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Many recent efforts in the field of microfluidiéeave been focused on reducing the size
and the complexity of devices and on simplifying thethods of analysis performed with them.
Gradient elution moving boundary electrophoresiENMBE) is a recently described counterflow
electrophoresis method that was developed to siynjble analysis of ions in complex matrices.
In this thesis, the improvement of the limit of @gtton of GEMBE and reduction of the GEMBE

channel length is investigated.

Integration of simple and robust device componergquired for the successful
adaptation of many analytical methods to multiptexand field-portable devices often has
negative effects on detection sensitivity, suchiraghe optical detection components in a
capillary electrophoresis (CE) system. One of ihgkst methods to improve sensitivity in the
CE field is known as sample stacking. This methmalves preparing the sample in a buffer

with a different concentration (and conductivitizph that of the run buffer, such that when an



electric field is applied the analyte concentratisnncreased at the boundary between the two
different buffer concentrations. A method in whitle sample is prepared in a buffer at a lower
concentration than the run buffer has been impleéeteriThis method achieves a significantly

greater signal enhancement than expected for sastguiking. The concentration enhancement

ability of this method is demonstrated utilizing BBE with channel current detection.

Current GEMBE device construction methods impasédtions on the minimum length
of the separation channel. One technique welkduibr minimizing the size of the GEMBE
separation channel is multiphoton absorption polyragon (MAP). Because MAP is a non-
linear optical fabrication method, polymerizati@limited to a small region near the focal point
of a laser beam. As a result, three-dimensiomatstres with small feature sizes can be easily
created. The 3D capabilities of MAP have beenaied to create channels with circular cross
sections and ~300 um lengths for GEMBE. The integreof device components fabricated
with MAP and molded with PMDS allows visualizatiaf the GEMBE separations, and

provides insights into the effect of channel lengthGEMBE step width.
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Chapter 1: Microfluidics background

1.1 Introduction

This Chapter introduces the concepts that argratéo the work contained in the following
chapters. Where appropriate, a more in-depth gsson of particular topics is reserved for

individual Chapters.

1.2 Microfluidics

Since their introduction in the 1980s, microflaidievices have been used to perform a wide
variety of functions including chemical analysesemical reactions, and material synthe'ses.
Microfluidic devices are of micrometer size in ooemore dimensions and, as a result, typically
involve sample, analysis, and waste volumes thatdew milliliters at most. Many applications of
microfluidics take advantage of this small voluneguirement to limit the use of expensive and/or
hazardous reagents and to minimize the productfosinilarly hazardous waste. Another well-
known benefit of the small volumes involved in penfiing analyses with microfluidic devices is the
behavior of fluids when they are confined to miegized channels.

For pressure driven flow in microfluidics, thewilas often characterized using the Reynolds
number (Equation 1.1) and the Poiseuille equatioguie 1.2). The Reynolds numb&)is defined
in equation 1, where, is densityy; is viscosity,L is a characteristic dimension for the channel, and

U is a characteristic velocity of the flow.



n Equation 1.1

The Reynolds number is a dimensionless value tbatpares the relative importance
inertial forces to viscous forces. WhR. is less than 1000, the fluid flow is described awihar.
Fluid described as “laminar” flows in streamlineghafluid flowing in layers parallel to the chant
walls. In most microfluidic exampleRe is much less than one, so viscous forces domiratetee
flow is laminar. In contrasRe is large in macroscopic systems and the flow afifis turbulent
with complex mixilg. The advantages, and in some applications disadges, of laminar flow i
microfluidic devices have been widely investiga®’ One advantage can be demonstrated by
ability to introduce two fluids sidby-side without mixing, because mixing ine laminar flow
regime is limited to diffusion that occurs at tHeid-fluid interface (Figure 1.1). In some cas
mixing in microfluidic environments is desired, andrious types of valves, motors, and fl

obstacles have been integrated irttarmel to disrupt laminar flow:**

Figure 1.1: The three different colored fluids are introdudesm isolated channels into one lar
channel, but remain separated because the fluidifdamina.**



Another consequence of the dimensions of micrditudevices is the flow profile that results
from a pressure-driven flow. Such a flow is calfdiseuille flow and is described in Figure 1.2.
The fluid in direct contact with the walls of theamofluidic channel is assumed to be stationary (no
slip condition) and the lamina (layers of fluid time laminar flow regime) move at faster velocities
closer to the center of the chanffel® The Poiseuille equation (included in Figure k& be used
to calculate the pressure drop across a channekigure 1.2, a high pressure is applied on the lef

side of the microfluidic channel to cause the fliadlow to the right side of the channel.

—

High Low
Pressure Pressure

SuLQ

AP =
r4

Figure 1.2: In the case of a pressure driven flow in micraflaichannels, the parabolic flow profile
that results is called Poiseuille flow. The chéeastic flow profile is a result of the non-unifar
velocity of lamina. The Poiseuille equation canused to calculate the pressure drop across a
channel, where\P is the pressure drop, is the dynamic viscosity of the fluid, is the channel
length,Q is the volumetric flow rater is the mathematical constant, and the channel radius.

The Poiseuille equation represents the pressane attross a channedlR) as it is related to
the viscosity |t), channel lengthL(), volumetric flow rate @), and channel radius)( This equation
is often used to determine experimental paramdtgrshannels of varying dimensions. In many
microfluidic separation methods, pressure-drivawfis used to move focused analyte bands to a

detection point. Poiseuille flow is important imese systems because the size of the analyte band

increases as the velocity difference between lamicr@ases which can result in a decreased signal.



Some of the most common analysis methods perfowitdd microfluidic devices rely on
laminar flow, pressure driven flow, and electrokioephenomena such as electroosmosis,
electrophoresis, and dielectrophoresis. Electrogdi® is one of the most well known of the
electrokinetic separation methods. This methodeaels separation by using an electric field to
control the velocity of charged molecules. Theatiehship between the velocity of a charged
molecule and the electric field is shown in equatic?. The velocity of an analyte.gvin an electric
field depends on the magnitude of the electriaf{@) and the electrophoretic mobility of the analy

(Mep).  Electrophoretic mobility is determined by thehaoge and drag of a molecule.
Vep = MHepE Equation 1.2

When an electric field is applied, molecules witin-zero charges will migrate in the electric
field with a velocity proportional to the electrieeld strength (in the absence of other forces).
Molecules with a larger mobility will migrate fastéhan molecules with a smaller mobility. The
velocity difference that results from differences electrophoretic mobilities is widely used to
separate molecules.

Capillary electrophoresis (CE) is one of the nfusbular electrophoretic separation methods
because of its ability to enable fast, high resotuseparations of a variety of analytes, including
proteins, DNA, and inorganic io§?’ Many methods of separation have been developedpmve
further upon the capabilities of CE. One such negplre is capillary zone electrophoresis (CZE), in
which sample is typically injected into a capillaag a discrete zone or plug. A voltage is applied
across the capillary containing the sample plugzfmre) and analytes are separated, based on their
electrophoretic mobilities, and then detected. CEE, the buffer composition is chosen such that
analytes of interest maintain a charge and carebelved. Other variants of CE, such as capillary

isotachophoresis and capillary isoelectric focusingolve adjusting the buffer compaosition



(mobility and pH) to improve separation performancélthough these techniques have been
successfully applied to the detection of analytehsas small ions, DNA, and proteins, new methods
of separation are being developed to decrease dimplexity of the analysis methods and of the

microfluidic devices.

1.3 Gradient elution moving boundary electropharé¢SEMBE)

The development of electrophoresis devices thatsaraller and simpler than the variety of
CE derivatives availabté®'® has motivated the introduction of many recentlysaiibed
electrophoresis methods. Gradient elution mowagndary electrophoresis (GEMBE), which was
developed by Shackmaet al. in 2007, is one such meth6d. GEMBE is a counterflow
electrophoresis method that is ideally suited far $eparation and detection of charged molecules in
a complex sample matrix such as blood serum orwalér. In GEMBE, separation is achieved by
applying a counter-flow through the separation Iy (by applying pressure to the run buffer
reservoir) that opposes the electrophoretic velamiitcharged analytes, thus controlling the enteanc
of the analytes into the detection capillary. Taied GEMBE has been demonstrated with optical
detectior”® channel current detectiéh?® and capacitively coupled contactless conductivity
detectior?®?® Details of GEMBE coupled to each of the threeediébn methods are described in this
section. A variety of separation channel lengthglaso been employed, from a few millimeters to a
few centimeters. Although the detection method sephration channel length have been varied, the
basic principles of GEMBE remain the same.

GEMBE is a counter-flow electrophoresis technitha operates under variable pressure and
constant voltage (Figure 1.3). A constant voltegapplied at the buffer reservoir to cause analyte

to migrate electrophoretically from the sample itite capillary. The counter-flow is a combination



of electroosmotic flow and pressure-driven flowitially, the pressure applied to the head space of
the buffer reservoir is high so that no analyteteethe capillary (Figure 1.3A). The pressurehisnt
decreased over time. As the pressure is decremstdhe electrophoretic velocity of an analyte
becomes greater than the counter-flow velocity,ibendary of that analyte will begin to move into
the separation capillary (Figure 1.3B), where itle&tected as a stepwise increase or decrease in the
detector response. As a result, only analytestthe¢ electrophoretic velocities that are gredtant

the applied pressure are allowed to enter the tietecapillary.

bulk flow

High Voltage: ON

Pressure
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Power Supply Pressure Gauge
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Figure 1.3: Schematic of the GEMBE separation mechanism). Ijfially, the pressure applied to
the head space of the buffer reservoir is high ghdhat no analytes enter the capillary connecting
the two reservoirs. (B) As the pressure is deckaspalytes move into the capillary when their
electrophoretic velocity is greater than the coufiav velocity. Analytes are detected as a stejgwi
increase or decrease in the detector response tatftillary.

In GEMBE, moving analyte boundaries are transpodkectrophoretically from the sample
through the detection capillary. Detection of aving boundary relies on the distinction between the
presence and the absence of a certain analyte isetbaration capillary. The initial demonstratién o

GEMBE used optical detection to detect fluoresciyets and fluorescein-labeled, single-stranded



DNA.?° Optical detection was performed by Shackregal. in a silica capillary device as well as in

a thermoplastic microfluidic device. Each of thevides was mounted on a microscope and the
fluorescence of the solution inside of the chanveed monitored. The thermoplastic device is shown
in Figure 1.4. Here, the central hole acts as thHeb reservoir for all 8 surrounding sample
reservoirs. With this device design, the authorsimized the number of access ports to decrease the
device footprint, and could perform 8 analyses #iameously. The analytes, fluorescein and 6-
carboxy-fluorescein, were optically detected ag/ tvere driven electrophoretically from the outer

sample reservoir to the inner run-buffer reservoir.

Figure 1.4: Thermoplastic microfluidic device used for GEMBEmwoptical detection of fluorescent
analytes. (A) Thermoplastic device before and [Braeservoirs and screw holes for immobilization
were added. The central hole was used as a corbuofter reservoir and pressure control port, and
the surrounding eight holes were sample reservd\rsalytes traveled from the outside to the inside
of the device when their electrophoretic velocikgeeded the pressure applied at the central buffer
reservoirr® Detection was performed at a fixed position befvthe central buffer reservoir and each
sample reservoir.

The use of optical detection methods imposes reguants on channel dimensions and on the
type of analytes that can be detected. In mogtssahannel cross-sections must be large enough to
provide a sufficient path length for detection (Beéaw), and analytes must be optically activeber
functionalized with optically active substituentslethods that eliminate these requirements, such as
contactless conductivity detection and channelerirdetection, have also been demonstrated to
work well with GEMBE?"#*%Contactless conductivity detection was demonsirateStrychalsket

al. with a 5.5-cm-long separation capillary. The bes®f the counter-flow separation pressure in



GEMBE were highlighted in this work, with the deten of small ions, such as €aNa’, and Md",

in samples of whole milk, dirt, leaves, coal fljnaand blood serum. The high pressure counter-flow
excluded large particulates in the various sampigsgch allowed for analysis with minimal sample
preparation. The small ions were detected at nmotar concentrations.

Much shorter (2- to 3-mm) channel lengths were alestrated when GEMBE was used in
conjunction with channel current detectfdri?®> Figure 1.5 shows an electrical circuit diagram
depicting the GEMBE separation capillary as a tesis In the case of channel current detection,
when a constant voltage is applied, the currertt ftbevs through the capillary is dependent on the
concentration of ions in the solution (conductiyiyithin it. Therefore, the presence or absenca of
certain analyte in the separation capillary is rmayed by the change in current flowing through the
capillary. Generally with channel current detectithe measured step width and resolution are

dependent on the channel length.

V
- |||I+
= " €

electrophoresis >
1 MQ

Vv
External W

Resistor :
Capillary

Figure 1.5: Equivalent circuit representing GEMBE with chancalrent detection. The external
resistor (1 M2) acts as the detector. Current is applied attiféer reservoir so that analytes are
driven electrophoretically from the sample into thetection capillary. When an analyte enters the
detection capillary, the conductivity of the sotutiinside the detection capillary changes, and a
stepwise change in the current is measured. Tighthef the step corresponds to the concentration
of the analyte, and the counter-flow pressure athvi is detected depends on its identity.



Initially, when voltage and high pressure are ggablthe moving boundary is stationary at the
entrance of the capillary.¢., at the junction between the sample reservoirthadcapillary) so that
the current through the capillary is constant. Asheanalyte boundary moves through (when the
pressure is decreased), it changes the conductfitiie solution inside the capillary, which gives
rise to a step-wise change in the electrophoresi®it. This process is repeated for each boundary
so that a series of moving boundaries can be @etecthe height of each step is used to determine
the concentration of the analyte, and the elutime tof each step (or the pressure at which it &jcur
is used to determine the identity of the analyéhe magnitude of the change in current, or step
height, is directly related to the concentratioranflyte in a moving boundary. A boundary with a
higher concentration will result in a larger chamgeurrent when the boundary enters the capillary.
The analysis of anions in water samples using GEMEBE channel current detection is discussed in
Chapter 2.

With GEMBE, as with many variants of CE, the udenwdes of detectioni.€. channel
current detection) that eliminate optical composeran have a negative impact on the sensitivity of
the system. This decrease in sensitivity has ratad/ work on methods that enhance the analyte
concentration before detection. The following setidiscusses efforts in the CE field to improve
detection sensitivity by implementing concentratemhancement methods, and how these efforts
relate to the recent development of a concentragimancement method to improve the LOD of

GEMBE with channel current detectiéh.

1.4 Concentration enhancement: stacking and foguaigthods

As mentioned above, CE has a number of well-reizegradvantages, including small sample

and reagent requirements, high selectivity, reddyighort analysis times, and applicability to aevi



range of analytical problems. However, among ikadVantages of CE, perhaps the most significant
is that it generally provides inferior sensitivishen compared with chromatographic methods such
as high-performance liquid chromatography (HPLCpnsequently, improvement of CE sensitivity
has been an active area of research since theidgeehwas first introducet** Much of this work
has been directed toward methods that employ gredie the electric field to manipulate the
velocity of the analytes in such a way that thegchethe detection point at a higher concentration
than is present in the starting sample. Among dineplest and most commonly used of these
methods are the various forms of sample “stackinglthough this term is often assigned subtly
different definitions, here we use the broad d&bns used in a series of reviews by Breadmore and
co-workers?®2°3334n which stacking refers to concentration enharemmmethods that rely on
changes in electrophoretic velocity. In the mashmonly used stacking methods, analytes move
across a boundary formed between two differenttmmis. The composition of the solutions is
chosen so that the electrophoretic velocity ofahalytes is different on either side of the boupdar
This difference in velocities is often achieved giynby using two similar buffers prepared at
different concentrations (and, therefore, differemductivities). Examples of stacking methodg tha
involve a boundary between buffer solutions of afiéint concentrations include field-amplified
sample stacking and field-amplified sample injefib®

For most stacking methods, when a voltage is apghe analytes migrate at different speeds
on either side of the boundary while traveling Ire tsame direction. As they move across the
boundary, the analytes slow down and stack up, nfikehcars approaching a traffic jam. In these
types of methods, the maximum degree of conceatranhancement is determined by the ratio of

the velocities on either side of the stacking baugd For conventional stacking methods based

10



solely on differing buffer concentrations, the imypement in sensitivity is therefore limited by the
conductivity ratio of the solutions on either sisfehe boundary?®

A variety of large-volume injection methods havsoabeen described for use with CE,
including large-volume sample stacking (LVSS) anargé-volume sample stacking with
electroosmotic-flow pumping (LVSEP). The sensitiivimprovements provided by those methods
can often be quite high (100- to 3000-fold sengjtivmprovement). However, these methods
typically require samples to be injected from véow conductivity solutions, making solid-phase
extraction or similar pretreatment methods necgséaf For example, Zhang and
Thormanni® achieved over 1000-fold sensitivity enhancemerth ai large-volume sample injection
method using samples with conductivity similar battof bidistilled water (0.2 KA-cm resistivity,
0.005 mS/cm conductivity).

For some types of stacking methods, which arenoftderred to as “focusing” methods,
analytes slow down at the focusing point, and thelocities also change direction (relative to the
velocity of the focusing point or boundary if itnet stationary) upon crossing it. Thus, in a g
method, analytes move toward the focusing pointpbaundary, from both directions. The most
familiar example of a focusing method is isoelectivcusing (IEFf°** More recent examples
include a variety of counter-flow gradient electwiising methodé“®and the nonlinear focusing of
DNA in gel electrophoresi¥.*°

With all focusing methods, the concentration emleament is not limited by the conductivity
ratio of the solutions used but is instead deteechiby the steepness of the velocity gradient, the
amount of sample injected, and/or by the duratibthe applied focusing field. Focusing methods
can often achieve greater concentration enhancethantthe simplest stacking methods because

focusing is not constrained by an upper limit redato the conductivity ratio. However, focusing

11



methods can be more complex to implement. For gignn the simplest case of CE with field-
amplified sample stacking, the only change relatova nonstacking CE method is that the sample is
prepared at a lower buffer concentration than tie buffer used to fill the capillary during the
separation.

Consider, for comparison, the various focusinghmés$ described in the reviews by Ivory,
Wang et al., and Kelly and Woollé$§i*® The techniques described therein include the afse
semipermeable membranes enclosed in chambers aritible cross-sectional area, microfabricated
devices with semipermeable polymer sections, dofuf buffer ions through dialysis tubing to
generate a conductivity gradient, embedding aryafalectrodes into the side of an electrophoresis
channel, or application of a temperature gradiémcathe length of the channel. Although these
techniques achieve performance (concentration eemaent) far in excess of what is possible with
conventional field-amplified sample stacking, itnst without some level of increased complexity.
The notable exception to the rule of focusing meshieeing more complex than simple sacking is the
workhorse technique of IEF, which is, for the mpatt, only applicable with peptides and proteins
and only exists in the simple, buy-the-kit-and-daltthe-directions format because of decades of
development®**

Advances in microfluidic chip electrophore3ignd in miniaturization in general, have
enabled progress toward both multiplexed and fiidable CE systenfs>®’ Both of these
applications require a higher degree of reliabitlign is necessary for a lab-based, single-caypillar
instrument, and these methods both could therdfenefit from the use of detection approaches that
are much simpler and therefore more robust tharopitieal detection methods (UV absorbance and
laser-induced fluorescence) most commonly used latibratory CE instruments. As mentioned in

the previous section, the use of a simpler mod#etdction is likely to have a negative impact oa th

12



sensitivity of the system, making the need for gawgthods of sensitivity enhancement even more
pressing.

