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Abstract of the Thesis
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by
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Professor Jacob Schmidt, Chair

There are many applications for artificial lipid bilayers. These applications include ion
channel studies, protein sensing with nanopores —especially DNA sequencing, and
artificial lipid bilayers have the potential be applied for use in nanoparticle toxicity
screening. Arrays of bilayers were used to test different nanoparticles for interactions in a
variety of different environments including changes in particle concentration, ionic strength,
pH, and presence of serum. Nanoparticles which were screened for interactions and
potentially toxicity with our bilayer array platform included lanthanum oxide, cerium oxide,

copper oxide, cobalt oxide, zinc oxide, indium oxide, erbium oxide, europium oxide, and



gadolinium oxide. The data from our bilayer array platform also indicated that the ability of
nanoparticles to destruct membranes largely depends on experimental conditions. In
general, positive coating such as a low pH condition makes the particles more potent to
membranes, and less positive coating such as a higher pH makes the particles more or
less likely to interact and ultimately disrupt the bilayers. These results about nanoparticles’
ability to disrupt and break bilayers have a strong correlation literature regarding
nanopatrticle toxicity. This information can be used as a platform and starting point to study

and predict how other nanoparticles or drugs may interact with bilayers.



The thesis of Shayson Christopher Edwards is approved.

Benjamin M. Wu
Gerard C. L. Wong

Jacob J. Schmidt, Committee Chair

University of California, Los Angeles

2015



Dedication

| would like to dedicate this work to my parents, Karen and Steven. Thank you for your

lifelong support and encouragement in all of my endeavors.



Table of Contents

ADSEFACT Of TNE TNESIS. ..o i
COMIMITIEE .ttt e e e e e e e \%
DIEAICATION ...t Vv
TaDIE OF CONTENTS ...t Vi
LIST Of FIQUIES ..ttt e e e e e e e e e e eaees X
LIST OF TADIES ...t Xiii
ACKNOWIEAGEMENTS ... e e e e e e ettt e e e e e e e e e e eeaees XV
Chapter 1: INTrOAUCTION ... e as 1
1.1 INTFOTUCTION et 1
1.2 Overview of Bilayer Creation Methods............uuuiiiiiiiiiiii e 2
1.3 Droplet BlAYEIS ..ot 4
1.4 Bilayer MEaASUIEIMENTS. ....uutiiiiiies ettt e e e e e e e ettt e e e e e e e eeeeeees 5
1.5 Experimental PhilOSOPNY ......uuriii e 9
Chapter 2: Multichannel Horizontal Bilayer Array..........oooiiiiiiiiiiiiiiiiiee e 10
2.7 OVBIVIEW. ...ttt e e e e e e e 10
2.2 MALEHIAIS ... 12
2.3 Chip Fabrication, Assembly, and Prep ... 15
2.4 Partition Quality CONTIOl ........veieiiiiiiiee e 16
Chapter 3: Experimental Approach to NanopartiCles ..............uuueviiiiiiiiiiiieieeeiiiiies 23
3.1 NanOPArtiCle OVEIVIEW ........oviiieiiiiiiee e as 23

Vi



3.2 CONCENTIAtION PrOfIlES. ..o, 25

3.3 1oniC Strength ProfileS ......coovviiie e 26
B PH PrOTIES ..o 26
3.5 Serum EXPENMENTS ... 27
3.0 EXAMPIE RESUIS ... s 28
Chapter 4: Nanoparticle Results & DISCUSSION ....viiiieiiiiiiiiieeiiiiii e 32
4.1 NanopartiCle RESURS OVEIVIEW.......ciiiiiiieiiiiiieee s 32
4.2 Lanthanum OXIide (LAy035)....uuriiiiiiiiiiiiiiiiiiee ettt e e e e e e e e e aaaaaaeeeeeeas 35
4.3 Cerium OXIAE (CEO,)..ciiiiiii ittt ettt e e e e et e e e e ee e 40
4.4 Copper OXIAE (CUO) ...oeiiii ittt ettt e e e et aaaaaeeeees 45
4.5 Cobalt OXide (CO500,) «iiiiiiiiiiiiiiitiiie ettt e et a e e 49
4.6 ZINC OXIAE (ZNO)...ciiieiie ettt e e e e ettt e e e e e 53
4.7 Indium OXIiAE (IN505) 1 ieee et e e e e et raa e e e e e e 57
4.8 Erbium OXIde (Ery05) .ccieieiiiiiiiii ettt 61
4.9 EUuropium OXide (EUsOg) «ooiiiiiiiiiiiiiiiiiiiiee ettt e et aeaaaeeeeeeas 66
4.10 Gadolinium OXide (Gy05) ...uvvvvriiiiiiiiiiiiiiiie ettt raaa e e e e 69
Chapter 5: FUTUIE WOIK ... ..o e e eeaaaeeee 74
APPENTIX Al PrOTOCOIS.....ciiiiiiieiiiie ettt e e e e e e e e eees 75
A.1 Neutral Super Combo and Super Combo Lipid Preparation..........cccoeeeeeeiiieeeninnnn. 75
A.2 Liposome and Lipid in Oil Preparation .............eiieeeeeceeeeiii e 78
A.3 Partition Hole Size and Quality Control ProtoCol...........coooiiiiiiiiiiiiiiiiieeeeeeee 80
A.4 Acrylic Chip Assembly ProtOCOI ..........ooiiiiiiiiiiie e 82



A.5 Multichannel Horizontal Bilayer Platform Protocol with Buffer Solution ................... 84

A.B SEIUM Preparation ..........eee oottt e e e ee e 86
A.7 Multichannel Horizontal Bilayer Platform Protocol with Serum Solution .................. 87
A.8 Painted Bilayer Preparation and ProtoCOL...........ooiiiiiiiiiiiiiiiiiie e 89
RETEIBINCES ... s 91

Viii



List of Figures

Figure 1: Lipid Bilayer lllustration: Bilayers are composed two lipid monolayers with the
hydrophilic head facing out to aqueous solution and the hydrophobic tail embedded
inside away from the aqueous solution. (Figure adapted from Sundava et al.)............. 2

Figure 2: Painted bilayer apparatus schematic. A: Two compartments divided by Teflon®
film composed of an aperture with a diameter of 50-300pum. An electrolyte solution is
filled in both compartments above the aperture level. Silver chloride electrodes are
connected to an amplifier and are inserted into the electrolytic solution to measure the
electrical properties and characteristics of the pore. B: A cross-sectional view of the
bilayer formed across the aperture. Once the bilayer has formed, a solvent annulus
remains at the boundary between the bilayer and the edge of the pore. (Meyer et al.) 3

Figure 3: Folded bilayer formation. A: Bilayer formation apparatus. B: Folding two
monolayers to form a bilayer. lllustrations are not to scale. (Montal and Mueller.)......4

Figure 4: Example of establishing minimum current fluctuation for pore determination....... 8

Figure 5: lllustration of multichannel horizontal bilayer array. (Figure adapted from Lu et al.)

................................................................................................................................ 11
Figure 6: Acrylic sheets used for multichannel horizontal bilayer array .............cccoeeeeeeee. 13
Figure 7: NanopartiCIes in raw fOrM ... 14
Figure 8: Chip Assembly. From left to right: bottom tape, top tape, partition, top acrylic,

bottom glued acrylic, assembled ChIpD. ... 16



Figure 9: A partition exhibiting undesired characteristics. The left side of the shows signs of

jaggedness, the hole itself is not symmetrical, and the hole size is much closer to

BO0UM thaN 7O0PM. e e e e e e e e e e e et e b aas 17
Figure 10: Partition ANGIYSIS. ......u et e e e e e e e e 19
Figure 11: Laser Cut partition @rray ........ooeeiiiiiieieeee e e e e e e e 21

Figure 12: Example of simple pore formations/interactions highlighted in red. Changes in
current are small spikes much larger than the adjacent background noise. Spikes are
SNOM N AUIATION. .. 28

Figure 13: Example of transient pore formations highlighted in red. Changes in current are
small to large spikes larger magnitude in comparison adjacent background noise.
Transient pore spikes are longer in duration and may be a relatively constant current
(o [UlgaTe o] g0 t=11T0] o TR PP 29

Figure 14: Example of voltage dependency. Current fluctuations, encapsulated in red are
present on the left half of the figure, the positive applied voltage section. A lack of

current fluctuations or pore formations, shown in blue, on the right half of the figure,

the negative applied voltage portion of experimental protocol...........ccooecovviiiiieiiinnns 30
Figure 15: Example of @ fUSION EVENT ..o 31
Figure 16: lonic Strength Experiment Data Summary ... 33
Figure 17: pH Experiment Data SUMIMAIY..........ouuuuiiiiiiiee e 34
Figure 18: Serum Experiment Data SUMIMAY .........ueeiiiiiiiiieeeeeeeeeeeiii e 35

Figure 19: Lanthanum Oxide (100 pg/ml): A: Typical trace of an experimental well with

particle added. B: Typical trace of a control well with buffer added. C: Typical trace of

X



an interaction event in an experimental well after particle has been added. D: Typical
trace of a fusion event of an experimental well after particle has been added. .......... 37
Figure 20: Cerium Oxide (200 pg/ml): A: Typical trace of an experimental well with particle
added. B: Typical trace of a control well with buffer added. C: Typical trace of an
interaction event in an experimental well after particle has been added. D: Typical
trace of a fusion event of an experimental well after particle has been added. .......... 42
Figure 21: Copper Oxide (100ug/ml): A: Typical trace of an experimental well with particle
added. B: Typical trace of a control well with buffer added. C: Typical trace of an
interaction event in an experimental well after particle has been added. D: Typical
trace of a fusion event of an experimental well after particle has been added. .......... 46
Figure 22: Cobalt Oxide (500 pg/ml): A: Typical trace of an experimental well with particle
added. B: Typical trace of a control well with buffer added. C: Typical trace of an
interaction event in an experimental well after particle has been added. D: Typical
trace of a fusion event of an experimental well after particle has been added. .......... 50
Figure 23: Zinc Oxide (50 pg/ml): A: Typical trace of an experimental well with particle
added. B: Typical trace of a control well with buffer added. C: Typical trace of an
interaction event in an experimental well after particle has been added. D: Typical
trace of a fusion event of an experimental well after particle has been added. .......... 54
Figure 24 Indium Oxide (500 pg/ml): A: Typical trace of an experimental well with particle
added. B: Typical trace of a control well with buffer added. C: Typical trace of an
interaction event in an experimental well after particle has been added. D: Typical

trace of a fusion event of an experimental well after particle has been added. .......... 58

Xi



Figure 25: Erbium Oxide (100 pg/ml): A: Typical trace of an experimental well with particle
added. B: Typical trace of a control well with buffer added. C: Typical trace of an
interaction event in an experimental well after particle has been added. D: Typical
trace of a fusion event of an experimental well after particle has been added. .......... 63

Figure 26: Europium Oxide (100ug/ml): A: Typical trace of an experimental well with
particle added. B: Typical trace of a control well with buffer added. C: Typical trace of
an interaction event in an experimental well after particle has been added. D: Typical
trace of a fusion event of an experimental well after particle has been added. .......... 67

Figure 27: Gadolinium Oxide (100 pg/ml): A: Typical trace of an experimental well with
particle added. B: Typical trace of a control well with buffer added. C: Typical trace of
an interaction event in an experimental well after particle has been added. D: Typical

trace of a fusion event of an experimental well after particle has been added. .......... 71

