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Abstract

In this thesis work, several generations of microfluidic protein fractionators were
designed based on electrokinetically driven flow. The fractionator design was improved
until a nicely focused sample stream was able to be produced at lower voltages. Two
modes of fraction collection, peak selection and fixed time intervals, were explored.
The fractionator and collector based on peak selection mode allows a relatively simple
design, with the number of collection channels reduced to the number of components of
interest. The “in-space” 36-channel fractionator and collector operated at fixed time
intervals increases the fractionator’s throughput and further increase of the number of
fractionation channels is feasible on the basis of our results. The sample stream can be
delivered to the grounded channel with no contamination of the other channels. The
advantage of electrokinetically driven flow over hydrodynamic flow was embodied in
the ability of electrokinetically driven flow to direct flow equally into individual
channels on our device with multiple outlets. Polymer beds were coupled with the
multiplexed fractionator in order to adsorb protein for further analysis. The sheath flow
effect and protein adsorption on this fractionator with polymer beds were performed

well. This fractionator will be coupled to protein separation stages in the future.
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1.1 Introduction

Micro total analysis systems (WTAS) have drawn extensive attention since the
concept was introduced 16 years ago. Nowadays, pTAS devices are being developed for
fields including protein analysis [1-5], DNA analysis [6-8], cell culture [9,10], and
biomarker screening [11,12]. The drastic expansion in the application of micro total
analysis systems, or so-called “Lab on chip” technology, may be attributed to the
potential advantages over other analysis systems. Briefly, analysis on a microchip can
reach high separation efficiency in a very short time, and integration and automation of
various structures performing individual roles can be realized.

In our research work, we have attempted to design a protein analysis platform
which integrates protein separation, fractionation and collection, digestion and
preconcentration on a single microchip. Fractionation and collection are indispensable
steps for a complex sample. This thesis work focuses on developing an “in-space”
protein fractionator and collector, coupled with protein separation upstream and protein
concentration downstream. The essence of fractionation in-space is to collect individual
components into individual collectors without cross contamination. In this chapter, we

will give a review on the different aspects involved in our work.

1.2 Protein analysis on microchip
Proteomics involves protein extraction from cells or tissues, protein separation,

fractionation, concentration, digestion and identification by Mass Spectrometry (MS).

Some of these processes have been demonstrated on microchips.
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Protein analysis formats on a microchip fall into two categories, the protein
biochip array and microfluidic devices. To construct a protein microarray, protein
molecules are immobilized through a crosslinker onto a solid support, such as a glass
substrate coated with gold film. The protein array is then exposed to an analyte
containing protein molecules or other small molecules which can interact with the
immobilized protein molecules. A protein array is an excellent tool to study the
interaction of protein with protein [13-15], peptide [16] or target drug molecules [17,18].

The traditional and prevalent protein separation method is 2-D polyacrylamide gel
electrophoresis (PAGE) [19-22]. Protein molecules are separated by isoelectric focusing
in the first dimension and further separated according to molecular weight in the second
dimension. Although 2-D PAGE shows great power in protein separation, it is tedious,
time-consuming and hard to automate. In comparison, HPLC and CE demonstrate their
great potential in protein separation and the ability to couple with MS, allowing fast and
automatic analysis. Numerous papers have been published about protein separation
using various mechanisms in a capillary, such as capillary zone electrophoresis (CZE)
[23,24], capillary gel electrophoresis (CGE) [25,26], and capillary isoelectric focusing
(cIEF) [27-30]. In CZE, CGE, and cIEF, molecules are separated according to their
differences in mass-to-charge ratio, size and isoelectric point, respectively. Protein
separation was successfully adapted from capillary to microchip after the introduction
of microfluidic channels. Both one-dimension and two-dimension protein and peptide
separations on microchip have been published. Two-dimensional separation is more
powerful for complex sample mixtures. Ramsey et al [31,32] integrated micellar

electrokinetic chromatography (MEKC) and high-speed open-channel electrophoresis to

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



separate peptides. The plate numbers reached 230 000 and 40 000 for the first and
second dimensions, respectively. The speed in the second dimension has to be very high,
in order to analyze the separated components injected from the first dimension without
losing too many fractions. One of the advantages of “lab on chip” was embodied in that
device by the ability to achieve almost zero dead volume of the interconnecting
channels. The hyphenation of SDS gel electrophoresis and MEKC (Figure 1.1 a) also

demonstrated high resolving power for protein separation [33].