In Chapter 3, implementation of a stacking methoded at achieving online concentration
enhancement prior to separation with GEMBE with gbal of maintaining a fast, simple analysis is
described. The technique is a combination of thgplest electrophoretic system (GEMBE with
channel current detection) and the simplest metbodample enrichment (preparation of the sample
in a lower concentration buffer with respect to the buffer). The stacking method discussed in
Chapter 3 is termed field amplified continuous skmpjection (FACSI). The expectation was that
the sensitivity improvement would be less than quad to the ratio of the buffer conductivities (as
with sample stacking in conventional CZE). Howevbke results show a much larger improvement
in sensitivity.

Further improvements on GEMBE were predicted bysR@and Romantseva in 2007
suggesting that reduced channel lengths would geogi minimum separation time due to reduced
step width and increased analyte resolution. Wusk is discussed in the following section, and a

method to fabricate devices to test this theorkepicadiction is discussed in Chapter 4.

1.5 Reducing separation channel dimensions for GEMB

Aside from the physical benefit of small dimensiasf microfluidic devices, the ability to
reduce the length of analysis channels can alsasbd to decrease the amount of time required for
detection. Ros®t al investigated the effect of shortening GEMBE sapan channels on the
resulting step width and resolution for a separgtfo This theoretical work predicts that the ideal
channel length to achieve the smallest step widthewnaintaining resolution between two analytes

is about 100 times shorter than the shortest (3-olmahnels demonstrated with GEMBE.
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In the 2009 work, the authors considered two Imgitcases: very large dispersion where the
resolution is independent of acceleration (the rdlable separation parameter), and negligible
dispersion where the resolution is dependent orchia@nel length and the acceleration. In general,
very large dispersion dominates in short chanmets to um) and negligible dispersion dominates in
longer (um to mm) channels. The channels that leen used in GEMBE thus far have been
relatively long, (i.e. in the negligible-dispersioegime). The time for a separation can be adjuste
by increasing or decreasing the acceleration opthesure gradient, until the pressure acceler&ion
too fast, and analytes are no longer resolved.

In GEMBE, the step width is equal to the timealtds for an analyte boundary to traverse the
separation channel. As the channel length is dserk the resolution between two analytes should
increase when compared to a separation in a lartgernel with the same counter-flow acceleration
because each moving boundary will take less tinteateerse the channel. The increased resolution
and decreased analyte step width should allow atpas to be performed at faster accelerations in
shorter channels.

With the current method of GEMBE device fabricatidhe minimum channel length
attainable is 2 to 3 mm. To fabricate shorter clets)y a method of fabrication that provides the
ability to create circular microchannels that irtetahe fused-silica-capillary previously used for
GEMBE is ideal. Many currently available lithoghap methods require multiple time consuming
steps to achieve circular dimensions, if they canabhieved at all. In Chapter 4, a method of
fabrication that allows 3-dimensional control afustures and the fabrication structures with cicul

cross sections, multiphoton absorption polymerima{MAP), is introduced.
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1.6 Conclusion

To improve GEMBE, the implementation of a simplancentration enhancement method
(FACSI) is investigated (Chapter 3) and the lengfthhe separation channel is altered (Chapters 4
and 5). The overarching theme of both of thesertsffis to maintain device and method simplicity

while decreasing the limit of detection and thelgsia time of GEMBE.
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Chapter 2: GEMBE: method, device, and data analysis

2.1 Introduction

In the following chapters the optimization of GEEBcoupled with channel current detection
by increasing the concentration of an analyte boandary before it enters the detection capillary,
will be discussed. This optimization is achieved dmyploying focusing or stacking mechanisms
(Chapter 3) and decreasing the channel length tormze the analysis time (Chapter 5). This
chapter will focus on GEMBE device preparation,adabllection and analysis, and separation

parameter optimization.

2.2 Materials and methods

2.2.1 Chemicals and reagents

All solutions were prepared with deionized (DI)tera(18.2-M2-cm, Barnsted Easypure Il
ultrapure water system). Stock solutions of 1-nimaodium phosphate, sodium oxalate, and
sodium arsenate were prepared from monobasic sogiuosphate NaH,PO,, Sigma), dibasic
sodium oxalateNa,0,C,, Sigma), and dibasic sodium arsenaa,HAsO,, Sigma) by dissolving
the salts in deionized water or in run buffer. The buffer was 100-mmol/L iB-alanine (Fluka)
and 70-, 80-, or 90-mmol/L in HCI (32%, Fluka) wighpH of 2.6, 3.0, or 3.2 respectively. The

solution was sonicated for 15 minutes and degdsstmxte use.
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2.2.2 GEMBE device assembly

1.2 and is

The GEMBE capillary device is assembled as desdrib publications by Rosg a
depicted in Figure 2.1. A 360-um-diameter hol@rdled through the ends of two female nylon
Luer lock caps (McMaster-Carr, Atlanta, GA) anduadd-silica capillary (OD = 360 um, ID =5 um;
Polymicro Technologies, LLC, Phoenix, AZ) is threddhrough the holes. The capillary and Luer
locks are sealed together with a two-part epoxyn(itoB-45TH; McMaster-Carr, Atlanta, GA) and
cured for 3 hours at 93 °C. Irregular current measients are observed if the epoxy is instead cured
at ambient temperature (typically for 24 to 72 I®)urA jeweler’s file is used to score the edg¢hef
capillary near the bottom of each Luer lock cap #relexcess capillary is removed, resulting in a
minimum capillary length of 2- to-3-mm. To storketLuer lock and capillary assembly for
subsequent use and to prevent dust and debrisdetiimg at the capillary entrance, the assembly is
placed in an empty pipette container. A 3-mL pabgylene syringe serves as the buffer reservoir.

The syringe is connected to the capillary devigeugh a manifold, using approximately 15 cm of

Tygon tubing (Small Parts, Inc., ID = 1/8 in).
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Figure 2.1: GEMBE device schematic. The detection capillsryhreaded through two 360-um
holes drilled through two female nylon Luer lockslasealed with epoxy (top left). This assembly is
screwed into a manifold (black) that allows conmecto the buffer reservoir (syringe), where the
high voltage and pressure are applied. The Luwk $eparation capillary component can be removed
and cleaned, or discarded without re-assemblingmiiee device.

A custom-built plunger attached to tubing conneédtethe sample reservoir allows access for
the pressure control and the high-voltage sourtan{&d Research Institute Inc., Model PS350). All
electrical connections and electrodes are made frigim purity Pt wire (Sigma Aldrich, St. Louis,
MO). A precision pressure controller (Series 6B@&nsor, San Marcos, TX), with a range of +
68.900 kPa, is used to control the applied presattbe buffer reservoir. The end of one female
Luer lock cap is used as the sample reservoir sutabsely covered with a custom-made plastic cap
with a Pt electrode to provide the electrophoresigsent. Measurement of the current through the
capillary is performed with a 1-M resistor (Mouser Electronics, Inc., Mansfield, TéOnnected in
series with the capillary and a 16-bit analog-tgidi converter (Model USB-6229, National

Instruments). The capillary device, manifold, aedistor are enclosed by a metal box to reduce

electrical noise.
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2.2.3 Device preparation and data collection

The first step in performing a GEMBE separatiotoidill the device with run buffer without
allowing air bubbles to enter the manifold. Airbinles can be avoided by filling the run buffer
syringe first, while the port for the Luer lock astbly is sealed and the valve to the waste tulsng i
closed. It is important to prevent air bubblesyfrentering any part of the device as the fluid or
current flow through the detection capillary candsrupted by the presence of air bubbles. The
waste valve is then slowly opened to allow run @ufb fill the tubing and manifold, while run buffe
is continuously added to the syringe. After thérerdevice is filled with run buffer (i.e., whehd
run buffer exits at the “waste” end of the devidhe waste valve is closed and the custom-built
plunger is attached to the buffer syringe. Nex¢ pressure applied at the buffer reservoir idset
5,000 Pa and the entire assembly is checked fésledhe most common source of leakage is at
edges of tubing that has been stretched or rippedglassembly. A leak due to stretched or ripped
tubing can be fixed by cutting off the damaged iparbf tubing. Other sources of leakage typically
require the replacement of Luer lock connectorsherre-epoxying of joints (which must be done

with clean, dry parts).

After the manifold is assembled, filled with ruoffer, and checked for leaks, the Luer lock
capillary assembly can be attached. To attachadsembly without introducing air bubbles, the
pressure that is applied at the buffer reservoiursed off and the seal is removed from the Luer
lock-capillary attachment port. The end of the iLloek assembly that is attached to the run buffer
manifold is first over-filled with run buffer (torpvent the trapping of air bubbles). The sample
reservoir (exposed side of the Luer lock assemiblyhen filled with run buffer, and the waste valve

is opened to flush fresh run buffer through thedaumanifold.
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Before a sample can be analyzed, the current Isthat is measured across the detection
capillary is monitored for 3 to 6 separations ozdarge pressure range (typically from 40,000 Pa to
5,000 Pa for the analytes discussed here) at ayesamp rate of -25 Pa/s to -50 Pa/s. Signal
monitoring is performed to check for the presenéeaio bubbles in the device, to check for
contaminants or unknown species in the run bufée to collect a baseline to compare with
separations that contain a given analyte. Figu2esBows a run buffer separation in the presence of
air bubbles in the device. If air bubbles are ené$n the initial run buffer separations, the devtan
be flushed by opening the waste valve, the Luek-lcapillary assembly can be removed and re-
attached or replaced, or the entire GEMBE set-up loa disassembled, rinsed, dried, and re-

assembled.

0.0004
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0.0000

di/dt (uA/s)
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Figure 2.2: A typical GEMBE run buffer separation that indesithe presence of air bubbles in the
device. Red arrows identify the area in the basalhere an air bubble is present.

To run a GEMBE separation, the starting presspressure ramp rate, number of pressure
steps, and voltage are entered into the front pafreelLabView program. A labeled screenshot of the

front panel of this program is included in the Apgix (A.1). The starting pressure is chosen to
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provide a sufficient baseline (typically 10 to 3rends) before an analyte is detected. The pmressur
ramp rate is determined by the pressure step sizé¢h& duration of each pressure step. For adipic
separation, the pressure step size was -100 Paswgfhduration of 2 s, which corresponds to a
pressure ramp rate of -50 Pa/s. The separati@sistied below were performed at an average start
pressure of 38,000 Pa with 200 pressure stepsinp rate of -50 Pa/s, at a voltage of 1,000 V.
Separations are monitored in real time with LabViewh a plot of signal amplitude, allowing

separation parameters to be optimized during asefiseparations.

2.2.4 Data analysis

The data that are collected with LabView are ingarinto Origin 7.5 for further analysis.
The current derivative is plotted as a functiortiofe using a 51-point Savitzky-Golay derivafive
and adjacent averaging smoothing. The extent t# gianoothing is determined for each series of
separations, so that noise is reduced without comiging signal integrity. A typical separation is
plotted with 300-point adjacent averaging. For tlea discussed in this document, the signal
amplitude is multiplied by negative one to produaeplot that resembles a conventional
electropherogram. Mathematica is used to deterstigye width, step height, resolution, and limit of

detection (LOD). A representative Mathematica wgbeet is included in the Appendix (A.2).

2.3 Optimization of separation parameters

With the goal of eventually applying GEMBE to thaealysis of environmental water samples,
GEMBE separation parameters were investigated usimgodel system of dihydrogen phosphate
(H,POy), which is commonly found in natural water sampbesd hydrogen oxala(@0,C;), which
is found in many common foods. This model systess whosen to determine separation parameters

that could be applied to the separatioilgPO, and dihydrogen arsenaté,(AsO;) in water, while
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minimizing the use of toxic arsenic-containing séesp The GEMBE limit of detection of arsenate is
of interest because it can co-elute with phosph8teand is toxic if ingested even at low
concentrations (10 ppBJ. Based on the pié for phosphoric acid and oxalic acid (Figure 23)00-

mM B-alanine, 80-mM hydrochloric acid (HCI) run buff@pH = 3.0) was chosen to allow the
separation of H,PO; and HO,C,. Dihydrogen phosphate and hydrogen oxalate sample
concentrations were chosen to be prepared in tleeormolar range based on previously reported

detection limits of GEMBE>?°

Figure 2.3 shows a plot of a separation of a 1I8ONaH,PO,, 300-uMNa,0,C, sample.
The left and right peaks represéi,C;, andH,POZ, respectively. The pressure was decreased at a
rate of -50 Pa/s from the starting pressure ofBDfa until both peaks were detected. The elation
oxalate at an earlier time corresponds to a higihessure and a higher electrophoretic velocity as
compared to the later-eluting phosphate. Pealifa=tions were made by comparing a run buffer
separation (blank) with samples containing oNbH,PO,, only Na,0,C,, and bothNaH,P0O, and

Na,0,C,. To make peak identifications, the separatiompaters were held constant.
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Figure 2.3: GEMBE separation of 100-uNfaH,P0O, and 300-uMNa,0,C,. This sample was
prepared in 100-mN-alanine, 80-mM HCI run buffer. Hydrogen oxalaletes at a higher pressure
(left) and dihydrogen phosphate elutes at a lowessure (right). All of the pi§ of H;PO, and
H,0,C, are indicated on the right.

Based on the pK of arsenic acid (Figure 2.4), the dihydrogen amseranionH,AsOy, is
expected to elute closer i,P0O; than toHO,C;. The plot in Figure 2.4 shows the separation of a
100-uMNaH,PO,, 300-uMNa,0,C,, and 50-pMNa,HAsO, sample, with thél,AsO; peak to the
right of H,PO,. The separation parameters were held constanlide ¢he arsenate peak to be
identified by comparing the plots in Figure 2.3 dfigure 2.4. The large elution time difference
betweenHO,C; and H,PO; increases the time for a separation and, becHy6gC, is not of

primary interest, it can be eliminated from futseenples.
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Figure 2.4. GEMBE separation of a sample containing 100-NM,PO,, 300-uMNa,0,C,, and
50-uM Na,HAsO,. This sample was prepared in 100-nfAalanine, 80-mM HCI run buffer. The
HO,C;, H,POy, andH,AsO; peaks elute from high to low pressures (left git), respectively.

The first set oNaH,P0, andNa,HAsO, samples was a series of 2-fold run buffer dilugion
of a 100-uMNaH,PO,, 50-uMNa,HAsO, sample (Figure 2.5A). Theaxis of each separation was
manually adjusted to allow for visualization of thealyte peaks. For these separations, the gfartin
pressure was decreased from the pressure thatsedsfar the separations that inclusie,0,C, to
minimize the separation time. As a consequendki®fdecrease, the time that the analyte peaks take
to elute is much shorter in Figure 2.5A than inufggs 2.3 and 2.4, however the elution pressure
remains the same. Non-linear least-squares fite werformed in Mathematica to determine the

limit of detection (LOD) of approximately 15 pumol/L
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Figure 2.5: Separations oH,P0; andH,AsO; (A) in run buffer and (B) diluted with DI water.
Concentrations decrease from the initial 1x comegionh of 100-uMH,P0O; and 50-uMH,AsO}
(black), to 2x (red), 4% (pink), 8x (blue) and 1@xeen). The peak height is increased for samples
diluted to their final concentrations with DI watas compared to samples prepared in only run
buffer.

In the next set of data, a 2-fold dilution semness prepared by dilution with DI water. The
motivation for this dilution was a sample conceitra effect reported by Munsoat al. with
temperature gradient focusing (TGF) in which sampl&h lower conductivities than the run buffer
were analyze& The origin of this sample concentration is inglddn Chapter 1, and experimental
details will be discussed in detail in Chapter By diluting the samples with DI water, the
concentrations of the buffer ions and the sampis iare decreasing, so the sample diluted with DI
water has a lower conductivity than the GEMBE rurffdr. The GEMBE separations of the 2-fold
DI water diluted samples are shown in Figure 2.28.in Figure 2.5A, thg-axis of each separation
has been manually adjusted to allow for visualaf the analyte peaks. In contrast to the 2-fold
run-buffer-diluted samples, as the DI-water-dilutimples decrease in concentration, the signal
increases. A detection limit for this set of datauld not be determined because each sample had a

different run buffer concentration. Before deterimg a detection limit for samples at a constant
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dilution factor,H,P0O; andH,AsO; need to be detected successfully in tap watehézlc for co-

eluting species.

A sample containing 200-uMaH,P0, and 60-uMNa,HAsO, was diluted 10-fold with tap
water obtained from the laboratory sink at the dladi Institute of Standards and Technology (NIST,
Gaithersburg, MD) to a final concentration of 20-N¥H,PO, and 6-pMNa,HAsO,. Separations
of this sample diluted 10-fold with DI water andudeéd 10-fold with tap water are plotted in Figure
2.6B. Both analyte peak heights are larger instmaple diluted with tap water. The increase & th
H,PO; peak height is likely due to the natural presesfqghosphate anions in the tap water. Sodium
phosphate was still added to the sample to enbatedp water samples collected at different times
would have a measurablg PO, peak. The peak eluting at the position whigésds0; is expected
to elute is also much larger, and a shoulder orpak near 310 s indicates a co-eluting species. T
determine ifH,PO; andH,AsO;, or an unknown co-eluting species are preseraprnwater, a run
buffer sample diluted 2-fold with tap water was agped and compared to a 2-fold diluted sample
containingNaH,P0O,. The resulting signal is included in the Appen{#3), and confirms that

H, POy is present in tap water, and the shoulder arod®ds3n Figure 2.6B iH,AsO;.
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Figure 2.6: A comparison oH,P0; andH,AsO; separations in three different run buffers. (AeTh
final sample concentration is 10-uNaH,PO,, 5-uM Na,HAsO, in a buffer concentration of 100-
mM B-alanine, 90-mM HCI (pH = 2.6) run buffer. (B) THmal sample concentration is 2-uM
NaH,P0O,, 500-nMNa,HAsO, in a buffer concentration of 100-mptalanine, 80-mM HCI (pH =
3.0). (C) The final sample concentration is 10-jNMH,PO,, 5-uM Na,HAsO, in a buffer
concentration of 100-mM-alanine, 70-mM HCI (pH = 3.2). The unknown spscie-elutes with
H,AsO; at pH = 2.6 and at pH = 3.0, but at pH = 3.2 tlmlee species can be resolved. All three
signals are shifted when diluted with DI water tigka to tap water, and the direction of the shift
changes with pH. This is a result of slight diffleces in the pH and conductivity of each solutam,
well as the use of multiple capillary devices.

To resolve H,AsO, and the unknown co-eluting species, two slightlifedent buffer
compositions were prepared. Figure 2.6A shows @0 B-alanine, 90 mM HCI (pH = 2.6) and
Figure 2.6C shows 100-mlgalanine, 70-mM HCI (pH = 3.2). At a pH of 2.H;As0; still co-

elutes with the unknown species in tap water, bat pH of 3.2H,P0;, H,AsO;, and the unknown

27



species are resolved. To apply GEMBE to the séparaf H,PO; andH,AsO; in environmental
water samples, such as tap water, a buffer pH2fs3necessary to allow the analytes to be resolved

from an unknown, co-eluting species.