Xii



List of Tables

Table 1: Lanthanum Oxide Initial Fusion Rate Experiments ..........cooovvvvviiiiiiiiiiiiiieeeeeeee, 36
Table 2: Lanthanum Oxide lonic Strength Experimental Fusion Rates...........ccoeeeeeeiee. 38
Table 3: Lanthanum Oxide pH Range Experimental Fusion Rates...........cccoovviiiiiieeninnn. 39
Table 4: Lanthanum Oxide Serum Experimental Fusion Rates ..............eviiiiiiiiiiiiinnninn, 40
Table 5: Cerium Oxide Initial Fusion Rate EXperiments. ... 40
Table 6: Cerium Oxide lonic Strength Experimental Fusion Rates ...........cccooevviiiiiieeniinnn, 43
Table 7: Cerium Oxide pH Range Experimental Fusion Rates..............cvviiiiiiiiiiiinnnnnnn, 44
Table 8: Cerium Oxide Serum Experimental Fusion Rates ..., 44
Table 9: Copper Oxide Initial Fusion Rate EXperiments........cccccoevviiiiiiiiciiiieeeee, 45
Table 10: Copper Oxide lonic Strength Experimental Fusion Rates.........cccoooeiiiiiiii, 47
Table 11: Copper Oxide pH Range Experimental Fusion Rates ...........ccooooevvviiiiieiiiinnnnnn. 48
Table 12: Copper Oxide Serum Experimental Fusion Rates...........cccccvveeiieiiiiiiiicciiiinnn, 48
Table 13: Cobalt Oxide Initial Fusion Rate EXperiments .........ccoooiiiiiiiiiiiiiiiii e 49
Table 14: Cobalt Oxide lonic Strength Experimental Fusion Rates ..........ccceevviiiiiienninne, 51
Table 15: Cobalt Oxide pH Range Experimental Fusion Rates...........cccooveeiiviiiiiiciiiiinnnnn. 52
Table 16: Cobalt Oxide Serum Experimental Fusion Rates ............ooovvvviiiiiiiiiiieeee, 52
Table 17: Zinc Oxide Initial Fusion Rate EXPeriments ... 53
Table 18: Zinc Oxide lonic Strength Experimental Fusion Rates..............ccoveviiiiiiiiennn, 55
Table 19: Zinc Oxide pH Range Experimental Fusion Rates...........cccccoveevieiiiiiiciiiiinnnn, 56
Table 20: Zinc Oxide Serum Experimental Fusion Rates ..., 56

Xiii



Table 21:

Table 22:

Table 23:

Table 24:

Table 25:

Table 26:

Table 27:

Table 28:

Table 29:

Table 30:

Table 31:

Table 32:

Table 33:

Table 34:

Table 35:

Table 36:

Table 37:

Table 38:

Table 39:

Indium Oxide Initial Fusion Rate EXperiments ...........oooovviiiiiiiiiiiieeeeeeeee 57
Indium Oxide lonic Strength Experimental Fusion Rates..........cccooevvviiiiiieinn. 59
Indium Oxide pH Range Experimental Fusion Rates..............cciiiiiiiiiiienn, 60
Indium Oxide Serum Experimental Fusion Rates ..........ccccoeevveiiiiiiiiiicciiiieee, 61
Erbium Oxide Initial Fusion Rate Experiments............ooiiiiiiiee 62
Erbium Oxide lonic Strength Experimental Fusion Rates .........cccooeeviiiiii, 64
Erbium Oxide pH Range Experimental Fusion Rates ............ccccvviiiiiiiiiiiiiennen, 65
Erbium Oxide Serum Experimental Fusion Rates..........cccccoeveveiiiiiiiiiiiene, 66
Europium Oxide Initial Fusion Rate Experiments...........oooiiiiiii 66
Europium Oxide lonic Strength Experimental Fusion Rates ..., 68
Europium Oxide pH Range Experimental Fusion Rates ...........ccccooeeviiiiiiiennnn, 69
Europium Oxide Serum Experimental Fusion Rates..............ccceviiiiiiiiiiiininnn, 69
Gadolinium Oxide Initial Fusion Rate EXperiments ...........ccceevviiiiiiiiiiiiiineeeee, 70
Gadolinium Oxide lonic Strength Experimental Fusion Rates............cccceeeeeeennn. 72
Gadolinium Oxide pH Range Experimental Fusion Rates...............cccccveeeieeeennn, 73
Gadolinium Oxide Serum Experimental Fusion Rates ... 73
Super Combo Plus BMP Lipid COMPOSItION.........uuiiiiiiiiiiiiiieccciieeiiiiiee e 75
Super Combo Lipid COMPOSITION ....cciiiiiii e 76
Neutral Super Combo Lipid COMPOSITION ........ccoiiiiiiiiiiiiiiieie e 76

Xiv



Acknowledgements

| would like to acknowledge all of the people who helped make this work a reality. |
would like to thank Dr. Schmidt for allowing me to research in his lab. | appreciate Dr.
Schmidt for always providing enough guidance for me in times of trouble and uncertainty
but also allowing me to solve problems on my own. | was lucky to have been paired up
with a Pl that was so understanding and accommodating to his students. | will miss our
talks about science and the hypothetical mechanisms that govern our research and the
back and forth on outlandish theories from Shiv. | would like to thank Shiv Acharya for his
help and support both inside and outside of the lab. Having a friend in the laboratory
created a fun and stimulating environment. My research and table game skills improved
with your help. | would like to thank Bin Lu for teaching me many of the lab techniques
involved with nanopore research and for providing guidance to me even when he was on
the other side of the world. Much of this work would not have been possible without the
help of the undergraduates in the lab: Andre Petersen, Henry Yong, Peipei Lyu, Anderson

Huang, and Chris Toh.

XV



Chapter 1: Introduction

1.1 Introduction

Nanoparticles and lipid bilayers are essential to cell function in nature. There are
many different types of cells in different shapes and sizes and even different lipid
compositions'. Regardless of the cell variety, each has an outside barrier that protects the
lumen of the cell from the extracellular space. This protective barrier, called a cell
membrane, functions as a critical factor in the cell adhesions and cell-to-cell signaling and
communication®. The inside of a cell contains organelles such as lysosomes and
mitochondria®. These organelles are also composed of their own membrane structure.
Each of these intracellular membranes provides a different purpose that allows for the
organelles to function as intended. The membranes act as a barrier and as a result a
pathway is needed for communication®. This pathway cones from permeable membrane
proteins, which are selective in their nature®. Earlier investigations into biological membrane
structures created a model called the “fluid mosaic model.”® Biologically relevant
membrane structures consist of embedded proteins and phospholipids.” A phospholipid
consists of a lipophilic tail region and a hydrophilic head group region®. This lends to their
amphipathic characteristic. For instance, in an oil-water interface, lipids will orient with the
tail group in the organic phase and the head group facing the aqueous phase®. This

orientation is a result of the polarizing range of hydrophobicity of the lipids'®.



Water

Hydrophobic
fatty acid “tails

Figure 1: Lipid Bilayer lllustration: Bilayers are composed two lipid
monolayers with the hydrophilic head facing out to aqueous solution and the
hydrophobic tail embedded inside away from the aqueous solution. (Figure
adapted from Sundava et al.")

There have been a variety of bilayer formation techniques over the years in an effort
to have an approach that allows for a high degree of control over lipid composition and
bilayer contents'. Approaches developed over the years include painted, folded, and

droplet bilayer techniques™.

1.2 Overview of Bilayer Creation Methods

Painted Bilayers

First introduced by Mueller and co-workers in the early 1960’s, the painted bilayer
technique was it was the first approach for formation of artificial lipid bilayers'®. By

spreading lipid-oil solution across a small aperture on a thin hydrophobic film, which acted
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as a divider between two compartments filled with electrolyte solutions, bilayers could be

reliably formed'™.

Ag/AgCl
electrodes Amplifier Solvent
Liquid level annulus
12 mm

— Bilayers

/'

=2

14 mm

-«

“—19 mMm—

Teflon AF sheet with pore

Figure 2: Painted bilayer apparatus schematic. A: Two compartments
divided by Teflon® film composed of an aperture with a diameter of 50-
300um. An electrolyte solution is filled in both compartments above the
aperture level. Silver chloride electrodes are connected to an amplifier and
are inserted into the electrolytic solution to measure the electrical
properties and characteristics of the pore. B: A cross-sectional view of the
bilayer formed across the aperture. Once the bilayer has formed, a solvent
annulus remains at the boundary between the bilayer and the edge of the
pore. (Meyer et al.’®)

The hydrophobic film absorbed the organic solution and the lipids self-assemble
into bilayers'”. Measuring the capacitance of the bilayers can monitor bilayer formation'®.
Bilayers can be deemed fully formed once the capacitance reaches or exceeds a certain
value. One of the drawbacks to this technique is the requirement of an experienced
operator, with a honed technique of properly applying lipid solution across the aperture

and the ability to determine if and when a bilayer has formed.



Folded Bilayers

Montal and Mueller introduced the folded bilayer technique in 1972'°. Pre-formed

lipid monolayers are brought together to form a bilayer. To form the monolayers, a small

amount of hexane-lipid solution is spread over an aqueous solution. Once the hexane has

evaporated, the aqueous level is raised via an addition of more solution and the

monolayers are brought into contact with each other®. Applications of this method include

studying proteins that may be sensitive to solvents?', since this method may be considered

free of solvents. Additionally, is may be possible to experiments with two different lipid

compositions.

A

DIRECTION OF
lm_smw

—SEPTUM
TEFLON FILM

APERTURE — AR

LIPID MONOLAYER
—
WATER

|
TROUGH

DIRECTION OF
DISPLACEMENT

.L;En.on Fiim
APERTURE AR

i

LIPID
MONOLAYERS

Figure 3: Folded bilayer formation. A: Bilayer formation apparatus. B:
Folding two monolayers to form a bilayer. lllustrations are not to scale.

(Montal and Mueller.)™

1.3 Droplet Bilayers



The droplet bilayer method utilizes two monolayers of phospholipids that are formed at a
horizontal interface between air and two aqueous solutions®. As previously discussed,
lipids will spontaneously orient themselves depending on the medium with which they
interface. For example, in an aqueous-air interface, the head group, hydrophilic, will orient
towards the aqueous phase. By raising the solution’s height within the chamber over the
aperture, the monolayers on each side of the partition will begin to join together at the
aperture and form a bilayer. This bilayer has less solvent than in the previously discussed
painted bilayer technique. Recently, a group developed a micro-fabricated chip that
supported the formation of close to 100 bilayers by using a series of electrical and fluidic
connections®#*, The same group also developed a microfluidic device that formed lipid
bilayers by contacting two monolayers that self-assembled at agueous-oil interfaces®. This
technique is known as the method of droplet interface bilayers, first published in the mid-
1960s?. A particular technical advantage is that the only complication in the system relied
on the positioning of the droplet*”?®. The use of micromanipulators, electrical fields, and
microfluidic flows can limit this difficulty®**°. The ability to parallelize and automate this

system lends to its main advantageous qualities®'*.
1.4 Bilayer Measurements

Monitoring the capacitive current of the membrane serves as a way to distinguish if
a bilayer has formed. A charged membrane is established by applying a triangle wave
voltage of alternating a small-applied voltage. The resulting current is then measured using

a computer processor. Establishing a base capacitive current before a bilayer and after a



bilayer allows for calculating the membrane size. This calculation can be done via the

following equations:

1=c%
C=€&%
Dielectric constant, €o = 8.854E-12 F - m™1
Relative statistic permittivity, € =2
Bilayer thickness, d=5nm
Bilayer area, A =mr?