The material involved has been The material involved has been
removed because of copyright removed because of copyright
restrictions. restrictions.
133] a [34] b
Shadpour et al Herr et al
The material involved has been removed The material involved has bpen
because of copyright restrictions. removed because of copyright
restrictions.
Tsai et al 13! c Li et al B9 d

Figure 1.1 Various 2-D designs adapted from literatures
cIEF and CZE in the first and second dimensions, respectively, were carried out on

a simple cross channel structure (Figure 1.1 b) [34]. All the 2-D separation modes
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discussed above have one thing in common. In each case, because the two dimensions
were carried out simultaneously, the sample injection frequency from the first
dimension to the second should be high enough to avoid loss of sample information. In
comparison, by changing the chip design, separations in two dimensions can happen
sequentially. Tsai et al demonstrated the combination of cIEF and CGE on a glass chip
[35] as shown in Figure 1.1 c. They fabricated the cIEF channel and air-gate channels
on one layer and the CGE channel on another substrate. The two air-gate channels were
employed to reduce the interference between the two dimensions. Similar structures
(Figure 1.1d) were made on polycarbonate substrates to perform cIEF and SDS gel
electrophoresis in the first and second dimensions, respectively [36]. A 2-D separation
employing cIEF and SDS gel on PDMS was also reported [37]. However, this work
involved multiple PDMS layers and a complicated procedure involving peeling off one
PDMS layer after cIEF before performing the second dimension analysis.

In-solution, on-chip digestion has been presented by Gottschlich et al [38]. The
protein and trypsin solutions were introduced from different channels into the reaction
channel. Because of the autolysis of trypsin, which may interfere with the MS analysis,
digestion using immobilized trypsin was developed. Trypsin can be immobilized onto
agarose beads and then packed into microchannels [39-41] to perform on-site digestion.
Magnetic latex nanoparticles [42] are also a good support for trypsin. The magnetic
beads can be easily removed from the microchannels and replaced with new ones.
Monolithic porous polymer can also be used as the support [43]. Another interesting
way to construct the enzymatic microreactor is to entrap trypsin into a network. The

network can be built up by coating the surface of a poly(ethylene terephthalate) chip
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with positively and negatively charged molecular layers alternately [44], or by grafting
sol-gel onto the surface of a PMMA chip through polycondensation [45,46].

Desalting [47] and preconcentration are important steps in protein analysis, and
have been realized on chip. Polystyrene beads were packed into microchannels to desalt
peptide samples before infusing into the MS [48]. Microdialysis is an efficient method
of sample cleanup. Song et al [49] fabricated a nanoporous membrane on a microchip
through a photopatterning method. A membrane with a molecular weight cutoff less
than 5700 was employed to desalt a protein sample. The easiest way of immobilizing a
membrane on-chip is demonstrated by just placing a poly (vinylidene difluoride)
membrane [50] with 0.45 um pore in the reservoir. The protein sample was loaded on
top of the membrane and desalted. In some cases, desalting and preconcentration can be
performed at the same time [51]. Protein concentration on chip has been demonstrated
employing classic mechanisms, such as isotachophoresis (ITP) [52], sample stacking
[53] and solid phase extraction (SPE) [54], etc. Some interesting concentration methods
have been reported recently. Hatch et al [55] fabricated a photopatterned size exclusion,
nanoporous film, about 50 pm thick. By grounding the sample reservoir and applying a
positive voltage to the sample waste reservoir, negatively charged protein molecules
were trapped on the film. A similar preconcentration mechanism was presented by
Foote et al [56]. A porous silica membrane was sandwiched between the substrate and
the cover plate. The negatively charged protein molecules were electrophoretically
concentrated onto the silica film when a positive voltage was applied between the
preconcentrator reservoir and the sample reservoir. A preconcentrator with a million

fold concentration capability was reported last year [57]. The concentrator was
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constructed with a series of nanofluidic filters, fabricated using the normal
microfabrication procedures. It took advantage of electrokinetic trapping and nonlinear
electroosmotic flow to realize protein concentration.

The hyphenation of a microchip with ESI-MS has been explored thoroughly.
Various types of electrospray tips were developed including a capillary tip [41], a

polymer tip [58] and a microfabricated tip [59].
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Figure 1.2 Integrated protein platform adapted from Li et al [61]

On the basis of studies on individual procedures involved in protein analysis, some
highly integrated systems have been presented such as the nanospray LC/MS chip
commercialized by Agilent and a microfluidic platform for LC/MS which integrated

pump, valve, separation column and electrospray [60], etc. Li ef al [61] built up a
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protein platform (Figure 1.2) on which sample was transferred to microchip through an
autosampler, followed by on-chip preconcentration, desalting, separation and
identification by MS.