2.4 Conclusion

GEMBE combined with channel current detection iseparation technique that is ideal for
the analysis of low concentration samples in paaéipntcomplex or dirty samples, and can be used to
analyze charged molecules with relatively short lyms times. However, many potential
applications of GEMBE, such as the detection ofydibgen phosphate and dihydrogen arsenate
presented here, would still benefit from decreashmgy LOD of GEMBE. The following chapter
describes GEMBE with a simple concentration enhawece method, field amplified continuous
sample injection (FACSI), which has been impleménte decrease the LOD of GEMBE with

channel current detection.
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Chapter 3: GEMBE with concentration enhancement

3.1 Introduction

This chapter is based on the work that was pudddish Analytical Chemistryn February of
2014 entitled “Gradient Elution Moving Boundary E@phoresis with Field-Amplified Continuous
Sample Injection” (citation). That work, and tlisapter, focuses on decreasing the limit of dedacti
(LOD) of GEMBE by combining it with a simple condestion enhancement method, field amplified

continuous sample injection (FACSI), which was dg&sed in section 1.3.

3.2 Experimental

3.2.1 Analyte system

With sensitivity enhancement methods in generall with electrophoretic stacking and
focusing methods in particular, it is often possibh achieve a high degree of preconcentration or
sensitivity enhancement without any actual improgetrin the detection limit of a trace analyte of
interest in a real sample matrix. The reasonta lack of LOD improvement is that the interfering
species in a real matrix are often preconcentrakelg with the trace analytes. If the detectiontlim
is primarily determined by the ability to detectetlrace analytes against a higher background
concentration of interfering species, stackingamuking of the sample may not provide the expected
benefit in LOD. Thus, when assessing the utilggplacability of a preconcentration method, it is
important to consider preconcentration in the canoé a trace analyte in a matrix with one or more

difficult-to-resolve interferences. For this reasand because arsenic is of interest due toxtsity,
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dihydrogen phosphatedd{P0O;) and dihydrogen arsenatél,(AsO;) are used as a model analyte
system. The two singly-charged anions have simikctrophoretic mobilities, making them difficult
to separate electrophoretically. In typical natuater samples, phosphate anions are presengein th
micromolar range, whereas arsenic contaminatiaitiier absent or is present only at a much lower

concentration>®°

3.2.2 Chemicals and reagents

All solutions were prepared with deionized (DI)tera(18.2-M2-cm, Barnsted Easypure |l
ultrapure water system). Stock solutions of 1-nimebdium phosphate and sodium arsenate were
prepared from monobasic sodium phosphate @R&y Sigma) and dibasic sodium arsenate
(N&HAsSO,, Sigma) by dissolving the salts in deionized watein run buffer. The run buffer was

100-mmol/L inp-alanine (Fluka) and 70-mmol/L in HCI (32%, Flukeifh a pH of 3.2.

3.2.3 Procedures and analysis

The GEMBE device used to collect the data incluideithis chapter is identical to the device
described in Chapter 2 (Figure 2.4). Specific itlefar each data set presented in this chapter are
included in this section.

At the beginning of a typical separation, the detdiow pressure is set to 30,000 Pa for 6 s
with the voltage off. Note that the zero of themei axis for Figures 3.1, 3.2, and 3.4 is at the
beginning of this 6 s period. Then, the voltagaureed on to +1,000 V and the pressure is adjusted
to the start pressure (indicated below) for 10osstabilize the system. With the voltage on, the
pressure is then decreased at a rate of 50 Pars tfie start pressure to a minimum pressure
determined by the electrophoretic velocity of tikalgtes of interest. At the end of each separation

the pressure is again increased to the start peegsulO s, after which the pressure is decretsed
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30,000 Pa and the voltage is turned off until thetrseparation. Between separations, the pressure
set to 30,000 Pa for hold times between 0 and 30 ard 5,000 Pa for hold times greater than 30
min. Analyte elution times (or step/peak locatiomse identified by comparing blank buffer
separations with separations in which individuahlgites have been spiked in. During a typical
separation, the volume transfer from the buffeemesir into the sample reservoir is approximately
50 nL, or 0.1% of the sample volume. This volunaswetermined by considering the average flow
rate (determined by the average pressure and teeages capillary dimensions) and a typical
separation time of 200 s.

Small shifts in elution pressure are typically etved when the capillary device is used for
extended periods of time-( 1 to 2 weeks) or when pganng data sets collected with different
capillaries. These shifts are possibly due togirtarities at the cut edges of the capillary, small
differences in capillary length, or small changeshie electroosmotic mobility of the capillary veall
Rinsing the capillary with sodium hydroxide (NaOM1-mol/L, Beckman Coulter) often affects the
recovery of original elution pressure when data se¢ collected over an extended time period ( 2 to
3 days). However, even when elution pressures, shd peak spacing betwedgP0O; andH,AsO},
remains constant. Finally, it is important to mew air bubbles from entering the device for the
reasons that were discussed in Chapter 2.

For the data included in this chapter, each sampke separated in triplicate, and the sample
reservoir was rinsed once with the next samplectarnmlyzed. Samples were prepared in run buffer
and diluted to their final concentrations with tounffer, DI water, or tap water, as specified. @uatr
derivative data were plotted as a function of twith Origin 7.5 using a 51-point Savitzky-Golay
derivative® and at least 300-point adjacent averaging smogthi®D calculations were calculated

from step heights (equivalent to peak areas) obtairom the nonlinear fitting of the raw current
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versus time data (done with Mathematica 7.0) asritet by Rosst al. (a sample Mathematica

worksheet is included in the Appendix, A%).

3.3 Results

The species of intered,PO; andH,AsO,, are shown in the inset of Figure 3.1A along with
their corresponding Ky, values. At a run buffer pH of 3.2, both species anionic. As a first
illustration of the effect of combining field amfitiation (FACSI) with GEMBE, two sets of
experiments were performed. In both cases, aatid of NaH,P0O, to Na,HAsO, was used, and a
series of samples was prepared by 2-fold serialtidil starting with a sample of 1Q@nol/L
NaH,P0, and 50umol/L Na,HAsO, prepared in run buffer. For the first set of expents, the
samples were prepared by dilution with the rundaus$b that the conductivity of each sample was the
same as the conductivity of the run buffer usefilltthe buffer reservoir and the capillary. Tloase

represents the normal mode of GEMBE without FACSI.
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Figure 3.1: GEMBE for samples prepared via a serial 2-foldittbh of 100uM NaH,PO, (left
peak), 50uM Na,HAsO, (right peak). The start pressure was 35,000 Eata pressure ramp rate
was -50 Pa/s. Dilutions were performed with ruffduso that the sample conductivity was the
same as the run buffer conductivity, and sampla® \ealyzed in triplicate. (A) Time derivative of
the current vs time. Dilution factor increasesvrtop to bottom as indicated in (C) from 1x to 32x.
Inset: species of interest with relevant K Other pKs are pK, = 7.21 and plks = 12.67 for
phosphoric acid and pK= 6.94 and pks = 11.5 for arsenic acid. (B) Step height (equanalto the
peak area from panel A) vs dilution factor. As H@mples are progressively diluted and as the
analyte concentration decreases, the signal deseashe LOD forH,AsO; is approximately 12
umol/L (signal-to-noise ratio equal to 3). Inseepsheight vs concentration. (C) Raw current as a
function of time data. Step identities are the s@s those in (A).

Figure 3.1A shows the GEMBE electropherogramsstonples prepared in run buffer. For
visualization of the data as peaks, the plots stieitime derivative of the current as a function of

time. The raw current as a function of time datiaich were used for quantitative fitting, are shown
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in Figure 3.1C. The peak on the left represen¢sdihydrogen phosphate anidh;PO;, and the
peak on the right represents the dihydrogen arsearabn,H,AsO;. The location oH,PO; at an
earlier elution time corresponds to higher coulderfpressure and larger electrophoretic velocity
(Vep) When compared to the later-elutiigAsO;. When the samples are progressively diluted and
the analyte concentration decreases, the GEMBElsigrreases as well. Under these conditions,
the LOD for H,AsO; is approximately 12imol/L (signal-to-noise ratio equal to 3, see ins®et
Figure 3.1B).

For the second set of experiments, the samples wepared by dilution with DI water
instead of run buffer. In this case, as the samplere progressively diluted, the concentrations of
both the analyte ions and the buffer ions in eachme were reduced. The concentration of the run
buffer used to fill the buffer reservoir and caguilt was left constant, resulting in field amplitice
during the separation. Consequently, with thegégetl samples, an interface is formed between the
high-conductivity run buffer and the lower-conduitif sample solution. Figure 3.2A is a plot of the
time derivative of the current as a function of @iffor the samples prepared by dilution with DI

water. The raw data are included in Figure 3.2C.
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Figure 3.2: GEMBE for samples with a serial 2-fold dilution 8®0uM NaH,PO, (left peak), 50-
uM Na,HAsO, (right peak). The start pressure was 36,000 Ré tlze pressure ramp rate was —-50
Pa/s. Salts were dissolved in run buffer, and idihg were performed with DI water so that the
sample conductivity was progressively reduced iragathe run-buffer conductivity. (A) Dilution
factor increases from bottom to top: 1x to 32xnakdated in (C). In contrast to the data preseirted
Figure 3.1, as the analyte concentration is pragrely decreased at larger dilution factors, tlymal
increases. (B) The solid line represents the resydected if concentration enhancement were due
only to a normal (nonfocusing) stacking mechani3ime line was calculated using the following
equation: (step height at dilution factor 1)x(coaihity ratio)/(dilution factor). The expected rdsu
decreases slightly as the dilution factor is insegabecause both the analytdsRO; andH,AsO0j})
and the buffer ionspfalanine and chloride) are being diluted and bezahe buffer conductivity
decreases nonlinearly with dilution. A comparisoithwthe GEMBE data shows the signal
enhancement using GEMBE-FACSI. (C) Raw current fametion of time data. Step identities are
the same as those in Figure 3.1.

As the samples were progressively diluted, thentesl signals actually increased. This trend
holds until the samples were diluted between 16- 3fold, at which point the conductivity of the

diluted sample buffer stopped decreasing. Thel $ioke in Figure 3.2B represents the result expkcte
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if concentration enhancement were due only to anabfnonfocusing) stacking mechanism, with the
dilution of analyte to lower concentration approgiely balanced by concentration enhancement
(equal to conductivity ratio) from stacking. Thanductivities of samples diluted with DI water were
obtained by measuring a series of samples prepdesdically to those used for analysis, except
H,PO; andH,AsO; were not included. These values were used tardete the conductivity ratio

of diluted samples to run buffer. To calculate #hgnal expected from normal stacking, the 1x
(undiluted) step height was divided by the dilutfantor and multiplied by the conductivity ratié
comparison of this expected result and the GEMBJegrental data shows the much larger signal

enhancement achieved using the FACSI mechanisreriegshere.

= Conductivity of run buffer diluted with tap water
—— 2nd-order polynomial fit of tap-water conductigsi
e Conductivity of run buffer diluted with DI water

109 ond-order polynomial fit of DI water conductivisie
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O
7))
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=
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Figure 3.3: Logarithmic plot of conductivity as a function ofir buffer concentration. The
conductivities of run buffer diluted with tap (redhd DI (blue) water begin to diverge around a
dilution factor of 10.

36



A 1.5- B 1.60
L ¢
1.40 3
10 1.20
. . 1.00 R
Z .
Q) £ 0804
:(5 05 f:, 0.60 1
o £ 0.40- ‘
= € 020
0.0 » 1 o :3
0.00 o’
02048
-0.54 -0.40 T T T T T T
0 o 10 1m0 o 2o 0 100 200 300 400 500
time (s) Concentration (nmol/L)
C
-6680 2 umol/L [HyPO4]", 500 nmol/L [HyAsO4]”
6650 J 2 umol/L [HyPO,]", 200 nmol/L [HyASO 4]
> —— 2 pmol/L [HyPO,4]™, 100 nmol/L [HyAsO4]”
g -6700 -
S 710- 2 umol/L [HoPO,] ", 50 nmol/L [HyASO ]
5 1 - -
O 47204 ——— 2 pmol/L [HyPO4]™, 20 nmol/L [H,AsO 4]
-6730 4 —— 2 pmol/L [HyPO,4]™, 0 nmol/L [HyAsOy]
-6740 T T T T T T T T T 1
0 50 100 150 200 250
time (s)

Figure 3.4: FACSI-GEMBE data with sample buffer diluted 10xtfwDI water) relative to the run
buffer. Samples were analyzed in triplicate. $teet pressure was 38,000 Pa, and the pressure ramp
rate was —50 Pa/s. (A) Time derivative of the coirees a function of time. THé,PO, (left peak) is

held constant at gmol/L, andH,AsO} concentration (right peak) decreases from top ttoba 500,

200, 100, 50, 20, 10, 0 nmol/L as indicated in ((B) Step height (equal to peak area from panel A)
vs concentration. The LOD fdi,AsO} is reduced approximately 80-fold from fghol/L (Figure

3.1) to 150 nmol/L. The dotted line representsadr fit to all data points. (C) Raw current as a
function of time data. Step identities are the s@® those in Figure 3.1.

To determine the LOD of GEMBE with FACSI, a sertdssamples was prepared in a buffer
diluted 10x with DI water relative to the run buffeA dilution factor of 10x (conductivity ratio =
approximately 6.52) was chosen because it was th&inmum dilution factor at which the
conductivity of buffer diluted with tap water wasndar to that of buffer diluted with DI water

(Figure 3.3). This condition ensures that the catigity of the sample will be determined primarily
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by the diluted buffer ions and not by other ionegent in a sample matrix (such as well water, pond
water, or tap water). These samples, shown inr€igu}, were prepared in run buffer at an analyte
concentration 10x higher than desired and they wikem diluted with DI water to the final
concentration. The findl,P0O; concentration was held constant atrfol/L, and the finaH,AsOy
concentration was varied from 0 to 500 nmol/L. édhat, for this LOD determination, the
concentration of buffer ions in the samples wasl lteinstant, so the signal decreases as the analyte
concentration decreases. The LOD for FACSI-GEMBHE WI water was determined from the
H,AsO; signal to be approximately 150 nmol/L. Implemegtithe FACSI concentration
enhancement method, we have achieved an 80x reduictithe LOD as compared to GEMBE

without FACSI concentration enhancement (LOD =ufl/L).
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Figure 3.5: FACSI-GEMBE data for a series of samples preparnéud Qvparts tap water, 1 part run
buffer, with NaH,PO, and Na,HAsO, spiked in to give the desired fin&l,PO; and H,AsO}
concentrations. The start pressure was 45,00@mhthe pressure ramp rate was —-50 Pa/s. (A)
H,AsO; step height vs concentration. The LOD HyAsO; is reduced approximately 60-fold from
12 umol/L (Figure 3.2) to 200 nmol/L. The dotted lirepresents a linear fit to all data points. (B)

Raw current as a function of time data. The lgrgak around 150 seconds represents an unknown
species in the tap-water samplék,PO; elutes at approximately 250 seconds, followedh&sOy .

FACSI-GEMBE was then implemented to detdd}AsO, in drinking (tap) water
(Figure 3.5). The samples were composed of 9 paptsvater and 1 part run buffer wiNaH,PO,
andNa,HAsO, spiked in to give the desired finH,LPO,; andH,AsO, concentrations and a buffer

ion concentration that was approximately 10x loimeghe sample than in the run buffer. The
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conductivity ratio for this set of measurements w&pproximately 5.93. Unspiked tap water showed
a peak coeluting witll,PO; (expected since phosphate anions are often faurlimking water).
Due to the relatively small size of this, PO, peak, 2umol/L additionalNaH,PO, was spiked into
the samples to give l&,P0; interference concentration comparable to that domnthe natural/well
water samples, as described by Kulearal and Nguyeret al.>*®® With tap water samples, there
was also an additional (unknown) species with atial time similar to that of,PO; andH,AsO;
mentioned in Chapter 2. Baseline resolution oftlalée speciesH,PO;, H,AsO,, and unknown)
was possible at the pH used here (3.2); at pH &tt@bresolution between th, PO, andH,AsO;
peaks was obtained, but at this lower pH the unknspecies found in the tap water coeluted with
H,AsO; (Chapter 2, Figure 2.10).

The LOD for FACSI-GEMBE with tap water samples veggproximately 200 nmol/L, as
determined from thél,AsO; signal, corresponding to a 60x improvement inli®® over GEMBE
without FACSI (Figure 3.1). A previously describatethod for portable CE analysis of multiple
arsenic species achieved a similar LOD (150 nmplis)ng a large-volume hydrodynamic injection
method. As a comparison to environmentally reléeamcentrations of arsenic, the FACSI-GEMBE
LOD for H,AsO} is approximately 0.028 mg/L which is on the saméeo of magnitude as the
maximum contaminant limit established for total emis by the United States Environmental

Protection Agency and the guideline value set ey \World Health Organization, 0.01 mg/L (10

ppb).
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Figure 3.6: Step height (nA) for FACSI-GEMBE plotted vs holdhé (s) for a 1M NaH, PO, and
5-uM Na,HAsO, sample that has been diluted 10x from an origo@icentration of 10QM
NaH,PO, (left plot) and 50tM Na,HAsO, (right plot). The start pressure was 53,000 Ad, the
pressure ramp rate was —50 Pa/s. HhRO, step height is shown in panel A, and thgAsO, step
height is shown in panel B. Hold time refers te mount of time the start pressure was applied
before beginning the pressure ramp. Both anabfesv an increased step height with longer hold
times, suggesting that concentration enhancematcisrring before the analyte enters the capillary
and can be increased with a longer focusing time.

Finally, as a probe of the possible mechanismneixplained large sensitivity improvement,
we performed FACSI-GEMBE analyses of al@-NaH,P0O, and 5uM Na,HAsO, sample that
was diluted 10x from an original concentration d04M NaH,PO, (left plot) and 50:M
Na,HAsO, (right plot). Three separations of the same samre performed (each in triplicate), the
only difference being the hold time; the time ttieg start pressure was applied before beginning to

decrease the pressure. As indicated in Figureh®l@, times of 5, 20, and 40 s were used. As the

hold time increases, the step height increasdsdibr analytes in the sample.

3.4 Discussion

The results presented in this chapter are inctamgisvith the expectations for a simple field-
amplified stacking method. The large observed sgiigi enhancement is likely related to the

difference in the way analyte ions are introduged the capillary with the GEMBE method as
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compared with conventional capillary electrophasasiethods. The data that are presented support
the existence of a solution boundary that remaintside of the separation capillary, which allows
analytes to be stacked sequentially and introdudedhe capillary for detection.

With conventional CE with field-amplified sampleasking (with only a conductivity difference
across the boundary), the analyte ions are injaotedhe capillary at the beginning of the separat
as a defined plug and the field-amplified stackowgurs at a buffer interface that is inside the
capillary. The upper limit on concentration enhaneat is then easily derived based on the
conservation of electrophoresis current on eitlide ®f the interfacd In this case (with the
interface inside the capillary), application of@dusion counterflow (either electroosmotic, pregsur
driven, or a combination of both) will cause thdenface to move with the velocity of the
counterflow, such that the concentration enhancénfesm stacking is unchanged by the
counterflow.

