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Abstract

Wu, Hsin-Jui (Ph.D., Mechanical Engineering)
Microfluidic Devices for Membrane Protein Nanopealdi Formation

Thesis directed by Associate Professor Michael HstBwell and Professor Yung-Chen Lee

Microfluidic devices, so-called BioMEMs, or Lab am chip, have been widely used to
improve the science and technology, especiallyafobical applications. The analysis of protein
structure formation is currently one of the mosteiasting research areas in biology. The
analysis of protein structure not only aid scidstig realizing the interaction of molecule
biology but also can be applied to improve in thevelopment of the drug design in
pharmacology. Our main focus is on the membrantejm® that are estimated to be more than
30% of total protein number. These membrane preteam be a transport channel for controlling
molecule transportation, a sensor and a recept@otemunicate between cells. The existing
structures of membrane proteins are embedded wttl bilayer structure where they are
naturally formed by hydrophobic reaction. Consedyeithe best way to analyze the single
membrane protein structure is from the purifiedy@membrane-detergent complex added with
lipid and then removing the detergents to form tnmastructure of membrane protein with lipid
bilayer which is called a reconstitution, or menm&grotein crystallization. The current method
of membrane protein crystallization is using di@ys membrane in between
protein-detergent-lipid solution and a buffer smntto dialyze and remove the detergents. The
main drawbacks in the current methodology includeiconsuming hand pipette, large volume

of protein sample consumption (microliter), andwsldiffusion of dialysis process (days). We



present a new method of membrane protein crysatitim by using microfluidic device to
achieve the reconstitution. This microfluidic dexiis designed and fabricated by using a soft
lithography which is one of MEMs techniques. Basedthis new microfluidic device we can
reach break-through improvements compared to tmeemumethod with dialysis membrane.
First, hand pipette is no longer required becabseiriput fluids are all driven by controllable
syringe pumps. Secondly, micro channels allow aelovolume of protein sample consumption,
nanoliter to picoliter. The third advantage is th#usion process in microfluidic device can be

completed in few seconds without dialysis membtarferm membrane protein crystals.
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CHAPTER 1

INTRODUCTION

1.1 Overview

In the past few decades microfluidic techniquesehlagen widely applied in different fields

such as chemical, biological and mechanical ar&asically, microfluidics are used to

manipulate and control a small volume amount ofousr fluids in small scale channel patterns

to do experiments, a process also referred to ab ‘n a chip” [1,2]. The amount of fluid is

usually within microliter/nanoliter/picoliter andrdensions of channel are between millimeter

(mm) to micrometer (um). One of the advantagessaigimicrofluidic devices is to reduce the

consumption of fluid and therefore, the cost. Bareple, in biological experiments some of the

samples, such as the well-purified proteins arkcdif to produce and expensive. Therefore it’s

a major consideration for scientists to reduceatm®unt of samples needed during the process.



If we can convert the current experiment into alks@ale then the problem of saving sample
consumption can be solved by only using nanoliteless amount of samples in microfluidic
device. This could be addressed by transplantiegcthrent process onto microfluidic devices
such that experiments can be done in smaller sade only nanoliter (or less) amount of

samples are needed.

1.2 Size mattersin Microfluidics

When the sizes of fluids reduce to a micron scatepe physical phenomenons of fluids in
microfluidic system are changed [3]. One of dimenkss numbers is Reynolds number which
is a major number in the fundamental physics afifiuo determine flow is laminar or turbulence
scheme. Reynolds number presents the relative ohiivertia force to viscous force. Here is a
equation, where is the density of fluid (kg/m3) is the mean velocity of fluid (m/sl, is the
dimension of channel width (mp is the dynamic viscosity of fluid (kg/(ms)), angis the
kinematic viscosityif = p/p) (m%/s).

pUL L inertia force

Re=—=— = 1
u n viscous force @)




Basically, laminar flow occurs when Reynolds numb&000 and turbulence flow occurs when
Reynolds number > 4000. Following from the Reynaldmber equation, decreasing dimension
of channel width L, especially in micrometer scééads to Reynolds number becoming smaller.
Applying appropriate parameters which are from th&ron scale into Reynolds number
equation, the Reynolds number is far smaller tHa®02 Reynolds number in our case are only
between 0.02 to 20. Because of size reduction finooron scale, most of them, using liquid

fluid to be major flows such as water and oil, lareinar flow except compressible gas.

Because turbulence flow barely occurs in microiliglystem only laminar flow and convections
need to be considered. Although convection is #eikportance to increase mixing efficiency
by turbulence flow in the large scale, diffusionlaminar flow also can play same role in the
micro scale. When there is an interface betwedwandifferent concentration fluids, the mixing
processes naturally diffuse from high concentratoriow concentration. Diffusion time (s)
related with the distancd (m) to travel and diffusion coefficier® (m/s). For instance, if
particles in a fluid have same diffusion coeffididut in different traveling distances, such as 5
mm and 5 um, and the diffusion time in 5Sum will 18 faster than diffusion time in 5mm. Thus

some experiments in large scale, which have to feaitliffusion process and need to use large



volume of precious liquid, when converted into #mall scale are not only reducing material

consumption but also reducing time for completingcpsses [4].

t=— (2)

In the microfluidic system the dimensionless Capylnumber (Ca) also needs to be considered
especially for droplet formation in two-phase imailide flow such as water droplet in oil or oil
droplet in water by generating designs of T-juntténd flow focusing. The capillary number is
the ratio of viscous stress and surface tensiondsst two immiscible flows.

uu Viscous stress

Ca=—, = 3
y ' Interfacial tension ®)

U is the velocity of continuous phagejs the dynamic viscosity of continuous phase, aimsl
the surface/interfacial tension between two imnbigcifluids. Above a critical Ca number, a
droplet will be formed due to the inner fluid beisbeared and extended by continuous flow.
When inner flow has extended long enough, surfaosion is allowed to break the flow into
droplet formation. In addition, by adding surfadtann one of phases, it can reduce

interfacial/surface tension between two phaseskaeg droplets in more stable situation.



1.3 Microfluidicsin biological applications

Developed applications by microfluidic techniquesve been applied to biological field such
as polymerased chain reaction (PCR) chip. Thereatse other interesting areas including
droplet generating, chemical trial mixing, and bgital sample screening [5,6]. Two phase flow
water-based droplet formation is a common methodgénerating droplets. Water is injected
into a continuous oil flow to form a water-basedpmlet due to surface tension break viscous
stress. Using this method the biological samplelmaisolated in water droplet and delivered by

carrier oil through micro channels.

One of the methods to form droplets is called Tejion [7] where water flowing perpendicular
injects to continuous oil flow and then shear strekoil breaks off viscous of water to form
water droplet. In addition the water-based dropiet only can be mixed with different
water-based components and conditions before asakated but can also make hundreds to
thousands number of droplets sequentially, so-@aligh throughput microfluidic system. Bo

Zheng et al has demonstrated screening of proteetadlization by using T-junction of



microfuildic devices with few nanoliter of protesolution. Figure 1.1 and 1.2 present these
microfluidic systems where mix buffer, protein, aother components with different ratio by
changing each input flow rate [8-10]. Moreover, Xa0nple droplets with different trials were

delivered to glass capillary tube for protein stiwe analysis screening by ray diffraction.

) buffer prosein b) butier protein C) buffer  protein B
PEG % ¢ Wa PEG H % E‘: Mall ---—.—-.,.,_.-_-u..;.__.)

Y o -
Ol —-l‘ il —= ..r-}__. _____.n.__.)

Figure 1.1 shows a microfluidic system for protergstallization. (a-c) gradient droplet colors
present each protein sample has different conditibyp controlling flow rate. (e) Protein

crystallizes [8].

Figure 1.2 shows the mixing with buffer, proteinrdgorecipitant with different conditions and
formed droplets by continuous oil in T-junction.erhdroplets are delivered to glass capillary for

X-ray screening [9].



Another method, the flow focusing system, also b@sn demonstrated to generate droplets in
microfluidic devices of biological applications [|[LThis method consists of a continuous center
water flow injected into a main channel and bretika form water-based droplets by a shear
stress creating from the oil flows of the both sideigure 1.3 shows the droplet generation of
multi-step mixing method by using flow focusing wldwo water-based flows carry with the
sample and are mixed before injection into contirsuoil [12]. Adjustment of the flow rate ratio
for two inputs from syringe pumps, allows the miratio of two samples can be controlled.
Based on these methods, it is not difficult to rpafate and control mixed droplet with different

mixing ratio .

1

Ganos — =tk

]|

Figure 1.3 shows the generation of the Multi-stapimy droplets by flow focusing method. To

change mixing ratio by controlling flow rate rabbtwo water-based inputs [12].



However, to keep in one certain mixing ratio withme size droplets and generate hundreds to

thousands of droplets with specific same mixingpré difficult. This is because is not easy to

hold the stable flow rate and stable pressure icrafiuidic devices when there are 2 or more

input resources. In such a small scale of chanskigt changes will cause different results and

obviously occur if flows are driven by changing gseres. The syringe pumps provide flow rate

related with pressures for driving fluids forwaBlring changing flow rates from syringe pumps,

the unstable pressures into channels will cregiessure gradient from pump to channel. In this

period, pressures are in transition and thus mixatig and droplet size are also not in stable.

The water-based droplets can be formed in T-juncby two immiscible flows and can be

delivered by controlling carrier flow such as comtus oil. In contrast the T-junction also has

been demonstrated for the separation of dropletdiffefrent sizes [13]. During the continuous

flow, oil carries water droplet to go into T-jurmti channel, the continuous oil separates into two

opposite directions inducing the surface tensiotwben water and oil sheared to break the

viscous of water droplet (Figure 1.4). Thereforee amater droplet is forced to become two

droplets. The flow resistance concept is used ternene the size of droplet after droplet break

up.



@ (b) %
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Figure 1.4 shows the method of the droplet breaknupjunction. b) same lengths of channels

with same break up droplet size; c,d) longer lerajtbhannel has smaller droplet due to higher

flow resistance [13].

In addition, the microarray for delivery and localiion of droplets by using flow resistance
concept are the significant application as welg(fe 1.5). Water-based droplets are generated
from T-junction or flow focusing and then the odrdes water droplets in the micro channels.
Different geometry designs can be used to makereifit flow resistances for droplet delivery

and localization [14, 15].
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Figure 1.5 shows the schematic and equation ofidlaeresistance. The droplet is delivered and

localized into a trap whit two paths, path 1 anthga The droplet will choose path 1 and after it

is localized. The following droplet will bypass tlugh path 2 and sit in the next trap [14].

As the carrier oil flow goes from point A to B, tleeare two paths it can go; path 1 and path 2.

The path chosen will be determined by flow resistato see which has more oil flow going

through as well as current in the electric circtittus carrier flow will go through path 1 first

because of the equation of the flow resistancesti&t length will have the smaller flow

resistance. After the carrier flow carries the watiee droplet becomes stuck in the trap. The

flow resistance of path 1 will increase to be largean path 2 due to the channel diameter

changed when droplet is trapped. Then the secoter weoplet will bypass and go to the path 2

and trapped in the next designed trap.

10



Following this process continuously, it can be fedrihe microarray of the water-based droplets
(Figure 1.6) [16]. By using this flow resistancencept, we not only can be localized the droplet

but also isolate individual droplets in microardgvice for biological sample screening.

aqueous
et
ol waste
% b LR
. I —
droplet generator droplet trap array

Figure 1.6 shows the scheme of the microarry bgguge flow resistance concept. Eventually

droplets located and isolated in each trap for expnt [16].

Besides the two-phase flow (water/oil) of droplaséd in T-junction or flow focusing systems,

11



there is another famous application in biologicedas, a single-phase flow. When the two
continuous flows with different concentrations nixa micro channel, the final concentration
can reach an equilibrium stage by diffusion proc@sss diffusion mechanism in microfluidic

channels is usually designed for filtering, dilgtimnd mixing in some chemical reaction

applications.

