery low voltages.Lipid bilayers can even produce complete wetting, which is rarely
achievedn electrowettingMoreover, electrowetting on lipid bilayers is highly predictable and reversible.
The thin oil film enables completely reversible wetting; the drop shape switresstently and

seamlessly between different contact angles for different applied voltages without sticking to the surface.

Furthermore, as demonstrated in the reliability tgst) bilayers remain stable over the course of
thousands of electrowettirgycles, completely preventing the water drop and the hafnium oxide surface
from coming into contactinterestingly, the system tested here showed a slight decrease in the wetted
contact angle overtime, whereas fluoropolyshased electrowetting systemsigally show a gradual
increase in the wetted contact angle. The lowering of the wetted angle could be an indidatiniog
oil-water surface tension over the course of the experiment. Over the course of nearly two days, a visually
observable layer ddurfactant slowly formed around the surface of the drop. This layer of surfactant gave
the water drop a somewhat cloudy, opaque appearance. Interestingly, no cloud forms when the drop is
continually electrowetted; in such instances, the drop remainalptitear as ever, even if the drop has
been sitting in the oil medium for days. Only when the drop is dewetted for prolonged periods of time
does the cloud of surfactant crowd the surface of the water drop. In the case of the reliability experiment,
the 30-second intervals during which the drop was dewetted appear to have allowed the surfactant to

gradually crowd the interface.

13



LIPID BILAYER THICKNESS IN RESPONSE TO ELECTROSTATIC PRESSURE

3.1 Measuring lipid bilayer thicknesselectrically

The lipid bilayer and the hafnium oxide film act as two capacitors in series in the electrowetting
configuration as shown in Figure .6By measuring the capacitangeer areaacross the lipid
bilayer/hafnium oxidelielectric stackthe thickness of the lipid bilayenay be measuregrovided the
capacitanceer areaof the hafnium oxide film is knownThe capacitance per area of theid bilayer

(6 ), capacitance per area of thwfnium oxide(0 ), and capacitance per area of thipid

bilayer/hafnium oide stack® ) are related as follows:

_ — — or 0 —_— @)

In these experiments, ando were measuredirectly by applying asinusoidalvoltage across the
lipid bilayer/hafnium oxide stacik the electrowetting system and across the hafnium oxide dielectric in
air, respectivelyat different voltages. 6 was then calculated fahe different aplied voltages using
Equation 4 and theeffective thickness of the lipid bilayed () at each voltage was determined using the

following relation:

0 — ()

where- is the permittivity of vacuum and is the relative permittivity of the lipid bilayer. For these
calculations-  was taken to be the relative permittivity of dodecarsedodecane was used &t the
oil phass in these experiments and the additiorsofall concentrations a&furfacant to the oil(~1% by

weigh) should nossignificanty changetherelative permittivityof the oil
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Figure 6. Electrical schematicof the lipid bilayer. Electrically, the lipid bilayer functions as a capacitor in
series with the hafnium oxide film. Both dielectric layers are between the water dropnd the doped silicon
substrate. In the low frequency ranges tested (~168D0 Hz), the water drop and the siton substratefunction

as conductors

The electrostatic pressu® ) exerted on the water drop during electrowetting may be

calculated using ,0 , andw, or alternativelyo andw, with either ofthe followingelectrcally

equivalenformulas

0 : (6)

or equivalenty, 0 6 ()

Thus, the lipidbilayer thickness and the electrostatic pressexerted on the water dromay be
calculated for a given voltage, andelation between thelayer thickness and the electrostatic pressure

may be obtained.

The voltage drop across the lipid bilayér () may also be calculated for a given applied voltage

if O andO0 are both knownw is calculated as follows:

0w 0 — (8)

In this way, a relationship betweén andw may be obtained.
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3.2 Experimental setup for measuring lipid bilayer thickness

The experimentalsetup used to measure contact angles proved insufficient for precise
measurement of the lipid bilayer thickness; the oil surfactant molecules readily coated the platinum
electrode potentially creating a voltage drop acrdbe electrode/water interface. In a system with such a
thin capacitive layer, it became necessary to remove the platinum electrode, and simply sandwich the
water drop in between two identical hafnium oxide surfacesil. In this configuration, the only
capacitive layerswere two identical lipid bilayer/hafnium oxide dielectric stack$ie measured
capacitance for this configuration must be multiplied by a factor of two to obtain the capacitance value for

a singlehafnium oxide/lipid bilayer stack.