Rearranging the first equation to solve for C and then using this value in the second
equation to solve for the area, the estimated bilayer diameter and area can be
approximated. One potential drawback of this particular method is false positives of bilayer
formation, as the current measured during the imposed triangle. Once the monolayers
have formed so does a capacitive current; however, while the distance between
monolayers in a bilayer is roughly 5nm, the distance between the two monolayers is
relatively large. Once the monolayers begin to come together and join, the resulting
capacitive current will grow and subsequently once the bilayer is formed the current
generated by the triangle wave input voltage will begin to flatten. This result is an indication
of capacitive charging and subsequently formation of the membrane. Characteristics of the
capacitive current and thus bilayer formation will change based on variables of the
experiment. These variables include aperture size or film thickness, solvent composition,

and the lipid composition of the bilayer®.



One way to ensure a bilayer has formed is by applying a large sudden voltage, or
“zapping.” This zapping breaks the bilayer with the application of a large potential. If there
is no bilayer, the capacitive current will remain the same. A bilayer will break, and the
resultant capacitive current will be shortened and will be easy to distinguish in the data
acquisition program. Unfortunately, this bilayer formation test breaks any bilayer that had
formed. This test is best used at the end of an experiment to establish the baseline size for
a bilayer.

Decoding electrical measurements can initially be challenging, but once the general
equations are understood deducing information can be a rather simple process. Observing
the capacitive currents with this understanding makes it possible to distinguish formed
bilayers from unformed bilayers without zapping the bilayers and thus ending the possibility
of using the bilayers®. Variations in variables such as aperture size and lipid composition
may require a simple recalibration of determining a bilayer capacitance threshold. A safe
case with the Tecella© is assuming anything with a capacitive current above 180pA is a
bilayer.

Upon establishing that a bilayer has formed, the next step is identifying interactions
with the membrane. A current fluctuation threshold was established as a value deviating
more than the average current value of a control well plus or minus the peak-to-peak noise
level. Any fluctuation greater than this baseline value on the positive voltage portion of the
trace or less than the baseline value on the negative portion of the trace was noted as a
pore formation. Interactions may very in size, eventually reaching the point of a fused

bilayer. A fusion refers to the two aqueous phases fusing together to allow a large flux of

2



current between the two chambers resulting in a pore so large the bilayer is beyond
reforming. Pore formations, in general are noted as interactions. These interactions may be
classified into different categories, however unless specifically noted, the notation of an
interaction may be simply interpreted as a generalized pore formation event. The figure
below illustrates the determination of the threshold for determination of potential pore
formation, with values above the red line on the left or below the redline on the right

qualifying for such a distinction.
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-40
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Figure 4: Example of establishing minimum current fluctuation for pore
determination

Noting if an interaction takes place, the duration of the interaction, and the pore size
are not the only factors that are important to consider in regards to bilayer interactions.
When an interaction occurs can also be equally important. The testing protocol used for
the experiments outlined in this work include positive and negative 70mV sweeps of 25
seconds each after an initial application of OmV for 3 seconds. Conducting a number of

experiments under different conditions with the same lipid bilayer composition and particle
8



concentration allows for investigating if nanoparticles are more or less likely, if there is a
difference at all, to cause interactions and ultimately fusions with a positive or negative

applied voltage.

1.5 Experimental Philosophy

The experimental philosophy of the experiments tested in this work are based on
the idea of seeking to discover more information about nanoparticle interactions with lipid
bilayers and possible conditions and variables that may govern these interactions. Some of
the variables tested include different nanoparticles, nanoparticle concentrations, lipid
compositions, ionic strengths, pH conditions, and presence or absence of serum. There is
still much to learn about nanoparticle interactions with lipid bilayers and with the creation of
an efficient and robust platform to create bilayers in various conditions, discussed in later
sections, there was a clear opportunity to investigate a class of nanoparticles and their

interactions in ways that had not been previously studied.



Chapter 2: Multichannel Horizontal Bilayer Array

2.1 Overview

One problem with conducting bilayer experiments is creating enough bilayers to
have a statistically significant amount of data. Even those bilayers that do form may take
hours to form under previous bilayer techniques. Low bilayer yield and inefficiency hinders
research and new discoveries from being made. This problem was solved with a new
technique developed out of the Schmidt lab at UCLA®. This method is referred to as a
multichannel horizontal bilayer array for a number of reasons. The horizontal bilayer portion
is reference to the fact that the aperture and thus bilayer orientation is open across the
horizontal axis, difference than the typical vertical axis for painted bilayers. Secondly, the
multichannel array is reference to each chip having eight wells in an array, thus supporting

multiple channels. An overview of the setup is shown in the following figure.

10
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Figure 5: lllustration of multichannel horizontal bilayer array. (Figure adapted
from Lu et al.®®)

The figure above illustrates the components required for the array method. Figure
5A shows expanded view of an individual channel, displaying an overview of the
components of an individual chip such as Delrin® film part with a small aperture between
the top acrylic piece and the bottom and base acrylic pieces. Acrylic tape, binding the
partition film to the top and bottom acrylic parts, is not shown. Figure 5B through Figure
5E show illustrations of the droplet bilayer method, which is further described in Appendix

A.5 Briefly, a prepared aqueous liposome solution is added to the bottom well followed by

11



the addition of a prepared lipid in oil solution. Following the addition of the lipid in oil
solution, and after waiting for the monolayer to form, aqueous solution is added to the top
and the monolayers form a bilayer. Figure 5F is an illustration of one completely
manufactured bilayer chip. Figure 5G and Figure 5H are illustrations of the PCB and
configurations of electrodes and their interchangeability features. Figure 5l is an overview
of all of the components used in the setup. The array is composed of 32 channels, with
each channel having access to a top well and two interconnected bottom wells, and each
chip composing of 8 channels for a total of 4 chips. The electrodes are placed in the wells
such that the active electrode is placed in the top well and the ground electrode is
connected to the bottom well. Nanoparticles used in experiments discussed in this work

are always added via the top well.

2.2 Materials

Acrylic materials were purchased from McMaster Carr (Santa Fe Springs, CA).
Acrylics included sheets of 12”x12"x0.25” and 12”x12”x0.625” parts used for chips in the
multichannel horizontal bilayer array. The figure below are examples of acrylic sheets used

for assembly, highlighted in section 2.3 below.
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Figure 6: Acrylic sheets used for multichannel horizontal bilayer array

Acrylic adhesive, SciGrip Acrylic Weld-on Adhesive #3, was purchased as Solter
Plastics (Los Angeles, CA). The acrylic adhesive was an important component involved in
the chip assembly, outlined in section 2.3 below, as it is critical to keep the wells in the
array independent from one another. Delrin® film, and VHB tape were purchased from
McMaster Carr (Santa Fe Springs, CA). aMEM and FBS were from Life Technologies
(Camarillo, CA).

Nanoparticles were purchased from Nanocomposix, Inc (San Diego, CA) and
NanoAmor, Inc (Houston, TX). The figure below shows a few examples as to the

appearance of the nanoparticles in dry form.
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Figure 7: Nanoparticles in raw form

Lipids and lipid composition materials used in the tests such as 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC), 1- palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE), Cholesterol (Chol), 1-palmitoyl- 2-oleoyl-sn-glycero-3-
phospho-L-serine (POPS), Cerebroside (CB), and sn-(3-oleoyl-2- hydroxy)-glycerol-1-
phospho-sn-1'-(3'-oleoyl-2'-hydroxy)-glycerol (BMP) were ordered from Avanti Polar
Lipids, Inc (Alabaster, Alabama). Decane, methanol, and chloroform were from Sigma-

Aldrich (St. Louis, MO).
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2.3 Chip Fabrication, Assembly, and Prep

The Schmidt lab has created a multi-well chip array that allows for up to eight
bilayers to form at a time. These chips are used in conjunction with a Tecella© amplifier,
configured in lab to test up to 32 bilayers at a time. Each individual chip is composed of six
individual parts: a top acrylic piece, a base acrylic piece, a ladder shaped acrylic piece, a
partition made of Delrin® film, and two acrylic tape pieces which holds the chip together.
The fabrication of these chips, while time consuming, allows for up to 32 bilayers to be
used at once—a significant improvement in efficiency over traditional one-bilayer
techniques and setups. Once the six parts are cut a chip can be assembled. Chips are
typically assembled in groups of 4 to 12. The figure below shows an unassembled and

assembled chip.

15



1

(00000 00000

-]
o)
0
(@)
| e
le)
Nt
o)
o
~
Lo~
Lo
N
'C

O O0'000000

l

Figure 8: Chip Assembly. From left to right: bottom tape, top tape, partition,
top acrylic, bottom glued acrylic, assembled chip.

Assembled chips go through a rigorous washing process to ensure that any

possible contaminants are removed from the chips. This washing process, outlined in

Appendix A.4 includes using decane, methanol, deionized water, pressurized air, and a

desiccator.

2.4 Partition Quality Control

Each experiment condition required a specific range of partition hole sizes. At pH
4.5 with buffer on top this range was between 650 microns and 700 microns. For pH 7

and 10 with buffer on top this range was between 700 and 750 microns. For the serum
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experiments, yield was best when the partition size was between 700 microns and 750
microns. Size is not the only indicator as to whether an experiment will be successful. The
partition holes are supposed to be round and have smooth edges. When the partitions are
irregular shapes and or have jagged edges the results can be unfavorable. The figure

below exemplifies some unwanted characteristics such as jagged edges and wrong size

(intended size was a diameter of 700um).

Figure 9: A partition exhibiting undesired characteristics. The left side of the
shows signs of jaggedness, the hole itself is not symmetrical, and the hole
size is much closer to 600pum than 700um.

The characteristics of the partitions can be ensured with a quality control process.

Partition hole sizes are chosen based on the file that the laser cutter cuts the partitions.
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The file can be modified to call for the laser cutter to cut bigger or smaller hole sizes. Each
partition hole can be imaged to ensure that the hole diameter and roundness are correct.
A light microscope can be used obtain these images. The image settings can be
manipulated to provide a high contrast between the inside and outside of each individual
hole. Once an image is obtained, a program such as Matlab® can be used to analyze and

quantify characteristics about the partition holes as shown in the figure below.
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Figure 10: Partition Analysis
In the images above, the original photograph taken with the light microscope is

shown in Figure 10A. This photograph is transferred to a computer with a Matlab® script
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that can process the images. In Figure 10B, the original image of the partition is converted
to gray scale to ease the post processing of the image. Figure 10C is the result of an
image that was transformed based on threshold values of the gray scale image in Figure
10B. The outer white ring is inverted to be black. The inner and outer parts of the partition
hole are converted to black. Finally, this image is process to have the inside of the ring
become black, and the outer edges and beyond become white. The result is Figure 10D,
which is only the inside contents of the hole and nothing else. From here the average
diameter and area are readily calculated.

Since the partitions are cut in an array of 4x3, characteristics of the laser cutter can

also be quantified. An image of this array is shown below.
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Figure 11: Laser cut partition array

It may be of note whether one area of the array is cut differently than another. For
instance, if the laser cutter cuts holes accurately and at the desired size in the first column
but gradually decreases in accuracy as the cutting process occurs then this is easily
observed and necessary corrective action may be taken. If the holes are unified in size and
shape regularity experiments using these partitions may be performed to identify which
hole size is the proper size for each experimental condition.