The membraneless H-filter is the best example ltdring that can be applied to removing or
collecting the chemical particles as a purificatiprocess without a membrane filter. The
diffusion coefficients of the particles are domettby their size. The large particle size has a
large diffusion coefficient so it needs a longdfugion length (L) to be transported or removed
during the diffusion procedure. Consequently, theywo collect or remove different sizes of
chemical particles in flow is controlled by charmgiand designing a certain diffusion length.
Figure 1.7 shows the design geometry of H-filtdne Tsample and solution with particles are
injected from both sides and then merged in thelracross of main channel. The large particles
remain on the stream and deliver to waste outpcalse the particles along the designed length
(L) have no time to be diffused. Thus the purifemlution without particles was mixed with
sample and delivered to outlet of the left-hanek sithis simple H-filter not only can be mixed
with sample and solution with particles in initiatersection but can be removed the unwanted

12



from the particles in main channel by diffusion gess.
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Figure 1.7 Presents a membraneless H filter. Saamlesolution with particles mixed in initial

intersection of main channel. The lack of diffuslength (L) does not allow time for particle to

diffuse. Thus the particles remain in the initimkam and are delivered to the waste outlet. The

sample with purified solution without particlessisnt to the outlet of left-hand side.

The flow scheme of our membraneless device isamenar flow that present the stable streams

in the channel, and not crossed with each otheroiling to stable streams in laminar flow we

can modify the design of the output as illustratethe diagram (Figure 1.8) below using three

separate channels. The middle output will act as dbllector channel for the samples of

13



membrane protein crystals. The other two are welsé@nels for buffer solution where they are
mixed with removed detergents during diffusion [3%hus we can increase the density of

membrane protein crystals by simply collecting friiva middle output.

PGE

N

“i o Waber-soluble proteins

o

2e o . v Purified membrane
il 3 «2" proteins

Cruda membrane protein

gxtract in detergent

P

Figure 1.8 shows that the design of output can s®d tor collecting the membrane protein

e Water-soluble protelns

crystal samples [34].

Figure 1.9 presents the flow focusing method appbte forming a lipid vesicle. The higher
concentration of lipids were diluted by convectaiffusion and bellowed its CMC to

reconstitute vesicle structure.

14



Figure 1.9 shows the single phase of flow focuspglied to the diluting approach where the
isopropyl alcohol (IPA) with lipid injected into nger of main channel and merged with the

physiology buffer solution (PDS) from both sides.

When the center stream merges the outer buffetisof) the higher concentration of center flow
being diffused to the outer lower concentratiomfloy convection-diffusion phenomena. Due to
this process the high concentration flow can beteldl and eventually reach an equilibrium.
Additionally the diluting speed also can be conéalby varying the Flow Rate Ratio (FRR) of
horizontal (IPA+Lipid) and perpendicular (PBS) impuA higher FRR creates a stronger
convection-diffusion effect to force a faster mxispeed. Therefore, this method provides lipids
diluted from their initial concentration to finalbttain its critical micelle concentration (CMC) to

form a lipid vesicle structure.

15



CHAPTER 2

MEMBRANE PROTEIN

2.1 Overview

Membrane proteins are permanently embedded in ithé bi-layer and are essential in

biology because they play major functional rolesriambrane cells. For instance, membrane

proteins are transport channels that allow iongllson macro molecules pass through membrane

cell. And they are also signal receptors and sengocommunicate between cells. Thus, many

membrane proteins are aimed at drug design anddslugery for diseases.

Membrane proteins are estimated to represent niame 30% of the protein encoded in the

genomes of the organism. While only containing léss 1% of the structure entries in the

Protein Data Bank. The first structure of membrpraein was solved more than 20 years ago.

16



They only around 140 membrane protein structuresesponding to around 80 unique types of

membrane protein have been elucidated to date§]L7,1

Unfortunately the process to obtain 2D membrandeprostructure is difficult because they

require crystallization in not only a certain cdrmwhs but also in a nature hydrophobic

environment with a lipid bilayer. Therefore, itimportant to develop a new method that can

generate and obtain the crystal structure of mengbiaroteins more efficiently. Moreover,

optimization of finding initial conditions for memédme protein crystallization is the crucial final

goal.

2.2 Methods for membrane protein crystallization

Currently there are several methods for growingstadystructure of 2D membrane proteins

and 3D proteins [19]. Figure 2.1 shows the membpantein structure determination procedure.

The first step is to obtain membrane fragments fioode cell of tissue which is called the

extraction. Depending on the types of membranerieags desired, there are several extraction

methods that could be used, such as sonicatiorfjlaaton.

17
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Figure 2.1 shows the membrane protein structurerohation procedure from the cell
membrane to 3D structure, a) biological membrahesing detergent to solubilize membrane, c)
purifying the membrane protein to collect a sintylee of membrane protein, d) crystallization
by using dialysis method to remove detergent ameh figoid bi-layer structure aggregated with
membrane protein, e) screening by electron micqms¢BM), f) if 2D crystals achieved, then g)

collect image data by cryoEM, h) tomography analy3i3D structure.
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Lipld-Detergent Micelles I]nhr;ilr::ll::-lla-l
Figure 2.2 shows purification of membrane protein detergents with critical micelle

concentration. At high critical micelle concentoatiof detergent the membrane protein would be

extracted from lipid bilayer structure and becoma&gqin-detergent complex formation.

Purification is the next step which purifies proteample and removes unwanted molecules
from membrane fragments. Obtaining protein samigle®t as easy as it seems. It is estimated
that there are hundreds to thousands of differeotems in a single cell. The most useful
techniques to separate and isolate membrane psdteiny using detergents and filter to obtain
the certain desired protein. Since the membraneipare held in the lipid bilayer structure by

19



hydrophobic interactions, they maintain a nativeafoomation when separated from cells. The

protein can be released from the lipid bilayer lojiag detergents because the detergent’s

micelles have similar properties as lipid.

The solubilization of proteins from lipid bilayedepends on the Critical Micelle Concentration

(CMC) of detergents which is defined as a concéiotiaf surfactants above that where micelles

are formed (Figure 2.2). At low CMC of detergeht tletergents solubilize the lipid bilayer and

integral membrane proteins to form a complex caimgjsof detergent, protein and lipid

molecules. At high CMC of detergent, the lipid lpga becomes saturated with detergent and

lipid bilayer brakes apart. Thus, the resultingducts are protein with the detergent complex

where the hydrophobic regions of detergent bintiyidrophobic domains of protein protecting

them from aggregation (Figure 2.3).

Next the protein samples are formed into proteid detergent complexes. The two categories

for obtaining protein crystals after purificatioropess, crystallization are 3-Dimension (3D) and

2-Dimension (2D). For the 3D crystallization, theofgin samples have to further remove

detergents and be pure enough for growing proteystal. When proteins are crystallized,

protein structures can be analyzed by X-ray diffaaccrystallography to obtain the 3D protein
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structure. However, the membrane proteins are miffieult to be crystallized in 3D structure

due to native membrane protein environment witld liplayer.
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Figure 2.3 2D membrane protein crystallography Bing dialysis. The membrane proteins

mixed with lipids and the detergent is allowed &rbmoved and the lipids form a bilayer where

the protein can be incorporated and form 2D crgg&0].

To resolve this issue, the structures of membraotims embedded with a lipid bi-layer. The 2D

membrane protein crystals is a current method uslegtron microscopy. The processes of the

obtaining 2D membrane protein crystallography aaet svith a purified membrane protein with

detergents where protein samples are mixed witdldipnd slowly remove detergent by natural

diffusion with the dialysis membrane. Upon compleimoval of detergents, membrane protein

is reconstituted with lipid bilayer structure fomgiinto 2D membrane protein crystal. The 2D

membrane protein crystals obtain the images bytreleanicroscopy showing in Figure 2.4. A
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collection of 2D membrane protein images with vasiangles can produce the 3D image of

structure utilizing software, which is called tonaghy [20].

(3) (4)

Figure 2.4 shows the tomography method to createstBilcture from 2D membrane protein

crystals by image processing which extracts thermétion from high-resolution images and

electron diffraction patterns for mergeing it i@@D potential map.
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2.3 Comparison of 3D and 2D protein crystallization

There are several benefits of using 2D membrandeiprocrystallography versus 3D
crystallography. First, membrane proteins requineditions that make their membrane spanning
regions soluble. In 3D crystallography, the protesample must be purified enough to form
crystals of only protein [21]. In 2D crystallograplthe membrane protein only needs to be
soluble by lipids and will form sheets of crystadid protein within lipid bilayers. Second, the
membrane proteins can form crystals fairly rapiggyng 2D membrane protein crystallography.
In 3D crystallography, pure proteins are placedpecific crystallization conditions and left to
sit until crystals are formed, this could take weék months if crystals even form at all. In 2D
membrane protein crystallography, crystals are &armnapidly because the limiting step is
detergent removal. Upon detergent removal, lipids form bilayers where proteins can gain
order and form crystals. Lastly, the 2D membranetgin crystallography followed by
high-resolution electron microscopy can producenatdevel 3D images of membrane proteins

[22].
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2.4 Current conventional dialysis method

The current and most common technique to obtainmi#dnbrane protein crystallization

diffusion which removes detergents in microlitealscby using dialysis membrane [26]. Fic

2.5shows the method of using the dialysis membrz

u|a|v5|s
membrane

18mm

aluminium bar

Figure 2.5 showsurrently the common method for 2D membrane proteystallization. The

equipment consists of buffer chamber on the toglysis membrane in the middle, and san

well at the bottom. Detergents will be removed tdfdr chamber by natural diffusion piess

and dialysis membrane will keep the large moleculesample well [26
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The equipment consists of three parts from topdtbon in which are buffer chamber, dialysis

membrane and sample well. Membranes protein-detergemplex samples are mixed with

lipids in the buffer liquid and pipetted into thansple well. Due to the difference of detergent’s

concentration between the buffer chamber and thepleawell, a gradient of concentration is

formed between the buffer chamber and the samplle Bugring diffusion process, the gradient

changes and the Critical Micelle Concentration (QM& detergent in sample well also

decreases until equilibrium. The protein-detergamhplex starts to break up and the detergents

are released from protein and become monomerdftseiout of sample well. The lipids will

form membrane bilayer and the protein will be endmetlwith bilyaer structure to form the

membrane protein which is a native environmenteAthe membrane protein integrated with

lipid bilayer, it cannot pass through dialysis meam® which only allows small molecules, such

as detergent monomers, to pass through into bcifi@mber.

There are still some disadvantages with currenthatgtsuch as the lager volume of protein

samples need (“a few microliter”), compared to Héeis as in the microfluidic devices, longer

time period to completing dialysis process ( “usutdw days”), and pipetting by hands.
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CHAPTER 3

FABRICATION OF MICROFLUIDIC DEVICE AND FLOW VISUALIZATION

3.1 Overview

The fabrication processes of microfluidic devicessist of few steps which are mask design,

wafer patterning and device making. Currently, sgvMIEMs techniques have been applied to

microfluidic devices such as photolithography, asaft lithography [23]. By using these

techniques, researchers have designed differeotiéunal microfluidic devices to control fluids

such as micro mixers, micro valves, droplet genmmatand droplet separations. Furthermore,

the sizes of microfluidic channels are getting $enand smaller, commonly below a hundred

micrometers, which improve mixing efficiencies anthimize the amount of fluids used. Figure

3.1 shows a global view of our current design sasenmcluding the mixing device(a), the

mixing device with designed outlet for increasirensity (b), flow focusing lamina flow device
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(c), and flow focusing lamina flow device with dgsed outlet for increasing density (d).
Moreover, because the membrane protein samplesh@nduffer solution are all transparent,
barely to be observed by microscope, we tried ® hlae-dye in the pre-test examination for

flow visualization to demonstrate the flow focusplzenomena in microfluidic device
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Figure 3.1 shows the global view of four desigmg to bottom are a mixing device, mixing
device with designed outlet for increasing denditw focusing lamina flow device (c), and

flow focusing lamina flow device with designed @itfor increasing density (d).
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3.2 Photolithography

The fabrication process was derived from photogitaphy and softlithography method, a

common Bio-MEMS technique that has advantages ssclow cost and ease of fabrication.