With FACSI-GEMBE, however, the sample solutionlet in contact with the capillary
entrance throughout the course of the separatiahttee counterflow is used to determine when each
analyte is able to enter the capillary. Analytesiamne electrophoretically pulled into the capillanty
when the counterflow is reduced to a velocity @esthe capillary) less than the electrophoretic
velocity of each analyte. With field amplificatiotihe low- and high-conductivity buffers differ only
in concentration, and not in composition. Consetlyethe buffer interface moves like an object
with zero electrophoretic velocity, and with a ctarfiow, it never enters the capillary. In this eas
field amplification occurs only in the sample spacéside the capillary.

Another recently described method, termed elebtogtic exclusioff>®%is in some ways
similar to the one described here in that analgesfocused at the entrance to a capillary and a

counterflow is used to control when the analytasretie capillary. In that method, however, the
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focusing mechanism is clear since an electrodegblah the entrance end of the capillary is used to
create a sharp electric-field gradient for focusMgth this method, enhancements of 40- and 1200-
fold were reported for small dye molecules and ginst, respectively.

It is likely that, because the GEMBE sample spadarge (approximately 3 mm) compared
with the inner diameter of the capillary (#n), analyte ions in the sample far from the capjilla
entrance will not be affected by the counterflovawéver, because of field amplification, they will
be drawn toward the capillary entrance even wherctunterflow velocity is too large to allow them
to enter the capillary. Analyte ions then focus andumulate at the interface until the counterfisw
reduced sufficiently, at which time they enter tagillary at a greatly increased concentrationsThi
explanation requires that the buffer interface nemaear the capillary entrance and not expand
outward from the entrance in spite of the contirmufiaw of higher concentration buffer exiting the
capillary. Although we do not yet have a detaileddel, in previous work, fluorescence microscopy
of the region near the capillary entrance for TGEhWACSF? indicated that the interface is stable
on the time scales of a TGF or GEMBE separatiom #rat the analyte molecules do indeed
accumulate near the entrance. Additionally, thipdtlgesis is supported by the observed increase in
step height shown in Figure 3.6. When a counterfl@iocity greater than the electrophoretic
velocity of all analytes is applied for longer tispghe step height for a given analyte concentatio
increases. This behavior suggests that analytelseang focused at the entrance of the capillarg, an
greater signal enhancement can be achieved withget focusing time.

Presumably, the required stabilization of the éufhterface occurs as a consequence of the
different transport regimes in the experiment. le tapillary and near its entrance, transport is
dominated by convection and electrophoresis. Insdraple space far from the entrance, transport is

dominated by diffusion (or some similar, essentiedindom mixing process). Modeling results for
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this experimental system could be helpful in clanfj the exact mechanism. However, reliable
modeling of the system, with (possibly moving) coaility gradients in a geometry that spans
orders of magnitude in feature size, is not easy.

If the above proposed focusing mechanism (or sloimgtike it) is correct, then the technique
described here may be more similar to the condiictyradient focusing method developed by
Greenlee and Ivofy and by Wang et & in which a buffer ion concentration gradient isnied by
flowing the separation buffer through a hollow ggs$ fiber or tube of dialysis membrane, while
rinsing the outside of the tube or fiber with a &svconcentration buffer. Proteins can be focused on
the resulting conductivity gradient inside the filw tube. In particular, the results described by
Wang et al. for which there was a sharp conceotragradient near one end of the dialysis fiber
might be relevant for a more complete understandirige results described here.

Other possible explanations of the greater thgpeebed sensitivity enhancement include
effects from pH and K, shifts resulting from the difference in ionic stgeh between the sample and
run buffer and effects due to Joule-heating-indueetperature gradients. Calculation of the slifts
dissociation constants due to ionic strength chefigedicate that, to first order, the shift of the
pK, of the analytes and the shift of pH of the bufBmiution are expected to be the same.
Consequently, the charge state and electropharetislity of the analyte ions are expected to remain
approximately constant as the ions move acrosbdbhedary from low to high concentration.

From measurements of the nonlinearity of the ed@tioresis current as a function of voltage,
the temperature increase in the capillary is eséthto be 6.2 °C relative to the sample solutidmnsT
temperature gradient could, in principle, give risevelocity differences as the analyte ions move
from the cool sample buffer to the warmer run huffeside the capillary. However, this velocity

difference is expected to be small, as the effeota temperature-dependent viscosity exactly cancel
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Consequently, either the mobility of the buffersoor the mobility of the analyte ion (or both) must
have a temperature dependence different from thattd viscosity changé$. Using data for the
relative mobilities andig:s (and their temperature dependence) of the bigffer 3-alanine) and the
analyte ions if,P0;),%® the estimated change in analyte velocity due éotémperature gradient is
approximately 3%. In addition to being much too Brteaaccount for the results reported here, this
effect is in the wrong direction; the estimate aades that thél,PO; ions should speed up and de-

stack slightly as a result of the Joule heatinga§.

3.5 Conclusion

Further work on FACSI-GEMBE should include effottsdevelop a detailed understanding
of the underlying mechanism for the observed higbrde of sensitivity enhancement, to image the
entrance of the capillary, to apply FACSI for sémgy enhancement with other variants of GEMBE,
and also to see if it can be implemented as a ngetion mode with conventional CE. The next
chapter discusses a method of fabrication thatigesvan avenue for the design of separation
channels shorter than those currently attainabile thie method of fabrication discussed above, with

the goal of reducing the time required for a sefiama
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Chapter 4. MAP fabrication of structures with cilarucross-sections

4.1 Introduction

This chapter focuses on multiphoton absorptionitdpplication to the fabrication of micro-
structures. The emphasis will be on the fabricatibstructures with non-rectangular, 3-dimensional

cross-sections that can be used as molds to matkefhaidic structures.

4.2 Multiphoton absorption (MPA)

Multiphoton absorption (MPA) is a non-linear oligprocess in which a transition is driven
by the simultaneous absorption ofphotons (wheren > 2). Figure 4.1 shows single-photon
absorption (blue arrow) and two-photon absorptioed (arrows). In a single-photon process, a
molecule is excited from the ground state) (® an excited state {Sby the absorption of one
photon. This single photon must have an energlyishaqual to the energy difference between the
ground and excited states. In a multiphoton pre®¢eeo-photon in Figure 4.1), a molecule is excited
by the simultaneous absorption of two or more ph®toln this case, the sum of the energies of the
photons must be equal to the energy differencedmivthe ground and excited states.

In Figure 4.1, a two-photon process is depicted @rrows) in which the two photons have
the same energny). It is also possible for photons with differeamergies to cause excitation, as
long as their combined energy is equal to the gngap between the ground and excited states. The
state labeled “virtual state” in Figure 4.1 is aoteal state, so if a second photon is not present,
excitation will occur. Because simultaneous absonps required, the probability of the occurrence

of a multiphoton absorption event is proportiorathe intensity of the incoming light to the power
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of the number of photons absorbed, In the case of single-photon excitation= 1, so the

probability of this event is proportional to thednsity of incident light.

S,

N IF

hv,

hy, = =\~ — Virtual state

hv,

So

Figure 4.1: A simplified Jablonski diagram showing one-photdsorption (with photon energy
hv,) with a blue arrow and two-photon absorption (wgifioton energyw,) with two red arrows.
Both absorption processes drive a transition frbenground state (pHto the first excited state {5
Two-photon absorption requires that the two photmmsibsorbed simultaneously. In this case=
7 hV]_.

To improve the probability of two-photon absorptidypically ultrafast lasers are directed
through a microscope objective. Ultrafast lasgesused because they deliver high intensity pulses
(with picosecond to femtosecond durations) and irega lower average power than using a high
intensity, continuous-wave source. When an w@siaflaser is focused through a microscope
objective, the intensity will only be high enoughdause MPA near the focal point of the laser beam.
As a comparison, the cases of single- and two-phetaitation in a fluorescent dye are shown in
Figure 4.2. Laser beams of two different wavelbagire focused in a fluorescent dye solution: on
the left, a 380-nm laser beam and on the right @it laser beam. Single-photon excitation is
observed through the entire cross-section of thestéel (bottom), whereas multiphoton excitation
only occurs in a small region at the focal poipft The size of this region depends on the laser

power and magnification of the microscope objecbue is usually less than 1 pum wide and greater

than 1 um tall (with an aspect ratio of 1:2 or ¢gea The ability to achieve localized excitation
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within a photosensitive material as show Figure 4.2 is a result of twohoton absorption beir

dependent on the square of the laser intel

=W 760nm,2001s

Figure 4.2: Single-photon and twphoton absorption in a fluorescent dye. On thie #efaser bear
of wavelength 380nm is focused and on the riclaser beam of wavelength 760nm is focused ir
fluorescent dye. Singlphoton excitation occurs throughout the c-sectional volume of th
cuvette, whereas multiphoton excitation only occursa small volume at the focal point of 1
microscope objdive. The difference in these two cases is dueh® linear and nclinear
dependence on intensity in the sir-photon and twghoton cases, respectivel\adapted from
http://chemistry.cos.ucf.edu/belfield/photophy)

The nonlinear dependence ontensity allows MPA to occur within a volume
photosensitive material without exposing the entimume along the path of the laser beam.
characteristic of MPA can provide many advantages singl-photon excitation in areas such
spectroscopyimaging, and fabricatic.°®’? The focus of the following sections is on the apaion

of multiphoton absorption to the fabrication of naistructure:

4.3 Multiphoton absorption polymerization (M£

The unique ability of MPA to control excitation three dimensions has been exploite

fabricate microstructures with arbitrary geomettlest are not easily accessible taditional
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lithographic method§®"® This technique was first introduced in 1997 byM&ruoet al’® and has
since been termed multiphoton absorption polymédra(MAP)?*® The MAP method of
fabrication has been demonstrated to have thetyakdlicreate complex structures that incorporate

features such as coils, large overhangs, and amnpitross-sections (Figure 4.3).

bedll

Figure 4.3: Representative structures fabricated with MAP) ifgerlocking coils, (b) a cantilever
with a large overhang, and (c) molded structurek warious cross-sectional geometfig& 3"

Fabrication with MAP is typically performed in aigtosensitive material called a photoresist,
which contains monomers and a photoinitiator. Phetoinitiator is excited by an ultrafast, pulsed
laser focused through a microscope objective, haghhotoresist or the laser beam is translateldein t
X, ¥, andz directions to draw cross-linked polymer structungthin the photoresist. The following
sections will discuss the composition of a photisteend the sample preparation required to faleicat
structures successfully, as well as structuresidated with MAP that can be used to create

microfluidic devices.

4.3.1Photoresist: composition and preparation

There are two main types of photoresist, positoree and negative-tone. In both cases, the

photoresist undergoes a change when the mategapssed to light. In a positive-tone photoresist,
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the material becomes more soluble in the photdrdsigeloper after exposure whereas in a negative-
tone photoresist, the exposed area becomes insoinkthe photoresist developer after exposure.
Negative-tone photoresists are most commonly usedAP fabrication. These photoresists can be
liquid (e.g., acrylate monomers) or solid (e.g.-®Wuring fabrication. Water-based photoresists f

the fabrication of biologically compatible struatarhave also been developéd.

One facet of suitability of photoinitiators for MAs often classified by the two-photon cross-

section  §) of the molecule, which is  expressed as Equation.1. 4

— = —6Ng(p2 Equation 4.1

The units ford are Goppert-Mayer (GM), named after the Nobel kate physicist who first
predicted two-photon excitation. In Sl units, 1 GM0°® m’s photoit. The photon flux, or number
of photons per unit area and time, is represenyegd, bly is the number of molecules in the ground
state, ana is the direction of propagation. As an example,ghotoinitiator that will be discussed in
the following sections, Lucirin TPO-L (Figure 4.4gs a two-photon cross-section of approximately

0.1 GM at 800 nm®
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Figure 4.4: Ethyl 2, 4, 6-trimethylbenzoylphenylphosphinateugltin TPO-L, photoinitiator).
Structure (left), linear absorption spectrum and-photon absorption cross-section spectrum
(right).”®

The other component of a negative-tone photoresighe monomer (or monomers). The
majority of the work contained in this document weesformed using a negative-tone photoresist
composed of a combination of acrylate monomers showrigure 4.5. The most common mixture
was SR-499 and SR-368, which is liquid during fedtion. To prepare a typical photoresist (also
called a resin), 3% (by weight) TPO-L photoinitiates combined with SR-499 and SR-368
monomers mixed in a 1:1 weight percent ratio. tFlracirin TPO-L (0.1 to 0.2 g) is measured in a
glass vial. The mass of monomers needed is cadculatbm the photoinitiator mass (a sample
calculation can be found in the Appendix, A.9), &nel desired amount of each monomer is added to
the same glass vial. In the case of monomersatgatolid or have viscosities that make transfer
difficult, the entire bottle of monomer is heatedai 95°C oven for 15 to 30 minutes to liquefy it@r
decrease the viscosity. A batch of resin has arhasveen 3 and 6 grams and can be used for a few
months. Eventually the resin begins to crystalletewhich point it must be discarded. After dil o

the components are combined in a glass vial, theyaated for approximately 1 minute at 95°C and

mixed on an inverting mixer overnight. Heatinghecessary to decrease the viscosity of the resin
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and to ensure that the mixture is homogeneous.steoage, the glass vial is covered with alumir
foil to keep stray light from reaching the resirdazausing undesired polymerization. Before €
use, the vial of resin is heated fpproximately 1 minute at 95°C and centrifuged2-5 minutes to

remove bubbles.
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Figure 4.5: Components of a negat-tone photoresist (resin). The resin used here&jlyi contains
Lucirin TPO-L (Figure 4.3), SB68 and either S-399 or SR-499. Left to righDiapentaerylthrito
pentaacrylate (SB99, monomer), tris -hydroxyethyl) isocuanurate triacrylate (-368, monomer),
ethoxylated (6) trimethylolpropane triacrylate +499, monomer). Structures  frc
www.sartomer.com.

In some cases, a negativee photoresist that is solid during fabricati@n de used wit
MAP. When a solid photoresist, such as-8, is used with MAP the photoresist is prepe
similarly, by mixing the photoinitiator and monomf full description of the components his
resin is included in the AppendiR.7). In the case of S8; fluorescent dye (rhodamine) is adde:

the photoresist to provide a way to navigate withmphotoresist during fabricati. The reason for

this addition is discussed further in the ,endix (A.7).

4.3.2 Sample preparation

When a liquid photoresist, such as the acrylaten réiscussed above, is used for MAP
photoresist is sandwiched between two coversligsraaunted n a microscope slide (Figure ).
To promote adhesion of timwlymerized structures to the glass coverslip, afrtbe coverslips is firs

functionalized with acrylate groups using-acryloxypropyl trimethoxysilane (Gelest In
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Morrisville, PA). In Figure 4.6, the coverslip athed to the microscope slide is the functionalized

coverslip. See the Appendix (A.10) for functiozation procedure.

Tape Resin B Tape ;sin
Cover slip Microscope slide Cover slip Microscope slide

Figure 4.6: (A) Preparation of an acrylate resin sample for MAPriéation. A drop of liquid
acrylate resin (pink) is sandwiched between twoecslips (dark blue) using tape (tan) to define the
space between them. Typically the coverslip tapedthe microscope slide (light blue) is
functionalized with acrylate groups before fabrigatto promote adhesion between the surface and
the polymerized resin. (B) Preparation of a sangblsolid SU-8 resin. A drop of resin is spin-
coated on a functionalized glass cover slip andddp a microscope slide. The resin is prebaked to
solidify it before fabrication. The microscopeddliis used to mount the sample onto a microscope
stage to allow fabrication by a focused laser bedfier fabrication, the sample is post-baked and
the unexposed resin is dissolved leaving a polystrecture.

A prepared sample is mounted on a microscope $tigmissed in the following section), and
the stage is translated so that the laser beaotiséd within the resin. Many of the photoinitrato
used with MPA, including Lucirin TPO-L, are radigahotoinitiators. When a photoinitiator (P) of
this type is exposed to a high intensity of lighthaphotons of the correct energy to cause MPA, a
radical polymerization reaction is initiated withiine photoresist. Radical polymerization involves
three primary steps: initiation, propagation, aedmination (Figure 4.7). Initiation involves the
creation of a radical (Re) through MPA. Propagatiminthe radicals causes crosslinking of the

monomers (M). Termination of the propagation osauhen two nearby radicals combine.
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Figure 4.7: Radical polymerization steps. (@) Initiation. Hation of the photoinitiator (P) creates
two radicals (R ¢) (in the case of TPO-L). (bppagation. The acrylate monomers (M) form a
highly crosslinked polymer network during the prgaton step. (c) Termination. Two radicals
combine to prevent the reaction from continuing.

To fabricate a structure via radical polymerizatithe sample is mounted on a microscope
stage and the stage is translated inxthge andz dimensions to move the sample surface to the focal
region of the laser beam. The following sectioscdsses the different sample orientations and the

fabrication process.

4.3.3 Experimental set-up and fabrication

Photoresist samples are prepared as describedtjumeF4.6 above and are mounted on a
microscope stage that is controlled in three dinogissby a LabView program. There are two
sample orientations used for fabrication: inveréed upright. In Figure 4.8, the inverted set-up is
depicted. This orientation is typically used witighh magnifications (100x oil-immersion objective),
relatively low powers (10- to 30-mW) and low speé@8- to 50-um/s). In the inverted case, the
sample is mounted with the coverslip facing dowrthso that the focused laser beam passes through

an unfunctionalized coverslip before reaching tesir. With this geometry, the microscope
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objective is translated up to move the focal pointhe laser beam into the resin. Before beginning
fabrication in an acrylate resin, the interfacewssn the resin and the acrylate-functionalized
coverslip is identified by observing fabrication @€CD screen. Observation is possible because the
refractive index of the polymerized resin is diéfiet than that of the unpolymerized resin. Once the
interface between the acrylate-functionalized gks$ace and the resin is identified, fabricatien i
typically started slightly above this interfacenake sure that the structures will be anchoredhéo t
glass. If structures are fabricated without beattgched to the substrate, they will be washed away

during the development step.

Ti:Sapph Laser
800 nm
200 fs

Figure 4.8: The inverted microscope orientation. A samplenisunted with the coverslip facing
downward so that the microscope objective mustdiestated up to situate the focal point of therlase
beam in the resin. After the microscope objectsvenanually translated in the dimension, the
microscope stage (and therefore the sample) islatd in thex, y, andz dimensions to fabricate
structures while the laser focal point is statignafypical fabrication speeds are 20 to 50 pns, a
typical fabrication powers are 10 to 30 mW.
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With the inverted orientation, after the microseopbjective is first translated in the
dimension to position the focal point of the laseam at the resin/functionalized cover-slip integfa
a LabView program reads a text file containkyg, andz coordinates. These coordinates are used to
translate the microscope stage (and thereforeahwlg) in thex, y, andz dimensions to fabricate
polymer structures, while the laser focal poinhéd stationary. Instructions for writing programs

for the inverted microscope set-up are includetheAppendix (A.11.1).

Ti:Sapph Laser
800 nm
200 fs

Figure 4.9: The upright microscope set-up. In this orientatithe sample is mounted in the opposite
orientation as for the inverted microscope. Theigip orientation is typically used with lower-
magnification objectives, and is fitted with a statat allows fabrication at velocities of up to 1
cm/s. At such velocities, larger structures cafabecated in a relatively small amount of timghe
typical fabrication speed is 5,000 um/s and typiabfication powers are 180 to 220 mW.