Findings from studying this program yielded that the rightmost column cut hole size
an average of 30um larger than the leftmost column. Since this program was capable of

analyzing as many images as could be taken in a sitting, the program was robust enough
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to be used as a reliable tool to characterize partitions and compare them to different
batches and different laser cutting setting. As the experiments changed, so did the

optimum hole size and this analysis made finding the optimal hole size an easier process.
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Chapter 3: Experimental Approach to
Nanoparticles

3.1 Nanoparticle Overview

In the last 15 years, nanotechnology has been developing rapidly®’. One subset of
nanotechnology is nanoparticles®. Nanoparticles have applications on a variety of areas
including drug® and gene delivery*°, MRI contrast enhancement*, tissue engineering®,
fluorescent labeling®, DNA structure probing*, and detection of proteins®. Part of the
breadth of applications such as tagging and labeling is due to nanoparticles existing on the
same size domain as proteins*. Another important aspect is the fact that nanoparticles
can be modified with additions of biopolymers or antibodies*’, which gives them their
biocompatibility.

As previously mentioned, drug delivery is one of the applications of nanoparticles®.
Drug delivery can be achieved by modifying nanoparticles with ligands specific to the
target of interest and loading the nanoparticles with active molecules. These modified
nanoparticles are transported to the target via an injection into the blood stream*®. Once
the nanoparticles reach the intended target, the receptor binds with the ligand and as a
result the active molecule that was stored inside of the nanoparticle is released®.
Nanoparticles are also used for the application of protein detection®'. Basic cellular
functions such as cell-to-cell signaling and mechanical structure are affected or triggered
by proteins. Previous research has included the study of immunohistochemistry to identify

protein-protein interactions by the use of nanoparticles, specifically gold nanoparticles®.

23



There are numerous modifications that can be made to nanoparticles such as shapes,
charges, sizes, and surface modifications, but a sample of these configurations has only
recently begun investigation®. The development of a system and the implementation of
studying various nanoparticles is imperative to furthering the field and our knowledge.

There are a number of theories as to why one metal oxide particle does not interact
with bilayers while another one does interact with bilayers®. Most of these theories involve
charge of the particles playing a role in the interactions. Electrostatic interactions may be
the driving force for causing interactions to occur®. The lipids that make up the bilayer are
charged and may change orientation if an attractive or repulsive force approaches in
proximity. This change in orientation would lead to a small pore forming or a fusion of the
bilayer. Another theory is that since the bilayers are horizontal in orientation and metal
oxide nanoparticle do not dissolve in buffer, the force of the nanoparticles falling onto the
bilayers may be strong enough for the most dense particles to fuse the bilayers.

Nanoparticles encountered in many day-to-day activities were studied. Lanthanum
oxide is in exhaust-gas convectors®, imaging and protein detection®, as a strengthening
agent®, and as a catalytic material®. Cerium oxide is used as a catalyst®, cancer

61,62

therapeutics® %, and drug delivery®®*, Copper oxide is used for semiconductors®,

6567 “and detecting anti-microbial activity®®®. Cobalt oxide has applications in

sensors
catalysis™, sensors’’, energy storage’, and pigments™. Zinc Oxide is used in
sunscreens™, facial creams’®, semiconductors’®, antibacterial activity”’, and aniti-cancer

treatments’®. Indium oxide is used in nano-electronics’, transistors®, photodetectors®’,

and as a gas sensor®. Erbium oxide is used for biomedical imaging®, display monitors®,
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and optical communication®. Europium oxide has applications for fluorescent labels® and

phosphors®. Finally, gadolinium oxide is used as a MRI contrast agent®#°,
3.2 Concentration Profiles

Nanoparticles were initially tested at different concentrations at pH 4.5 80mM NaCl
to study their physical interaction with membranes. A concentration of 200 pg/ml was the
initial starting point for testing particles. Particles that did not fuse bilayers under these
conditions were repeated with higher concentrations until a majority of the bilayers fused
or until it was deemed that the particle was inert in any concentration and did not interact
or break bilayers. For particles that did break bilayers, the concentration was decreased
until only about 50% of the bilayers fused. For several of the nanopatrticles, this allowed for
a concentration profile in determining the optimum concentration for which interactions
occur and occur long enough for the interactions to be properly studied. These
concentration profiles could be used for future experimentation to explore pore formations
in a variety of conditions.

At high concentrations the nanoparticle may interact and fuse the membrane
almost immediately. Unfortunately, a fast fusion provides little information about the
biological mechanism. The only information to be gained is that the particle is able to
quickly fuse bilayers and may have inherent qualities that allow it to interact strongly with
lipid bilayers. Altering variables such as lowering the nanoparticle concentrations allow for
the mechanism of nanoparticle interaction can be further investigated under conditions
more that can yield more information about the interaction between the nanoparticle and

the lipid bilayer. In most cases, lowering the concentration of the nanoparticles achieves
25



the goal of gaining a more prolonged interaction so further analysis can be performed to

understand the interaction’s mechanism.

3.3 lonic Strength Profiles

A concentration for each particle was established from the pH 4.5 80mM NaCl
conditions and was used for the remainder of experiments. lonic strength profiles were
tested at three different ionic strength conditions: 5mM NaCl pH 4.5, 80mM NaCl pH 4.5,
and 1M NaCl pH 4.5. Different ionic strengths were tested to observe what effect, if any,
ionic strength has on different nanoparticles. A high ionic strength buffer solution may
screen out all of the nanoparticles, working as an inhibitor against the nanoparticles. On
the other hand, a low ionic strength may prove to be very limited in screening
nanoparticles. One other point in regards to a low ionic strength nanoparticle is that it may
be difficult to observe small pore formations, since there would only be a limited amount of

ions that would pass through the pore.

3.4 pH Profiles

Once a concentration was proven to break bilayers on a regular basis at a specific
ionic strength and pH a logical experiment is to study differences between pH. When the
pH is changed, there are several factors that may change. One is pKa values from lipids
may be in the range between pH values. For example, an amine group in a lipid with a pKa
value of 9.0 is likely deprotonated at a pH of 10. Changes in protonation effect the

electrostatic interactions between a lipid and a nanoparticle. The values of the pKa’s for
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the lipids used in the test are readily available, however it is possible that the metal oxide
nanoparticles also have a pl. Future experiments analyzing the zeta potential of these
metal oxide nanoparticles could provide information on whether the charge of the
nanoparticles is having a large effect in different pH ranges. Three different pH values were
tested in the following conditions: pH 4.5 80mM NaCl, pH 7.0 80mM NaCl, and pH 10.0
80mM NaCl. In nature, bilayers may be found in each of these pH ranges. Understanding
the interaction nanoparticles have in each of these conditions could be valuable

information for fusing cell membranes or creating pores in membranes to deliver particles.

3.5 Serum Experiments

Serum experiments were conducted to further test the platforms analogousness to
a real cell. A cell has a bilayer with a salt concentration on one side and a serum solution
on the other side. In many physiological conditions, a cellular plasma membrane is in an
environment with a significant concentration of serum proteins®. This environment and
potential effect was investigated by introducing serum to one side of the lipid bilayer. In
stead of buffer solution on both sides, one side had a buffer solution, pH 7.0 150mM NaCl,
and one side had a medium composed of 89% aMEM, 10% Fetal Bovine Serum (FBS),
and 1% Streptomycin.

Serum solution was particularly challenging to work with because the bilayers were
generally difficult to form and were very sensitive to the bottom well volume and aperture
size and lipid composition. Hole size was adjusted and Neutral Super Combo was used to

increase stability of the bilayers. In spite of the low bilayer yield, the effect of serum solution
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on the interaction and fusion rates of metal oxide nanoparticles can be observed. This

setup allowed for testing the effect serum has on these nanoparticle interactions.

3.6 Example Results

Before delving into the nanoparticle data, it may be best to observe a sample set of
data and results. An example of a trace containing pore formation is shown in the figure

below.
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Figure 12: Example of simple pore formations/interactions highlighted in
red. Changes in current are small spikes much larger than the adjacent
background noise. Spikes are short in duration.

The previous figure displayed pore formations that were easy to identify compared
to the baseline noise without any interactions. These pore formations may also arrive in

clearly defined steps. In nature these step changes and transient pore formations may be
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common due to an analytes ability to make a repeatable pore size in the membrane. An

example of one of these transient pore formations is shown below.
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Figure 13: Example of transient pore formations highlighted in red. Changes
in current are small to large spikes larger magnitude in comparison adjacent
background noise. Transient pore spikes are longer in duration and may be
a relatively constant current during formation.

As previously discussed, the time when the pore formations occur is also an
important aspect. If the particle’s interactions are only occurring or mostly occurring on
either the positive or negative applied voltage sweeps then the particle most likely has
some relation to voltage dependency. The figure below illustrates an example of a voltage

dependent particle.
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Figure 14: Example of voltage dependency. Current fluctuations,
encapsulated in red are present on the left half of the figure, the positive
applied voltage section. A lack of current fluctuations or pore formations,
shown in blue, on the right half of the figure, the negative applied voltage
portion of experimental protocol.

Eventually most interactions build up to a fusion event. As previously discussed, a fusion
event is an event where a large flux if current is able to pass through the bilayer. The hole
that is formed is so massive that membrane is beyond repair. An example of a fusion event

is shown in the figure below.
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Figure 15: Example of a fusion event

These are the main characteristics that may be of importance to the success of the

project. The results in the sections following will discuss and identify these characteristics.
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Chapter 4: Nanoparticle Results & Discussion

4.1 Nanoparticle Results Overview

As previously discussed, each nanoparticle was screened at various concentrations
at pH 4.5 in 80mM NaCl 5mM Tris-HCI until the nanoparticle concentration reached a
point at which the nanoparticle exhibited interactions with the bilayer but did not
immediately fuse the bilayer. Each of these concentrations and results are detailed in each
nanoparticle’s subchapter below. Once the desired concentration was found, tests of
varying ionic strength, pH, and serum conditions were tested. A summary of each can be
found in the figures below.

lonic strength was tested in pH 4.5 buffer solutions of 5mM, 80mM, and 1M NaCl.