Photolithography starts from the three inch siliowafer with one-side polished as a based

substrate for the first preparation stage (Figu2g.3

Fabricaiton processes of Photo lithography

| One side polished

" | Silicon wafer « Silicon wafer

4

Spin coating . 5U-8 3050

==
oumsl ey

‘ T Eilicon wafer

UV - Light

g

I 1 T

3. | uv Exposure | Chrome mask
____________ — S ERRR RS E ~ 5U-8 3050
F——— Silicon wafer
« SU=-8 channel structure

I
Ei
-
@ |
=
3
i)
=

e ags
—_— — Silicon wafer

Figure 3.2 Fabrication processes of photolithogyafhPreparation of one-side polished silicon

wafer. 2. Pour SU-8 on the top of silicon wafer apth coating at certain speed. 3. UV exposure.

4. Development for removing un-crosslinked SU-8.
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Next the light-sensitive epoxy based negative phesist SU-8 is used for the structure material

on the silicon wafer. Different types of SU-8 haliferent bonding strength and viscosity such

as the 3000 series having a better bonding strenigkha silicon wafer compared to the 2000

series and 3050 series with a higher viscosity 8G@I0. Moreover, higher viscosity SU-8 under

high spin coating speed can reach more stabledidice due to centrifugal force effect. Based

on above considerations and after testing we cBts8 3050 from Microchem company, which

has high bonding strength with silicon and allowghtspeed spin coating to achieve flat surface

to be our pattern structure material. To increagebionding strength of silicon wafer with SU-8

and create a high quality SU-8 surface, preparatiothe silicon wafer has to go through a

cleaning process which includes Piranha, acet@ogropanol alcohol(IPA), and a de-ionized

water rinse. After the wafer cleaning process,itisiU-8 is dispensed onto the polished surface

of silicon wafer and is spun at a certain speedd3@dn to create a 50um thickness of SU-8

structure. After spin coating, a soft bake prodeisws in which the silicon wafer is placed on a

leveled hotplate for 15 minutes at 95 degree Celuevaporate solvent in the SU-8 resist and

then gradually cool-down to room temperature toichwarinkles. Now the resist has become

hardened and is ready to go to ultraviolet (UV) asyre. When UV light passes through the

transparent area of chrome mask, the patternest resirosslinked due to chemical reaction. The
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next step is the post exposure bake on the hotptatd minute at 95 degree C and then
gradually cool-down to room temperature similar ttee soft bake. The final step is the
development process which removes the un-crosslimksist by dissolving in Microchem’s

SU-8 developer liquid. Eventually the mold for naiftuidic channels is made of SU-8 patterned

structure on 3 inch silicon wafer surface. (FigBIr&).

Figure 3.3 shows the illustration of the SU-8 dinoe on the silicon wafer.
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3.3 Softlithography

After completing the process of making the SUR&rmel structure on silicon wafer, the next

step is fabrication of a microfluidic device bymrng in Polydimethylsiloxane (PDMS) which is

two-part silicon-based elastomer and also is thecon@d polymer. It is low cost, easily handled

and manufactured. Moreover, PDMS is a biocompatérid a clear transparent material that

commonly use in biological application such as BiEMs. We used Sylgard 184 from Dow

Corning which uses mixing ratio of PDMS and curaggent as recommended 10:1. After mixing

the PDMS with a curing agent and fully stirringage the PDMS into a vacuum chamber for

degassing process. We carefully pour the PDMS thedSU-8 structure mold wafer and avoid

generating bubbles.

The curing time of PDMS can be decreased by inorgdke curing temperature. For Sylard 184,

the curing time in room temperature is approximagl hours as recommended. However in a

hotplate/oven at 100 degree C the time can be eeldt@ approximately 1 hour while still

maintaining acceptable quality a. Once PDMS is @urecan be peeled off from the silicon

wafer substrate. During peeling, isopropanol altahapplied into the gap of PDMS and silicon

wafer to reduce the adhesion and avoid the danwatle tSU-8 channel structure (Figure 3.4).
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Figure 3.4 Fabrication Processes of Soft lithogyafphPreparation of SU-8 channel structure on

silicon wafer. 2. Carefully pour PDMS on silicon feaavoiding bubbles. 3. Peel off PDMS

from silicon wafer. 4. Bonding PDMS with glass slidy using oxygen plasma.

3.4 Assembly of microfluidic device

After releasing the PDMS from the silicon wafer stnate, the next process is to assemble and

bond PDMS with a glass slide to make a microfluidiévice. Holes are made on PDMS by 1.2
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mm diameter punch pen for connecting input tubenftbe syringes before bonding process. The
cured PDMS has a hydrophobic surface propertydaatbe changed to hydrophilic surface by
using oxygen plasma surface treatment (Figure RE&pr to oxygen plasma treatment, the
surfaces of PDMS and glass slides must be carefldgned because the unclean surfaces might

reduce the bonding strength between PDMS and glass.

Oxygen plasma surface treatment

a. Oxygen plasma surface treatment on Glass slide

b. Oxygen plasma surface treatment on PDMS

CH, CH, CH, Oxiclation CH, OH COOH

Frg SF0-SI-0-5I-0-++ % = Q 0-5i0 S-0-Si-0--

5 &H EH Ié:H Electrical (IJH CH. .CH

—— e AT discharga ; =
PDMS

Figure 3.5 shows the chemical reactions of glade sihnd PDMS after oxygen plasma surface
treatment. Glass slide after surface treatmentokithin OH on the surface and reactive a Si-O

covalent bonding interface with treated PDMS.

PDMS slots and glass slides are placed into oxyigsma chamber at 75 watts for 30 seconds,
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and immediately assembled after oxygen plasma psodéen we move the assembled device

on the hotplate and heat it up to 85 degree C fomihutes to enhance the bonding strength

between the PDMS and glass slide (Figure 3.6)

Figure 3.6 shows the image of the microfluidic @evihat PDMS bonds with glass slide

3.5 Experimental set up

Figure 3.7 shows the microfluidic experiments, testing vehicle consists of 4 individual

controllable syringe pumps with a main controllerdrive fluids that can precisely adjust flow

rate down to 1nl/min and a CCD camera with micrpgdor capturing images for data analysis.

Figure 3.8 shows the exact equipment set up oogtie table.
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Figure 3.7 shows the experiment sep up consistyifige pumps with controller which can

i Computer

Syringe pump

precisely adjust the flow rate down to 1nl/m andBCCamera with microscope capture images

for data analysis.

Figure 3.8 shows the exact equipment of experinmetiite testing table.
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3.6 Flow visualization testing with water and blue dye

The membrane protein samples and the buffer solutie all transparent, barely to be
observed by microscope, so we used the blue-dy#epteexamination to demonstrate the flow
focusing phenomena in the microfluidic device. FeggB.9 shows the schematic diagram

illustrating the designed geometry using for expental device.

| Channel width 100 um |

Figure 3.9 The experimental device for the studymmmbraneless laminar flow. The channel

widths are 100um for the main mixing channel andr8@or T-junction channels.
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Figure 3.10 shows the flow pattern of flow focusiagFRR of 100. The water flows being
injected from both perpendicular sides into themwiannel and the dye flow being injected into

the middle of the main channel

The flow focusing pattern was formed by water floesng injected from both perpendicular
sides into the main channel and the dye flow baijerted into the middle of the main channel

in Figure 3.10.

As shown in Figure 3.11, when the flow rate ratiovater and dye was 10:1, the dye stream was
thicker than expected. When the flow rate ratio waseased to 100:1, the dye stream became
thinner. The increased water flow rate changedr#i® as expected. Correspondingly, the
water-to-dye volume ratios were changed as welmgarison of the numerical simulation and
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experiment results, both of these pre-testing mstsessfully revealed the same flow pattern and

concentration distribution.

Figure 3.11 The laminar flow in the microfluidic aimel. The thickness of the dye flow is
controlled by changing the water-to-dye flow raaéa (FRR). The left image shows a case with
a flow rate ratio of 100, the dye stream was vhiny.tThe right image shows another case with a
flow rate ratio of 10 with a thick dye stream. Tieel dashed line represents the physical walls of

the device.

Figure 3.12 shows the concentration variation &smation of FRR at start point and at 2.5mm
away from the initial two flows merging area. Athages were captured by CCD camera and
data analysis was processed and converted by seftweage J for measuring the length and

concentration. Here RGB code presents the condemtiatensity from “255” white color to “0”
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black color. Comparing the flow rate ratios, thghar flow rate ratio has a faster diffusion speed
because of the large surface to volume ratio dutheothinness of dye stream and a higher
percentage increase in diffusion. In contrast/dkesr flow rate ratio has a lower diffusion speed.
The dye stream was surrounded by the outer watesflvith an interface formed. The inner dye
diffused naturally toward the outer water flow. IBaling along the main channel, the dye
concentration at the center decreased and the waterentration increased correspondingly.

Eventually both concentrations reached the sanmeddev
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Figure 3.12 shows the different thickness of blye stream changed with various FRRs in left
diagram. A higher FRR has thinner thickness of lolye inducing fast diffusion due to the large
surface to volume ratio. The right diagram shows thcreasing flow rate ratios gradually

diminished concentration with faster diffusion spee
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CHAPTER 4

MEMBRANELESSMICROFLUIDIC DEVICE FOR MEMBRANE PROTEIN

NANOPARTICLESFORMATION

4.1 Overview

The structural and functional studies of membranetemn lipid nanoparticles in native

biological membrane are relatively important reskareas. This virus-like nanoparticle formed

by a self-assembly crystallization process of memer protein and lipids is critical to

pharmaceutical industrial. These nanoparticles fmwvariety of potential applications in drug

delivery and in drug design that can carry spedifie membrane protein on aim or release

control. The previous studies stay on an ineffickmethod with a standard dialysis process that

has low-throughput, time consumption(weeks), andtgin sample waste. However, the

interdisciplinary cooperation between in biologydaMicro Electro Mechanical Systems
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(MEMS) has been tremendous developed. Here we demat®m a new concept with a

high-throughput membraneless microfluidic device fast produce the reconstitution of

membrane protein nanoparticles. The reconstitygirmeess in continuous micro flow dominated

by convection-diffusion phenomena in microfluidicaninel can be completed in “seconds” to

form membrane protein lipid particles, and also same protein sample consumption down to

only nanoliter or picoliter. Therefore, this noweicrofluidic device has an ability to rapidly

form uniform membrane protein lipid nanoparticlesl avill make a transformative impact to

commercial applications in variety of areas fromldgy to pharmacology

4.2 Introduction

Membrane proteins represent more than 30% of tbeipis encoded in the all genomes and

play a major rule in physiological environment coiling irons/molecules, energy and

information through cell-to-cell membrane bilaykr.addition, more than 50% of drug designs

aim at membrane proteins in pharmaceutical indu$trs novel membrane protein nanoparticle

has potential applications in drug delivery andgdriease control carrying with specific proteins.
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However, the first structure of membrane proteirs i@und 25 years ago but currently only

around 754 membrane protein structures with 26uetypes of membrane proteins have been

identified and recorded. That is only around 1%iwmiire protein structure in Protein Data Bank

[35]. Therefore, to investigate and understand stnecture of membrane proteins become an

important research area [36].