To our knowledge, all the protein analysis platforms reported so far involve a
single manifold system. In order to further demonstrate the advantages of the short
analysis time and high integration potential of microchips, a multiplexed device needs
to be explored. On a multiplexed protein platform, a protein mixture will undergo
separation, fractionation and collection, preconcentration, digestion and identification
by MS. Since preconcentration and digestion do not occur on the same time scale as
separation, an “in space” fractionation and collection design is preferable to integrate
the two procedures. The key point of fractionation and collection is how to direct
fractions into the desired collection outlets, which is related to flow control. On a
microchip, pressure driven flow and electrokinetic flow are the main available sources

of flow control.

1.3 Pressure driven flow
Basic principle

Pressure driven flow includes laminar flow and turbulent flow. When a fluid flows
in parallel layers [62], and there is no disturbance between the layers, laminar flow is
developed. In comparison, turbulent flow is an irregular fluid flow form. The Reynolds
number (R,) is used to evaluate whether the flow is laminar or turbulent. The Reynolds

number is defined by

R - pYL
y7i
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where p, vs, L and u are fluid density, fluid velocity, characteristic length and dynamic
fluid viscosity, respectively. Laminar flow occurs when R, is less than 2000. Because of
the small dimension of the microfluidic channels, the flow is almost always laminar.
Fully developed laminar flow in small round tubes or microchannels has a parabolic

flow profile.

1.4 Electrokinetic driven flow

Electrokinetically driven flow originates from electroosmotic flow (EOF) induced
by charged surfaces such as quartz or glass. When a capillary or microchannel is filled
with buffer with a pH value above 4.0, the silanol groups on the surface will be ionized
and the surface will be negatively charged. The negative charges attract positive charges
and form a double layer close to the surface. EOF is created by the movement of the
positively charged ions in the double layer towards the cathode which carries the bulk
solution with them. The potential at the plane of shear lies in the double layer, and is
called the zeta potential. The velocity of EOF (ve,) is described by the Smoluchowski
equation [63] as follows,

v =£=ﬂeoE

eo 77
where, €, {, 71, Lo, E are the permitivity of the buffer, zeta potential, viscosity of buffer,

the electroosmotic mobility and electrical field, respectively. Contrary to the parabolic
flow profile arising from pressure driven flow, EOF has a flat profile across the channel
which can decrease zone broadening and increase resolution.

Charged particles under an electric field are also driven by an electrophoretic force.

The electrophoretic velocity ve, and mobility (o) are given by
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v =u E= E
o = Hep 6xnr

where ¢ and r are the charge on the particle and the radius of the particle, respectively.

The actual velocity of a charged particle depends on the sum of electroosmotic velocity

and electrophoretic velocity.

1.5 Sheath flow and its application

Sheath flow is created when the sample stream is sandwiched between two buffers,
on either side. Sheath flow can be created by hydrodynamic focusing or electrokinetic
focusing. Sheath flow phenomena have many realistic applications. Lee et al [64]
described a micromachined flow cytometer based on hydrodynamic focusing. They
employed a simulation model to select the possible dimensions of sample and sheath
channels. A similar micro flow cytometer was combined with optical detection and
microvalves, which were connected to a few outlets to collect cells of interest [65].
Electrokinetic manipulation of cells [66] and electrokinetic focusing on microchips [67]
were reported early in 1997, followed by the presentation of a flow cytometer using
electrokinetic focusing in 1999 [68]. The basic design for performing electrokinetic
focusing involves two channels vertical to each other. One channel is used to introduce
a sample stream, while the sheath streams are introduced from either side of the sample
channel. The sample stream and sheath streams are driven by electroosmotic and
electrophoretic forces towards the same outlet. The flow rates are controlled by the

voltages applied and the chip dimensions.
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1.6 Fractionation and collection on microchip
All the separation methods can be considered as fractionation tools. Here, we focus
on some interesting fractionation methods. Elements of these designs are present in the

chips designed and presented in this thesis.

1.6.1 Fractionation based on hydrodynamic filtration

Japanese researchers presented a series of papers on the topic of hydrodynamic
filtration, referring to it as “pinched flow fractionation” [69] in the first paper. This
method takes advantage of laminar flow in microchannels, and does not require an

external field. The schematic explanation of this method is shown in Figure 1.3. Liquids

The material involved has been removed
because of copyright restrictions.

Figure 1.3 Schematic illustration of the mechanism

of particle sorting. Adapted from Yamada et al !

with and without particles were introduced from two inlets. The suspended particle
stream was close to the side wall due to the pinching effect of the other liquid stream.
When the particle stream reached the expanded region, small particles still flowed close

to the channel wall, whereas large particles flowed towards the center. In their

10
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following papers, Yamada and Seki explained the separation mechanism more
explicitly, defining this method as hydrodynamic filtration [70].