A summary of these results can be observed in the figure below.
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Figure 16: lonic Strength Experiment Data Summary

Lanthanum oxide, cerium oxide, copper oxide, cobalt oxide, zinc oxide, indium
oxide, and erbium oxide each had more fusions at 80mM NaCl than at 5mM NaCl and 1M
NaCl. This may suggest that 80mM was the optimum salt concentration for interactions to
occur with the bilayer. 5mM may have been too low for enough ions to flow through any
pore that could have been potentially formed by the nanoparticles and 1M NaCl may have
screened out the charge, preventing the nanoparticles from interacting with the bilayer and
forming a pore. Europium oxide’s results are particularly interesting. This was the only the
only particle to fuse the most bilayers in this the high salt condition. Preliminary lab results
using a zetasizer in the Segura lab have given values between +6mV to +15mV suggesting
coagulation and instability. More testing with the zetasizer will need to be conducted to

confirm colloidal stability to literature values.
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The effect of pH on nanoparticle activity was also studied, a pH of 4.5 and 7.0 in

80mM NaCl solution were used to investigate this area of interest. A summary of this data

can be found in the figure below.
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Figure 17: pH Experiment Data Summary

Cerium oxide, copper oxide, cobalt oxide, indium oxide, and europium oxide

exhibited similar results. These nanoparticle had a significant drop in fusion rates from pH

4.5 to 7.0. This may be related to a potential isoelectric point, pl, at which the nanoparticle

may be electrically neutral, possibly inhibiting their ability to fuse bilayers. Lanthanum oxide,

zinc oxide, erbium oxide, and gadolinium oxide do not exhibit a drop off of fusion rates at

the higher pH value, perhaps not yet encountering their potential isoelectric point. The

lipids used in the experiments have pKa values as well, yet were relatively stable when

bilayers formed. Bilayer yield was significantly lower in the pH 7.0 condition, however this

was partially mitigated by optimizing the partition hole size, as previously explained.
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The last comparison experiments were testing the nanoparticles in the presence or

absence of serum solution. A summary of this data can be found in the figure below.
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Figure 18: Serum Experiment Data Summary

In the case of serum’s presence or absence, every nanopatrticle tested had fewer

fusions in the buffer solution than in the serum solution. This suggests that the serum

solution has a strong effect on inhibiting the nanoparticle from fusing a lipid bilayer. More

data for serum experiments may need to be collected to investigate this interaction

relationship. Many of the serum solution experiments have a low number of tests due to

the difficulty of forming stable bilayers in the serum presence condition.

The remainder of this chapter includes subchapters with details for each particle.

These details include fusion tables for concentration, ionic strength, pH, and serum

presence in addition to traces of each particle for typical interactions and fusions.

4.2 Lanthanum Oxide (La,Og)
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Lanthanum oxide was initially screened at concentrations of 500 pg/ml and 100
ug/ml. As the table below shows, lanthanum oxide exhibited strong signs of activity even

at small amounts.

Table 1: Lanthanum Oxide Initial Fusion Rate Experiments

La,O; pH 4.5 80mM NaCl 5mM Tris-HCl

Bilayer Fusion Rate
Concentration Control Wells Experimental Wells
500 pg/mi 0/3 3/5
100 pg/ml 0/10 13/18

Even at lower concentrations, such as 100 ug/ml lanthanum oxide proved to break
the bilayers at a high percentage, however the time to fuse was longer than at 500 pg/ml
and allowed for more observations of pore formation. 100 pg/ml was the particle
concentration used for the remainder of experiments.

The figure below displays a typical control bilayer in a test with lanthanum oxide, a
bilayer with interactions typical for lanthanum oxide, and a typical fusion event for

lanthanum oxide.
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Figure 19: Lanthanum Oxide (100 ug/ml): A: Typical trace of an experimental
well with particle added. B: Typical trace of a control well with buffer
added. C: Typical trace of an interaction event in an experimental well after
particle has been added. D: Typical trace of a fusion event of an
experimental well after particle has been added.
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The figure above shows that there may be strong voltage dependence for this
nanoparticle. Pore formation is significant on the positive applied voltage portion of the
testing protocol but minimal on the negative portion. Current fluctuations reached as large
as 40pA. The fusion also occurred on the positive side. This may be of interest in future
analysis of pore formation.

lonic strength was the next test for lanthanum oxide. The table below displays the

fusion rates for each condition.

Table 2: Lanthanum Oxide lonic Strength Experimental Fusion Rates

La,O; (100 pg/mil)
Bilayer Fusion Rate
Buffer Control Wells Experimental Wells
pH 4.5 5mM NaCl 5mM 1/12 6/14
Tris-HCI
pH 4.5 80mM NaCl 5mM 0/10 13/18
Tris-HCI

The results of the ionic strength test showed that there wasn’t much of an affect
from high to low ionic strengths. Lanthanum oxide exhibited the most fusions at 80mM
NaCl, typical of most nanoparticles investigated in this study. The control bilayers were not
reactive in terms of fusions and had little to no interactions.

pH was the next test for lanthanum oxide. The following table below shows the

changes exhibited by the lanthanum oxide at pH 4.5 and 7.0.

38




Table 3: Lanthanum Oxide pH Range Experimental Fusion Rates

La,O; (100 pg/mil)
Bilayer Fusion Rate
Buffer Control Wells Experimental Wells
pH 4.5 80mM NaCl 5mM 0/10 13/18
Tris-HCI
pH 7.0 80mM NaCl 5mM 0/9 8/10

HEPES

Unlike some nanoparticles tested, lanthanum oxide’s ability to break bilayers was
not turned off at pH 7.0. There wasn’t much of an affect from an acidic pH of 4.5 to a

neutral pH of 7.0. The control bilayers were not reactive in terms of fusions and had little to

Nno interactions.

Serum experimental results were the same as other particles, where the presence

of serum resulted in a lower fusion rate. The following table is results from these

experimental conditions. Control wells were as unstable as the experimental wells,

suggesting that even the wells that fused in the experimental wells may not have been

necessarily due to the nanoparticle alone.
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Table 4: Lanthanum Oxide Serum Experimental Fusion Rates

La,O; (100 pg/mil)

Bilayer Fusion Rate

Condition Control Wells Experimental Wells
Buffer only (pH 4.5 80mM 0/10 13/18

NaCl 5mM Tris-HCI)

Serum (with pH 7.0 80mM 4/10 4/13

NaCl 5mM HEPES buffer)

4.3 Cerium Oxide (CeQ,)

Cerium oxide was tested at 500 pg/ml and 200 ug/ml at pH 4.5 with 80mM NaCl
5mM Tris-HCI buffer solution. As the table below shows, cerium oxide exhibited strong

signs of activity even at small amounts.

Table 5: Cerium Oxide Initial Fusion Rate Experiments

CeO, pH 4.5 80mM NaCl 5mM Tris-HCI

Bilayer Fusion Rate
Concentration Control Wells Experimental Wells
500 pg/mi 0/6 8/8
200 pg/mi 0/6 8/9

Cerium oxide broke bilayers the low concentration of 200 pg/ml at a high

percentage but also allowed for more interactions to occur before fusing in comparison to
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the 500 pg/ml concentration. The figures below display a control bilayer tested along side

cerium oxide, an typical cerium oxide interaction or pore formation, and a fusion event.
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Figure 20: Cerium Oxide (200 pg/ml): A: Typical trace of an experimental
well with particle added. B: Typical trace of a control well with buffer
added. C: Typical trace of an interaction event in an experimental well after
particle has been added. D: Typical trace of a fusion event of an
experimental well after particle has been added.
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The figure above shows that cerium oxide was equally reactive with both a positive
applied voltage and a negative applied voltage. Pore formations occurred with current
fluctuations of 10-20pA.

Different ionic strengths were tested with buffer solution of pH 4.5 NaCl at 5SmM.

80mM, and 1M. The table below displays the fusion rates for cerium oxide.

Table 6: Cerium Oxide lonic Strength Experimental Fusion Rates

CeO, (200 pg/ml)

Bilayer Fusion Rate
Buffer Control Wells Experimental Wells
pH 4.5 5mM NaCl 5mM 0/6 o/7
Tris-HCI
pH 4.5 80mM NaCl 5mM 0/6 8/9
Tris-HCI
pH 4.5 1M NaCl 5mM Tris- | 0/8 5/8
HCI

The results of the ionic strength test showed that there was a significant difference
between the 5mM experiment and the 80mM and 1M experiments. As previously
discussed, many of the nanoparticles had these results. The control bilayers were not
reactive in terms of fusions and had little to no interactions.

pH was next tested at 4.5 and pH 7.0 at 80mM NaCl and tests with the
experimental particles were conducted alongside control particles to ensure interactions
and fusions were related to the particles. The following results in the table below show the

changes exhibited by the particle in the different conditions.
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Table 7: Cerium Oxide pH Range Experimental Fusion Rates

CeO, (200 pg/ml)

Bilayer Fusion Rate

Buffer Control Wells Experimental Wells
pH 4.5 80mM NaCl 5mM 0/6 8/9

Tris-HCI

pH 7.0 80mM NaCl 5mM 0/6 1/8

HEPES

The results of the different pH value tests, 4.5 and 7.0, yielded a significant

difference. The control bilayers were not reactive in terms of fusions and had little to know

interactions. Perhaps this phenomenon can be attributed to a potential change in

electrostatics.

The particle was also tested in a serum environment with the previously described

FBS/alpha-MEM/streptomycin. The following table is results from these experimental

conditions.

Table 8: Cerium Oxide Serum Experimental Fusion Rates

CeO, (200 pg/ml)

Bilayer Fusion Rate

Condition Control Wells Experimental Wells
Buffer only (pH 4.5 80mM 0/6 8/9

NaCl 5mM Tris-HCI)

Serum (with pH 7.0 80mM 0/2 0/3

NaCl 5mM HEPES buffer)
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The results of the serum vs. no serum tests, with pH 4.5 80mM NaCl 5mM HEPES
buffer, yielded a significant difference. More tests may need to be conducted since the

number of bilayers tested is low, a result of the difficulty of forming bilayers in serum.

4.4 Copper Oxide (CuO)

Copper oxide was initially screened at 500 ug/ml and 100 pg/ml. Copper oxide
exhibited many interactions and fusions even at small amounts, highlighted in the table

below.

Table 9: Copper Oxide Initial Fusion Rate Experiments

CuO pH 4.5 80mM NaCl 5mM Tris-HCl

Bilayer Fusion Rate
Concentration Control Wells Experimental Wells
500 pg/ml 0/8 10/11
100 pg/ml 0/8 8/8

At 100 pg/ml, this particle proved to break the bilayers at a high percentage, yet
also provided details of pore formation before fusion occurred. The figure below shows a
control bilayer that was tested alongside copper oxide, a bilayer exposed to copper oxide

exhibiting pore formations, and a fusion event for this particular particle.

45




A 40
30
20
< 10
£
£ 0
o
3 -10
20
30
-40
0 10 20 30 40 50 60
Time (s)
<
2
-
s
[
5 _
(=]
0 10 20 30 40 50 60
Time (s)
c 3700
2700
1700
é 700
=
g -300 10 20 30 40 50 60
=
© _1300
2300
-3300
-4300
Time (s)

Figure 21: Copper Oxide (100ug/ml): A: Typical trace of an experimental
well with particle added. B: Typical trace of a control well with buffer
added. C: Typical trace of an interaction event in an experimental well after
particle has been added. D: Typical trace of a fusion event of an
experimental well after particle has been added.
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The figure above shows current fluctuations of 15-20pA and a lack of voltage
dependence as a pore formation was occurring in both the positive and negative portions
of the experiment.

For the ionic strength experiments, the table below displays the fusion rates for

each test for this nanoparticle.

Table 10: Copper Oxide lonic Strength Experimental Fusion Rates

CuO (100 pg/ml)

Bilayer Fusion Rate
Buffer Control Wells Experimental Wells
pH 4.5 5mM NaCl 5mM /7 0/8
Tris-HCI
pH 4.5 80mM NaCl 5mM 0/8 8/8
Tris-HCI
pH 4.5 1M NaCl 5mM Tris- | 2/11 2/14
HCI

The results of the ionic strength test showed that 80mM was the optimal condition,

as it was for most of the nanoparticles tested. Possible explanations for this were

previously discussed.