The reason for this slow development of membraéepr analysis technique is that is difficult

to optimize and find the correct combination to ambtthe membrane protein from few

controllable parameters such as protein to liptibygh, and NaCl concentration. And other

problem is from the inefficient standard method sdh@quipment has disadvantages including

the time consuming, sample intensive, and low-thhpuit [26]. The scheme of standard method

to reconstitute membrane proteins in a native bildipid environment consists of a sample well,

a buffer solution well and a dialysis membrane hie middle. The higher concentration of

detergents from protein/lipid/detergent complex glemvell through a dialysis membrane to the

lower concentration of buffer solution well [37]nA the designed pores of dialysis membrane

only allowed a small molecular such as detergengass through and remind a large one such as

membrane proteins in sample well. Once the deté&sdelly removed by diffusion process the

membrane protein aggregated with native lipid l@lagtructure to from membrane protein
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nanoparticles. The major disadvantage, time consgms because the diffusion process from

sample well to buffer well is driven by nature dgfve phenomena that takes “ 7 days to weeks”

for slowly removing detergents to completely achigkre reconstitution process for membrane

protein nanoparticle crystallization. Sequentialilgjs slow diffusion not only caused time

consuming problem but made the low-throughput perémce in this conventional standard

method

Recently, the interdisciplinary collaboration ha&sb developing on diversity of fields especially

between engineering and biology [30]. Microfluidiod Bio-MEMS are good examples for this

such interesting topic [4,38]. In the past few dkssa Microfluidic has been rapidly applied into

the biology area to manipulate and control a smalume for both simple or complex

experiments such as mixing, and diluting proce$36s10]. Sequentially, it can enhance the

efficiency of biological experiments. In this smadlale, typically the characteristic channel size

of microfluidic device is from several micrometdosfew hundred micrometers, there is some

advantages of Microfluidic including super low Reidhnumber, less sample required, and fast

chemical reaction [41,42]. Based on these beneBtgan obtain a stable laminar flow pattern in

microfluidic channels where allow people to haveold device without any influences. In the

past studies of microfluidic, the single phase flimgusing system has been widely used for

43



mixing, diluting and filtering of some chemical otan experiments [43]. When the two

continues fluids with different concentrations oigd into the flow focusing system, they can be
rapidly mixed or diluted to completely reach theali concentration equilibrium in seconds due
to a very short diffusive channel width [44,45]. iMover, for example, this system can be also

applied for filtering to sort the different sizelsparticles without any membrane filter [46].

Flow direction
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Figure 4.1 Examples of successes in membrane pratgistallization by a conceptual
breakthrough using controlled convective-diffusikensport in microfluidic channel to boost the
crystallization process. The interfaces betweercdmer mixture and the side buffer streams can
create concentration gradients where detergenbeaemoved and membrane protein aggregated

with lipids to form the nanoparticles

The diffusion coefficients of particles depend aresof itself that causes the diffusion lengths

for vary of particle sizes are different as welas®d on this concept, the diffusion length can be
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calculated by a diffusion equation considering difeusion coefficients of particles. Therefore

the certain particle can be removed by a desigifegsibn length as a function of the filter [47].

ﬂ) 30um 3
N
Proteinilipid / |
N = Flow direction _
@ ) Fid 1 2 & Protein
o4 Crystallization zone samples
Buffer
solution

Figure 4.2 a) Channel design pattern that is actiehgal by using controlled flow focusing to
boost the crystallization process and additiondapwis for removing unwanted detergents, b)

Device image shows the exact chip size as samiass glide.

Figure 4.1 shows our new concept for super-fasiuatian of membrane protein crystallization

and we demonstrate a successful membrane-less fimidio device converted a traditional
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dialysis membrane method to a novel method that a@reve the fast response time for
reconstitution of membrane protein nanoparticlenfrdays to “seconds” with nanoliter or less
sample required. In addition, it added the sorfungction in the output that allows to remove
unwanted detergent monomers out with buffer saiutiad obviously increases the density of
membrane protein nanoparticles we wanted. Figuza 4hows the designed PDMS channels
range from 30 to 100 micrometers and Figure 4.2ibwshthe total size of our microfluidic

device is the full 25 by 75 mm of the glass slide.

4.3 Sample preparation

In this study we useHB. coli mechanosensitive channel of small conductance (Md&350],
detergents Fos-Choline (FC-14) with initial concatibn 2.5mM (millimolar) and diffusion
coefficient 7.5X10 cnt/s and lipids Phosphocholine (PC-14) with initiehcentration 0.16mM
and diffusion coefficient 3X1®cnf/s [51,52]. The initial mixture sample consistspoé-mixed
1mg/ml protein and 0.1mg/ml PC-14 lipid with liptd protein/detergent ratio of 10:1. The
sample preparation process is that the purifiedllso@nductance mechanosenstive channel
(MscS-HT) were used to form membrane protein lipalyhedral nanoparticles (MPPs) at a
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concentration of 1mg/ml. Lipid, PC-1412-dimyristoyl-sn-glycero-3-phosphocholine)
purchased from Avanti Polar Lipids, was dissolveédSmg/ml in 1% CHAPS and used at
concentration of 0.1mg/ml. Typical MPP solution taned 50mM Tris pH7.0, 100mM NaCl,

1mM sodium azide, 1mg/ml MscS-HT and 0.1mg/ml PC-14

4.4 Electron Microscope sample preparation

All images were took by transmission electron nscape (TEM). After collected the protein
samples from microfluidic experiment, those sampkege to pre-treated and transfer to EM grid.
The EM grid is a 3.05 mm diameter, thin copper megh the thickness range from 10um to
25um. In this study we used mesh 300 which is éefiny the number of holes in 1 inch. Before
placing the protein sample on the EM grid, the B fas to be coated a Formvar thin film that
can produced by mixing Formvar powder with ethyleiehloride. The thickness of Formvar
film is controlled by concentration of Formvar pavdUsually the thickness of Formvar film
would be around 60nm in order to have the cleageasaluring TEM process. Then the EM grid
has to be coated the carbon layer by carbon evigpdmcreate a hydrophilic surface allowing
protein sample to self-attached on the grid. Thalfstep is negative stain that a small drop of
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sample (5ul) is deposited on the carbon coated EdY) gllowed to settle around 1 minute, dried

by filter paper, and then covered with a small dmipstain (2% uranyl acetate). After

approximately one minute, then dried by filter paps well, and the sample is ready to be

viewed by TEM.

4.5 Reaults

Because the membrane protein sample and the kadfetion both are transparent that are

invisible under the microscope. Therefore, we destrated the methods for pre-examination to

observe the flow pattern of flow focusing phenomémanicrofluidic device. One method is

using water and blue dye instead of buffer soluaod protein sample in pre-test experiment.

The water flows were injected from both perpendicgides into the main channel and merged

with injected blue dye from middle of main chann&he flow pattern of flow focusing

phenomena using water and blue dye can be obseleady in main channel.
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Figure. 4.3 shows the laminar flow in the micradligichannel. The interfaces between the center
mixture and the side buffer streams can createerdration gradients. This thickness of the dye
flow is controlled by changing the water-to-dyewloate ratio (FRR). The left image shows a
case with a flow rate ratio of 100, the dye stre@as very thin. The right image shows another
case with a flow rate ratio of 10 with a thick dygeam. The red dashed line represents the

physical walls of the device.

Figure 4.3 illustrates microfluidic channel andwipattern by using blue-dye on this study. The
thickness of the dye flow is controlled by changihg water-to-dye flow rate ratio (FRR). When
the flow rate ratio of 100, the dye stream was \hiy. When a flow rate ratio of 10, the center

stream became a thick dye stream.
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Other is numerical simulation for helping us obt#ne initial data with vary parameters and
optimize the condition as well before experiment®fie numerical result of the mixing
concentration distribution of the injected cenfpabtein/lipid complex stream merging by two
side adjoining buffer solution streams were simadawith two-dimensional laminar flow model
using COMSOL Multiphysics 4.2a ( COMSOL, Inc., Badgton, MA). The laminar flow and

mixing behaviors were governed by the continuitg &tavier-Stoke equations for the single
phase incompressible flow combining with conveciiliifusion equation for the concentration
transport of diluted species in flow focusing [33he following equations were set up and

solved at steady-state.

—V-n(Vu + (Vw)T) + pu - Vu + Vp =0 (4)
V-u=0 ()
V.-(=DVc+cu)=0 (6)

Wheren, u, p, and p represent the viscosity, velocity, denaitgt pressure in Equation 4 and 5. D
is diffusion coefficient and c is concentrationBguation 6. Because the most liquid component
of the sample and buffer solutions is pure watlee &bove parameters were based on the
properties of water. Therefore, the viscosity ametsity of water are 1 centipoises and 1000
kg/m®. The velocity can be calculated from flow rate/gnldivided by cross-section area of

channel (micro-meters). For the diffusion coeffiti®, we used 7.5XIdcnf/s for detergent
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FC-14 and 3X18 cnf/s for lipid PC-14. Then apply the no-slip boundagndition to all

boundaries except inlets and outlet; it presergsvidlocity is zero at the walls as well as zero

diffusive flux through the wall. Figure 4.4 showsetconcentration distribution of the numerical

simulation results during the different flow ratatios within the flow focusing region. For a

given set of concentration factors optimized byeothktudies, the formation of the crystals is

affected by the flow rate ratio (FRR) between thdfdr (phosphate buffered saline) and the

mixture streams.

FRR 100

FRA 10

Flow direction 5
Miging Ratia Mizing Ratio
S e T —
W0am W

Figure 4.4 shows the numerical simulation resutslow focusing laminar flow in microfluidic

channel. The left image shows the concentratidlugidn distribution of a flow rate ratio of 100

with a thin center stream. The right image showastteer case of flow rate ratio of 10 with a

thick center stream.
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The higher concentration of protein/lipid/detergenmplex being injected into the center of
main channel merging by two buffer solutions witjual flow velocity from both perpendicular
sides. The contact interface in between a ceni@ibath side streams generated a concentration
gradient in which the diffusive transport happerfiedn the higher concentration of a center
protein/lipid/detergent complex stream to the lamaentration of buffer solution stream in both
sides. The mixing phenomena in the main channeéofer stream and both side buffer solutions
were dominatedby convective-diffusive transport. Such gradieriferaus an opportunity to form

membrane protein crystals.
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Figure 4.5. a) shows the total 8 measuring pointifierent distance in X-direction from 50um

to 38000um. b) shows the distribution of centewflmncentration at different measuring points.
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Figure 4.6 the left diagram shows the distributbbrletergent FC-14 concentration when FRR at

10. The final concentration is higher than its CNat means detergents are still in micelle

formation. The right diagram shows the distributafrdetergent concentration when FRR at 70.

The final concentration is smaller than CMC whicleans the detergents form monomer

structure.

Figure 4.5a shows the total 8 designed point forsugng center flow concentration at different

distance in x-direction from 50um to 380000um aldd fhe distribution map in Figure 4.5b. The

high concentration, 2.5mM (millimolar), of the miee detergents Fos-Choline (FC-14)

encapsulating proteirts coli mechanosensitive channel of small conductance (M$eSease

quickly along the mixing channel resulting from trenter-to-side convective-diffusive transport.
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When the concentration reaches below the critidgakle concentration (CMC) of detergents ,
0.12mM for the case studied, micelles become monaniée monomer detergents are removed
to the side buffer stream by diffusion. Figure f@sents the simulation results of detergent
FC-14 concentration with the diffusion coefficieh6X10° cnf/s. Figure 4.6a shows the final
concentration is higher than its CMC that meangrdents are still in micelle formation. The
right diagram in Figure 4.6b shows the distributairdetergent concentration when FRR at 70.

The final concentration is smaller than its CMC ethimeans the detergents form monomer

structure.
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Figure 4.7 the left diagram shows the distributddtipid PC-14 concentration when FRR at 150.
The center flow concentration is mostly lower thianCMC that means lipids become monomer
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structure. The right diagram shows the distributdddipid concentration when FRR at 70. The

concentration is larger than its CMC which meamsligiids still keep in micelle structure.