The upright orientation, depicted in Figure 49 typically employed for the fabrication of
larger structures (approximately 0.5- to 1-cm ing). This microscope is typically used with

lower-magnification objectives (10x or 20x%), higlp@wers (180- to 220-mW), and higher speeds
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(up to 1 cm/s). At lower magnifications and higlsgreeds, larger structures (0.5-to 1-cm-long
channels) can be fabricated in a few hours, theegame it would take to fabricate structures 18@o
times smaller with the inverted orientation. Theiméacrylate-functionalized cover slip interface is
located by visualizing the sample using a CCD camas with the inverted set-up, and fabrication is
achieved by translating the microscope stage (hatktore sample) in the y, andz dimensions.
The main difference between these two orientatisribat in the case of the upright orientation, the

stage, instead of the microscope objective, issteddd upward to locate the interface initially.

4.3.4 Laser table and optics

For the fabrication discussed above, a Ti:Sapphirafast pulsed laser is tuned to 800 nm,
mode-locked, and directed through a series of sptiche microscope, as shown in Figures 4.10 and
4.11. Figures 4.10 and 4.11 are schematics obftieal elements that are movable and can be
adjusted to align the laser beam into the microscoprhe Appendix (A.8) includes detailed
information describing laser alignment procedurepasated into those performed before each

experiment and those performed less often (as de@dapproximately 1- to 3-month intervals).
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Figure 4.10: The beam path from the Mira cavity to the inveértaicroscope. A diagram of the
inverted microscope is included in Figure 4.7. ulnsnary of the alignment procedure is included in
the Appendix (A.8).
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Figure 4.11: The beam path from the Mira cavity to the uprighitroscope. A diagram of the
upright microscope is included in Figure 4.8. Ansoary of the alignment procedure is included in
the Appendix (A.8).

4.4 Microfluidic devices: fabrication and molding

Structures fabricated with MAP for replication aederred to as “master structures”. Master
structures can typically be replicated several siteough a molding process depicted in Figure.4.12
After a structure is fabricated, unpolymerized masiwashed away by rinsing for three minutes each
in two beakers of dimethylformamide (DMF) and tweakers of ethanol (EtOH). In this context,
rinsing involves placing the functionalized covgrstructure-side-down (leaning on the side of the

beaker) in a 30 ml beaker filled with approximat2/ml of solvent. The structure is then rinsed fo
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one minute in hexane and dried in a 95°C oven t&umnpolymerization throughout the entire
structure. This process is referred to as “devakq” in the following sections.

After development, the master structure is exacthimeder an optical microscope to make
sure that no part of the structure has been damargedshed away during the development process.
When a master structure has been developed ancnilete to be intact and ready for molding, it is
either molded directly with PDMS, or a coating m@ss can be performed to prevent the elastomeric
molding material from sticking to the acrylate stire. The two methods of anti-stick coating
application that are commonly employed are solutioating, which aims to create a covalent bond
between unreacted acrylate molecules on the sudhtiee master structure, and vacuum coating,
which deposits a layer of anti-stick coating on &méire surface of the master structure by plading
in a desiccator with a small volume (< 1 mL) ofilarse solution and evacuating the desiccator. The
details of these procedures are included in theeAgix (A.12). The desiccator method of coating
has been determined to work better when molding RDMS. It is crucial that the master structure
is not left in the desiccator with the silane sialntfor longer than 30 minutes, to prevent too much
material from being deposited on the surface, as-deposition inhibits the curing process of the

PDMS.
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Figure 4.12: (A) After a structure is fabricated by MAP (left)is developed to remove unexposed
resin (center), and treated by either baking ottiega In the case of microfluidics, baking and

coating steps are performed to condition the mastacture for use as a mold. (B) PDMS is mixed,
degassed, poured on top of a master structurehaket at 95°C for 1 hour to polymerize. The cured
PDMS is peeled away from the glass coverslip, andidin the shape of the acrylate structure is lef
in the cured PDMS.
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A master structure that is ready to be moldedtigted in a foil boat (Figure 4.12, foil boat
not pictured) or other vessel to contain the majdmaterial. The PDMS molding material is
prepared in a 10:1 by weight ratio of monomer tonguagent, and is degassed by placing it inside a
desiccator and attaching the desiccator to a vadinen The degassed PDMS is poured over the
master structure, being careful to avoid captudimgpubbles in the PDMS, and baked at 60 to 90°C
for 30- to 120-minutes. The baking temperature aam& depend on the thickness of the PDMS
layer. Typically a 4-mm-thick layer is baked at°@0for 1 hour. After baking, the PDMS is
carefully peeled off of the glass coverslip. Thaster structure and PDMS mold are then examined
under an optical microscope. Occasionally, somespd the master structure will be peeled off of
the glass coverslip and will stick in the PDMS maldmaging the master structure. However, the
acrylate pieces can be removed from the mold wittezers. A replica of the master structure can be
created for SEM imaging by dropping resin on theVDmold and using a UV light source to
polymerize the resin. This process will be disedsirther below.

To fabricate master structures that can be motdedteate functional microfluidic devices,
multiple fabrication steps and/or fabrication pangs may be combined to achieve a set of channels
with the desired connectivity and dimensions. Igufeé 4.13, SEM images of representative
microfluidic master structures are shown. To aadlrttre width and height of the fabricated structure
the number of fabricated lines in the vertical dnwdizontal direction is adjusted. For example, to
fabricate a channel with a square cross sectione timees would be fabricated in tig plane than in
thez dimension to compensate for the oblong shapeeofahrication voxel. Similar considerations
can be given to fabricate channels of various csessions, such as those shown in Figure 4.14. It
has been demonstrated that channels with arbitrags sections can be fabricated (with MAP) and

molded with PDMS to create microfluidic channelatthave the potential to be used to study flow
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profiles of fluid, create differential mixing zoneand mimic the flow environment in capillary

environment<?®

Figure 4.13: SEM images of representative master structuresctibd with MAP for use as molds
to create microfluidic devices.

In the case of structures fabricated with the gigrimicroscope, the length of a structure is
determined by specifying the fabrication speed #r amount of time the shutter is open and
allowing the laser to come into contact with theofoinesist. When a program is written, the
coordinates specify the fabrication distance, amel fabrication time entered into the LabView
program is determined based on the fabricationdspeEhe high speed typically used for larger-
channel master structures requires a certain anudatceleration time before the stage is moving at
the desired velocity. This amount of time is immated into the total fabrication distance.
However, the laser shutter remains closed durirgglacation so that no polymer is created. A
typical acceleration time for a fabrication velgodf 5,000 pum/s is 350 ms, which corresponds to a
distance of 1000 um added to the total fabricatiistance. These values are experimentally
determined for each fabrication speed. If the lecaBon time and distance of the stage are not
considered, the dimensions of a fabricated stractwe likely to be different than what is expected
based on the coordinates written in the fabricatiext file. For example, if the stage has not

accelerated to the maximum velocity when fabricabegins, the total distance the stage travels in a
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given amount of time will be smaller than expectethis phenomenon can be a problem when

corners or intersections are being fabricated (gtam Figure 4.13).

a» & 2

Figure 4.14: Various structures fabricated with the inveneidroscope: (A) channels with circular
cross-sections (with membranes) and (B) cell traps.

Creating channels with smaller cross sections (gh®) requires a higher-magnification
objective (100x oil immersion objective) and slovegreed. Circular structures of 5 to 10 um in
diameter (Figure 4.14) can be fabricated with MA#hg a LabView program (elliptical block) that
compensates for the oblong shape of the voxels program fabricates layers with different widths
in thexy plane to create a circular shape. Further detéilsis program are included in the Appendix
(A.13). Figure 4.14 includes an SEM image of adttire that resembles an inverted cone that was
developed to be molded o create a cell trap. Cetletrap would allow the interaction between two
cells to be investigated through the PDMS moldingterial. This structure is also circular, but
instead of layers, concentric circles are fabridatethexy plane. These two structures demonstrate

the ability to use MAP to fabricate structures watitular cross-sections in different planes.
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After a master structure has been successfullyedoivith PDMS, it can be used to create
replicas of the master structure (Figure 4.15A),tatan be sealed to create closed microfluidic
channels (Figure 4.15B). In Figure 4.15A, a schéoneeplication of a mold is shown. A drop of
the same acrylate resin used for MAP fabricatioplaéced on the PDMS mold, and an acrylate-
functionalized coverslip is pressed onto the tdyext, the PDMS mold and acrylate-functionalized
coverslip sandwich is placed under a UV light seufBLAK-RAY 365 nm long wave-UV-lamp,
100 W, Upland, CA) for 40 seconds to 2 minutes atymerize the resin. The use of an acrylate-
functionalized coverslip ensures adhesion of théyrperized resin to the coverslip. After
polymerization, the coverslip is peeled away frdra PDMS mold, and examined under an optical
microscope to confirm successful replication. Resl of microfluidic-channel master structures are
typically used for SEM imaging to gain informatiabhout the channel measurements.

In Figure 4.15B, the process for sealing a PMDSdnfior use as a microfluidic device is
depicted. First, the PDMS mold is trimmed and ba@ee punched to create reservoirs, or to provide
ports for the connection of tubing after the devicsealed. Next, several pieces of Scotch tape ar
used to clean dust and debris from the surfackeoPDMS mold, and ethanol is used to clean a glass
coverslip. The two clean pieces are plasma cleamed the PDMS mold is placed on top of the

coverslip, and baked at 95°C for 10 to 20 minutgsromote adhesion.
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Figure 4.15: (a) Process for the replication of a master stimectrom a PDMS mold. (b) Creating a
microfluidic device from a PDMS mold of a masteusture.
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4.5 Conclusion

The 3-D fabrication capabilities of MAP have beaploited to create structures with circular
cross-sections that can be integrated into micdiiudevice master structures. Circular cross-
sections are beneficial because they provide tiigyalo mimic the fluid environment in capillaries
which are commonly used in microfluidic devices.heTfollowing chapter will discuss PDMS
microfluidic devices created from MAP fabricated stea structures and their use to study the

relationship between channel length and resolwiibim GEMBE.
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Chapter 5: MAP-fabrication of GEMBE devices

5.1 Introduction

This Chapter discusses the MAP fabrication of erastructures that can be molded with
PDMS to make microfluidic devices. The devicexdssed in the following sections were designed
with the goal of creating a device geometry similarthat of the GEMBE device discussed in
Chapters 2 and 3. As with that device, simplifmatin all aspects of the channel fabrication,
assembly, and operation was a motivating factdre PDMS devices have been developed to allow
GEMBE to be performed with shorter separation cleé&than the previous fabrication method
allows (2- to 3-mm) to investigate the change iepstvidth and resolution as channel length is

decreased.

5.2 Experimental

5.2.1 Chemicals and reagents

All solutions were prepared with deionized (DI)tera(18.2-M2scm, Barnsted Easypure Il
ultrapure water system). Stock solutions of 1-mimaodium chloride §aCl), sodium sulfate
(Na,S0,), and potassium nitrat&N0,) were prepared by dissolving the solid salts ilonieed water
or run buffer. The run buffer was 100 mM bis-tri@-[Bis(2-hydroxyethyl)amino]-2-
(hydroxymethyl)-1,3-propanediol) and 100 mM HEPES  4({(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) prepared by dissghsgolid bis-tris and HEPES in DI water. All
chemicals involved in the MAP fabrication processrevthe same as previously described (Chapter
4).
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5.2.2 Device fabrication and set-up

The GEMBE device discussed here was molded wittM8Dfrom a master structure
fabricated with MAP (Figures 4.12 and 4.15), ascdbed in Chapter 4. Figure 5.1 is a group of
SEM images of MAP-fabricated master structuresh& various channel orientations that were
investigated. For all of the channel designs,gbal was to maintain a simple geometry that closely
followed the orientation of the GEMBE device desed in Chapter 2 (Figure 2.1). Key components
of the device design include a buffer reservoit ttam be rinsed after each separation and thabean
connected to the high-voltage power supply andspirescontrol, a sample reservoir that can be

accessed with a pipette for sample exchange, aegaration channel with a circular cross-section.

The large “reservoir” channels were fabricatedhwthe upright microscope set-up (Figure
4.9) and the circular-cross-section separation wblanwere fabricated with the inverted microscope
set-up (Figure 4.8). To fabricate one master strecusing two different microscopes the separation
channel was fabricated first, close to the centethe sample on the inverted microscope. The
sample was then removed, and the location of faboie (indicated by oil remaining from the use of
an oil-immersion objective) was marked on the gllgfe supporting the sample. The sample was
then placed on the upright microscope stage an@€@@ screen was used to visualize the sample so
that the reservoir channels could be fabricatethéndesired location with respect to the separation

channel.
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Figure 5.1: SEM images of MAP-fabricated master structured tere molded and investigated for
their ability to perform GEMBE separations.

Frequently, after the devices were molded with F)gome PDMS remained stuck between
two closely oriented channels (Figure 5.1 B). As separation channel was shortened, this effect
occurred more often requiring cleaning of the masteucture and re-molding or, in some cases,
fabrication of a new master structure. To avoid groblem, the channel orientation was adjusted to
the T-shaped geometry shown in Figure 5.2. Theltepresented in the following sections were
collected using devices with the T-shaped resergbannel geometry. After a PMDS mold was
made, the integrity of the mold (how well it haplreated the master structure) could be determined
by cutting the mold in various places to allow inmggof channel cross-sections. SEM imaging of

channel cross-sections also allows the dimensibaaah channel to be determined.
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Figure 522 (A) SEM image of a MAP-fabricated master structwéh a t-shaped channel
orientation. The horizontal channel of the “T'tle buffer reservoir channel and the vertical clehnn
is the sample reservoir channel. (B) Photographhefassembled PDMS-GEMBE microfluidic

device. (C) Schematic of (B) with labeled resersoi
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The larger reservoir channels were easily meas{aggoroximately 4 cm long and 75 um in
height and width) by cutting the PDMS mold so ttie channel cross-section was visible. Cutting
the PDMS mold to measure the cross-section ofeparsition channel was more difficult because of
its short length and small diameter, however, thedntould be cut using an optical microscope,
straight-edge razor, and buffer reservoir chaneed guide. SEM images of the PDMS mold of the
separation channel are necessary to determine ehdimnensions and to ensure that the membrane
supporting the circular channel has sealed. FiguBeshows SEM images of separation channels
with membranes that did not seal (5.3A and 5.3Bl)\aith membranes that did seal (5.3C and 5.3D).

For reference, the larger grooves visible in 5.8réthe reservoir channels.
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Figure 5.3: SEM images of (A) and (B) circular channels witembranes that did not close after the
PDMS mold was removed from the MAP-fabricated mrasteucture and (C) and (D) circular
channels with membranes that did close. In (Gdaarrow is pointing to the channel cross section
that is shown larger in (D).

C

A membrane may not seal if the fabrication stageat flat, if the membrane is too thick in
comparison to the channel dimensions, or if the brame is not tall enough. Ideal membrane
dimensions for a channel with a 5- to 7-um diamaterapproximately 2 um wide and 5- to 10-um
tall. If the membrane is wider than approximatlym, the PDMS mold remains open, as in Figures
5.3 A and B. A membrane that is too tall will faller or become “wiggly” as shown in Figures 5.4
A and B, respectively. In all three images in Fegb.4, the channels are of the same width, and the

membrane height decreases from left to right.
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Figure 5.4: SEM images of MAP-fabricated master structuresimutar channels with membranes.

In (A) the channels have fallen over because thalbnenes are too tall and in (B) the membranes are
“wiggly” and the channels are unstable and in (& membranes and channels are stable and can be
molded to create a sealed PDMS microfluidic separathannel.

5.2.3 Device assembly and data collection

The photograph and schematic in Figure 5.2 depecPDMS-GEMBE device used to collect
the data presented below. To prepare the PDMSegethe basic procedure outlined in Figure 4.14
was followed. A 360-pum hole punch was used to pumccess ports on either end of the buffer
channel, and a 2- to 3-mm hole punch was usedriolpa sample reservoir in the PDMS. All holes
were punched while observing the PDMS under ancaptnicroscope. The sample reservoir
placement was important to ensure that the samgdeinvcontact with the separation channel. If too
much of the sample reservoir channel remained letlge separation channel and sample reservoir,
sample often was not able to be completely ringedh fthe channel. Figure 5.5 shows incorrect
(Figure 5.5 A) and correct (Figure 5.5 B) placemeinthe sample reservoir. After punching buffer
and sample reservoirs and plasma bonding the PDMI8 to a glass coverslip, the PDMS mold was
again observed under an optical microscope to cfarcllebris or incomplete bonding between the

PDMS and glass.
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Figure 5.5: A top-view schematic of the T-shaped PDMS-GEMBE/ice with (A) incorrect
placement of the sample reservoir and (B) correldcgment of the sample reservoir.

A device that was determined to be plasma bondecessfully was then attached to external
pressure and voltage control. The buffer reservonsisted of a polypropylene syringe (Figure 5.2
C) identical to the one discussed in Chapter 2epixavith a smaller total volume. A valve was
connected to the end of the syringe and two fiftimgere secured to the valve to allow coupling of
PEEK tubing (OD: 360 pm, ID 75- to 150-um, Upchyrcihe buffer syringe was filled with run
buffer and the pressure was turned on to 10,00 Rl the valve and PEEK tubing. When run
buffer droplets were observed at the end of theKkP&iBing, the pressure was decreased to 2,000 Pa
and one side of tubing was connected to one sitleedbuffer reservoir channel. If the buffer sgen
was filled and the buffer needed to be replacedh(ivesh buffer or a new buffer entirely), tubing
was removed from the PDMS device and excess bwisrpipetted out of the syringe to leave 0.2 to
0.5 mL. The new buffer was added in 1 mL aliquaxsl rinsed through the syringe, valve, and

PEEK tubing at 10,000 Pa for a total of 4 mL.

The pressure was held at 2,000 Pa with PEEK tubiteched to one side of the buffer

channel until a bead of buffer was visible on tlieeo side. To rinse the buffer channel, a bead of
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buffer was allowed to exit one side of the buffeservoir channel. This process was often repeated
between separations of high concentration analytesf, the measured current baseline decreased
(suggesting the presence of an air bubble). Adtéread of buffer was visible, PEEK tubing was
connected to the second port on the buffer channehe pressure was held at 2,000 Pa for
approximately 10 minutes, and was increased in(®RF¥ intervals to a maximum of 20,000 Pa. An
abrupt increase in pressure from 2,000 Pa to 20F@08/pically separated the PDMS from the glass
coverslip, as indicated by a sharp increase irctlieent measured across the device, visible leaking

at the glass/PDMS interface, or overflowing of saenple reservoir.

To confirm that the device was filled with run farf the sample reservoir was filled with 15
to 20 pL of run buffer and the sample electrode plased in the reservoir. The voltage was turned
on (typically between 50 V and 150 V) and the pwesswvas set to 2,000 Pa. The current was
monitored for 10 minutes (by turning the appliedtage on and off) while adjusting the pressure by
2,000 Pa increments. If a constant current wasnmaintained during pressure adjustments, the
device was examined for leaks, and/or allowed nieeiat 10,000 Pa for a longer amount of time.
This step in the device preparation also providadiralication of a separation channel with a
membrane that was not sealed at all or only pbrisglaled. A higher applied pressure resultingrin
increased current measurement, but no leaks, vdisative of a membrane that was open at higher
pressures, but closed at lower pressures. Thiavimehwas confirmed by SEM images of PDMS

devices with partially sealed membranes.