Doped Silicon S
Lipid Bilayer

Hafnium Oxide

Lipid Bilayer Hafnium Oxide

Doped Silicon

500 pm

Figure 7. Experimental configuration used to measure lipid bilayer thickness for different applied voltages. A
water drop was dispensedin the oil phase between two identical parallel electrodescoated with a thin
hafnium oxide layer, and the resiting capacitance was measuredlhe layersdepicted in this figure are not to

scale.

The capacitance measurements that were used to calculate the lipid bilayer thiekress

measured using an Agiled284A (20 Hzl MHz) PrecisionLCR meter. The series resistance and
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capacitance of the water dreg wellas the base area of the drop wezeorded in the electrowetting
system (with the lipid bilayer), and the corresponding measurements were recorded in air (without the

lipid bilayer). AC voltage (100 Hz, sinusoidalvas used for these experiments.

3.3 Lipid bilayer thickness measurements

The thicknesses of lipid bilayers formed from 10 mM Span 8018nchM Span 85n dodecane
were measured electricallfor different appliedAC voltages(100 Hz, simsoida). Figure 8a plots the
lipid bilayer thickness versus voltage applied to the system. Figure 8b shows the lipid bilayer thickness as
a function of the voltage drop across only the lipid bilalrethe case of both surfactants, tipéd bilayer
thicknessdecreass as the applied voltage increaseslicating a thinning oftte lipid bilayer as the drop

is electrowetted

Figure 9 shows the electrostatic pressure applied to the drop as the drop is electrowetted as a
function of the lipid bilayer thickness. As thdrop is electrowettedvith increasing voltagethe

electrostatic pressure exerted on the drop increases, and the lipid bilayer thins.
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Figure 8. (a) Lipid bilayer thickness as a function of voltage applied across the lipid bilayer/hafnium oxide
stack for 10 mM of Span 80 and Span 8%5pan 85 forms a thinner lipid bilayer than Span 80with respect to
voltage. (b) Lipid bilayer thickness vs. voltage dropacross the lipid bilayer. Span 85 forms a thinner lipid
bilayer with respect tothe voltage drop across the lipid bilayerthan does Span 80In both plots, error bars
correspond to + one standard dviation from the mean measurement (plotte)] calculated fom three

experimental runs for each surfactant.

18



10" 5 : . - - . - ;

] ® 10 mM Span 85 in dodecane
] O 10 mM Span 80 in dodecane
T 10°4 T
o " :
m H
Q g [ ] O :
5 ] v, "o
: ] D
£ 10°5 . > I
L ] . o
E=) :
o - "o
E 104_2_ D ____________ i
L ] o
] io
o | | | E
10 T T T T g T T T
1 2 3 4 5

Lipid Bilayer Thickness (nm)

Figure 9. Electrostatic pressurevs. lipid bilayer thicknessfor lipid bilaye rs formed with 10 mM Span 80and
Span 85 in dodecaneAs the drop is electrowetted the electrostatic pressure increaseand the lipid bilayer

compresses

3.3 Discussion on the measureddid bilayer thicknesses

The measured thicknesses for lipal bilayers reveal thaSpan 85 forms a thinner lipid bilayer at
identical concentrations and voltages than does Span 80. Span 80 forms a thicker lipid bilayer, even for
identical voltage drops across the lipid bilayer. The thicker separation between the two layers of the
bilayer in the case of Span 80 may be attributed to the structural differences between Span 80 and Span
85. Individual Span 80 molecules may have the ability to adopt a more densely packed configuration on
the oiltwater and oihafnium oxide interfaces, as eaclolatule only contains one lipid tail. A higher
concentration of molecules along the surface may lead to a thicker lipid bdageropmore crowdingf

surfactant moleculeglong the interface.
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CHARACTERIZING LIPID BILAYER MORPHOLOGY