Meanwhile, the micelle lipids Phosphocholine (PGQ; ¥th the initial concentration 0.16mM, are
transformed into bi-layer structures and simultarsf§o aggregate with the proteins to form
membrane protein crystals. However, the lipid cotregion is also a key issue for protein

crystallization process in this microfluidic device

While controlling the FRR to adjust the diffusiveegd of detergent concentration, it made lipid
concentration change as well. When the FRR is iglo, lipid concentration reached or bellowed
its CMC of 0.006mM inducing the lipid structure bewe from a micelle to a monomer. In order
to allow membrane protein to be aggregated witid ligplayer structure, lipid micelle structure is

definitely being required. Therefore, the lipid CMtas to be carefully considered in this
numerical simulation. Figure 4.7a shows the come&inh changing along the center flow. At

higher FRR of 150, the concentrations in most oasnee points are smaller than lipid (PC-14)
CMC that is unable to keep a micelle structure el as bi-layer membrane. When FRR at 70,
the concentrations in most of points are largen it CMC which means the lipids still keep in

micelle structure to form lipid bi-layer membrane.
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Figure 4.8 showswumerical simulation of a successful crystallizatiom (FRR=70) with thi

micelle detergents encapsulating proteins disasieehibto monomers at around 900 um al

the mixing channel with a total length of 38,000.L

Figure 4.8 shows the concentratidistribution of the numerical simulation resultsridg the

flow rate of 70 within the flow focusing region fro 50um to 38000um. according to f

simulation results of detergent and lipid by apmpdyiinitial concentrations and diffusic

coefficients. Therystallization zone can be predicte

All membrane protein nanoparticle samples werddceand placed on EM grid and the ima

were captured by transmission electron microsciFigure 4.9 presents exciting membre

protein crystals formed as polyhednanoparticles by the microfluidic device with FRR=The

image results shows the crystalline structureasstime as that obtained from using a convent

dialysis approach.
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a) Conventional methods b) FRR 20

<

Figure 4.9 showshe images by electron microscope of membrane iprag/stals with the
membrane protein polyhedral nanoparticles (MPPenhéd by the MPPs formed by using a
conventional dialysis membrane method (a), the ofliadic device with FRR=20, no
nanoparticles (b), the microfluidic device with RR70, well structure of nanoparticle (c), and

the microfluidic device with FRR=120, barely se@ogarticle (d).
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On the other hand, because the inappropriate gbgsial environment for membrane protein

nanoparticle crystallization the nanoparticles wemeely observed when FRR is 20. Besides the

experiment results also show the membrane protemoparticles only observed within the FRR

range from 30 to 120 that strongly supported andficoed the numerical simulation result

following theory of convection-diffusion.

According to the experimental and simulation resufigure 4.10 presents the FRR window for

successful crystallization was between 30 and ©2€hk case studied. When the FRR is too low,

the crystallization would fail because the concatitin of the micelle detergents could not reach

levels lower than the CMC of 0.12mM required fdeesing the proteins. When the FRR is too

high, the crystallization would fail also becauke toncentration of the micelle lipids could

quickly reach levels below the CMC of 0.006 mM dratome lipid monomers. Therefore, based

on this modeling we can predict the best regionfloiv rate ratio by knowing the initial

concentration and CMC of detergent and lipid.
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Figure 4.10 shows when the FRR is too low, the tatlygation would fail because the

concentration of the micelle detergents could eaich levels lower than the CMC of 0.12mM

required for releasing the proteins. When the FRR®® high, the crystallization would fail also

because the concentration of the micelle lipiddatquickly reach levels below the CMC of 0.006

mM and become lipid monomers.

Hypothesis confirmed The crystalline structure is the same as that nbthifrom using a

conventional dialysis approach. Besides the exparial results also show the membrane protein

nanoparticles only observed within the FRR rangmf20 to 120. Moreover, in order to carefully

confirm the hypothesis that numerical simulatiomomsgly support the experimental result. We

increased the both initial concentrations of degat@nd lipid by 5 times more that detergent and
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lipid were from 2.5mM and 0.14mM to 12.5Mm and OMnApplying this initial concentration of

detergent into the simulation modeling allowed tdam the distribution of concentration and

predict the approximate range of flow rate ratioggperimental reference. Figure 4.11a shows the

detail distribution of the numerical simulation uéswvith detergent concentration 12.5mM at FRR

of 450. The result shows the pattern of concemtnadi FRR of 450 is as similar as that at FRR of

70. Figure 4.11b shows the detail distribution loé thumerical simulation result with lipid

concentration 0.7mM at FRR of 400. The concentnation most of points are larger than its

CMC that provide micelle lipid to form membrane f@a nanoparticles with bi-layer lipid

structure.

Based on this simulation results, we applied thjgraximate range of FRR from 350 to 460 into

the experimental test. Figure 4.12 shows the EMgarthat the membrane protein nanoparticle

occurred at FRR of 440. When the FRR is below 3@0nanoparticle were found due to the

concentration of detergent did not match the its CCMVhen the FRR is above 460, no

nanoparticle were found either because the coraté@nrof lipid reached the CMC so that lipids

cannot form bilayer structure to associate with faeme protein.
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Figure 4.11 shows in the left diagram the simulatiesult of the distribution of detergent

concentration at the FRR of 450 at 5 times moreeotmations of detergent; right diagram shows

the simulation result of the distribution of deteng concentration at the FRR of 400 at 5 times

more concentrations of lipid increased. In thise¢éise initial concentrations of detergent andllipi

are 12.5mM and 0.7mM.

Figure 4.13 shows the repeated results of obtaimembrane protein nanopatrticle in FRR range

of 400 to 440. According to these cases, the exyari results can be strongly confirmed the

numerical simulation result following the theoryauainvection-diffusion.
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Figure 4.12 shows the FRR test results from 3606 No nanoparticles found when FRR is

smaller than 380 and larger than 440.
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Figure 4.13 shows the repeat result of membraneipripid nanoparticle occurred between FRR

400 to 440 with increased 5 times concentration.

Slow speed Furthermore, to obtain the better uniformity ofmieane protein nanoparticle is also
a big challenge for optimizing this novel microfli¢ device. According to the prior experiments
of conventional standard method with dialysis meankr the smooth slope of diffusive gradient
allowing to obtain better homogenous structure efmarane protein nanoparticle during period of
reconstitution. As demonstrated results from presioumerical simulation and experiment, the
FRR of 70 showed the well structure of nanopartitlere we further varied the different

combination of flow speed with fixed FRR of 70 imsilation.
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Figure 4.14 shows the distribution of detergentcemtration at the flow rate ratio of 70 with two

different flow speed. The concentration of centewfis decreasing along the X-direction due to
convention-diffusion phenomena. The left part afglam shows the faster flow speed with the
steep slope of diffusive gradient, the buffer solutand protein sample solution are 70nl/s and

1nl/s. The right part of diagram shows 10 timesvsloflow speed that are 7nl/s for buffer solution

The result of both cases as illustrated in Figutd 4the left part of diagram shows the flow speed

of buffer solution and protein sample solution#bal/s and 1nl/s. The right part of diagram shows



10 times slower flow speed that are 7nl/s for bugtdution and 1nl/s for protein sample solution.
In this comparison, it demonstrates that the fafitev speed of FRR of 70 generates a quick
diffusive reaction. This may not have an enougletpariod to form well nanopatrticle structure. In
contrast, the slower flow speed of FRR of 70 indLecemoother slope of diffusive gradient where
allows the reconstitution process of membrane praed lipid to gradually form more uniform

nanoparticles.

Figure 4.15 illustrates theM image results of the membrane protein nanopestigenerated by
same FRR of 70 with different flow speed. The lefage shows few nanopatrticles generated by
“5X faster” (buffer 350nl/s ; protein 5nl/s) thahet original FRR of 70 (buffer 70nl/s ; protein
1nl/s) ; The right image shows more uniform nantgas generated by “5X slower” (buffer
35nl/s ; protein 0.5nl/s) than the original FRR76f
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As shown in Figure 4.15, the two images show “Zesrfaster” and “5 times slower” than original

flow speed at FRR of 70 (Buffer 70nl/s; protein/&hl The right image of slower speed appears

more uniform nanoparticles after the reconstitupppocess of membrane protein crystallization.

Although the experiment of slower flow speed takesre time for completing the membrane

protein crystallization process, it still reducée time consuming from “weeks” to “minutes”

comparing with the convectional standard method.

Density chip In addition, obtaining more membrane protein narniga is also a critical target

for improving this novel microfluidic device. Acating to the theory of stable laminar flow in

micro channel, the flow stream lines do not crassheother.

Based on this concept we modified the output delsijgadding two extra outlets on the two sides

to remove the unwanted detergents with buffer swiutn order to increase the density of

nanoparticle (Figure 4.16). The ratio of the santuldet and total outlet widths is 40% that can

approximately enhance 40% of nanoparticle densityparing to the result with a single outlet as

illustrated in Figure 4.17.

66



3) 30um
\
inflipi i Wastei
Protelmﬂrp:d / i Lok
Vv o A Flow direction e e %
& o ‘: > 2 Protein
he 34 Crystallization zone samples
Buffer sy :
solution i Waste :
! Lipid |
b)

Flowdirection

Low I
Micelle Lipid Pabies o :

Protein—__ High Detergent
s Concentration Monomers

Mixture Input

Micelle
Detergent

Buffer |

Figure 4.16. a) shows a channel design with onpubdor the collection of protein samples and

two additional outputs for the removal of unwantkedergents. b) shows the microfluidic device

developed for membrane protein nanoparticle foromaéiccomplished by adding two additional

outputs.
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Fig. 4.17. presents the density of membrane prot@noparticle increased by modifying the
output design. The left image shows the resulhefrtanoparticle density from a single output.
The right image shows the result with two extrdedstthat can remove unwanted detergents and
buffer solution. Approximately, the density of menabe protein nanoparttcle in new output

design has been increased 40%.
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CHAPTER 5

MIXING CHIPFOR MEMBRANE PROTEIN NANOPARTICLE FORMATION

5.1 Overview

To generate the perfect condition for membrarméepn crystallization is not easy. Success in

forming membrane protein crystallization is affectyy a combination of several conditions such

as protein to lipid ratio, pH and salt concentmatio both buffer and protein solutions. Using a

sample well and a buffer solution well with a deisymembrane in between, it takes about seven

days to a few weeks to form membrane protein natiofes if the processing conditions are

good. Usually it would take about a year with olrendreds of trials to achieve one successful at

membrane protein crystallization. What is neededdngew microfluidic device for fast evaluation

of playing different conditions in order to obtaansuccessful membrane protein nanoparticle

diminishing the time and the protein sample congdionp.
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5.2 Introduction

In the previous chapter we demonstrated a new rmdethb 2D membrane protein

crystallization without a dialysis membrane. Ndtattthe protein sample is pre-mixed with lipid

at a certain ratio during the preparation. If wa csign a reliable mixer for mixing variable

ratio of protein samples and lipids, by controllithgw rate ratio in syringe pumps, without the

need for a hand pipette, it would help scientigtsl the exact conditions for 2D membrane

protein crystallization. For instance, scientistgymvant to attemp 100 trials from mixing ratio

1~100 of sample A and sample B to find conditionshsthat membrane protein can be

crystallized. In the old pipette method they woukkd to mix them and pipette each different

condition into sample wells 100 times. But thereaisnore efficient way by using mixer of

microfluidic device, with a microfluidic device, ¢l might only need to adjust the number of

flow rates of syringe pumps. Ideally it is fastedaasier. Various mixer designs have been used

to control the mixing ratio. As described in [8-1ffe-mixing can be done in Y-channel before

the mixed samples are injected into main channeteHve demonstrated a new method with

mixed function for forming membrane protein nandipder that help trying any possible
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combinations and finding the proper conditions.uFég5.1 shows the conceptual illustration for
membrane protein nanoparticle formation with adjbl mixing ratio control function. In the
new design of input section, the protein samplehwiticelle detergent and micelle lipid is
imported from two individual channels. With contatile syringe pumps adjusting each flow
rate of inputs for the mixing at the correct rasgcaccessible to be achieved. Therefore the flow
rate ratio of protein sample and lipid can be vedifas well as the mixing ratio of protein to lipid

ratio (PLR).
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Figure 5.1 Example of membrane protein nanoparfictenation with mixing function. The

protein sample with micelle detergent can be adhlgtmixed with lipid by using controllable

syringe pump.
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5.3 Bluedye pre-test

Because the fact that protein sample and buffertisols are invisible, the blue-dye pre test is

necessary. In this blue-dye test, we not only obthé flow visualization but also calibrate the

stability of mixing ratio. Therefore to generatardmnations of mixing ratios there is a method

similar to the multi-step flow focusing [12]. Figub.2shows such a scheme where we used blue

dye and water for demonstration purposes. Folloviimg previous successful results of 2D

membrane protein crystallization, the flow rataaatf buffer solution and protein-lipid mixture

is 100:1. As illustrated in the figure, there dreet inputs, two waters and one blue dye. The first

water input has a flow rate fixed at 100nl/s siitgeays the same role as the buffer solution in

membrane protein crystallization. The flow ratetlté remaining two inputs can be adjusted as

desired.