The design used multiple side channels as outlets. The particles flow direction
depends on the ratio of the flow rate of the side channel to that of the main channel. As
shown in Figure 1.4 (a), the flow rate of the side channel was so small that no particle
entered the side channel. In Figure 1.4 (b) and (c), as the flow rate in the side channels
increased, particles with larger sizes could flow into the side channels. However, smail
particle streams may contaminate the large particle streams because not all the particles
are aligned to the channel wall. In the later design [71], side channels used for splitting
and recombining were added to improve recovery and selectivity. Valves were also
integrated into the side channels to control the flow rates of the side channels in order to

realize tunable pinched flow fractionation [72].

The material involved has been removed because of
copyright restrictions.

Figure 1.4 Schematic illustration of hydrodynamic
filtration. Adapted from Yamada et al 1701

1.6.2 Field flow fractionation based on isoelectric focusing
Field flow fractionation (FFF), presented first by Thompson [73], is a continuous

mode of separation. Briefly, in field flow fractionation, the sample stream is pumped

11
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into a thin channel by pressure, forming a parabolic flow, while a field perpendicular to
the flow direction is applied. Because of the interaction with that field, sample
components are forced towards the channel wall. Different interactions with the field
result in different velocities of individual sample components, separating sample
components into different zones along the channel wall. Various FFF modes have been
developed depending on the types of field, including sedimentation FFF [74], magnetic
FFF [75], thermal FFF [76], dielectrophoresis FFF [77] and IEFFFF [78].

IEF has proven to be an efficient protein separation tool. The first report about
combining IEF with FFF was published in 1989 [78]. In that work, the ampholyte was
pumped into the channel to form a pH gradient. However, in some cases, ampholyte
should be avoided because it might interfere with the detection of protein. In this
circumstance, carrier-free IEF is recommended. Yager et al [79] reported ampholyte-
free IEFFFF (Figure 1.5). In this design, gold or palladium was used to construct the
two channel walls in which the sample stream was sandwiched. The pH gradient was

formed by OH™ and H" produced from electrolysis of water.

vptical deteotion axis

Figure 1.5 Chip design for IEFFFF. Adapted from Macounova et al 179,

12
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Han et al [80] reported a novel way of generating a pH gradient in order to perform
IEFFFF. The pH gradient originated from a diffusion potential, as shown in Figure 1.6.
This method does not involve ampholyte or even an electric field. A sample solution
with a lower buffer concentration and pH value compared to the background buffers
was introduced from the middle channel. Because Na" has a higher diffusion coefficient
than HoPO4 and HPO,* ions, a positive diffusion potential was formed in the sample
solution. The electric field produced from the diffusion potential over a small distance is
enough to focus protein molecules. The protein molecules with pl values between 6 and

8 were positively charged and focused at the positions corresponding to their pI values.
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Figure 1.6 Schematic illustration of diffusion potential
induced pH gradient. Adapted from Song et al 180]

1.6.3 Optical fractionation and particle deterministic lateral displacement
MacDonald ef al [81] reported particle sorting using an optical lattice. This method

is based on the change in particle kinetic motion when it is illuminated by light, and on

the laminar flow in a microchannel. As shown in Figure 1.7 (a), when no disturbance

happens, particles will flow from B to D. However, when an optical lattice is coupled to
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the fractionation chamber, some particles will be pushed up by interacting with light
and will flow into C.

Another novel separation method based on deterministic lateral displacement was
presented by Huang et al [82]. In traditional particle separation methods like size
exclusion and hydrodynamic chromatography, the collected peaks are usually broad
because particles with the same size will travel close to each other, but not the same
distance, before they reach the detector. In Huang’s work, an obstacle array (Figure
1.7(b)) was built in a microchip. Particles with the same size traveled along the same

path, which increased the resolution.

The material involved has been removed The material involved has been removed
because of copyright restrictions. because of copyright restrictions.
(@) (b)

Figure 1.7 Schematic illustration of optical fractionation (a). Adapted from MacDonald
et al ®. Particle separation based on deterministic lateral displacement (b). Adapted
from Huang et al 182

1.6.4 Fraction collection

Fraction collection in capillary format [83-85] has been reported. Yet few papers
were published about fraction collection on microchip. In this section, we will give a
brief review of fraction collection designs and flow switching methods in the field of

microfabrication.
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For a design which has only one collection outlet, the collection ability is limited.
So, a strategy needed to be devised to collect fractions individually. Khandurina et al
[86,87] reported DNA fraction collection using a simple cross-channel design. Sample
introduction, separation and collection were driven by an electrokinetic force. The
voltage scheme for each step is shown in Figure 1.8. In the fraction collection step,
reservoir 1 was applied with a positive voltage and the voltages on reservoir 2 and 3

were decreased. The desired fraction passed the cross section point and was collected by

The material involved has been removed because of copyright
restrictions.