4.1 Theoretical model for disjoining pressure of a polymer brush

The equilibrium thickness of the lipid bilayer is governed by a balance between the electrostatic
pressure exerted on the water drop during electrowetbing Y and the disjoining pressure arisingrfro
the repulsion between the adsorbed surfactant moleciles (), assuming a negligible hydrostatic
pressure For the size drops used in these experiments, the hydrostatic pressure3wasle?s of
magnitude smaller than both the electrostatic dne disjoining pressures, rendering its effect
insignificant for thepurposes of these calculatioW8hen the drop is electrowettad, pushes the water
drop tavards the hafnium oxide surfacghereasd repels the water drop from the hafnium oxide
surface.If the lipid bilayer is modeled as a densely packed polymer btush, may be calculated in

terms ofd  as follows[23]:

0 QYW’ — — (8)

wherew s the surface density of surfactant molecules @nis the height of the polymer brusbnce a
relationship betweed  versusd is obtainedp may be aligned with the values®f over he
range of measured values for obtained during electrowetting using two fitting parameterand Q.
Thus, the surface density of surfactant raoles and the polymer brush heighay be estimatkin lipid
bilayers formed from a given surfactaat a given cocentration SeeAppendix Bfor an explanatiorof

this equation. (Apartialderivaion may also be found ii23].)

4.2 Plots of bilayer thickness vs. electrostatic and disjoining pressures

Pressure versus lipid bilayer thickness is plotted in Figure 10 for equal molar

concentrations of Span 80 and and Span 85 in dodecane. Theoretical calculatiodisofriing
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pressures arising in these lipid bilayers are overlapped with the measwedstdéic pressures. The
values forowand’Q used to calculate the theoretical disjoining pressure curves are provided in Figure 9.
These values were obtained by aligning theoreticaldisjoining presswe curves with the measured

electrostatic data pais.

7
10 3 . ! r . T r | . I . ! 3
] ! : m  Measured electrostatic pressure 7
(10 mM Span 85 in dodecane) y
. : 3 i O Measured electrostatic pressure |
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] : : i—— Theoretical disjoining pressures ]
(Polymer brush model) - ]
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Lipid Bilayer Thickness (nm)

Figure 10. Measured electrostatic pressures and theoretical disjoining pressures for lipid bilayers fored
from 10 mM Span 80and 10 mM Span 85 in dodecane. Values for the two fitting parameters: and | are
provided for each surfactant in Table 2.

Table 2. Values for * and | used to calculate thefly ., yrves displayed in Figure 9.

» (molecules/m) I (nm)
Span 80 5.0x10' 2.6
Span 85 4.2x10" 1.9
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4.3 Discussion of lipid bilayer morphology

The values for the fittingarametersyw and™Q used to calculate the disjoimgjpressures depicted
in Figure 9are provided in Table Zhe™Q values for these surfactants apeighly within the range of the
chain kengths for these molecules. Howewtre predicted chain length for Span 85 is larger than the
chain length for Span 80, given that Span 85 contains 3 lipid tails and Span 80 only contains 1. The
thinner lipid bilayer resulting from Span 85 may reflectifhecent packing conformation of Span 85
along the oiwater and o#hafnium oxide interfaces that comprise the lipid bilayer. For instance, Span 85
may pack less densely on the surface (as also supported by thedlwalae) such that the molecules are
more spread apart and more folded. In the case of Span 80, the tighter packing of molecules may lead to a

more upright configuration of Span 80 molecules packed along the surface.

The close alignment between the calculated disjoining pressures and theetiezsctrostatic
pressures for both surfactastgpports the observatidhat these lipid bilayers can be modeled as densely
packed polymer brusheshe curves for Span 85 show some deviation at high electric fields; as the lipid
bilayer approaches ~1 nmhickness, the disjoining pressure according to the polymer brush model
deviates from the measured electrostatic pressure. At these thicknesses, there may be other mechanisms of

repulsion between the water drop and the hafnium oxide surface.
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LEAKAGE CURRENT THROUGH THE LIPID BILAYER UNDER ELECTRIC FIELD