Figure 5.3 shows the close view of mixing zone whew rate ratio (FRR) at 10 and 2. While

blue dye started to merge into water in the vergirbg@ng, the interfaces between these two

flows are obviously observed as well as the thiskn& streams which can be measured in order

to confirm the initial flow rate ratio provided lsyringe pump.
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Figure 5.2. shows the designed scheme for the gigitip. There are three inputs for 1. buffer
solution/water, 2. lipid/water, 3. protein samplaébdye. At the beginning, the input 2 and 3
started mixing completely in the mixing zone anerninjected to the main channel merging with

input 3 to perform a flow focusing phenomena fonahactive-diffusive process.
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FRR=10,water 10nl/s : dye 1nl/s

B -

FRR=2, water 2nl/s : dye 1nl/s

Figure 5.3 shows the close view of mixing zone lumebdye test. Top image is flow pattern in
mixing zone when FRR of water and dye is 10. Botiorage is the flow pattern when FRR of

water and dye is 2.

Figure 5.4 shows the result of various mixing raifowater and blue dye from 1:1 to 6:1 by
changing the flow rates. The test is repeated twibe ratio of the widths between the blue dye
and the water is measured. Ideally the ratio ofthgichas to be equal to the ratio of flow rates.
Based on the two experimental results the measatenl of widths are linear distribution and
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completely followed by expectation. Therefore, thisdence confirmed the system stability
that the variable mixing ratio in mixing chip cae Iprecisely controlled by syringe pump.
Moreover, because the water comes from both sidgeging with the blue dye stream, the inside
pressure will be more stable due to the balancesspres. As shown by the resulting linear line,
a varied mixing ratio can be stable and generatedigtably. Based on this result we can

produce a varying mixing ratio of protein and ligagl this microfluidic device instead of hand

pipette.
7
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Test 2y =09517x+ 01504
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Figure 5.4 shows the result of mixing ratio staleks that two experiment results are both nearly

linear lines from mixing rate are 1:1 to 6:1.
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5.4 Membrane protein M scS experiment

Here we used the same membrane protein/detergest lipid that are theE. coli
mechanosensitive channel of small conductance (Msie®ergents Fos-Choline (FC-14) with
initial concentration 2.5mM (millimolar), and lipd Phosphocholine (PC-14) with initial
concentration 0.16mM. In previous study the initraixture sample consists of pre-mixed
2mg/ml protein and 0.2mg/ml PC-14 lipid with ligiol protein/detergent ratio of 10:1. Figure 5.5
shows the protocol using in this mixing chip expent, they being separated into two
individuals tubes eppendorf A for MscS and eppenh8ofor lipid PC-14. In order to test the
stability and repeatability of mixing chip, thereal different concentration of protein/detergent
samples, as 0.2, 0.4, 1.0, 2.0 (mg/ml), applyingtperiment and lipid being always kept at

0.2mg/ml.
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Figure 5.5. shows the illustration of mixing ratow protein/detergent sample and lipid applied to
individual input of mixing chip. The protein to i@ ratio in previous study were 10 to 1
(2mg/ml : 0.2 mg/ml). In this mixing chip experintethey being separated into two individuals

eppendorf A for MscS and eppendorf B for lipid PE-1

According to previous results, the proper flow satfor buffer solution and pre-mixed
protein/lipid sample are 50nl/s to 1nl/s. In ortererify the mixing ratio of protein and lipid in
this mixing chip experiment, the sum of flow rafes protein and lipid keeps 1nl/s as same as

60nl/min. Therefore the protein to lipid ratio (PL&juals to FRR of protein to lipid. The PLR 5
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can be expressed the FRR 5 that flow rates foptbtein and lipid are 50nl/min and 10nl/min.

For example, in order to reach protein to lipidadPLR) at 10, there are few combinations.

When the initial protein and lipid concentratior d.0 mg/ml and 0.2 mg/ml, the PLR was 5 at

FRR of protein and lipid 1:1. However, the mixingigec has an ability to control the individual

flow rate to match the desired final mixing ratin.this case, increasing the FRR of protein and

lipid for 2:1generates the concentration of lipidice less in total volume. Therefore the

concentrations of protein to lipid became 0.66mgamdl 0.066mg/ml (PLR 10) when the flow

rates of protein to lipid are 40nl/min and 20nl/n{FRR 2 ). Figure 5.6 shows the results of

applying different initial concentration of MscS & FRR of buffer solution and protein/lipid

mixture keeps at 50. The left image shows theah@ncentration of PLR of MscS and lipid at 5

(2.0 mg/ml to 0.2 mg/ml) when FRR of protein tadimt 2. Thus the final PLR is 10. The right

image shows the other example of initial concemmabf PLR of MscS and lipid at 10 (2.0

mg/ml to 0. 2mg/ml) when FRR of protein to lipid lat Thus the final PLR is 10 as well. The

very similar membrane protein nanoparticle strieguwvere observed in both results. Although

the both cases are in same mixing ratios of prdtelipid at 10 (PLR 10), the total concentration

of protein and lipid in the left image shows slightss than the right image because the initial

amount of protein and lipid in the left image idyo.66mg/ml and 0.066mg/ml, and the initial

amount of protein and lipid in right image is 2.@/ml and 0.2 mg/ml.
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MscS:PC-14=1.0mg/ml : 0.2mg/ml MscS:PC-14=2.0mg/ml : 0.2mg/ml
Protein : Lipid= 2:1 (PLR 10:1), FRR=50 Protein : Lipid= 1:1 (PLR 10:1), FRR=50

Figure 5.6 shows the results of applying differgmtial concentration of MscS when FRR of
buffer solution to protein/lipid mixture is at 5T he left image shows the initial concentration of
PLR of MscS and lipid at 5 (1.0 mg/ml to 0.2 mg/mhen FRR of protein to lipid at 2. Thus the
final PLR is 10. The right image shows other examgl initial concentration of PLR of MscS
and lipid at 10 (2.0 mg/ml to 0. 2mg/ml) when FRRpootein to lipid at 1. The very similar

membrane protein nanoparticles were observed im tesults.

Moreover, comparing the result of the mixing chiplmthe result of using conventional dialysis
method is also necessary. At the PLR 50, the mamelppeotein nanoparticles formed completely

in mixing chip. Applying this PLR 50 into the comteonal dialysis method is a way to verify the
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functional stability of mixing chip.

Fue

MscS:PC-14=2.0mg/ml : 0.2mg/ml MscS:PC-14=5.0mg/ml : 0.1mg/ml
Protein : Lipid= 5:1 (PLR 50:1), FRR=50 Protein : Lipid= 5:1 (PLR 50:1)

Figure 5.7. shows the compared results made fraxmgichip and conventional dialysis method.
The left image shows the initial concentration @RPof MscS and lipid at 5 (2.0 mg/ml to 0.2
mg/ml) when FRR of protein to lipid at 5. Thus fim@l PLR is 50 (1.66 mg/ml to 0.033 mg/ml).
The right image shows the PLR 50 made by conveatidialysis method. The very similar
membrane protein nanoparticles are obvious obsearnvédth results that strongly confirm the

capability of mixing chip.

Figure 5.7 shows the results comparing the miximg@ @nd conventional dialysis method. The

left image shows the initial concentration of PLRMscS and lipid at 5 (2.0 mg/ml to 0.2 mg/ml)
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when FRR of protein to lipid at 5. Thus the finalRPis 50 (1.66 mg/ml to 0.033 mg/ml). The
right image shows the result of PLR 50 by usingvemional dialysis method. The membrane
protein nanoparticles are observed in both caskis. Jompared result helped us confirm that
microfluidic mixing chip for varying the possib#itof mixing protein to lipid ratio is apparently
reliable and also provide the solid evidence tovaltesting other different types of membrane

protein to form membrane protein nanoparticlehanfuture.

5.5 Membrane protein MscL experiment

In this section we used the membrane proteircoli mechanosensitive channel of Large
conductance (MscL) 2.1mg/ml, with the detergentidecylf-D-maltopyranoside (DDM). The
initial conditions for detergent DDM are initial meentration 0.39mM, CMC 0.17mM, and
diffusion coefficient 2X1¢ cmé/s. For the lipid, we used same lipid as previotisdys
Phosphocholine (PC-14), with initial concentratiori6mM, CMC 0.006mM, and diffusion

coefficient 2X10° cn'/s.

To find the perfect condition for forming membrapetein nanoparticle was not easy. The
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possible parameters include protein to lipid rapél, and salt concentration. Based on the
previous results, we can use the numerical sinuator modeling the convection-diffusion
process of detergent and lipid in microfluidic chahto predict the approximate flow rate ratio

range of buffer solution and protein/lipid sampighe crystallization zone.

Once the initial conditions of detergent and lig@ce known, we apply these data into the
simulation modeling to obtain the flow rate raticbaiffer solution and protein/lipid to determine
the crystallization zone for forming membrane piroteanopatrticle. In this MscL study, the initial
concentration oh-dodecylf-D-maltopyranoside (DDM) applied into modeling i89 mM and

its CMC is 0.17mM with the diffusion coefficient 28° cm?/s. Figure 5.8 shows the simulation
results at different flow rate ratios of buffersiwdn and protein/lipid sample. When the FRR at 10,
the concentration of detergent DDM at distanceQtfubn is below its CMC. However, based on
the previous conclusion the slow flow speed is gdodform better membrane protein
nanoparticles. Thus Figure 5.8b shows the resudr'W#RR at 5. At 500um, the concentration of
detergent started to be lower than its CMC credtiegoeginning point of crystallization zone to
form membrane protein nanoparticle. Once the canagon of detergent DDM reached its CMC,
micelle detergents became the monomer detergeattbeing removed to outer buffer solution by
convective-diffusive phenomenon. Therefore, thepprdlow rate ratio of buffer solution and
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protein/lipid sample can be predicted to FRR 5 alf as buffer solution at 5nl/s and protein/lipid

sample at 1nl/s. In addition, in order to reduaetime consumption of experiment, adjusting the

flow rates of buffer solution and protein/lipid spi@ and staying the same FRR are reachable.

Figure 5.8c shows the simulation result in same ERB but at different flow rates of buffer

solution and protein/lipid sample (20nl/s; 4nl/€omparing these results of Figure 5.8b and

Figure 5.8c, the concentration distributions okdgént DDM are similar. Thus the FRR of 5 with

20nl/s for buffer solution and 4nl/s for proteipii sample has been chosen for the following test.