Figure 1.8 Schematic illustration of flow directions
and voltages applied in sequential stages. Adpated
from Khandurina et al 9.

reservoir 3, while the flow direction below the cross section point was reversed a little,
so that other fractions remained in the channel. Thus, the desired fraction would not be
contaminated by other fractions. In comparison, if the separation channel and fraction
collection channel are separated, the two processes can be performed independently.

The application of a nanofilm [88,89] can solve this problem. Tulock et al [90] reported

a gateable fraction collection design for a mass-limited sample. A nanofilm was placed
between a separation channel and a collection channel, which was perpendicular to it.

The solutions in both channels would not mix together due to the nanofilm. However,
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under an electrokinetic force, sample was transferred from the separation to the fraction
collection channel. Moreover, a detector placed just before the cross section point was
used to monitor the arrival of the targeted fractions to trigger the fraction collection
process.

For fraction collection designs with multiple outlets, the collection capacity is
increased. However, methods to control flow switching into each collection outlet
remain an issue. Mainly three types of forces, pressure, electrokinetic and centrifugal
force, have been employed.

Lee et al [91] designed a flow switching system (Figure 1.9 (a)) involving a series

N connection , i~
Y grove

‘ packing

separation / W”leoading
channel

Collection well
reservoirs

@ ®)

Figure 1.9 (a) Schematic illustration of direction of sample streams
into desired outlets by pressure-driven force. Adapted from Lee et al
1 (b) Fraction collection design based on centrifugal force.
Adapted from Spesny et al %

side
chanel

of pressure pumps. As shown in Figure 1.9 (a), in order to direct the sample streams

introduced from A2 and B2 into specific outlets on the right side, the flow velocities of
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all the inlet channels need to be controlled accurately, by adjusting the pressure pumps.
The flow velocities required were evaluated using models that considered the fluid
densities in individual channels and the channel dimensions, before setting up the
pressure pumps. Obviously, this is a complex process and the entire system is bulky due
to the requirement of several pressure pumps.

Foret et al [92] presented a complex fraction collection design (Figure 1.9 (b))
employing centrifugal force. The separation channel was in serpentine shape where
isotachophoresis or isoelectric focusing could occur. The separation channel was
modified to be hydrophilic. In order to avoid leakage from the separation channel to
collection reservoirs through the side channels which connected them together,
hydrophobic patches were placed at the junctions. After the separation, the focused
sample zones were transferred into collection reservoirs by applying a centrifugal force

strong enough to overcome the restriction of the hydrophobic patches.

The material involved has been removed The material involved has been
because of copyright restrictions. removed because of copyright
restrictions.
a b

Figure 1.10 (a) Design for multiple injections. Adapted fromFu et al *!. (b) Design
for multiple injections involving less electrodes than the design in (a). Adapted from
Pan et al Y.
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Compared to pressure-driven flow, electrokinetically driven flow does not require
movable parts and flow switching can be easily controlled by switching voltages. These
advantages make electokinetically driven flow a useful driving force in fraction
collection devices. Fu et al [93] reported a multiple injection method based on an
electrokinetic pinching effect. In their device (Figure 1.10 a), two sample streams
introduced from two inlets were supposed to be directed into two outlets from A to G. A
simulation model was required to estimate the required voltages on each reservoir.
Although the two sample streams flowed into the desired channels, the reservoirs from
A to E needed to have voltages of different values applied, which made the entire
system cumbersome. Moreover, EOF on the channel surface changes with time due to
adsorption of sample onto the wall of the microchannel. For such a complex system in
which the flow direction was so sensitive to slight changes in voltages (as shown in
their data), change in EOF means readjustment of all the voltages. Pan et al [94]
reported a simple version (Figure 1.10 b) based on the same principle. In their device,
sample streams were introduced from B and D. Reservoirs A to E received positive
voltages, and one or two reservoirs from 1 to 5 were grounded, depending on which

reservoir the sample streams were supposed to flow into.
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Figure 1.11 Chip design for performing address flow (left) and
schematic illustration of address flow in the chamber (right).
Adapted from Besselink et al /.
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The electrokinetic effect was also being used to produce so-called “address flow”
as reported by Besselink et al [95,96]. They demonstrated flow control for one and two
sample streams, respectively. To control two sample streams, three guiding streams
were employed as shown in Figure 1.11. The positions of the two sample streams in the
flow chamber were adjusted by changing the voltage settings on the sample stream
reservoir and guiding stream reservoirs. They considered the device as a combination of
electrical resistors and developed an analog model which was combined with the

Labview program to change the voltage settings in real time.