51 Electrical model of the lipid bilayer

Interestingly, the electrowetting effect only works in systems containing lipid bilayers with AC
voltages at frequencies aroub@ Hz and above. In the case lofver frequency AC voltages ddC
voltages, electrowetting is completely ineffective in systems with lipid bilayeslucing no lasting
change in contact angl&nder lowfrequency AC square wave voltagegter drops in lipid bilayer
systems exhibit adecrease in contact angle with each-egtfle, immediately followed by a spontaneous
increase in contact angle. Thus the electrowetting effect is only sustainable for small timd@stales.
observation suggests that the lipid bilayer does not functiam édeal dielectric but rather leaks charge,
presumably on timescales around BHz. It stands to reason that in the caséiigher frequencyAC
voltages, the constant switching of charge polarity does not allow sufficient time for the lipid bilayer to
leak charge within an AC voltagbalf-cycle, and so the drop remains electrowetted as long as the AC
voltage is applied. Further characterization of the leakage current through the lipid bilayer in response to

applied voltage is presented in subsequent section

As evidenced by the inabilitgf lipid bilayersto enable electrowettingith voltagewaveformsat
frequencies below 50 Hz, the lipid bilayer exhibits some tendency to leak charge when a voltage is
applied across the layer. This electrical behavior suggests that the lipid bilayer exhibits both capacitive
and resistive characteristics during electettimg. Especially at low frequencies, the resistive behavior of
the lipid bilayer becomes apparemhdeed, the current response of the electrowetting system when
subject to arAC square wave voltage exhiblighaviorthat deviates fronthat ofa pure c@acitor As in
the case of a capacitor, the current response shows a clear spike in current each time the voltage switches
polarity. However, unlike the case of a pure capacitoe, electrowetting system displays a distinct
residual currentfollowing the characteristiccurrent spike in current each timehe voltage switche

polarity, depicted in Figure 11
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Although the lipid bilayer displays both capacitive and resistive tendencies, preliminary
measurements indicated that the lipid bilayer cannot be detfuraodeled as a linear capacitor and a
linear resistor in parallel. In particular, the resistance of the lipid bilayer is electriedépkhdent,
rendering conventional methods of measuring the lipid bilayer resistivity (e.g. using an LCR meter)

ineffective.

5.2 Measuring leakage current through the lipid bilayer

In these experiments, the leakage current across the oiMageobtainedn response to electric
field strength from theneasureaturrent response to an AC square wave voltage. By visunsibecting
the current response tife electrowetting systerit is apparent tha residual currenappeardollowing a
pronouncedcurrent spike This current spike, which iglistinctive to a capacitdrased system,
corresponds to the charging of the system capacitor (here, the hafnium oxide and lipid bilayer thin films
in series). The residual curreiailowing the current spikeorresponds to the currethtat leaksthrough
the lipid bilayer after thesystemcapacitor (i.e. the hafnium oxide and lipid bilayer in series) has fully
charged In a system with a pure capacitor that does not leak a significant amount of charge, there is no
current (or At ai lobapge spike.arhus,the lkakagewsirrert throwyh thetoihlayer may

be approximated as the current at the point at which the tail begins.
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Figure 11. Representative current response of an electrowetting system containing a lipid bilayer when

actuated

W i

th an AC square wave voltage.

The

current

spike triggered by thechange in polarity of the square wave. This behavior is not seen in systems without

lipid bilayers. The saturation of the voltage spike around 1.8xIHA is caused by the voltage source used to

power the measurement setup and does not reflect any charadstic behavior or property of the

electrowetting system.
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5.3 Calculating electric field across the lipid bilayer

The voltage across the oil layeb () at the point prior to leakade simply given by the formula

for a voltage divider across two cajiarsin series

0w 0w — (9)

This method assumes that the lipid bilayer is fully charged when it starts to leak dheagdectric field

across the bilaygiO ) may then be obtained by dividing by 0

o — (10)

Thus a relationship between the leakage current across the lipid bilayer and the voltage drop

across thdipid bilayer may be obtained.

5.4 Leakage currentvs. electric field plots

The conductivites of lipid bilayers formedrom equal molar concentrations of Span 80 and Span
85 in dodecaneandera range ofappliedelectric fields are compared in Figure 11. Span 85 shows higher
leakage current through the oil layersahaller electric fieldsThus, the adton of Span 80 does not

affect the conductivity of dodecane as much as Spato&s
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Figure 12. Leakage current across the lipid bilayer as a function of thelectric field across the lipid bilayer.
The oil phases consistef dodecane with 10 mM Span 8and 10 mM Span 80 The leakage current increases

exponentially with electric field. Span 85 increases the electrical conductivity of dodecane more than Span 80.