When a constant current was measured, at high@Qo 30,000 Pa) and low (2,000 to 6,000
Pa) pressures, separations were performed firbtnwit buffer, and then with sample. Samples were

introduced at concentrations from 200 umol/L to 8atiL to identify step locations. Initial
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separations were performed at the same accelesafid®0 Pa/s) used for the GEMBE device
described in Chapters 2 and 3 to identify an etugicessure, and then slower accelerations were used
(-2 Pal/s to -10 Pa/s). The ratio of PDMS monoraasuring agent was adjusted from 15:1 to 2:1 to
determine if the integrity of the PDMS-glass plasbmnd would be affected. Improvement was
monitored based on the maximum pressure that theedevas able to withstand before delamination
occurred, and the length of time that lower presgqdr;000 to 10,000 Pa) could be applied to the
device before leaks were observed. No reprodudibjf@ovement was obtained by altering the

PDMS mixing ratio, so a 10:1 monomer to curing dgatio was used.

5.3 Results and discussion

The species of interest akaCl, Na,S0,, andKNO; and the anions of interest &k, SO%™,
andNO3. Figures 5.6 and 5.7 show separations of a saaidlenmol/LCl~, SO%~, andNO3. With
most devices, the pressure required for GEMBE aiglgould only be sustained for 3 to 6 hours.
The acceleration required to begin to resolve kineet anions@~, SO5~, andNO3) is indicated in
Figure 5.6. At an acceleration of -2.5 Pa/s, aasspn over a wide range of pressures can take up
1 hour. Unfortunately, the long time required ¢acdte analyte elution pressures often caused the

PDMS mold to separate from the glass coverslip,thadievice had to be replaced.
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Figure 5.6: Separations of 1 mmol/Cl~, SO3~, andNOj3 at three counter-flow accelerations. As the
acceleration is decreased, the resolution betwealyta steps increases.
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The most promising data that were collected frolRC&MS GEMBE device are shown in
Figure 5.7. These data were collected using a dewith a sample reservoir punched as depicted in
Figure 5.5B, and plasma cleaned before it wadfiiéh run buffer. The device used to collect the
data shown in Figure 5.7 held pressure up to 40@@Cor about 4 hours, or a total of 3 to 9
separations. A high concentration sample, 1.5 minMhCl, was used to make the identification of a
conductivity step easier. Figure 5.7A shows the data, and Figure 5.7B shows the 51-point
Savitzky-Golay derivativé® Although resolution cannot be determined frons #eparation (because
only one analyte was separated), the step widttbeashetermined and compared to the step width of
samples analyzed in longer GEMBE channels. Thelihasstep width of the peak in Figure 5.7B is
approximately 3 s. In comparison to the step widththe data included in Chapters 2 and 3
(separated with a 2 to 3 mm long channel), the POESIBE device (200 to 300 um long channel)

has a step width an order of magnitude smaller.

In Chapter 1, the step width of GEMBE with channetrent detection was related to the
channel length. The data in Figure 5.7 shows acestistep width with a reduced channel length, as
expected. Also, as expected, the counter-flow lacatgon for shorter channel lengths is smaller
(Figure 5.6) than the acceleration for longer cledtengths. To gain an understanding of the PDMS
device behavior, an optical microscope was usetnge the device while filling and during a
typical GEMBE separation. Visualization of the deviwas the next step due to the variability in
device performance during data collection and &oréhatively short time that each device was able t

operate under the pressures required for GEMBE.
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Figure 5.7: GEMBE separation of a sample containing 1 mm®AC] in a PDMS device with a
channel length of 200-t0-300 um. The run buffer #&8 mM Bis-tris, and 100 mM HEPES. The
step width in B is an order of magnitude smallemtithat of the separations in 2- to 3-mm channels
in Chapters 2 and 3.

To determine if delamination was the cause of aefadure, the PDMS GEMBE device was
mounted on an optical microscope to allow visudilira of the reservoir channel and of the
separation channel. Figure 5.8 shows a seriesagjeshof a PDMS GEMBE device taken through the
glass coverslip. The images show the device asa# being filled at pressures from 1,000 Pa to
5,000 Pa. Initially, in Figure 5.8 A, one sidetbé buffer reservoir channel was connected to PEEK
tubing, as mentioned above. The channels were adlaw fill with run buffer at 2,000 Pa until a
bead of buffer was visible in the sample reserybigure 5.8C, approximately 20 minutes). The
PDMS began to separate from the glass coversligu(€i5.8B) approximately 6 hours after the

channels were filled with run buffer, after pressubetween 30,000 Pa and 40,000 Pa were applied.
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Figure 5.8: Images taken through the glass coverslip of a PMEMBE device as it is filled with
run buffer for the first time. In (A) half of theservoir channel is filled, and (B) the entireer@sir
channel and half of the separation channel aredfiland (C) both channels are filled, and a bead of
run buffer is visible in the sample reservoir, dimally (D) the run buffer has begun to leak betwee
the PDMS and the glass coverslip. Leakage is ialdcated by an increase in the current that is
measured.

To visualize a separation, a 6-carboxy-fluoresseintion was prepared. A new device was
filled in the same manner as shown in Figure 58, asample containing 6-carboxy-fluorescein was
pipetted into the sample reservoir. Figure 5.9ngha series of images collected during a sepatation
In Figures 5.9A, B, and C, the counter-flow was ¢oeat to allow the fluorescent analyte to enter th
separation channel, and a dark region in the samgservoir was present. As the pressure was
decreased, the dark area decreased as the fluorestadyte moved closer to the entrance of the

separation channel. When the counter-flow pressaeless than the electrophoretic velocity of 6-

carboxy-fluorescein (Figure 5.9D), the fluorescanalyte entered the separation channel. For the
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separations in Figures 5.8 and 5.9 the voltageieppd the device was 100 V. The application of
higher voltages (300 to 500V) caused the rapid getdn of bubbles at the entrance of the separation
capillary. Air bubbles were also observed in thpasation reservoir if incomplete removal of the
previous sample occurred. In these cases, theertumeasured across the channel decreased
partially, or completely to zero. This decreaseumrent was dependent on the location and size of
the air bubble. The device used to collect the @sdg Figure 5.9 was able to maintain a pressure of

1,000 Pa for two days before the PDMS mold sepaifaten the glass coverslip.
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Figure 5.9: A series of images of the GEMBE separation of a sangantaining 6-carboxy-
fluorescein. In (A), (B), and (C), the pressurelagal to the run buffer reservoir excluded the
fluorescent analyte from the separation channelian@) the separation channel was filled with
fluorescent analyte.
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5.4 Conclusion

The use of an optical microscope and of a fluoms@nalyte to visualize GEMBE
separations in the PDMS device revealed that delaion occurred within 1 to 2 days (maximum)
of the device being connected to the pressure gupphdications of delamination included an
increase in the measured current, visible fluidastrs outside of the separation channel, and fibing
the reservoir channel with fluorescent analyte authobserving fluorescence in the separation

channel. Future work to improve the device perfmoe will be discussed in Chapter 6.
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Chapter 6: Conclusions and future work

6.1 Conclusions

Advances in the field of microfluidics have regdltin devices and methods of analysis that
are able to perform a wide variety of functionsgtsas chemical analysis, chemical synthesis, and
biological assays. Many of these functions takeaathge of the absence of mixing due to the
laminar flow of fluids when they are confined toanafluidic devices. In Chapter 1, pressure-driven
flow in microfluidic devices was discussed, and #pecific case of GEMBE was introduced.
GEMBE is an electrophoretic method that was develapiéd the goal of simplifying the detection
of ions in complex solutions by excluding large t@oninants from the separation channel with a

pressure driven counter-flow.

Further improvements to the GEMBE method were intced in Chapters 2 and 3, where the
implementation of concentration enhancement by &ufifution was discussed. The use of channel
current detection and concentration enhancementid@® a method of improving the LOD of
GEMBE while maintaining a simple sample preparatiogthud and detection method. With the
concentration method discussed in Chapter 3 a L@pravement of 68 was achieved for the

detection of ions in drinking water.

In Chapters 4 and 5, the fabrication of microficidevices with circular cross sections, and
their inclusion into microfluidic devices was inthaced. The use of MAP fabrication provides the
ability to control structural dimensions in all éer Cartesian directions, so that microfluidic desic

can be created with circular channels that clogebemble the dimensions of the fused silica
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capillaries used in the original demonstrationsGEMBE. In Chapter 5, the fabrication and
assembly of PDMS microfluidic devices, as well &®it use for GEMBE separations, were
investigated. Due to the high pressures requivepetform GEMBE separations, the devices were
unable to be used for more than 1 or 2 days. Aljhothe separations performed with different
devices using the same sample analytes were nalyslaonsistent, data suggesting a smaller step
width were obtained. Additionally, optical anddhescence imaging of the PDMS-GEMBE devices
showed that although detection of analyte boundasi@ossible, delamination of the PDMS from the

glass coverslip occurred after approximately 6 baidruse.

6.2 Future work

6.2.1 Fluorescence studies

The optical and fluorescence images that were atelfe during GEMBE separations
demonstrated the inability of the PDMS-GEMBE devitesustain pressures in excess of 10,000 Pa,
which is desirable for GEMBE separations. Howetlez,images confirmed the ability of the devices
to control entrance of the fluorescent analyte teefdelamination occurred. Further fluorescence
studies should include multiple fluorescent analydé various concentrations. From these studies,
information about the resolution of GEMBE with shorthannels can be obtained. In addition,
fluorescence imaging of channels with larger crssstions (>10 um) should be investigated to

determine if a larger channel cross sections wiliilgit similar behavior.

6.2.2 PDMS composite

Keeping in mind the goal of simplification of tklevice, of the detection method, and of the

sample preparation method, preliminary work to ¢tgv@ conductive PDMS composite that can be
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used as an on-chip electrode was performed. Rreviork®® to develop composite materials with
PDMS was motivated by the ability to create a PDRIIMS interface between composite and
microfluidic devices made of PDMS by plasma clegrtwoth pieces. A common issue when PDMS
composites are created is the difficulty found iixing a powder (carbon black, silver, etc.) in a
guantity large enough to create a functional (cetida, magnetic, etc.) PDMS composite material.
Typically the weight percent is limited to about%25vhen carbon black is mixed with PDMS.
Beyond 25%, mixing becomes difficult, and the raésgl composite material is often non-uniform
and brittle. By adding a variety of volatile saitg (ethanol and hexane) to the PDMS or to the
carbon black, weight percentages exceeding 30%onaslack have been achieved. Future work to
create electrodes from the PDMS composite matesiadsild include improvement of the interface
between the PDMS composite and conductive matasalvell as the investigation of a larger variety

of solvents.

6.2.3 Molding material

One primary problem with the PDMS-GEMBE devices désed in Chapter 5 could be the
PDMS material. To determine if a different matenaluld allow the application of higher pressures
for longer amounts of time, a variety of thermoptasshould be investigated. As a starting point,
thermoplastic materials that are flexible enougpesel off of a master structure and that are oltyica
transparent (for optical and fluorescent imaginigpudd be used. The primary goal of using a

different molding material would be to achieve arproved seal with the glass coverslip.
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Appendices

A.1 LabView program for GEMBE separations

13 mini GEMBE.Alisan.4vi -0} x|
|. File Edit View Project Operate Tools Window Help
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It ! 1
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Figure A.1.1: The instrument interface panel of the LabView pangrused to control GEMBE
separations. 1: The green Run button starts a sldtedeparation, and the red Quit button stops a
running separation and the program. The white pdisplays past, current, and future separations
with file names that can be user-defined. 2: Comunauttons. All commands are executed on the
filename that is highlighted in blue when the batts clicked. 3: Time remaining is displayed in
blue bars with white lettering. Below, the whitexldisplays errors or messages as they occur during
a scan. 4: Each panel allows communication withouar instrumentation. For the GEMBE
applications discussed in this document, the “Ménand “PS3000” options were used (the pressure
controller and high voltage supply, respectivelyy. Data acquisition plot. A real-time display of
data acquisition that is commonly used to monitoanges in signal amplitude when the applied
pressure or voltage is changed.
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Figure A.1.2: The separation parameter control panel of the isalb\program used to control
GEMBE separations. 6: “Browse” opens the dialoguetbaname a file and designate where the file
is to be saved. 7: Information written in the “Coemti box is saved with the separation. 8: Buttons
to add or remove panels in “9”. 9: Segments afEagation. Separation parameters are adjusted here
for each separation. 10: Time vs Pressure and §oliar the segments in “9”. 11, 12, 13: Various

real-time displays of separation data.
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A.2 Representative Mathematica worksheet

Setup and Load Data
<<NonlinearRegression®

General:obspkg :
NonlinearRegression is now obsolete. The legacy version being loaded may conflict with current Mathematica functionality.

Seethe Compatibility Guideforupdatinginformation.»

SetDirectory["'C:\Users\Al\Desktop\GEMBE As PapenG EMBE
Raw Data\GEMBE Raw Data for As Paper\9-20-11 2x Buf fer dilutions"]

C.\ Users\ Al i \ Deskt op\ GEMBE As Paper\ GEMBE Raw
Dat a\ GEMBE Raw Data for As Paper\9-20-11 2x Buffer dilutions

DAQFiles=FileNames["*DAQ*"]

{1_100uMP_50uMAs_002. DAQ dat , 1_100uMP_50uMAs_003. DAQ dat, 1_100uMP_50uMAs_004. DAQ dat,
2_50uMP_25uMAs_001. DAQ dat, 2_50uMP_25uMAs_002. DAQ dat,

2_50uMP_25uMAs_003. DAQ dat, 3_25uMP_12. 5uMAs_001. DAQ dat, 3_25uMP_12. 5uMAs_002. DAQ dat,
3_25uMP_12. 5uMAs_003. DAQ dat, 4 _12.5uMP_6. 25uMAs_001. DAQ dat ,

4_12. 5uMP_6. 25uMAs_002. DAQ dat , 4_12. 5uMP_6. 25uMAs_003. DAQ dat ,

5_6. 25uMP_3. 125uMAs_001. DAQ dat , 5_6. 25uMP_3. 125uMAs_002. DAQ dat,

5_6. 25uMP_3. 125uMAs_003. DAQ dat , 6_3. 125uMP_1. 5625uMAs_002. DAQ dat,

6_3. 125uMP_1. 5625uMAs_003. DAQ dat , 6_3. 125uMP_1. 5625uMAs_004. DAQ dat }

DAQFiles

{1_100uMP_50uMAs_002. DAQ dat , 1_100uMP_50uMAs_003. DAQ dat, 1_100uMP_50uMAs_004. DAQ dat,
2 _50uMP_25uMAs_001. DAQ dat, 2_50uMP_25uMAs_002. DAQ dat,

2_50uMP_25uMAs_003. DAQ dat, 3_25uMP_12. 5uMAs_001. DAQ dat, 3_25uMP_12. 5uMAs_002. DAQ dat,
3_25uMP_12. 5uMAs_003. DAQ dat, 4 12.5uMP_6. 25uMAs_001. DAQ dat ,

4_12. 5uMP_6. 25uMAs_002. DAQ dat , 4_12. 5uMP_6. 25uMAs_003. DAQ dat ,

5_6. 25uMP_3. 125uMAs_001. DAQ dat , 5_6. 25uMP_3. 125uMAs_002. DAQ dat,

5_6. 25uMP_3. 125uMAs_003. DAQ dat , 6_3. 125uMP_1. 5625uMAs_002. DAQ dat,

6_3. 125uMP_1. 5625uMAs_003. DAQ dat , 6_3. 125uMP_1. 5625uMAs_004. DAQ dat }

inputDataO=Table[Transpose[Drop[Import[DAQFiles[[ N, TSV 1] 4i Length[DAQFiles]}];

¢ Nobinning

timeDataBig=Table[Table[inputDataO[[j]][1]][[i]] inputDataO[[jIII[nial,
{iLength[inputDataO[[jl][[1]1]}]{j,Length| DAQF iles]}];
inputDataBig-Table[Table[inputDataO[[j]I[[2]][i] 1s
{iLength[inputDataO[[jl][[1]1]}]{j,Length[ DAQF iles]}];
inputData=Table[Transpose[{timeDataBig[[j]],inpu tDataBig[[j]]}]1{j,Length[DAQFiles]}];
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2 | fit to steps_9-20-11_2xBuffer_with fit line.nb

¢ Trim Data Front and Back

trimFront=3000;
trimLength=9000;

Table[ListPlot[Take[inputDataBig[[j]], ~{trimFront,
All, GridLines -+ Automatic, Frame -+ True], {j, 1,
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trimFront + trimLength}],
Length[DAQFiles]}]
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4 | fit to steps data_9-20-11_2xBuffer_with fit line.nb
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fit to steps data_9-20-11_2xBuffer_with fit line.nb
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fit to steps data_9-20-11_2xBuffer_with fit line.nb
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8 | fitto steps data_9-20-11_2xBuffer_with fit line.nb

inputStepsi=
Table[Take[inputDataBig[[j]],{trimFront trimFront HrimLength}]{j,Length[DAQFiles]}];

inputTimel=
Table[Take[timeDataBig|[[j]] {timFront trimFront HrimLength}] {j,Length[DAQFiles]}];

inputDatal=
Table[Take[inputData[[j]] {trimFront trimFront- trimLength}] {j,Length[DAQFiles]}];

p3 = Table[ListPlot[inputDatal[[j]], GridLines -+ A utomatic, Frame -+ True], {j, Length[DAQFiles]}]
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Take Derivative and Smooth - then find peak maxima

¢ Derivative and smoothing

smoothLength=1000
1000
quickDerivTab=Table[ListCorrelate[{1,1},input Steps1[jll]{i,Length[DAQFiles]}]; smDerivTab=
Table[MovingAverage[quickDerivTab[[j]l,smoothLengt hl{j,Length[DAQFiles]}]; quickTimeTab=
Table[ListCorrelate[{0.5,0.5},inputTime1[[j]]] { j,Length[DAQFiles]}]; smTimeTab=
Table[MovingAveragelquickTimeTab[[j]],smoothLength 14{i.Length[DAQFiles]}];
peakPositions=
{{2750,4450},{2900,4600},{2850,4550},{2800,4 600},{2850,4550},{2850,4650},
{2900,4700},{2750,4600},{2650,4400},{3300,47 00},{2900,4450},{2600,4400},
{2900,4100},{2550,4100},{3100,4500},{3900,60 00},{2900,4550},{2600,4350}}

{{2750, 4450}, {2900, 4600}, {2850, 4550}, {2800, 4600}, {2850, 4550}, {2850, 4650},
{2900, 4700}, {2750, 4600}, {2650, 4400}, {3300, 4700}, {2900, 4450}, {2600, 4400},
{2900, 4100}, {2550, 4100}, {3100, 4500}, {3900, 6000}, {2900, 4550}, {2600, 4350}}

ji=12;
ListPlofsmDerivTab]jj], GridLines -+ {peakPosition djjl, None}, PlotRange -+ All, Frame -+ True]