Using this FRR from Figure 5.8c not only can geteera crystallization zone for forming

membrane protein nanoparticle as well as Figurk, B8t also can reduce the experimental time

consumption in order to do fast evaluation of nambgle.

Meanwhile, the lipid concentration is also a kesuis for protein crystallization process in this

microfluidic device that transformed into bi-laygructures and simultaneously aggregate with

the proteins to form membrane protein crystals.eHge used the same lipids Phosphocholine

(PC-14) as in the previous case to find the degiretein to lipid ratio for aggregating with MscL

membrane protein to form nanoparticle. The initiebnditions for the micelle lipids

Phosphocholine (PC-14) are initial concentratiob6tM, and CMC 0.0006mM. Figure 5.9a

shows the concentration changing along the cerlmr. fAt a higher FRR of 150, the
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concentrations in most of measured points are smian the lipid (PC-14) CMC which means

that it is unable to keep a micelle structure alt asbi-layer membrane. When FRR equals 70,

the concentrations in most of points are largen it CMC which means the lipids still keep a

micelle structure to form lipid bi-layer membrarféderefore, based on this prediction result the

maximum FRR for lipid PC-14 in micelle structurewa not be higher than FRR 120.

a) FRR10 b). FRR5 " ¢) = FRR5 ' D2X10%cm?s
.. Bufferta protein/lipid | Bufferto protein/lipid Bufferto protein/lipid
10to 1 nlis " Hto1nlis | T 20to4 nlis |
; cMc | Fordoul “ For40ul
_____________ = ~133 minutes f @ ~33 minutes
0.17TmM
CMC g cMC
___________ 047mMm | 0.17mM
—- A — e .:Q‘\.‘_...

Figure 5.8. shows the concentration distributiondefergentin-dodecyl$-D- maltopyranoside

(DDM) in microfluidic channel. a) when FRR at 10tlwbuffer solution 10nl/s and protein/lipid

sample 1nl/s, b) when FRR at 5 with buffer soluttmiys and protein/lipid sample 1nl/s, c) when

FRR at 5 with buffer solution 20nl/s and protemidi sample 4nl/s.
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a) FRR 1350 ! X-direction b) . FRR70 I X-direction
Buffer150nli/s ~ S0um Buffer70nl/s / S0um
~ Protein1nlis A 300um __ Protein1nls 500um
// | 1500um / 1500um
/" /|/ 2500um /" /| 2500um
¥/ /| 5000um 1 . 5000um
£ 10000um /" / 10000um
g oo L/ /| 20000um /| 20000um
- 4 /| 38000um v / | 38000um
: AA0 — — —— — — — — (s [ c— — — - F .'" )
: Lipid PC-14 V' /il } = /i
! CMC0.006mM W/ i ; v
;.a ||'I ,"f |
/ | /
} AT Lipid PC-14 )
/ }' , CMC 0.006mM ~
— - ; Val
— Final concentration — Final concentration

Fig 5.9. the left diagram shows the distributionipid PC-14 concentration when FRR at 150.
The center flow concentration is mostly lower thianCMC that means lipids become monomer
structure. The right diagram shows the distributdddipid concentration when FRR at 70. The

concentration is larger than its CMC meaning thie lipids retain a micelle structure.

Once we obtained the desired FRRs for both deterg&M and lipid PC-14 from the
simulation results, we can generate the flow rate map to estimate the crystallization zone
where FRR is between 5 and 120 (Figure 5.10).dfRRR is lower than 5, detergent micelle
could not become detergent monomer. If the FRRrger than 120, lipid micelle would become
lipid monomer.

85



Initial concentration of Detergent DDM (0.39mM)
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Figure 5.10 shows the estimated crystallizationezioom the simulation result that indicates the

possible FRR range for successfully forming the imeme protein nanoparticles. The minimum

FRR is 5 and the maximum FRR is 120.

As described, the first step of forming membrar@en nanoparticle is to test the possibility of

protein to lipid mixing ratio. The proper PLR migh¢ obtained from any random combination.

Here we started the tests of PLR from 1 to 1000ceOme found the similar nanoparticle from

the electron microscope image to the particle seserg the conventional method at certain range

of PLR, the experiment was repeated for this raargkthe results improved. Figure 5.12 shows

the results from electron microscope at proteitigil ratio of 30 (MscL 1.575 mg/ml; PC-14

0.05 mg/ml) at FRR of 5. From this image, well sttme nanoparticles were not observed. After
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the PLR reached 290 (MscL 2.03 mg/ml; PC-14 0.0@3m) at FRR of 5, the nanoparticles
were observed. The membrane protein MscL succégsiggregated with PC-14 lipid bi-layer

structure to form the membrane protein nanoparéittbe proper PLR of 290.

MscL : PC-14 = 3:1 (PLR 30:1) ) (1.575/0.05 mg/ml)

———
cal: 0.688932 naspix 100 nm
2183 31 pM 3/1/2013 Hv=00 0kV
Direct Mag: 130000
CMLO0-Dusty

Figure 5.11 shows the image of MscL experimentsiiltevhen protein to lipid ratio (PLR) at 30

and flow rate ratio (FRR) at 5. No acceptable memérprotein nanoparticle has been observed

due to the incorrect protein to lipid ratio.
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MscL : PC-14 = 29:1 (PLR 290:1) ) (2.03/0.006 mg/ml)

MPR2013_02 27 _6b.tif
Cal: O .604532 nm/pix 100 nm
3:50:29 PH 37172013 HV=80 .0kV
Dizect Mag: 130000x
CHM1O-Dusty

Figure 5.12 shows the image of MscL experimentalltevhen protein to lipid ratio (PLR) at
290 and flow rate ratio (FRR) at 5. The MscL memirarotein nanoparticle has been observed.
MscL membrane protein successfully aggregated Wipld bi-layer structure to form

nanoparticles.

Moreover, these membrane protein MscL nanopart@tesuniform and size are almost within

same diameter range. In the past, the nanopadialeembrane protein MscL with lipid bilayer
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structure has not been observed in any conventdiabisis method because the protein to lipid
ratio is too large to reach. Also this result conkd the hypothesis of numerical simulation
method that can predict not only the flow rateaati buffer solution and protein/lipid/detergent
sample but also the protein to lipid ratio for fimgl the correct condition to form membrane

protein nanoparticles.
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CHAPTER 6

CONCLUSION AND FURTHER WORK

6.1 Conclusion

Using a sample and a buffer solution well witha@ylis membrane in between, it takes between

7 days and a few weeks to form membrane proteitiseifprocessing conditions are good. To

generate membrane protein crystals successfulljpave to evaluate many combinations of: a)

FRR, b) buffer solution and flow rate, c) concetitna of the micelle detergents encapsulating the

proteins, and d) concentration of the micelle kpild would take about a year and over 150 tr@ls t

achieve successful protein crystallization usimg@aventional dialysis approach.

In this study we demonstrated a novel membranets®fluidic device that reduces the protein

consumption from micro-liters to nano-liters. Whalso reducing each evaluation run from weeks
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to minutes or seconds. In addition, the device lbanautomated with continuously varying

concentrations and flow rates to cover a large ramad combinations by using controllable

syringe pumps.

Furthermore, we developed a novel microfluidic mgcchip for varying the combinations, such

as protein to lipid ratio in order to find a propgaotocol for crystallizing membrane protein

nanoparticles. First, we successfully demonstrétatthe MscS (Mechano-sensitive channel of

Small conductance) membrane protein formed the mammebprotein nanoparticle with two

individual protein and lipid inputs mixed complsteh the mixing zone of our mixing chip.

Moreover, we tested a new membrane protein M@dechano-sensitive channel of Large

conductance) which has never been observed in apadicle formation. In the chapter 5 we

demonstrated the exciting result of the first Mseémbrane protein nanoparticle following from

our simulation and experiment of our mixing chifheTsimulation result provided the ability to

predict the crystallization zone for specific typésletergent and lipid forming membrane protein

nanoparticles. For the mixing chip, it provided roily fast evaluation, but also the mixing

function to find protein to lipid ratio for formingpembrane protein nanoparticles.

Due to the formation changes of detergent and lquicurred after CMC has been reached and
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these reactions are self-assembled proceduresvididy thermodynamic theory, the kinetics of
monomer-to-micelle or micelle-to-monomer reactiamur microfluidic channel, such as the
aggregation time between micelle and monomer toamsf have to be considered. According to
the previous results, the complete diffusion predes micelle detergent transited to monomer
detergent finished in around 7 seconds dependéd diifusion coefficient. This diffusion time is
relevantly important compared to aggregation tifF@. example, if the diffusion time is shorter
than aggregation time the monomer will not form iaethe structure due to insufficient time for
aggregation process. According to the literatunenes studies pointed out the aggregation time is
less than 18 seconds, typically range $0- 10° seconds [56-61]. Based on the comparison, the
diffusion time for micelle detergent to change tm@nomer detergent in microfluidic channel is at
least 3 order of magnitudes larger than the typacgjregation time that provides the sufficient
time for detergent and lipid to change their foriovaé. Therefore, the process of either the
micelle-to-monomer or monomer-to-micelle in our roftuidic channel can be fully completed

without any problem

In conclusion, in this thesis we developed the micaksimulation method and demonstrated two
types of microfluidic devices, a membraneless nfiigidic device and a mixing chip, for
evaluating membrane protein nanopatrticle formatah tremendous improvements compared to
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prior work in the field (Table 6.1). The resultsafr numerical simulation not only confirmed the
theory of convection-diffusion phenomena in mianafic channel but also supported the
experimental results. We believe these two novetafiuidic devices for super-fast evaluation of
membrane protein nanoparticle crystallization willake a transformative impact in the

bio-nanotechnology field .

Table 6.1 The comparison of conventional dialysisthd and membraneless microfluidic

devices.

Nanoparticle growth ~ 7 days ~7 seconds ~5orders
Protein sample consumptio 50-100 mg 20-400 ng ~3orders
No hand pipette needed X Control by syringe
pumps
Low Cost One condition, one tube,| One chip for many tests,
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dialysis membrane no dialysis membrane

Computational support X Simulation support

6.2 Further work

Different types of membrane protein tests

In this thesis we successfully demonstrated a nesthod for forming membrane protein

nanoparticles by using both numerical simulatiod erperiment of microfluidic devices. MscS

membrane protein with detergent FC-14 and lipid J@Chave been confirmed for forming

membrane protein nanoparticles using conventiomalysis method. Thus, MscS membrane

protein is a very suitable sample and referencesbthe new concept of microfluidic device.

Based on the experimental results of using MscS lonane protein with detergent FC-14 and lipid

PC-14, we confirmed the stability and liability tfis hypothesis by modeling the CMCs of

detergent and lipid to define the crystallizatioone for forming MscS membrane protein

nanoparticles.
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Furthermore, using different type of membrane pnsteo form the structure of the nanoparticle is

also a challenge. Here we successfully demonstiiiechew membrane protein nanoparticle

which is an MscL membrane protein with detergentMDBnd lipid PC-14. This exciting result

proved that this new method of microfluidic deviéesforming membrane protein nanopatrticles

has tremendous abilities to rapidly evaluate vayyianditions of membrane proteins and to find

new types of membrane protein nanoparticles. Ttwsliscover and examine new membrane

proteins for forming nanoparticles of membrane groembedded with a physiological lipid

bi-layer structure will be the first priority forufure research topics. For example, using the

membrane proteins: Bacteriorhodopsin (BR), and @rim(Cx 26).

Multi-input microfluidic chip

In this study, we only have two inputs to verifgttbombination of protein to lipid ratio due to the

limitation of the syringe pump showed in Figure.6.1
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Figure 6.1 Example of membrane protein nanoparfictenation with mixing function. The
protein sample with micelle detergent can be adhlgtmixed with lipid by using controllable

syringe pump.
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Condition B Buffer |

Figure 6.2 shows the multi-input microfluidic dewicdesign for verifying the possible

combinations of different conditions such as proteilipid ratio, ph, and salt concentrations.
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As previously discussed, a successful membraneeipratrystallization is affected by a
combination of several conditions such as proteilipid ratio, and pH and salt concentration in
both buffer and protein solutions. Thus, the mulgut microfluidic device is desired for

verifying the combinations with more different catnzhs.