5.5 Discussion of noAinear electrical behavior of the lipid bilayer

Lipid bilayers formed from 10 mM Span 80 and 10 mM Span 85 in dodecane both behave non
linearly in terms of electrical conductivitynterestingly, theelectrical conductivities oboth these thin
liquid films increase expnentially with electricield, as opposed to the linear dependemdabited by
most dielectric films The method for charge conduction within the lipid béayis still not wel
understoodbut the norlinear behavior maye attributed in parto the changing thicknegsf the lipid
bilayer during voltage applicatiotnlike solid dielectrics, liquid dielectrics change in thickness when
subjected to a strong electric field. The thinning of the lipid bilayer may allow for charge to conduct more
effectively across the ebased nanoscale layers in a Amear fashionFor electrowettingourposesthe
oil phase should exhibit minimal leakage curréxg seen in Figure 15pan 80eaks less current than

Span 85 under the same electric fields and mhag work better for eléowetting applications
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TRANSIENT BILAYER THICKNESS ES DURING VOLTAGE TRANSITIONS

6.1 Measuring changes in lipid bilayer thickness with time

Series capacitance and resistance values were collected every 3 secsadsrédminutes as the
lipid bilayer transitionedfrom one equilibrium height to another in response giep change in peak
voltageat time 0 AC voltages (100 Hz, disoida) were used for these experimenise peak voltage

alternated between 0.5V and 1.0 V.

6.2 Theoretical predictions for changes in lipid bilayer thickness with time

As discussed previously, the thickness of the lipid bilayer changes with applied vdltege.
predicted rate of the change of the lipid bilayer thickness with respect to time is given bNothindo

equdion (seeAppendixB for a full derivation):

S — QYT — — (11)

where’Qis the height (thickness) of the lipid bilay@,is the diameter of the base of the water dfojs

the viscosity of the fluidand all other parameters atiee sameas defined previouslyComparing

eguation 11 to equations 6 andiis apparent that the rate of the change of the lipid bilayer thickness
with respect to time is proportional to tdéference between the electrostatic and disjoining pressures.
Thus the greater the imbalance between the electrostatic and disjoining pressures, the greater the rate of

change othe lipid bilayer thickness with respect to time.
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6.3 Plots of ipid bilayer thickness vs. time

In an effort to understand the transient effects during wetting and dewetting transitions of the
water drop, lte lipid bilayerthickness was measured over the course of several minutesaastep
change in peak voltage f&0 mM Span 80 in dodecane. These experiments were performed at a lower
frequency than the other experiments (20 Hz)sdida), and Span 85 proved too conductive to obtain
steady wetting at this frequency. Figure 13 plots the lipid bilayer thickness duringutwp each

containing a wetting and dewetting transition between 0.5 V and 1.0 V (peak voltages).
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Figure 13. Evolution of lipid bilayer thickness in response ta step change irpeak voltage 0 Hz, sinusoidal)
during two consecutive experimental runs Each run consists of a wetting and a dewetting transition.
(Wetting transitions correspond to a peak voltage change from 0.5 V to 1 V at time 0; dewetting transitions
correspond to a peak voltage change from 1 \bt0.5 V at time 0.)The dewetting transitions reveal aroughly

logarithmic behavior, whereas the wetting transitions show a roughly linear behavior.
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6.4 Discussion on transient lipid bilayer thicknesses

The changes in lipid bilayer thickness with time in response to step voltage changes appears to
depend on the interactions of molecules within the polymer brush rather than the hydrodynamic effects of
squeezing a thin liquid film. The changes in thickn@gsrtime do not occur on the time sca¢apected
for the hydrodynamic effects associated with squeezing a thin liquid film; rather, the adjustment of the
lipid bilayer thickness with time appears to be limited by the interactions between the adsorloedesiole

comprising the lipid bilayer.

The wetting and dewetting runs show distinctly differeahds; the wetting transition reveals a
roughly linear thickness decrease with time, whereas the dewetting transition shows a thickness
dependence that is logdmihic with time. As seen in Figure 13, the lipid bilayer approaches its
equilibrium height in a slower fashion during the wetting transition than during the dewetting transition,
suggesting an asymmetry in the mechanism of molecular interactions betwessdhieed molecules

comprising the lipid bilayer during compression and during retraction.

30


