8.x10°

"
i
|
[{H
X

6.x10°

4.x10°

2.x10°

0

2.x10° :, ® se

L L L L L 1 L L L L
0 2000 4000 6000 8000

ii=2;
ListPloflsmDerivTab(jj], GridLines -+ {peakPosition djjl, None}, PlotRange -+ All, Frame -+ True]

5.x10°

-5.x10°

-0.00001

L L L Il L L L Il L L L
0 2000 4000 6000 8000
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Table[ListPlofsmDerivTab[[j]], GridLines -+ {pea kPositiond[j]], None}, PlotRange -+
All, Frame -+ True], {j, Length[DAQFiles]}];

stepTimes1=Table[Table[smTimeTab[[j]][[peakPositi ong[jNINmi,.24.{.1.6}]

{{124.96, 158. 96}, {127.96, 161. 96}, {126. 96, 160. 96},
{125. 96, 161.96}, {126.96, 160. 96}, {126. 96, 162. 96}}

stepTimes2=Table[Table[smTimeTab[[j]][[peakPositi ondg[jl][lim.{i,2}.{j,7,18}

{{127.96, 163.96}, {124. 96, 161.96}, {122.96, 157. 96}, {135.96, 163. 96},
{127. 96, 158.96}, {121.96, 157. 96}, {127. 96, 151. 96}, {120. 96, 151. 96},
{131. 96, 159. 96}, {147.96, 189. 96}, {127.96, 160. 96}, {121. 96, 156. 96}}

|15

Fit with Erf[x] all the same width (x1 and x2 for 1-6....different spacing)

fitFunct[x_]=
AHB XX 2HB 2 (XX 2y R+C U2Erf [(xx1y 2/ V' sHCWEMxx2Y 2/
1 X-x1 1x-x2
A+B(x-x2) +B2(x- x2) + G T+ —QEfl +—
Erf[ 2 5 2 95
fitFunct[x]
2 1 X - x1 1 X - X2
A+B(x-x2) +B2(x- x2) + a I+ —c2Erf] ]
Erf[ 2 2T 25 5
AGuess=Table[(inputDatal[[iJ][[1]][[2]FnputDa tal[[iIANm2me2. i.1,6}]

{6.67741, 6.66832, 6.66669, 6.69932, 6. 7162, 6. 71539}

BGuess=Table[.000001 {i,1,6}]
B2Guess=Table[-0000001,{i,1,6}]

{1. x10% 1. x10°5 1. x10°% 1.x10°% 1.x10°% 1.x10%
{-1.x1077, -1. x10°7, -1. x107, -1. x107, - 1. x1077, -1. x 10" "}
CGuess=0.70Table[(inputData1[[i]][4]][[2]] inputDatal[[il][[11][[21){i.1.6}]

{-0.0086351, - 0.00545375, - 0.00136344, 0. 00749891, 0. 000681719, 0. 00136344}

stepTimesl

{{124.96, 158.96}, {127.96, 161. 96}, {126. 96, 160. 96},
{125. 96, 161.96}, {126.96, 160. 96}, {126.96, 162. 96}}

x1Guess=Transpose[stepTimes1][[1]]

{124.96, 127.96, 126.96, 125. 96, 126. 96, 126. 96}

x2Guess=Transpose[stepTimes1][[2]]

{158.96, 161.96, 160.96, 161. 96, 160. 96, 162. 96}

=Guess=Table[trimLength2000.,{i,1,6}]

{4.5, 4.5, 4.5, 4.5, 4.5, 4.5}
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iIF2; test[x_J=

fitFunct[x] /. {A -+ AGuess([jj]], B -+ BGuess][[jj] ], B2 -+ B2Guess|[[jj]], C1 -+ CGuess][[jj]l,

C2 -+ CGuess[[ji]], x1 -+ x1Guess][[jj]l, x2 -+ x2Gu ess[[jjll, = -+ zGuess[[jl}

6.66832+1. x10°%(-161.96+x) - 1. x10°7 (- 161.96+x) - 2

0. 00272687 Erf[0.157135(- 161. 96+x)] - 0. 00272687 Erf[ 0. 157135(- 127. 96 +x)]
p4=Plot[test[x] {x,nputDatal[jjl[1][1],inputD atal[jjj[4][1]},PlotStyle -+ Hue[0]];
6.680

6.675

6.670

6.665

100 150 200

Show[p3jjj],p4]

FitsO = Table[NonlinearModelFit[inputDatal[[j]],funct[x], {{A, AGuess|[[jjl]}, {B, BGuess[[jjlI}, {B 2, B2Guess][[jj]]}, {C1,
CGuess|[[jjll}, {C2, CGuess[[jjII}, {x1, x1Guess|[ji}, {x2, x2Guess[[jjII}, { = 3Guess[[jill}}, {x}. {i, 10, Length[DAQFiles]}]

TableForm[DAQFiles]

1_100uMP_50uMAs_002. DAQ dat
1_100uMP_50uMAs_003. DAQ dat

1 100uMP_50uMAs_004. DAQ dat
2_50uMP_25uMAs_001. DAQ dat
2_50uMP_25uMAs_002. DAQ dat
2_50uMP_25uMAs_003. DAQ dat
3_25uMP_12. 5uMAs_001. DAQ dat
3_25uMP_12. 5uMAs_002. DAQ dat
3_25uMP_12. 5uMAs_003. DAQ dat

4 12. 5uMP_6. 25uMAs_001. DAQ dat
4_12. 5uMP_6. 25uMAs_002. DAQ. dat
4_12. 5uMP_6. 25uMAs_003. DAQ dat
5_6.25uMP_3. 125uMAs_001. DAQ dat
5_6. 25uMP_3. 125uMAs_002. DAQ dat
5_6. 25uMP_3. 125uMAs_003. DAQ dat
6_3. 125uMP_1. 5625uMAs_002. DAQ dat
6_3. 125uMP_1. 5625uMAs_003. DAQ dat
6_3. 125uMP_1. 5625uMAs_004. DAQ dat
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FitsO=

Table[NonlinearRegresginputDatallj] fitFunctx], {{AAGuess[[jjl[}{B.BGuess[[jjI},
{B2,B2Guess[[jj]I}{C1,CGuess[[jjl]}{C2,CGues S[[ill}{x1,x1Guess[[jjll},

{x2, x2Guess[[jjl} { %, zGuess|[[jill}}, {x}, RegressionReport -+
{EstimatedVarianceBestFitBestFitParametersPar ameterClTablel]{j,1,6}];

Fits = Join[Table[, {i, 9}, Fits0];

spacing=Mean[(x2x1)/.(BestFitParameterd.F its0)]
35.1717

x1Average=Mean[(x1)/.(BestFitParameterd.Fits 0)]
125. 488

x2Average=Mean[(x2)/.(BestFitParameterd.Fits 0)]
160. 66

sigmaAverage=Mean|( z)/.(BestFitParameterd.Fits0)]
7.84919

FitsO[[5]]

{Esti matedVari ance --- 4.22912 x 1077,
BestFit --- 6.7212+ 0. 0000328559 (- 161. 095+ x) - 6.90649x 1077 (- 161. 095+ x) -

0. 00179478 Er f [ 0. 0828625 (- 161. 095+x)] - 0. 00329766 Er f [ 0. 0828625 (- 125. 098 +x) ],

BestFit Paraneters--- {A--- 6.7212, B--- 0.0000328559, B2 --- - 6.90649x 1077,
Cl --- - 0.00659532, C2 --- - 0.00358955, x1--- 125.098, x2 --- 161. 095, % --- 8.5335},

Esti mate Asynptotic SE Cl

A 6.7212 0. 0000235442 {6. 72115, 6. 72125}
B 0.0000328559 5.31953x10°7 {0.0000318131, 0. 0000338986}
B2 -6.90649x 1077 4.39118x10°° {-6.99257x10°7, - 6.82042x 10" "}

ParaneterCl Tabl e --- Cl |0.00659532 0.0000559345 {- 0. 00670497, - 0. 00648568}
C2 |-0.00358955 0.0000422566 {-0.00367238, - 0. 00350672}
x1 [125.098 0.117714 {124. 868, 125. 329}
X2 [161. 095 0. 21706 {160. 669, 161. 52}
% 8.5335 0.127536 {8.2835, 8.7835}

Length[Fits0]

6

Length[DAQFiles]

18

bestFitFunctionOufx_]=Table[BestFit/.FitsO[[i] 14i,1,6}];

bestFitFunctionOuf{x];

p5=Table[Plot[bestFitFunctionOu{Xx][[i],

{x, inputDatal[{ill[1NI[[1]}, inputDatal[[i]{[-L NI2]3}, PlotStyle -+ Hue[0]], {i, 1, 6}]
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Table[Show[p3[[i]]pS[[i1] {i.6}]
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Fit with Erf[x] all the same width

fitFunct[x_]=
AHB 2B 2{(xx 2Y2+C 1/ 2*Erf [(xx1y 2/ N SHC22Erf[(xx2) 2/ v =J/.
{x1 -+ x1Average, x2 -+ x2Average, o -+ sigmaAverage}

2
A+B(-160.66+x) +B2 (- 160.66+x) +

1
C2Erf[0.0900866 (- 160.66+Xx)] + —CLErf[0.0900866(- 125. 488+x)]
2
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AGuess=Table[(inputDatal[[i]J[[1]][[2]HnputDa tal[[illAnNn2me2. {i,.1,18}

{6.67741, 6.66832, 6.66669, 6.69932, 6. 7162, 6. 71539, 6. 7076, 6. 68861, 6. 69348,
6. 66783, 6.68568, 6.68991, 6.71019, 6. 7063, 6. 70646, 6. 69396, 6. 70321, 6. 70484}

BGuess=Table[.000001 {i,1,18}]

B2Guess=Table[-00000001,{i,1,18}]

{1. x10°%, 1. x10°%, 1. x10°%, 1. x10°%, 1. x10°% 1. x10°% 1. x10°°% 1.x10°% 1.x10,
1. x10°% 1. x10% 1. x10% 1. x10% 1. x10% 1. x10°% 1.x10°% 1.x10°% 1.x10%

{-1. x10°8 -1. x10°8 -1. x10°8 -1.x10°8 -1.x108 -1.x108 -1.x10°% -1.x108 -1. x108,
-1.x10°8 -1.x108 -1.x108 -1.x108 -1.x108 -1.x10% -1. x108 -1.x10°8 -1.x10%

CGuess=0.3Table[(inputDatal [[i][[1]][2]} inputDatal [l 121 i.1,18}]

{- 0.00370076, - 0.00233732, - 0. 00058433, 0. 00321382, 0. 000292165, 0. 000584331,
- 0.000194777, 0.00516158, 0.00262949, 0. 00769368, 0.0041877, 0. 00379815,
0. 00175299, 0. 00175299, 0. 000292165, 0. 00155821, 0. 0016556, 0. 00223993}

stepTimes2

{{127.96, 163. 96}, {124.96, 161.96}, {122.96, 157. 96}, {135. 96, 163. 96},
{127.96, 158. 96}, {121.96, 157. 96}, {127. 96, 151. 96}, {120. 96, 151. 96},
{131.96, 159. 96}, {147.96, 189. 96}, {127. 96, 160. 96}, {121. 96, 156. 96} }

ii=13;
test[x_]=fitFunct[x]/.

{A -+ AGuess[[jjl], B -+ BGuess[[j]l, B2 -+ B2Gues S[[jil, C1 -+ CGuess[[jj]l, C2 -+ CGuess[[jjll}
6.71019+1. x10°% (- 160.66+x) - 1. x 10°8 (- 160. 66 +x) + 2
0. 0900866 (- 160. 66+x)] +0. 000876496 Er f [ 0. 0900866 ( - 125. 488 +x) ]
p4 = Plot[test[x], {x, inputDatal[jjJ[1][1], inputD atal[jjj[-L][1]}, PlotStyle -+ Hue[0]]
6.7120 F
6.7115 —
6.7110 f
6.7105 —
6.7100 —
6.7095 —
6.7090 —

. o 150 200
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Show[p3(jj],p4]
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100 150 200

Fits1=Table[NonlinearRegresdinputDatal]j],fitFu ncx].{{A,AGuesg[j]}{B,BGuesq[j]},
{B2, B2Guess[j]}, {C1, CGuess|j]}, {C2, CGuess[j[}} , {x}, RegressionReport -+
{EstimatedVarianceBestFitBestFitParametersPar ameterClTable}]{j,7,18}]; Fits=

Join[Fits0,Fits1];
Fits[[7]]

{Esti mat edVari ance --- 3.93815 x 1077,

BestFit --- 6.71223+ 0. 0000149365 (- 160. 66 + x) - 5. 46275x 10°7 (- 160. 66 +x) - 2
0. 00100628 Er f [ 0. 0900866 (- 160. 66+x)] - 0. 00172796 Er f [ 0. 0900866 (- 125. 488+x) ],

Best FitParameters--- {A--- 6.71223, B --- 0.0000149365, B2 --- - 5.46275x 1077,

Cl --- - 0.00345592, C2 --- - 0.00201257},

Esti mate Asynptotic SE Cl

A 6. 71223 0. 00001713 {6.71219, 6. 71226}

B 0. 0000149365 4.05095x 1077 {0.0000141424, 0. 0000157305
ParameterCl Table  --- '
B2 -5.46275x 107 3.6213x 10°° {-5.53373x107, - 5.39176x 10" "}
Cl - 0.00345592 0. 0000382708 {-0.00353094, - 0. 0033809}

C2 -0.00201257 0. 0000337869 {-0.0020788, - 0. 00194634}
Length[Fits]

18

Length[DAQFiles]

18

bestFitFunctionOuf{x_]=Table[BestFit'.Fits[[i]] {i,Length[DAQFiles]}];

bestFitFunctionOuf{x];

p5=Table[Plot[bestFitFunctionOu{x][[i]]{x.inp utDatad[[iN[[L]I[[21],

inputDatal[[i]][[4]][[1]]} PlotStyle -+ Hue[0]]{i,1 Length[DAQFiles]}]; Table[Show[p3[[i]],

p5[[iN]{i,Length[ DAQFiles]}]
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Results

Phosphate=C1/.(BestFitParameterd.Fits)

{-0.0112418, - 0. 0117722, - 0. 0117861, - 0. 00726962, - 0. 00659532, - 0. 00718043,
- 0. 00345592, - 0.00352176, - 0.0038112, - 0. 00228148, - 0. 00176821, - 0. 00176654,
- 0.00131972, - 0. 00158538, - 0. 00117727, - 0. 000820862, - 0. 00158291, - 0. 00187607}
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ArsenateFromFit=C2/.(BestFitParameterd.Fits)

{- 0.00536682, - 0. 00570978, - 0. 00572319, - 0. 00395418, - 0. 00358955, - 0. 00386768,
- 0. 00201257, - 0.00197393, - 0. 00190817, - 0. 00146508, - 0. 00121101, - 0. 00140112,
- 0.00102689, - 0.001154, - 0. 00071068, - 0. 000554808, - 0. 00120706, - 0. 00110315}

ArsenateConcentrations={50,50,50,25,25,25,1 25125,
12.5,6.25,6.25,6.25,3.125,3.125,3.125,1.5625 ,1.5625,1.5625};
PhosphateConcentrations=
{100,100,100,50,50,50,25,25,25,12.5,12.5, 12.5,6.25,6.25,6.25,3.125,3.125,3.125};
p6 = ListPlofTranspose[{ArsenateConcentrations (ArsenateFromFit* -1)}], PlotStyle -+
{Hue[0], PointSize[0.03]}, PlotRange -+ All, Frame -+ True]
'
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..\ [ | [ | [ | [ | -

10 20 30 40 50
ListPlofTranspose[{PhosphateConcentrations (Pho sphate * - 1)}], PlotStyle -+
{Hue[0], PointSize[0.03]}, PlotRange -+ All, Frame -+ True]

0.012 F ‘
0.010 - ]
0.008 - ]
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DilutionFactor={1,1,1,2,2,2,4,4,4,8,8, 8,16,16,16,32,32,32};
ListPlofTranspose[{DilutionFactor, (ArsenateFrom Fit* - 1)},
PlotStyle -+ {Hue[0], PointSize[0.02]}, PlotRange - + All, Frame -+ True]
6\ | | | | |
. .
0.005 - -
0.004 - g -
- e :
0.003 - -
0002 - @ -
: 4 -
0.001 ® s
I \\.\ [ I I I “.*
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ListPlof Transpose[{DilutionFactor(Phosphatet- DY,
PlotStyle -+ {Hue[0], PointSize[0.02]}, PlotRange - + All, Frame -+ True]
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ArsenateRegress=NonlinearRegresq

Transpose[{ArsenateConcentrationsArsenateFromFig 1.ABX{{A,1}1{B,1}}.{}[
ToString[{BestFitBestFitParametersParameterClTa bleFitResidualg}]]

{Best FitParaneters--- {A --- -0.000794706, B --- - 0.000100351},

Esti mate | Asynptotic SE Cl

ParaneterCl Table  --- A | 0.000794706 0.000101412 {- 0.00100969, - 0.000579723}

B | 0.000100351 4.30306x 1078 {-0.000109473, - 0. 0000912291}
Esti mat edVari ance --- 9.5407 x 1078,

DF Sunt¥ Sq MeanSq
Mbdel 2 0. 000159149 0. 0000795746
ANOVATabl e --- Error 16 1.52651x 10°® 9.5407 x 108 ,
Uncorrected Tot al 18 0. 000160676
Corrected Tot al 17 0. 0000534149
AsynptoticCorrel ati onMatri x- - - = -0 697143 ,
- 0.696143 1.
L Cur vat ure
Max | nir-nste 0

FitCurvatureTable---

Max Paraneter-Effects 0 H

95. % Confi dence Regi on 0.524595

{BestFit, BestFitParaneters, ParaneterCl Tabl e FitResidual s}]
Im=LinearModelFi{Transpose[{ArsenateConcentratio ns(ArsenateFromFit*1)}],{x},{x}]

FittedMbdel [ 0.000794706 + 0.000100351x |
p22=Plot[Im["'BestFit"],{x,0,80}]

0.008 —
0.006 —
0.004 —

0.002 -

20 40 60 80
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fit to steps data_9-20-11_2xBuffer_with fit line.nb

Show[p6,p22]

0.008 r B
0.006 r B

0004 |- ' ]

0.002

0 20 40 60 80

noisel=StandardDeviatiofIm["FitResiduals"]

0. 000299658

Solve[(Im["BestFit"]/.x -+ 0)==(Im["BestFit"]/.x -+ y)-noisel*3,y]
{{y --- 8.95827}}
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A.3 Unknown species in tap water

Separations dfl,PO; andH,AsO; in pH = 3.0 run buffer diluted with tap water shaw
unknown species that elutes with,AsO, (Figure 2.6). To confirm the presence of the
unknown, run buffer diluted 2x with tap water and@0 pmol/LNaH,P0O, sample diluted 2x
with tap water (to a final concentration of 50 JUfbdNaH,PO,) were separated. The unknown
is present in both samples around a time of apprately 310 s, which corresponds to the
elution time ofH,AsO}. It is also important to note that soigP0} is present in the run buffer
sample that is diluted 2-fold with tap water, hoeethe signal is difficult to see because of the

large difference in concentration when compareithéo50 pumol/LH, PO} signal.