1.7 Capillary isoelectric focusing

Isoelectric focusing (IEF) has been extensively used in 2-D SDS PAGE separation
of proteins. Here, we only focus on IEF in capillary or microchannel format which is
called cIEF. Traditionally, in order to form a pH gradient in a capillary, ampholyte and
two buffers with different pH values are needed. The acidic buffer (anolyte) and basic
buffer (catholyte) are placed at the anodic and cathodic ends, respectively. An
ampholyte consists of numerous compounds with different pl values. In cIEF, the
mixture of sample and ampholyte is introduced into a capillary. Upon application of an
electric field, a charged ampholyte molecule will move towards the anode or cathode,
depending on its charge, until the net charge at that spatial region of the ampolyte is
zero, and then it stops at that position. If it moves away from that position due to
diffusion and is charged again, it will move back. Numerous ampholyte molecules are

distributed in the capillary according to their pI values and a pH gradient is generated.
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Protein molecules will move to the positions of their own pl values and then be
concentrated at those positions into narrow zones.

In cIEF, the step of driving focused protein zones past the detector is called
mobilization. In two-step IEF, focusing and mobilization occur in separate stages, while
in one-step IEF, the two steps proceed simultaneously. The mobilization can be
performed in three ways. In chemical mobilization [97], adding some neutral salts to the
anolyte or catholyte will lead to a pH shift in the capillary, and the focused zone moves
out of the capillary. In hydraulic mobilization, pressure is needed to push the focused
zone past the detector, while keeping the electric field on [98]. Electroosmotic
mobilization is normally used in one-step IEF. EOF has to be partially removed in order
not to interfere with focusing too much and the residual EOF serves as the mobilization
force [99]. In contrast, in two-step IEF the capillary wall needs to be modified to
remove EOF completely.

One of the main problems in cIEF is that the mobilization might deform the
focused zone. To avoid this issue, Pawliszyn et al [100, 101] developed a whole column
imaging detection system to monitor the focusing process over a long distance. Another
problem arises from the ampholyte. The ampholyte can easily be adsorbed onto the
capillary or channel wall and thus EOF is changed. Moreover, ampholyte is not
compatible with mass spectrometry (MS), yet it is hard to separate from the protein.
Various ways of developing pH gradients have been presented. Cabrera et al [102]
reported the generation of a pH gradient by electrolysis of water. Thermally formed pH
gradients were investigated by Fang [103] and Huang [104]. A tapered channel was

used in their work. When a current flowed in this channel, the Joule heat generated at
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the sharper region was higher than that at the wider part. When the channel was filled
up with weak acid or base, the dissociation constant would change with temperature,

thus forming a pH gradient in the channel.

1.8 Monolithic polymer

Monolithic polymers have found extensive applications on microchips. They can
be used to make microreactors [105], concentrators [106], electroosmotic micropumps
[107], and electrospray tips [108], etc. The polymerization reaction involves monomer,
cross linker, initiator and porogens. The pore size can be adjusted by changing the
amount of individual components [109]. The reaction can be initiated by heat [110] or
UV light. Compared to thermal polymerization, photo initiated polymerization is more
useful because the polymerization reaction can be confined into a specific region with
the aid of an exposure mask [111,112]. Reichmuth et a/ [113] fabricated a micro reactor
and reversed phase column for protein separation using laser polymerization. Half of
the volume of the microinjector was filled with polymer. The monolithic polymer could
be driven to move from one end to the other by pressure. The movement caused the
introduction of sample quantitatively, followed by separation. A photopolymerized
silica based sol-gel with EOF can also be packed into a microchannel as separation
media [114, 115]. Separation of peptides and amino acids using electrochromatography
were demonstrated by Throckmorton et al [116]. 2-acrylamido-2-methyl-1-

propanesulfonic acid (AMPS) was added to the monomer solution in order to increase

EOF.
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Monolithic polymer is an excellent media for solid phase extraction (SPE) and
preconcentration because of its high surface to volume ratio. Yu et al [117]
demonstrated the concentration of recombinant green fluorescent protein on a
hydrophobic polymer bed. Yang et al [118,119] reported the extraction of imipramine
in human urine sample using a similar polymer bed followed by detection with MS. A
monolithic polymer can be employed as support for microreactors. One of the examples
1s a trypsin digestion microreactor. Traditional trypsin digestion is performed in solution
and is time-consuming, because the concentration of trypsin has to be kept at a low
level, otherwise autodigestion will affect the identification of targeted proteins. Trypsin
can be immobilized onto a polymeric support in various ways. When glycidyl
methacrylate (GMA) is introduced to the polymeric structure, the epoxide functional
group of GMA can react with the primary amino group of trypsin to immobilize trypsin
[120]. Dulay et al [121] modified a sol-gel monolith with alkoxysilane containing an
aldehyde group, which reacts with an inactive amine group of trypsin. Kato et al
[122,123] reported immobilization of trypsin by forming a trypsin film on a sol-gel
monolith. Xie [124] and Peterson et al [125] immobilized trypsin by coupling azlactone

moiety into a polymeric structure which can react with the amine group of trypsin.