IloH 4.5 and pH 7.0 test with the experimental particles were conducted alongside
control particles to ensure interactions and fusions were related to the particles. The
following results in the table below show the changes exhibited by the particle in the

different conditions.
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Table 11: Copper Oxide pH Range Experimental Fusion Rates

CuO (100 pg/ml)

Bilayer Fusion Rate
Buffer Control Wells Experimental Wells
pH 4.5 80mM NaCl 5mM 0/8 8/8
Tris-HCI
pH 7.0 80mM NaCl 5mM 0/5 o/7
HEPES

There was a strong affect from an acidic pH of 4.5 to a neutral pH of 7.0, almost as
if the nanoparticles fusing power was turned off as the pH was increased. The control
bilayers were not reactive in terms of fusions and had little to know interactions. Perhaps
this phenomenon can be attributed to the nanoparticles potential change in electrostatics.

The following table has results from the serum experiments.

Table 12: Copper Oxide Serum Experimental Fusion Rates

CuO (100 pg/ml)

Bilayer Fusion Rate

Condition Control Wells Experimental Wells
Buffer only (pH 4.5 80mM 0/8 8/8

NaCl 5mM Tris-HCI)

Serum (with pH 7.0 80mM 1/6 2/7

NaCl 5mM HEPES buffer)

There was a significant difference from the experiment with buffer only and the
experiment with serum on one side of the bilayer. This means that any potential screening
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resulting from the serum solution may have been occurring and resulted in the particle
being unable to disrupt the bilayer. The control bilayers were more reactive in terms of
fusions in comparison to previous test, likely due to instability caused by the serum, yet
even with a potential extra amount of fusions for the experimental wells based simply on
instability, the experimental wells in the serum experiments yielded significantly fewer fused

bilayers.

4.5 Cobalt Oxide (Co;0,)

Cobalt oxide was studied at 500 pg/ml and 100 pg/ml. The table below shows the

fusion results for these two concentrations.

Table 13: Cobalt Oxide Initial Fusion Rate Experiments

C0,0, pH 4.5 80mM NaCl 5mM Tris-HCI

Bilayer Fusion Rate
Concentration Control Wells Experimental Wells
500 pg/mi 1/10 9/10
100 pg/ml 1/10 2/10

At the low concentration, 100 pug/ml, this particle was not able to fuse bilayers at a
high rate like the other particles. The figure below is of a control trace that was tested at
the same time as the experimental wells, an experimental well with interactions, and a

fusion event.
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Figure 22: Cobalt Oxide (5600 pg/ml): A: Typical trace of an experimental
well with particle added. B: Typical trace of a control well with buffer
added. C: Typical trace of an interaction event in an experimental well after
particle has been added. D: Typical trace of a fusion event of an
experimental well after particle has been added.
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The particle exhibited very large current fluctuations, suggesting pores of
substantial size were being formed. Fluctuations were as large as 60pA were observed as
was transient pore formations. The current fluctuations were definitely stronger on the
positive applied voltage portion of the protocol, however there many interactions on the
negative side, suggesting the particle may not be completely voltage dependent.

lonic strength experiment results are shown in the following table.

Table 14: Cobalt Oxide lonic Strength Experimental Fusion Rates

Co,0, (600 pg/ml)

Bilayer Fusion Rate
Buffer Control Wells Experimental Wells
pH 4.5 5mM NaCl 5mM 0/8 4/8
Tris-HCI
pH 4.5 80mM NaCl 5mM 1/10 9/10
Tris-HCI
pH 4.5 1M NaCl 5mM Tris- | 0/7 0/8
HCI

Similar to the vast majority of particles, 80mM vyielded the most fusions. Possible

theories previously discussed.

pH results for cobalt oxide are shown in the table below, with intriguing results of

many fusions at one pH and none at another pH.
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Table 15: Cobalt Oxide pH Range Experimental Fusion Rates

Co,0, (600 pg/ml)

Bilayer Fusion Rate

Buffer Control Wells Experimental Wells
pH 4.5 80mM NaCl 5mM 1/10 9/10

Tris-HCI

pH 7.0 80mM NaCl 5mM 0/10 0/10

HEPES

Much like a switch being turned off, the nanoparticle was not able to fuse any

bilayers at pH 7.0, a stark contrast after it had fused 90% if the bilayers at pH 4.5. This is a

very interesting result, one that may warrant additional studies. Serum presence had a

similar result.

Table 16: Cobalt Oxide Serum Experimental Fusion Rates

Co,0, (600 pg/ml)

Bilayer Fusion Rate

Condition Control Wells Experimental Wells
Buffer only (pH 4.5 80mM 1/10 9/10

NaCl 5mM Tris-HCI)

Serum (with pH 7.0 80mM o/7 2/8

NaCl 5mM HEPES buffer)

There was a significant difference from the experiment with buffer only and the

experiment with serum on one side of the bilayer. This means that any potential screening
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resulting from the serum solution may have been occurring and resulted in the particle

being unable to disrupt the bilayer.

4.6 Zinc Oxide (ZnO)

Zinc oxide was tested at 500 pg/ml, 100 pg/mi, and 50 pg/ml. Many particles were
tested at 500 and 100 pg/ml but zinc was unique in regards to requiring a 50 pg/ml

concentration in order to gather interaction data before a fusion event occurred.

Table 17: Zinc Oxide Initial Fusion Rate Experiments

Zn0O pH 4.5 80mM NaCl 5mM Tris-HCI

Bilayer Fusion Rate
Concentration Control Wells Experimental Wells
500 pg/ml 0/6 4/4
100 pg/ml 0/8 6/7
50 pg/ml 0/10 9/14

50 pg/ml was used for the remainder of tests. The figure below contains typical

traces for zinc oxide.
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Figure 23: Zinc Oxide (50 pg/ml): A: Typical trace of an experimental well
with particle added. B: Typical trace of a control well with buffer added. C:
Typical trace of an interaction event in an experimental well after particle
has been added. D: Typical trace of a fusion event of an experimental well
after particle has been added.
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Current fluctuations were up to 50pA. Pores were formed in both positive and
negative applied voltages suggesting an independence of voltage sign.
For the ionic strength tests, 80mM yielded the most fusions, like most particles.

Results are shown in the table below.

Table 18: Zinc Oxide lonic Strength Experimental Fusion Rates

Zn0O (50 pg/ml)

Bilayer Fusion Rate
Buffer Control Wells Experimental Wells
pH 4.5 5mM NaCl 5mM 0/8 2/8
Tris-HCI
pH 4.5 80mM NaCl 5mM 0/10 9/14
Tris-HCI
pH 4.5 1M NaCl 5mM Tris- | 0/8 3/9
HCI

This particle reacted at all ionic strengths and at both pH experiments. It may be
interesting to study whether there is any inherent quality or characteristic this particle may
have that allows for it to interact and fuse bilayers in a variety of conditions at such a low

concentration.
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Table 19: Zinc Oxide pH Range Experimental Fusion Rates

Zn0O (50 pg/ml)
Bilayer Fusion Rate
Buffer Control Wells Experimental Wells
pH 4.5 80mM NaCl 5mM 0/10 9/14
Tris-HCI
pH 7.0 80mM NaCl 5mM 0/9 4/5
HEPES

The results of the serum environment tests also show a high fusion rate, however
there is the caveat that the control wells also fused at a high rate, an unfortunate trait of

the stability in serum conditions.

Table 20: Zinc Oxide Serum Experimental Fusion Rates

Zn0O (50 pg/ml)
Bilayer Fusion Rate
Condition Control Wells Experimental Wells
Buffer only (pH 4.5 80mM 0/10 9/14
NaCl 5mM Tris-HCI)
Serum (with pH 7.0 80mM 4/11 5/13
NaCl 5mM HEPES buffer)
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4.7 Indium Oxide (In,0,)

Indium oxide, similar to the previous particles, was initially screened at various
concentrations until a threshold was observed for bilayer fusions or interactions. These

concentrations for this nanoparticle were 500 pg/ml and 100 pg/ml.

Table 21: Indium Oxide Initial Fusion Rate Experiments

In,O5 pH 4.5 80mM NaCl 5mM Tris-HCI

Bilayer Fusion Rate
Concentration Control Wells Experimental Wells
500 pg/mi 4/21 16/20
100 pg/ml 3/11 5/10

Even at lower concentrations, such as 100 ug/ml, this particle proved to break the
bilayers at a high percentage. The results collected from this data did not reveal any pore
formation. The figures below is representative of typical traces for indium oxide

experiments.
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Figure 24: Indium Oxide (500 pg/ml): A: Typical trace of an experimental
well with particle added. B: Typical trace of a control well with buffer
added. C: Typical trace of an interaction event in an experimental well after
particle has been added. D: Typical trace of a fusion event of an
experimental well after particle has been added.
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Indium oxide was an interesting nanoparticle, due to numerous transient pore
formations. Pore formations occurred in both positive and negative voltages, with
fluctuations of 15pA.

For the ionic strength experiments, the nanoparticle was tested at a concentration

of 500 pg/ml the table below displays the fusion rates for each test for this nanoparticle.

Table 22: Indium Oxide lonic Strength Experimental Fusion Rates

IN,O, (500 pg/mil)

Bilayer Fusion Rate
Buffer Control Wells Experimental Wells
pH 4.5 5mM NaCl 5mM 0/8 0/8
Tris-HCI
pH 4.5 80mM NaCl 5mM 4/21 16/20
Tris-HCI

The results of the ionic strength test showed that there was a significant difference
between the low ionic strength and the high ionic strengths.
Changes in pH were tested. pH 4.5 and pH 7.0 also showed a significant difference

in fusion rates.
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Table 23: Indium Oxide pH Range Experimental Fusion Rates

IN,O5 (500 pg/ml)

Bilayer Fusion Rate
Buffer Control Wells Experimental Wells
pH 4.5 80mM NaCl 5mM 4/21 16/20
Tris-HCI
pH 7.0 80mM NaCl 5mM 0/10 0/10
HEPES

The results of the different pH value tests, 4.5 and 7.0, yielded a significant
difference. There was a strong affect from an acidic pH of 4.5 to a neutral pH of 7.0. The
control bilayers were not reactive in terms of fusions and had little to no interactions.
Perhaps this phenomenon can be attributed to the nanoparticles potential change in
electrostatics.

Similar to the other nanoparticles, serum conditions had fewer fusions but also
were limited in cohort size and were unstable in comparison to the other conditions

making it difficult to draw strong conclusions on the topic.
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Table 24: Indium Oxide Serum Experimental Fusion Rates

IN,O5 (500 pg/ml)

Bilayer Fusion Rate

Condition Control Wells Experimental Wells
Buffer only (pH 4.5 80mM 4/21 16/20

NaCl 5mM Tris-HCI)

Serum (with pH 7.0 80mM 1/3 2/4

NaCl 5mM HEPES buffer)

The control bilayers were more reactive in terms of fusions in comparison to
previous test, likely due to instability caused by the serum, yet even with a potential extra
amount of fusions for the experimental wells based simply on instability, the experimental

wells in the serum experiments yielded significantly fewer fused bilayers.

4.8 Erbium Oxide (Er,0,)

Erbium oxide was initially screened at a particle concentration until a threshold was
observed for bilayer fusions or interactions, this was determined to be the first

concentration tested, 100 pg/ml at pH 4.5 with 80mM NaCl 5mM Tris-HCI buffer solution.
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Table 25: Erbium Oxide Initial Fusion Rate Experiments

Er,O, pH 4.5 80mM NaCl 5mM Tris-HCl

Bilayer Fusion Rate

Concentration Control Wells Experimental Wells

100 pg/m 0/8 9/10

Representative traces of erbium oxide can be found in the following figure. The
figure shows a strong voltage dependence, with most interactions occurring on the
positive portion of the trace. Transient pore formations were also observed, with current

fluctuations of up to 25pA.
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Figure 25: Erbium Oxide (100 pg/ml): A: Typical trace of an experimental
well with particle added. B: Typical trace of a control well with buffer
added. C: Typical trace of an interaction event in an experimental well after
particle has been added. D: Typical trace of a fusion event of an
experimental well after particle has been added.
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Moving forward from these experiments, erbium oxide was tested at different ionic
strengths with the same experimental protocol followed for two additional ionic strengths,

with salt concentrations of 5mM NaCl and 1M NaCl.