10+

Phosphate

o1 Unknown — 50 uMH, PO,
4
_ X Run Buffer

OQL/\,,_,

T T T T T T T T T T T T T T !
200 220 240 260 280 300 320 340
time (s)

di/dt (nA/s)

Figure A.3: GEMBE separation of run buffer diluted 2x with ta&ater (green) and of a 100 uM
NaH,P0, sample diluted 2x with tap water (blue). In bs#parations, an unknown species
elutes around 310 s. This unknown elutes WifAsO; (Figure 2.6).
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A.4 Repeated separations of Figure 3.1 and 3.2

A.4.1 (Figure 3.1 repeated):
A
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Figure A.4.1. GEMBE for samples prepared via a serial 2-foldttiu of 100 pMNaH, PO, (left peak),
50 uMNa,HAsO, (right peak). Dilutions were performed with ruafter so that the sample conductivity
was the same as the run buffer conductivity. (A)d derivative of the current vs. time. Diluticactor
increases from top to bottom as indicated in (Gnfrix to 32x. (Inset — species of interest). $B)p
height (equivalent to the peak area from panel \diution factor. As the samples are progresgivel

diluted and as the analyte concentration decredbessignal decreases.
approximately 12 pmol/L (signal to noise ratio dgta 3).

The LOD fé5AsO; is
(Inset — step height from (A) vs

concentration). (C) Raw current as a functionroktdata. Step identities are the same as thg#g.in
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Figure A.4.2 (Figure 3.4 repeated):
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Figure A.4.2. FACSI-GEMBE data with sample buffer diluted 10x (wiDl water) relative to
the run buffer. (A) Time derivative of the curresst time. Phosphate concentration (left peak) is
held constant at 2 umol/L and arsenate concentrgtight peak) is decreased from top to
bottom: 500 nmol/L, 200 nmol/L, 100 nmol/L, 50 nithgl20 nmol/L, 10 nmol/L, 0 nmol/L. (B)
Step height (equal to peak area from A) vs. comagoh. The LOD for arsenate is reduced
approximately 67 fold from 10 pumol/L (Fig. 2) to@®mol/L. The dotted line represents a
linear least-squares fit to all data points.
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A.5 Calculations

A.5.1 Limit of detection calculations

Figure 3.1(B): LOD was determined using arsenatae oathe concentration range from zero to
50 umol/L. The slope of the fit line was 0.100 nAloiol. The standard deviation (SD) of the fit
residuals wa$.300nA. The LOD was taken to be 3xSD/slope.

Figure 3.4(B): LOD was determined using arsenata dathe concentration range from zero
to 500 nmol/L. The slope of the fit line was 2.76Lhumol. The standard deviation (SD) of the
fit residuals was 0.132 nA. The LOD was taken t@k8D/slope.

Figure 3.5: LOD was determined using arsenate idatae concentration range from zero to 500

nmol/L. The slope of the fit line was 2.136 nfbiol. The standard deviation (SD) of the fit
residuals was 0.144 nA. The LOD was taken to be 3siSpe.

A.5.2 Comparison of Figures 3.1 and 3.2

For FACSI-GEMBE with sample buffer diluted (with Diater) 16x relative to run buffer:
Measured conductivity:

1x run buffer = 6.54 mS/cm (no dilution with DI veat

16x run buffer = 0.796 mS/cm (16x dilution with Dater)

Calculated conductivity Ratio: (6.54 mS/cm) / (G#8S/cm) = 8.21

Step height (phosphate signal) at final concemtnatif 6.25 pumol/L:

With FACSI (sample buffer diluted 16x with DI water 75.6
Without FACSI* (sample buffer equal to run buffer.1097 * 6.25 = 0.686

*signal extrapolated to low concentration using shape of the calibration curve (see Figure 2

inset)
Signal enhancement = 75.6/0.686 = 110.2
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A.5.3 Limit of detection improvement: run buffer versap water

Measured conductivity:

Run buffer: 6.54 mS/cm

Run buffer diluted 10x with tap water: 1.102 mS/cm*

*determined from fit of conductivity data for rumffer diluted with tap water (Figure 3.3)
Calculated conductivity ratio: (6.54 mS/cm) / (1218S/cm) = 5.93

LOD for arsenate without FACSI (samples preparedimbuffer) = 11.6 pumol/L
(Figure 3.1 and\.4.1: 8.96 and 14.2 umol/L)

LOD for arsenate with FACSI (samples = 9 partsuagper, 1 part run buffer) = 203 nmol/L =
0.203 pmol/L

(Figure 3.5: 203 nmol/L)

LOD improvement: (11.6 umol/L) / (0.203 pumol/L) #.%x improvement

A.5.4 Limit of detection improvement: run buffer verdDbwater

Measured conductivity:

Run buffer: 6.54 mS/cm

Run buffer diluted 10x with tap water: 1.004 mS/cm*

*determined from fit of conductivity data for rumitber diluted with DI water (Figure 3.3)
Calculated conductivity ratio: (6.54 mS/cm) / (1400S/cm) = 6.52

LOD for arsenate without FACSI (samples preparedimbuffer) = 11.6 pumol/L
(Figure 3.1 and A.4.1: 8.96 and 14.2 umol/L)

LOD for arsenate with FACSI (samples = 9 parts\agper, 1 part run buffer) = 140 nmol/L =
0.140 pmol/L
(Figure 3.4 and A.4.2: 143 and 137 nmol/L)

LOD improvement: (11.6 umol/L) / (0.140 umol/L) 2.8x improvement
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A.5.5 Fits for Figure 3.3

DI water fit:

Log(conductivity) = (8.88 * 10 * (Log(concentrationf) + (0.812 * Log(concentration)) —
(0.812)

Tap water fit:

Log(conductivity) = (0.062 * (Log(concentratiof))+ (0.589 * Log(concentration)) — (0.609)

A.6 Instrumentation
A.6.1 Sputter coating

Sputter coating is used to prepare MAP-fabricaddctures and PDMS molds for
imaging on a scanning electron microscope (SEM)spAtter coater consists of a chamber that
can be evacuated and filled with an inert gas, siscirgon. Under a specific pressure, the argon
atoms will bombard a metal target, such as platfpattadium, silver, or gold, and a thin metal
(~nm, conductive) layer will fall onto a sample qgdd below the target. A conductive layer is
necessary for SEM to prevent charging of the sanapié the thickness of the metal layer can be
adjusted by changing the sputter coating time.

A.6.2 Scanning electron microscopy

Scanning electron microscopy (SEM) is an imagirghtnéue commonly used to take
images of structures that require higher resolutimem is available with optical microscopy
techniques. SEM provides images of the externalphwogy of structures by directing a
focused beam of electrons on to the surface of mapka Most commonly secondary or

backscattered electrons, which result from theatt®on between the focused electron beam and
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the sample, are collected above, or beside, th@lsaamd an image of the surface is produced.
A secondary electron detector was used with the anirf820D SEM to obtain the images

included in this document. As mentioned previousiyconductive layer is deposited on the
surface of samples for SEM imaging to prevent cimgrgif the surface. Without a conductive

layer, a buildup of charge can occur, resultingistorted images. For imaging of PDMS molds,

the PDMS is cut along various axes so that SEM imafiehannel cross-sections and of channel
interiors can be obtained.

A.6.3 Plasma cleaning

Plasma cleaning is one way of creating a seal dmiwa glass surface and a PDMS
surface. An oxygen plasma cleaner uses oxygeirogaghat are excited to higher energy states
to remove impurities and contaminants from a sexfadn the case of glass and PDMS, a
plasma-cleaned surface consists of primarily —Oblugs. When two surfaces are placed in
contact with one another, a condensation reactamurs and kKO is eliminated, resulting in a
covalent bond between the surfaces. When plaspaaetl PDMS and glass are placed together,
heating in an oven can accelerate the release®@f H

A.7 SU-8 epoxy resin: addition of rhodamine

Visualization of fabrication by MAP in an acrylatesin is possible due to the change in
refractive index that occurs upon polymerizationtlod acrylate monomers. Perhaps the most
important use of this change in refractive indexmpolymerization is the ability to locate the
fabrication surface of a sample. Unfortunately #poxy resin SU-8 does not result in the same

change in refractive index. To allow the fabricatgurface to be located in SU-8 resin, a small
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amount of Rhodamine B dye (0.01 wt %) can be add&ten the resulting resin is exposed to a
sufficient wavelength of light, fluorescence can bleserved. By locating the onset of
fluorescence (which will only occur within the nesthe fabrication surface can be located.

A.8 Laser alignment procedures

Some optical components in the laser beam patju€s 4.9 and 4.10) to the upright
microscope and to the inverted microscope are aedigrefore each use, and others are typically
aligned every few months. Before each use, a poweter set to measure 800 nm light is used
to measure the power after the pinhole, and bef@ehutter. The pinhole is typically adjusted
before each use, using knobs on the top and sidepaximize the power traveling to the
microscope. The optical components that are tylgicdigned every few months include the
majority of the components in Figures 4.9 and 4al0well as the optical components inside the
laser cavity. To align the laser cavity, the pragedwritten in the cavity manual is followed,
unless an amended procedure has been developadludd the extra steps required to avoid
burn spots on damaged optics. The procedures hvedéwescompiled on 9/28/12 for alignment of
the laser cavity leading to the upright microscogdignment of the laser cavity leading to the

inverted microscope follows the procedure outlirethe cavity manual.
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A.8.1 Upright laser alignment

Upright Laser Cavity Alignment

1. Check that the Verdi power is set to the valuedattid on the white board labeled “Verdi
Output”. This value is determined based on the paweasured just before the laser beam
enters the laser cavity (below).

2. Measure pump power into the cavity; it should be ¢brresponding value on the white
board labeled “Into Upright”.

3. Check positions of the micrometers for the Brewptism (BP2) and the Birefringence
filter. These positions are pre-determined andiradieated on the lid of the laser cavity. For
800 nm, BP2 should be at 16.90, and the birefriogeifiiter should be at 5.91. It is very
important that these are set correctly before oairig with the alignment procedure.

4, Check the location of the beam on the pump optidsless indicated below, the beam
should be centered on all pump optics.

P4 Lens
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Aligning the Auxiliary Cavity

*Always use a power meter when aligning the lasetity (placed just before the chirp mirrors).
DO NOT rely only on the diode reading.
1. Follow instructions in the laser manual for aligmithe auxiliary cavity.

2. Be sure to record the maximum power before switghinthe main cavity.

a. The beam MUST be lasing at thenter of M1, M2, and M3 BEFORE moving into the
main cavity.

3. The pump beam should be centered on M8 and M9 dasaied in the laser manual).

4, The positions of the beam on M1, M2, and M3 will mbkely need to be adjusted
multiple times in order to maximize the power.

5. Switch to the main cavity by moving BP1 as indicaite the laser manual. (NOTE: you
won't always get high power right away.)

*see the diagram below for mirror and prism locasio

M6 M7
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Aligning the Main Cavity

*From 9/28/12 — 7/1/14, the positions of M6 and B2 NOT centered. See below (or Ali’'s
notebook). Deviations from center are a resuliush spots on optics.

1. Adjust M7 to maximize the power in the main cavity.

2. Adjust M5 a small amount to move the beam towasddénter of M6. The beam will
still be slightly off center. *

3. Adjust M6 to maximize the power at the new location

4. Repeat steps 2 and 3 until maximum power is reach@kemember the direction of

movements, and move back if a movement of M5/MGeabeses the power.)

5. Adjust the position of the beam on M7 with M6. MoM6 so the beam moves toward
the center of M7. The beam will still be slightlf oenter.*

6. Follow the same procedure as steps 2 and 3, usthgnd M7 instead of M5 and M6.
7. Adjust the position of M1 slightly to maximize tpewer.

8. Replace the slit, and adjust its position to recdae maximum power (from step 7).
Record this power.

9. Close the slit half way, switch to ML on the diodsplay. Check that beam is mode-
locked on the diode display, visually (after chimirrors), and with the spectrometer (to make
sure the beam looks gaussian). Record this poW&TE: the diode display may not display
“CW?”, but it is important to check the beam becathsge is not always correct.)

10. Measure the power after the first pinhole in tharbepath. Maximize the power here
using the fine controls on the pinhole. Record gower.

11. Check beam alignment on the table to the black tm@troscope, and to the upright
microscope.
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A.9 Sample calculations for acrylate resin preparation

0.1608 g TPO-L = 0.03 x x
X =5.36

-0.1608 g TPO-L

5.1992 g monomer

SR-499 = 561 g/mol

SR-368 =423 g/mol

SR-499 + SR-368 = 984 g/mol

(y mol) x (984 g/mol) = 5.1992 g monomer
y = 0.0052837398 mol

SR-499 =y x 561 g/mol = 2.9642 g needed

SR-368 =y x 423 g/mol = 2.2350 g needed

A.10 Functionalizing glass coverslips or slides

Glass slides or coverslips are functionalized wBtacryloxypropyl trimethoxysilane

(Gelest, Morrisville PA) to promote adhesion of gwylate polymer structures fabricated using

MAP. First, glass slides or coverslips are cleabgdonication for 5 minutes in a beaker of

acetone, followed by isopropanol, and finally Ditara The glass slides or coverslips are then

baked in a 95 °C oven for 1 hour, or until all ekdare dry. The surface of the glass is cleaned

further by oxygen plasma cleaning for 2 to 3 miswead then placed in a 93% ethanol, 5% DI

water, 3% 3-acryloxypropyl trimethoxysilane solutiand stirred for 24 hours. The slides or

coverslips are then transferred to a beaker ofhethend stirred for 1 hour. Finally, the slides or
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coverslips are removed from the ethanol and bakeitl dry in a 95 °C oven. For storage, the
slides or coverslips are layered with kim wipes iplastic Petri dish.

A.11 Sample fabrication programs

A.11.1Inverted microscope orientation

The description in Table A.11.1 is for programs ®rkad by the LabView program
“Fabricate Prior” on the computer that communicatés the inverted microscope set-up. For
any fabrication program to be used on the invemeoscope set-up, the first three lines as well

as the final line are unique. Table A.11.1 includescriptions of the commands that fill each

spot.
Al Bl C1l D1 E1l
1 | 2- define fabrication speed (um/s)x speed |y speed zspeed
2 | 0- do nothing 0 X (start) y (start) Z (start)
3 | 1- start fabrication (open shutter) 0 x (1) y (1) z(1)
5 0 0 X (i) y (i) z (i)
6 | -1 — end fabrication (close shutter 0 X (end) y (end) z (end)

Table A.11.1: Descriptions of the commands for writing a fabtima program to use on the
inverted microscope. AR, y,andz coordinates are in um.

A.11.2 Upright microscope orientation

The description in Table A.11.2 is for programs ®rkad by the LabView program
“Fabricate2.vi” (using the “Bridge” format) on tlemputer that communicates with the upright
microscope set-up. Table Ax includes descriptioinhhe commands that fill each spot. On the
front panel of the LabView program, the stage spaed fabrication time are entered. The

fabrication length in the program that is beingdres LabView must correspond to the speed
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and time input on the front panel. For exampleg atage speed of 5,000 um/s and a fabrication
time of 600 ms, the fabrication length in the peogrshould be 3000 pum. The inclusion of

acceleration time is discussed in Section 4.3.

Al Bl Cl D1

1 | number of layers — number pf dz-the bridge — the | total number of lines
times the program will be spacing irz number of | in the program (not
repeated at increasing Zd| between membrane including line 1)
values — defines the height of the layers layers
structure

2 x (1) y (1) x(2) y (2)

3 x(3) y(3) X (4) y (4)

4 | .. x (end) y (end)

Table A.11.2: Descriptions of the commands for writing a fahtion program to use on the
upright microscope. Ak, y,andz coordinates are in um.

A.12 Teflon coating glass slides or PDMS molds

The two methods of applying an anti-stick coatiogatMAP fabricated master structure
that are commonly employed are solution coatingclvhims to create a covalent bond between
unreacted acrylate molecules on the surface ofmster structure, and vacuum coating, which
deposits a layer of anti-stick coating on the ensarface of the master structure by placing it in
a desiccator with a small volume (< 1 mL) of arséasolution and evacuating the desiccator.
The procedures for each of these methods are aditielew. Figure A.12.1 shows SEM images
of master structures that were molded after a dépostime greater than 45 minutes was
employed (step 6). If too much anti-stick coatisgleposited, the curing process of the PDMS

is inhibited.
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Solution anti-stick coating

1.

Make an acrylate replica or master structure. Teghod works best on acrylate replicas

cured for 40 seconds under a UV lamp.

2. Place the structure in a 30 mL beaker of 20% ettgyldiamine in ethanol for 30 minutes
while stirring.
3. Rinse the structure in a 30 mL beaker of ethanol fminute.
4. Combine the following in a 30 mL beaker:
a. 4.5 g hexafluorobenzene
b. 0.03 g perfluorooctadecanoic acid
c. 1 drop of methanol
d. 16 mL of ethanol
5. Stir the structure in the solution from 4 for 1&uhs.
6. Rinse the structure in a 30 mL beaker of ethanol fminute.

Desiccator anti-stick coating

Bake the MAP fabricated master structure at 950¥G-15 minutes, and allow it to cool.
Add 1 to 2 mL of dimethylchlorosilane to a watclagg using a glass pipette.

Place the watch glass and master structure in aumacdesiccator and turn on the
vacuum. Let the chamber evacuate for ~10 minutes.

Close the vacuum valve and leave the contents wadeium for 30-45 minutes.*

The master structure is ready to be molded with PDMS
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Figure A.12.1: SEM images of master structures after molding withanti-stick coating (left
and after over-deposition of anti-stick coatindtfle Without anti-stick coating, the PDMS is not
completely removed from the acrylate structure, @admore likely to get stuck between
channels. With too much anti-stick, the mastarcétire remains sticky and the PDMS does not
cure close to the surface, even after a 24 hour 8DiMe time.
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A.13 Elliptical block LabView program

P! ElipticalBlockForChannelv2_Feb2011.vi
Eile Edit View Project Operate Tools Window Help

P R I e
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Figure A.13.1: Figures A.13.2 and A.13.3 are parts of this imagehe front panel of the
elliptical block program has been cut so that t&tt be more easily read. In A.13.2 and A.13.3
clarifications for parts of the front panel aregjiv
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& ElipticalBlockForChannelv2 _Feb2011.vi

Figure A.13.2: The left half of the front panel of the elliptidalock program. The input values
are described in green text boxes where necesdarjhe first two values are input here as they
are on the front panel of the upright microscopmgpm. The length and override length allow
the program to incorporate acceleration time basadpre-determined values, or ignore
acceleration time respectively. 2: These valuegtaenost important for creating a program to
fabricate a circular channel. In general, “Radizmm” should be twice “Rad_vertical” to take
the voxel dimensions into consideration. 3: thenbar of voxels per point of fabrication. 4:
These values are relevant if override length isuset. 5: “Stop” will save the program as a text
file and “use specific length” uses the overridegih input in 1.
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Figure A.13.3: The right half of Figure A.13.1. 6: this plot st® the dimensions of the
calculated circle, and does not necessarily refigeictly what the fabricated cross-section will
look like. 7: The type of text file that is saved.his can be adjusted in the block diagram
depending on which program is used to fabricate f{merted microscope or upright
microscope). 8: The total number of lines in talerication program. This value is in position
1-D1 in Table A.11.2.
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