Figure 6.2 shows the potential design for multisinmicrofluidic device. By adding more inputs
into the beginning of flow focusing microfluidic dee, it is possible for the different conditions
mixed in the mixing zone to generate a combinatbrronditions to find a good structure of
membrane protein nanoparticles. This multi-inputnafiuidic device can not only improve the
efficiency of verifying the condition for membrampeotein nanoparticles, but also provide the

ability to find the best combination of conditioizs nanoparticle uniformity.
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Appendix A

Numerical Simulation by Comsol Multiphysics 4.2

I ntroduction

In the flow focusing phenomena the higher concéintieof protein/lipid/detergent complex
being injected into the center of main channel nmgrdpy two buffer solutions with equal flow
velocity from both perpendicular sides (Figure A Ihe contact interface in between a center
and both side streams generated a concentratiaiegtain which the diffusive transport
happened from the higher concentration of a cenmteein/lipid/detergent complex stream to the
low concentration of buffer solution stream in bagitles. The mixing phenomena in the main
channel of center stream and both side buffer isoisitwere dominately convective-diffusive

transport. Such gradients offer us an opportunitiptm membrane protein crystals.
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Figure A.1. Diagram of the flow focusing in micraiflic channel.

The numerical result of the mixing concentratiostidoution of the injected central protein/lipid

complex stream merging by two side adjoining bufetution streams were simulated with

two-dimensional laminar flow model using COMSOL Mphysics 4.2a( COMSOL, Inc.,

Burlington, MA). The laminar flow and mixing behavs were governed by the continuity and

Navier-Stoke equations for the single phase incesgble flow combining with

convection-diffusion equation for the concentraticansport of diluted species in flow focusing.

The following equations were set up and solvedestdy-state.

-V -n(Vu+ (Vu)") + pu - Vu + Vp =0 (1)
V-u=0 (2)
V.-(=DVc+cu)=0 (3)

Wheren, u, p, and p represent the viscosity, velocity, densityl pressure. D is diffusion
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coefficient and c is concentration. Applying the-slip boundary condition to all boundaries

except inlets and outlet; it presents the velogtyero at the walls as well as zero diffusive flux

through the wall. For a given set of concentrafamtors optimized by other studies, the formation

of the crystals is affected by the flow rate raffdRR) between the buffer (phosphate buffered

saline) and the mixture streams.
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Step by step instruction for modeling flow focusing phenomena in microfluidic channel by

using COM SOL

1. Create a new file, select 2D axisymmetric in Birsion window, and click next.

feBg s¢ @ oD@
I Madel Buider O amoor  lMods| = O ek Graphics

=5
seETEE QA el bkl GEcHe = F o/
% Untitled.mph (rot] Dimension
& Global Definitions o q
 Resis on
8 2D sugymmetne
oo
1D misymmetic

= Messages 2 Progress [ Log! oo
A

COMSOLA30151

3238 504 8

Figure A.2. shows to create a new file and chobsepace dimension.
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2. In the add physics tree, select Chemical Spe@mmsport > Transport of Diluted

Species(chds), and Click Selected
SRS ___________________________________________________________________ S
e

He_Edt: View': Options
IpBE ¢ @ @G
T
s wETEE Add Physics

& Giobal Defintions X ALDC
@ Resuls i Acousties
18 Chemicai Species Transport

) Messages 2 . Progress | Log| )
A

COMSOLA3RI5T

3IMB(SI0MB

Figure A.3 shows to add the physics functions fodaling.
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3. In the add physics tree, select Fluid Flow >g&irPhase Flow > Laminar Flow (spf), click

Selected, and Next

Figure A.4 shows adding the Laminar Flow (spf) fr&mgle-Phase Flow and Transport of

Diluted Species(chds) from Chemical Species Tramspghysics tree.
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4. In the Studies tree, select Preset studiesdlacgd Physics > Stationary, and click Finish.

T ——————————————— ——— ——
NeB8 S & 0a
T MageBuioe = 31| ode wena . I Moo Loy =5 oo =5

SeETEE Type e dowlnle 2 | RES @ e e |Fo S| @
afE i

=
- @ Resuits

& Custom Studies

- Mesags 5= et Ly =5
COMSOL 430151
[ se0ne s0z e

Figure A.5 shows to select the study type as statio
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5. In geometry 1, set micro meter in Units treeeiin the Model Builder window right-click

Model 1 > Geometry 1 and choose Work Plane, théd kip the your designed geometry

3| Geometry B Modat Lnrary
1 Build A [} . =Y == o =Y = (=

Figure A.6 shows drawing tools for creating the elody geometry.
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Figure A.7 shows the final designed geometry facromchannel.
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6. Materials, In the Model Builder window, rightiat Materials, in the Materials tree, select

Built-In > Water, liquid.

o
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Figure A.8 shows how to choose the material andlctiee material properties.
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7. Laminar flow set up. In the Model Builder window

a. Select Wall 1 to choose walls for the boundafgcion and set up no slip for boundary

condition.

1w =8 [z wail [ Model Library T b Graphics =0
Alxec@m-aafdlld-la (=

Boundary Selection

|||||

£ EL) 1
30 LE Enl
b 5
= 5
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Figure A.9 shows how to select the walls as defineahdaries.
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b. Right-click Model 1 > Laminar Flow and choos@uh and output boundaries for Inlet 1,

Inlet 2 and Outlet 1. Then choose the flow ratdaminar inflow section to be initial

condition for Inlet 1 and 2. And locate the PressiNo Viscous Stress section. In i@

edit field, type pO for Outlet 1

5[ e 00 Wlodel Library =5 b Gaphics

Boundary Selection
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-
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BT
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Figure A.10 shows how to define the inlet for ligumput.
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Figure A.11 shows how to define the outlet.
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8. Transport of Diluted Species(chds)set up, inMloelel Builder window,
a. Click Convection and Diffusion 1. Select the areaBomain Selection.
b. Locate the Model Inputs section, choose velofighd(spf/fpl), and locate the Diffusion
section, type diffusion coefficient for.and Q,
c. Click the Inflow 1, select boundaries for flomput 1, and then set up the initial
concentration for g and G, since there are two species 1 and 2 inputted gfwdrom
Inlet 1. And for Inflow 2, select boundaries foow input 2, and then initial concentration

type O for both . and G2 since no any concentration of species added ifetbsblution.

for the outflow 1, select boundaries for the floutlet 1.
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Figure A.12 shows the parameters of convectiondififigsion in Transport of Diluted Species.

124



Zhinfiow . B Model Library = || eh Graphics
= i E Axec L]
4% Untitied mph
Boundary Seiec
& Giobal Deinons S S 708 i
af Selectron: [Manual <]
1 1% + |
3 600
@ o=
Larinar e (] T E
1 Trnsport of Diluted Species chds! % 03
Convection and Dffusion 1
75 Ho Flard .
il Values 1 400
= lnflow1 + Override and Cantribution
= Infiow 2 _
L3 Outfiow 1 * Equution 300
S Mesh1 - Cancentration
2 sty =
& Results e 25 moim? | 2%
facs om matm’ .
100
e I ] n
" . — _,, ke
2= LS
100
-208]
i
300 A
400
50|
03]
0]
400 200 0 1200 400 400 ‘00 166 1200 "Tdoh 1608
Messtges 0 == Proggam |l Lig =0
COMSOL 430350
559 MB | 704 M3

Figure A.13 shows how to define the inflow 1 irdeid initial concentration.
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Figure A.14 shows how to define the inflow 2 irdeid initial concentration.
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9. Mesh, In the Model Builder window, right-click ddel 1 > Mesh 1 and choose Free

Tetrahedral. Then locate the Element Size sectimhchoose Extremely fine. Then click the

Build All button.

T 300 ] E 460 800 g0 "To0o 1200 Tdoh 1806
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Figure A.15 shows the mesh map for designed gegmetr
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10. Study, in the Model Builder window, right-cli&&udy and choose Compute.

2 1 = 1)[4 sober . [ Model Library =0 h Guphics =
™ Compute Alewc@m-aaméddbra (=T ]

705 i
608]

ecies (ehds 508

3T T E

50 ; 37 i

= 268 g 200 400 800 800 1006 L

Messages Pragress| | Log| =n

COMSOL43D15!

ST ME| 722 M3

Figure A.16 shows how to compute the simulation eliod.
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11. Results, in the in the Model Builder window,

a. right-click Results, then choose whatever 3DaP@ 1D plots you want to generate.
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Figure A.17 shows the options of different plotsawhiight-click Results.
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b. In the Model Builder window, expand Velocity xrace 1, and then go to the Setting

window. Locate the expression section, from theresgion list, choose concentration C

and from the unit list, choose moffrior generating concentration distribution map.
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800 400 200 0 a 00 600 800 1000 1200 1400 1600 1800

AzeTal
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Figure A.18 shows the concentration map of designedel.
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12. In the Model Builder window, right-click thesidts and choose 1D plot. Then right-click 1D

plot Group 3 and choose Line Graph for importingadto generate the concentration

distribution for center line in micro channel.

Messages Pragress [ Log

145 GB|1.59 68

Figure A.19 shows the different type of 1D plot whu right-click 1D Plot.
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Figure A.20 shows the 1D

vertical direction
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Figure A.21 shows the 1D plot for Lipid concentoatidistribution

vertical direction
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Appendix B

Instruction of Microfluidic Experiment

Introduction

The test vehicle for the membrane protein nanogartiormation in microfluidic devices

consists of 4 individual controllable syringe pummth a main controller to drive fluids that can

precisely adjust flow rate down to 1nl/min (FiguB€el). And then the protein/detergent, lipid,

and buffer solution delivered through the connertinbe injected into the inlets of PDMS

microfluidic device (Figure B.2).
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Figure B.1 shows the equipments of the entire exyaart set up.

Figure B.2 shows the entire equipments placed enetreled optic table. The main controller is

on the right side.

The size of the inlets in the PDMS microfluidic dk=vis around 1.5mm diameter connected with

copper tube making a good seal to inlet. The epmémipet was used for collecting the sample
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from output through commercial plastic tube.

Figure B.3 shows the tubes connected from syringepto inlets(right) and outlet(left) of

PDMS microfluidic device.

PLUNGER BUTTON

PLUNGER
RETAINING

Figure B.4 shows the detail component of individsyainge pump and the method for placing

the syringe onto the pump.
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For preparation of the sample into the syringecdreful to slowly load sample in for avoiding

the bubble generated.

Those each 4 syringe pumps were individually cdietioby the main controller (Figure B.5).
When we started to run the experiment, the firgb $$ checking the size of the syringes you are

going to use. Figure B.5 shows the different volsrogésyringes with different type codes. For

example, 50ul syringe is type F and 100ul syrirsgiype G.

Figure B.5 shows the functions on the control pafié&he main controller for controlling each
individual syringe pump.
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Figure B.6 shows the calibration for different tgpef desired syringes by volume. Most of

commercial syringe are included.

Figure B.6 is the closer view of display panel frtme controller. The functions from the left to

right of display panel are

1. Infuse/withdraw, which control the syringe putopmoving forward or backward

2. Volume set(nl), which you can set up the maximurmtume. Once the amount of volume
counter reached the amount of volume set, the ishgd@y pump will automatically stop.

3. Volume counter(nl), counting the volume duringection.

4. Rate, set up the flow rate with two differenttpane is nl/sec (S) and othe is nl/min (M).
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5. Device type, check the type code from the Figuifedepending on the volume of syringe.

Figure B.6 show the closer view of display paneémhhas infuse/withdraw, volume set, volume

counter, rate (nl/sec, nl/min), and device type.

139