Table 26: Erbium Oxide lonic Strength Experimental Fusion Rates

Er,O4 (100 pg/ml)
Bilayer Fusion Rate
Buffer Control Wells Experimental Wells
pH 4.5 5mM NaCl 5mM 0/19 11/22
Tris-HCI
pH 4.5 80mM NaCl 5mM 0/8 9/10
Tris-HCI
pH 4.5 1M NaCl 5mM Tris- | 1/19 9/19
HCI

The results of the ionic strength test showed that there was a significant difference
between the middle ionic strength and the low ionic strength and high ionic strengths.
There could be a relationship between the ionic strength and the particles ability to interact
and fuse the bilayer. The control bilayers were not reactive in terms of fusions and had little
to know interactions.

In addition to testing the effect of a change in ionic strength, changes in pH were
tested. pH 4.5 and pH 7.0 was tested at 80mM NaCl at the previously determined
experimental concentration. Tests with the experimental particles were conducted

alongside control particles to ensure interactions and fusions were related to the particles.
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The following results in the table below show the changes exhibited by the particle in the

different conditions.

Table 27: Erbium Oxide pH Range Experimental Fusion Rates

Er,O4 (100 pg/ml)
Bilayer Fusion Rate
Buffer Control Wells Experimental Wells
pH 4.5 80mM NaCl 5mM 0/8 9/10
Tris-HCI
pH 7.0 80mM NaCl 5mM 1/5 7/11
HEPES

The results of the different pH value tests, 4.5 and 7.0, didn’t yield a significant
difference. There wasn’t much of an affect from an acidic pH of 4.5 to a neutral pH of 7.0.
The control bilayers were barely reactive in terms of fusions and had few interations.

The FBS/alpha-MEM/streptomycin experiments were successful in showing that
that particle was largely unreactive in serum conditions. The tests for this particle and
condition had enough barely in the control conditions that were stable enough to provide

confidence that the particle was unreactive.
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Table 28: Erbium Oxide Serum Experimental Fusion Rates

Er,O4 (100 pg/ml)
Bilayer Fusion Rate
Condition Control Wells Experimental Wells
Buffer only (pH 4.5 80mM 0/8 9/10
NaCl 5mM Tris-HCI)
Serum (with pH 7.0 80mM 0/6 1/8
NaCl 5mM HEPES buffer)

There was a significant difference from the experiment with buffer only and the

experiment with serum on one side of the bilayer.

4.9 Europium Oxide (Eu,Oy)

Europium oxide was initially screened at a particle concentration 100 pg/ml. As the
table below shows, this nanoparticle exhibited strong interactions and high fusion rates at
this concentration. Additional concentrations were not required due to the particle not

immediately fusing and providing enough incite about its interactions with the bilayer.

Table 29: Europium Oxide Initial Fusion Rate Experiments

Eu,O, pH 4.5 80mM NaCl 5mM Tris-HCI

Bilayer Fusion Rate

Concentration Control Wells Experimental Wells

100 pg/m 0/6 6/7
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Figure 26: Europium Oxide (100pg/ml): A: Typical trace of an experimental
well with particle added. B: Typical trace of a control well with buffer
added. C: Typical trace of an interaction event in an experimental well after
particle has been added. D: Typical trace of a fusion event of an
experimental well after particle has been added.
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The figure above shows that interactions with the bilayer were smaller current
fluctuations of 10-15pA. The interactions occurred on the negative applied voltage portion
of the protocol, suggesting possible voltage dependency.

For ionic strength tests, europium oxide was by far the most interesting
nanoparticle, where it was very reactive at all ionic strength. It was proposed earlier that
the high salt concentration was screening the charges and preventing the nanoparticles
from having an interaction with the membrane. Any potential screening was not effective
on europium oxide as 100% of the bilayers fused. Only 1/7 control bilayers fused, so the
europium oxide data is significantly different. More research involving pore formations with

europium oxide should be conducted.

Table 30: Europium Oxide lonic Strength Experimental Fusion Rates

Eu,O, (100 pg/mil)
Bilayer Fusion Rate
Buffer Control Wells Experimental Wells
pH 4.5 5mM NaCl 5mM 0/6 4/7
Tris-HCI
pH 4.5 80mM NaCl 5mM 0/6 6/7
Tris-HCI
pH 4.5 1M NaCl 5mM Tris- | 1/7 11/11
HCI

Experiments involving pH provide another interesting wrinkle. The nanoparticle at
pH 4.5 fused almost all bilayer but fused none at pH 7. This result was shared by many of

the other nanoparticles, providing an interesting trend.
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Table 31: Europium Oxide pH Range Experimental Fusion Rates

Eu,O, (100 pg/mil)

Bilayer Fusion Rate
Buffer Control Wells Experimental Wells
pH 4.5 80mM NaCl 5mM 0/6 6/7
Tris-HCI
pH 7.0 80mM NaCl 5mM 0/4 0/5
HEPES

FBS/alpha-MEM/streptomycin, also referred to as serum, had the following table of

results from these experimental conditions.

Table 32: Europium Oxide Serum Experimental Fusion Rates

Eu,O, (100 pg/mil)

Bilayer Fusion Rate

Condition Control Wells Experimental Wells
Buffer only (pH 4.5 80mM 0/6 e/7

NaCl 5mM Tris-HCI)

Serum (with pH 7.0 80mM 2/5 1/8

NaCl 5mM HEPES buffer)

The bilayers were not stable enough and 40% of the controls actually fused. More
tests will need to be conducted with serum before any conclusions can be drawn with this

nanopatrticle in that particular experimental condition.

4.10 Gadolinium Oxide (Gd,0,)
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Lastly, gadolinium oxide was tested at 500 ug/ml and 100 pg/ml in the pH 4.5

buffer.

Table 33: Gadolinium Oxide Initial Fusion Rate Experiments

Gd,O, pH 4.5 80mM NaCl 5mM Tris-HCl

Bilayer Fusion Rate
Concentration Control Wells Experimental Wells
500 pg/ml 0/8 11/11
100 pg/ml 0/10 9/12

A concentration of 100 pg/ml, was determined to be the optimum concentration
where bilayers fused but not before there was pore formations. Traces below are indicative

of typical gadolinium oxide data.
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Figure 27: Gadolinium Oxide (100 ug/ml): A: Typical trace of an
experimental well with particle added. B: Typical trace of a control well with
buffer added. C: Typical trace of an interaction event in an experimental
well after particle has been added. D: Typical trace of a fusion event of an
experimental well after particle has been added.
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Transient pore formations for several seconds were observed. Pores were formed

in both positive and negative applied voltages, suggesting an independence of voltage.

Fluctuations were up to 30pA in size.

Gadolinium oxide was reactive in all ionic strengths, a characteristic shared by only

a few of the nanoparticles tested. More than half of the bilayers fused at the high salt

concentration, suggesting that any charges the nanoparticle might exhibit were not being

screened out.

Table 34: Gadolinium Oxide lonic Strength Experimental Fusion Rates

Gd,O; (100 pg/mi)
Bilayer Fusion Rate
Buffer Control Wells Experimental Wells
pH 4.5 5mM NaCl 5mM 0/9 7/8
Tris-HCI
pH 4.5 80mM NaCl 5mM 0/10 9/12
Tris-HCI
pH 4.5 1M NaCl 5mM Tris- | 0/5 5/8

HCI

Changes in pH, 4.5 and pH 7.0, did not effect the fusion rate of gadolinium oxide

much. The following results in the table below show the changes exhibited by the particle

in the different conditions.

72




Table 35: Gadolinium Oxide pH Range Experimental Fusion Rates

Gd,O; (100 pg/mi)

Bilayer Fusion Rate
Buffer Control Wells Experimental Wells
pH 4.5 80mM NaCl 5mM 0/8 9/10
Tris-HCI
pH 7.0 80mM NaCl 5mM 1/5 7/11
HEPES

The results of the different pH value tests, 4.5 and 7.0, didn’t yield a significant
difference. The control bilayers had few interactions and fewer fusions.
Serum experiments were conducted for gadolinium oxide, and enough data was

gathered to draw initial conclusions.

Table 36: Gadolinium Oxide Serum Experimental Fusion Rates

Gd, O, (100 pg/mi)

Bilayer Fusion Rate

Condition Control Wells Experimental Wells
Buffer only (pH 4.5 80mM 0/8 9/10

NaCl 5mM Tris-HCI)

Serum (with pH 7.0 80mM 0/9 0/12

NaCl 5mM HEPES buffer)

There was a significant difference from the experiment with buffer only and the
experiment with serum on one side of the bilayer. Properties of the serum might have
prevented gadolinium oxide from interacting with the bilayer.
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Chapter 5: Future Work

There are many possible directions in which to continue future work. Initially more
research in studying pore formations should be the next steps. A massive amount of data
was collected in this work and more data analysis may provide more incites as to how and
why one nanoparticle interacts with a lipid bilayer when another does not interact at all.
Additional nanoparticles may be used to test theories that arise from the pore formation
studies.

Another possible direction is investigating inverted head group lipids to study
whether the interactions are purely related to the charge interactions between the lipids
and the particles or if there are other potential forces that cause one particle to interact

over another.
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Appendix A: Protocols

A.1 Neutral Super Combo and Super Combo Lipid Preparation

Note: Three different lipid compositions are prepared and used in experiments. Neutral
Super Combo and Super Combo plus BMP. The preparations for these two lipid
compositions are largely the same, varying only with which individual components are

added to the lipid composition.

The compositions, outlined in Table 37, Table 38, and Table 39 are shown below.

Table 37: Super Combo Plus BMP Lipid Composition

Super Combo Plus BMP Lipid Composition

POPC 3
POPE 3
Cholesterol 3
POPS 1
Cerebroside 2
BMP 2
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Table 38: Super Combo Lipid Composition

Super Combo Lipid Composition

POPC 3
POPE 3
Cholesterol 3
POPS 1
Cerebroside 2

Table 39: Neutral Super Combo Lipid Composition

Neutral Super Combo Lipid Composition

POPC 3
POPE 3
Cholesterol 3
Cerebroside 2

1. Vials of POPC, POPE, POPS, and BMP are shipped and stored in chloroform at a
concentration of 10mg/ml and Cholesterol and Cerebroside are shipped and stored

in powder form and are stored in a -20°C freezer.
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. Dilute a given amount of Cholesterol and Cerebroside powder in chloroform to
10mg/ml and 5mg/ml respectively.

. Rinse a clean glass test tube with chloroform and evaporate with a gentle stream of
argon gas.

. Mix together lipids in the glass test tube with molar concentrations that align with
Table 37, Table 38, and Table 39.