1.9 pSpice simulation

Because the fabrication of microfluidic devices, especially devices on glass
substrates, is usually time-consuming and expensive, it is useful to first model the flow
behavior before fabricating the chip. So far, a few simulation tools for microfluidics are

available. In our study, we are particularly concerned with the sample stream width,
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because it affects the required width of the main channel. Details about how to calculate
the sample width can be found in chapter 2. We need to consider the volumetric flow
rates of sheath streams and sample streams, which depend on the electoosmotic flow
rates. As long as all the channels were prepared under the same conditions, and the
sample buffer is the same as the sheath buffers, it can be assumed that the surface
charges over the entire device are uniform. Thus, the electroosmotic flow is
proportional to the electric field in each channel. If each portion of the channel is treated
as an electrical resistor, upon applying voltages to specific reservoirs, the electric field
can be calculated according to Kirchhoff’s law. When the chip design becomes complex,
a simulation tool is necessary. pSpice software available from Cadence can perform this
job easily. The simulation gives the current in each channel segment, which is
proportional to the volumetric flow. The voltage at each node allows us to calculate the
electric fields. pSpice software can also be used to simulate the hydrodynamic flow rate.
Flow resistance and pressure correspond to electrical resistance and voltage,
respectively. Because a pSpice simulation is based on an electrical model, all the
parameters have to be converted to a form of electrical parameter. Although a pSpice
simulation cannot give flow profile information, it is not time-consuming when
compared with other simulation methods. Moreover, in our experiment, it gives enough

information to direct the chip design.

1.10 Thesis scope

Chapter 2 focuses on fundamental design studies to establish good sheath flow

conditions. In order to deliver sample stream into a specific fractionation channel
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without contaminating other channels, electrokinetic focusing was employed to pinch
the sample stream. To distribute as many fractionation channels as possible, the pinched
sample stream needs to be long enough. The chip design was revised and tested several
times until finally 8 fractionation channels were functional. Design work then allowed
us to estimate that more channels can be accommodated.

Chapter 3 demonstrates fractionation and selective collection of separated protein
components. The high purity of collected fractions proves the efficiency of this
fractionator and collector.

In Chapter 4, the number of fractionation channels is expanded to 36.
Electrokinetic focusing and hydrodynamic flow in this multiplexed design were
investigated. The pinching effect still worked well, even when the pinched sample
stream traveled as far as 2.75 mm.

In Chapter 5, our attempt to make monolithic polymer beds, in order to concentrate
protein in the multiplexed fractionator, is described. The challenge was that the
introduction of polymer increased flow resistance significantly, and thus the sheath flow
effect did not work well. Different reaction mixtures and chip dimensions were tested
until conditions were found for which the polymer beds did not affect the sheath flow.

Chapter 6 focuses on the study of one-step IEF condition on these fractionators.
IEF performance was found to relate to chip dimensions, sample components, and the
concentration of anolyte and catholyte. The same conditions which produced good IEF
results on a simple fractionator were not working well on the highly multiplexed
fractionator. IEF may not be a suitable separation method for coupling to these

fractionators.
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Chapter 7 briefly discusses future work.
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2.1 Introduction

In this chapter, we demonstrate a protein fractionator and collector which is
designed to be merged into a protein analysis system on a microchip. Considerable
work on the application of microfluidic chips to proteomics has been reported [1,2].
However, a protein analysis platform on a microchip remains a challenging, yet very
promising research area. This alternative to the traditional protein analysis method has
the beauty of integrating individual analysis steps on a single chip. On a proteomics
platform, given a complex mixture of proteins, the components first have to be
separated, then fractionated and collected for further analysis [3]. Therefore, a protein
fractionator and collector is an indispensable part of a protein platform. Miiller et al [4]
designed a fraction collector for capillary electrophoresis in which the sample exits the
separation capillary and is forced toward a group of capillaries, which are located in the
grooves of a cylinder. Khandurina et al [5] used a plastic cross-connector to couple the
separation column and a single fraction collection capillary. Tulock et al [6] combined
microfluidics with nanostructures and developed a nanofilm-based, gateable fraction
collection system for mass-limited samples. Miiller’s device is bulky while only one
collection channel is available on Khandurina’s or Tulock’s device. Our goal is to
integrate a fractionator and collector onto a protein processing platform. Therefore, an
“in-space” fractionator and collector with muitiple collection channels is required.