. Dispense the mixed lipid solution into aliquots and backfill said aliquots with a
gentle stream of argon gas

. Cap and store lipid solution aliquots in a -20°C freezer until they are ready to be

used.
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A.2 Liposome and Lipid in Oil Preparation

1. Starting with a prepared lipid solution aliquot filled with chloroform, evaporate
chloroform using argon gas.

Note: For pH 4.5 without serum the lipid composition is Super Combo plus BMP,
defined in Table 37. For pH 7.0 and 10.0 without serum the lipid composition is
Super Combo defined in Table 38. For pH 7.0 with serum solutions, the lipid
composition is Neutral Super Combo, defined in Table 39.

2. When the chloroform has been sufficiently evaporated, fill the vial/test tube/etc. with
the appropriate pH and ionic strength buffer to a concentration of 10 mg/ml,
hereafter referred to as liposome solution.

3. Sonicate this liposome solution for 30 seconds and then vortex the liposome
solution for 30 seconds. Repeat this cycle a minimum of 5x, 7x recommended

4. Dilute the liposome solution, typically in a larger container, to a concentration of
250ug/ml with an addition of the buffer used in step 2. A test with 4 chips or 32
horizontal bilayers will require 16ml of diluted liposome solution.

5. Before use, vortex the diluted liposome solution for 30 seconds to ensure the
solution is properly mixed before the experiment begins.

6. Evaporate an additional aliquot of lipid stored in chloroform is with a gentle stream
of argon gas.

7. Add decane to the evaporated vial to a concentration of 10mg/ml, hereafter

referred to as lipid in oil solution.
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. Place the lipid in oil solution on a shaker or tape to a vortexer for a minimum of 30
minutes.
. The liposome and lipid in oil solutions are now ready to be used for the

multichannel-horizontal bilayer platform.
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A.3 Partition Hole Size and Quality Control Protocol

1.

Using Delrin® film, the material used for partitions used in the multichannel array,
cut sheets by hand to a size large enough to support a predefined batch of 30
chips.

Using a laser cutter and a two-piece die holder, cut partition hole sizes into the film
in addition to the standard chip layout.

Choose partition hole sizes using a predetermined hole size programed in Adobe
lllustrator®.

Verify each hole size using a multistep process, first involving the use of a light
microscope to capture and image each partition hole. Before images are captured,
settings must be adjusted for maximum contrast between the laser cut partition
hole and the surrounding partition material. Document each image with well
number, chip number, date of batch, and batch settings.

Transfer the images that have been recorded to a computer that has Matlab®.
Execute a Matlab® program to analyze the partition hole sizes. Calibrate the
program by using an image with a scale bar and allow for accurate image sizes.
Once the program has been calibrated, input information such as wells ranges, chip
ranges, and batch into the program’s code before executing the code.

Execute the program to provide information on average hole size and standard
deviation for each chip, row, and column. Additionally, the hole roundness should

also be recorded.
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9. To ensure quality control, review the statistics for discrepancies in the results in
comparison to previous batches and any variability between rows and columns in
the array within the batch.

10. Partitions that do not pass the initial quality control process are not utilized for
experiments. For example, partitions that are not round or very jagged or at more
than 10% away from a predetermined target size are not used.

11.For partitions that do pass initial quality control, the partitions are used to assemble
chips.

12.Chips used in experiments are later analyzed for bilayer yield and failure
characteristics. For example, at pH 7, it was discovered that the hole size needed
to be larger than the hole size for pH 4.5 experiments.

13.0nce experiments reach a certain success threshold of 70% or greater bilayer yield,
the partition hole size characteristics are recorded and replaced for future

experiments by following the quality control process.
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A.4 Acrylic Chip Assembly Protocol

1.

Each acrylic chip is composed of 3 acrylic parts, 2 layers of acrylic tape and one
sheet of Delrin® film in which has a predetermined holes size cut via a laser cutter.
These partition hole sizes are cut and verified via the Partition Hole Size and Quality
Control Protocol. For pH 4.5, a diameter of 600-650 microns is optimal, and for pH
7.0 and 10.0, a diameter of 700-750 microns is optimal.

Glue the acrylic ladder parts and acrylic base parts together using fast-set acrylic
glue.

Once the glue has properly cured, preferably overnight, assemble the chips starting
with the top acrylic part being attached to the acrylic taped, which has been cut in
the same pattern. Assemble the Delrin® film partitions between the top tape and
the bottom tape. Finally attach the glued acrylic bottom part to this tape to finish
the assembly.

Wash the assembled chips with decane for 30 minutes to ensure any possible
contaminants from the burnt laser cut tape are eradicated from the chips.

Perform a methanol wash on the assembled chips to free the chips of any decane
or other contaminants. Repeat this process three times with fifteen-minute intervals
between each wash cycle.

After the last methanol wash, wash the chips with deionized water five times with
five minutes between each wash cycle.

Dry each chip with pressurized air to remove as much water as possible.
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. Place dried chips in a vacuum container or desiccator to continue the drying

process.

. Chips that have been in the vacuum container or desiccator for more than four

hours are ready to be used.
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A.5 Multichannel Horizontal Bilayer Platform Protocol with Buffer

Solution

1.

8.

9.

Up to four 8 channel acrylic chips that are assembled, cleaned, dried, and
appropriately sized can be used at once in the multichannel horizontal bilayer
platform.

Prepare a liposome solution in the desired buffer by following Appendix A.2
Liposome and Lipid in Oil Preparation.

Prepare a lipid in oil solution in decane by following Appendix A.2 Liposome and
Lipid in Oil Preparation.

Bleach silver electrodes for 30 minutes.

Wash bleached electrodes with methanol.

Following the methanol wash, wash the electrodes with deionized water.
Following the deionized water wash, dry the electrodes with pressurized air.
Add 450 microliters of liposome solution to the bottom of each well of each chip.

Add 25 microliters of lipid in oil solution to the top of each well of each chip.

10.Load and secure chips using tape to a four chip capacity docking station.

11.Insert cleaned electrodes into the secured chips arrays by inserting two electrodes

into each well-channel array.

12. Start the Tecella© program and apply a voltage to each well-channel array.

13. Once fifteen minutes has passed, add 50 microliters of buffer to the top wells.

14. Evaluate channel for bilayer quality and characteristics.

15. For bilayers that have fused, turn off their respective channels.
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16. For channels that do not have a bilayer, add 50 microliters to the bottom wells to
add pressure to the bottom to encourage bilayers to form.

17.Evaluate the bilayer progress every 10 minutes and if necessary, added buffer in
small increments, until a sufficient amount of bilayers have formed.

18. Prepare a particle of interest in a buffer solution at a predetermined concentration.
The concentration is to be 10 times more concentrated than the experimental
concentration desired.

19.Once a satisfactory number of bilayers are achieved, add the 5 microliters of the
prepared particle solution to the top well for approximately half of the wells with
bilayers.

20.Use the remaining wells with bilayers as controls. 5 microliters of buffer is added to
the top in the same manner as the experimental wells.

21.The Tecella®© is programmed to record traces of 60 seconds in length for two
hours.

22.The researcher in charge of the experiment is to record any notes of interest in a
word document. Notes of interest include interaction times, fusion times, and if
there are any clear trends or unusual activity during the experiment.

23.Two hours after adding particle to the chips, the test is stopped. A summary of the

experiment is recorded.
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A.6 Serum Preparation
1. Prepare a solution comprising of 89% alpha-MEM, 10% Fetal Bovine Serum (FBS),
and 1% Streptomycin. Thaw FBS and Streptomycin overnight when transferring
from a -20°C freezer to a 0°C fridge.
2. Store prepared aliquots of alpha-MEM/FBS/Streptomycin in a -20°C freezer and

transferred to 0°C fridge when needed.
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A.7 Multichannel Horizontal Bilayer Platform Protocol with Serum

Solution

1.

8.

9.

Up to four 8 channel acrylic chips that are assembled, cleaned, dried, and
appropriately sized can be used at once in the multichannel horizontal bilayer
platform.

Prepare a liposome solution in the desired buffer by following Appendix A.2
Liposome and Lipid in Oil Preparation

Prepare a lipid in oil solution in decane by following Appendix A.2 Liposome and
Lipid in Oil Preparation

Bleach silver electrodes for 30 minutes.

Wash bleached electrodes with methanol.

Following the methanol wash, wash the electrodes with deionized water.
Following the deionized water wash, dry the electrodes with pressurized air.
Add 450 microliters of liposome solution to the bottom of each well of each chip.

Add 25 microliters of lipid in oil solution to the top of each well of each chip.

10.Load and secure chips using tape to a four chip capacity docking station.

11.Insert cleaned electrodes into the secured chips arrays by inserting two electrodes

into each well-channel array.

12. Start the Tecella© program and apply a voltage to each well-channel array.

13.Once fifteen minutes has passed, 50 microliters of serum solution is added to the

top.

14. Evaluate channel for bilayer quality and characteristics.
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15. For bilayers that have fused, turn off their respective channels.

16. For channels that do not have a bilayer, add 50 microliters to the bottom wells to
add pressure to the bottom to encourage bilayers to form.

17.Evaluate the bilayer progress every 10 minutes and if necessary, added buffer in
small increments, until a sufficient amount of bilayers have formed.

18. A particle of interest is prepared in a serum solution at a predetermined
concentration. The concentration is to be 10 times more concentrated than the
experimental concentration desired.

19.Once a satisfactory number of bilayers are achieved, add the 5 microliters of the
prepared particle solution to the top well for approximately half of the wells with
bilayers.

20.Use the remaining wells with bilayers as controls. 5 microliters of buffer is added to
the top in the same manner as the experimental wells.

21.The Tecella®© is programmed to record traces of 60 seconds in length for two
hours.

22.The researcher in charge of the experiment is to record any notes of interest in a
word document. Notes of interest include interaction times, fusion times, and if
there are any clear trends or unusual activity during the experiment.

23.Two hours after adding particle to the chips, the test is stopped. A summary of the

experiment is recorded.
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A.8 Painted Bilayer Preparation and Protocol

1.

Prepare lipid in oil solution in accordance with Appendix A.2 Liposome and Lipid in
Oil Preparation, with a predetermined lipid or lipid mixture at a concentration of 20
mg/ml.

The painted bilayer apparatus is comprised of the following components: a PTFE
cup, a part capable of working as a docking-like station for the cup and a
compartment of outside buffer, and two silver wire electrode which are connected
to an amplifier and a ground respectively.

Thoroughly clean the PTFE cup by a wash cycle using chloroform, ethanal,
acetone, methanol, and deionized water. Skipping one of these steps may lead to
less than favorable results.

Thoroughly dry the PTFE cup with a high-pressure stream of air.

Clean the cup docking station part with methanol and deionized water before it is
dried with a high-pressure stream of air.

Dip a glass rod in the lipid in oil solution to pre-coat the hole of the PTFE cup.

. Place the pre-coated cup in the complimentary docking station part and fill with

1mL of buffer solution.
Add 1mL of buffer solution to the outside well compartment to achieve equal
pressure on both sides of the hole of the PTFE cup.

Place one electrode in solution on each side of the cup and apply a voltage.
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10.Insert the glass rod into the outside well glide the glass rod over the hole to remove
any oil and aide the bilayer to form. This lends to the naming of this process as
painting.

11.1f a bilayer does not form after several painting strokes, additional lipid in oil solution
may be used. This can be accomplished by dipping the glass rod into the lipid in oil
solution.

12.0nce a bilayer is formed, add particle to one side of the cup, typically the inside.

13.Recorded data to observe interactions with the bilayer, if any.

14.0Once the bilayer fuses it may be repainted or the cup may be washed to repeat the

process.
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