Fractionation “in-time” has been shown in 2-d separation systems on chip [7], but
much less work has been done to show fractionation “in-space” for protein samples.
However, fractionation “in space” makes it possible to integrate protein separation with

the following digestion, concentration and identification stages on a microchip.
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Designing a fractionator and collector always involves controlling the flow from one
dimension to the other, which is realized by either a valve or valveless system. Wang et
al. [8] reported the isolation of an isoelectric focusing channel from a CE channel, using
the air valve system which was first introduced by Quake et a/ [9]. Choi et al. [10]
coupled isoelectric focusing with micro liquid chromatography in a demonstration
employing conventional, rotor-based valves. Conventional rotor valves were also used
by Yin et al. [11] for flow switching between sample loading and separation. However,
a valve system is not an ideal solution for a proteomic chip platform, because of the
complexity resulted from the peripheral hardware and the possibility of flow
interruption during separation. In valveless systems, flow switching can be controlled
by a pressure pump or electrokinetic force. Lee et al. [12] assembled a set of pressure
pumps to adjust the sheath and sample flow rates in order to guide a focused sample
stream into desired outlets. This kind of sheath effect arises from the laminar flow [13]
in microchannels. Electrokinetic systems eliminate the disadvantages of the bulky
pumps in pressure driven laminar flow. Moreover, electrokinetic flow switching [14]
brings the advantage of being easier to operate. These advantages indicate the great
potential of the application of electrokinetic force to a protein fractionator and collector.

In this chapter, we develop a fractionator and collector “in space” utilizing the
principle of electrokinetic force. In our research work, we attempted to build up a
protein analysis platform on a microchip. Our goal is to integrate protein separation,
fractionation, digestion and preconcentration on a single microchip. Fractionation “in
space” is an indispensable step for analysis of a complex sample. The essence of

fractionation in space is to collect individual components into individual collectors
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without cross contamination. Unfortunately, as is well known, leakage is a notorious
problem in electrokinetic systems. Such leakage will lead to the contamination of the
intersections of two orthogonal microchannels. In order to preclude this problem, we
have taken advantage of electrokinetic sheath flow effects to deliver the sample stream
under the protection of the sheath buffers. In this chapter, we present the design of
successive generations of microchips for fractionation purposes. The chip design and

the achievements of each generation are discussed.

2.2 Experimental

The chip was flushed with 0.1 M NaOH (BDH assured, Québec, Canada) for one
hour, followed by rinsing with water for half an hour, before flushing with 20 mM
ammonium bicarbonate (pH=8.0) (Sigma, Ontario, Canada). Fluorescein (Sigma,
Ontario, Canada) was dissolved in 20 mM ammonium bicarbonate. The images were
taken by CCD camera connected to an epifluorescent microscope. Electropherograms of
fluorescent signals were recorded with a PMT. High voltages were provided by a power
supply box with seven relays. Control programs were written with Labview software.
pSpice simulation was performed by using OrCAD Capture 9.1 software (OrCAD Inc.,
San Jose, CA, USA).

Microchips were made in the Nanofab at the University of Alberta using a
previously published chemical etching procedure [15]. The 0211 glass (Precision Glass
and Optics, CA, USA) substrate was coated with 30 nm thick chrome and 150 nm thick
Au. It was coated with HPR 504 photoresist (Arch Chem., Norwalk, CT, USA) (500 pm
for 10 s then 4000 rpm for 40 s.) to give a 1.5 um thick layer. The pattern on the

photomask was transferred to the substrate under UV light (365 nm) for 4 s. The
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substrate was then dipped into 354 developer (Shipley, Newton, MA, USA) for 25
seconds, followed by etching in gold etchant for 30 s before etching in chrome etchant
for 15 s. Finally, the substrate was soaked into HF glass etchant (HF:HNO;:H;O,

20:14:66) for 400 s to 800 s to the desired depth.

2.3 Chip design
This chapter will discuss two generations of fractionators. The first generation
contains the “squashed tree” design. In the second generation, three fractionators

outlined below were designed in an effort to determine the preferred design.

2.3.1 Squashed tree fractionator (the first generation)

This first generation of fractionators was made from a single mask process,
resulting in a single depth. The structure of the “squashed tree” fractionator is given in
Figure 2.1. The detailed dimensions are summarized in Table 2.1. All the channels were
etched into the bottom wafer, with access holes drilled in the top wafer. The two wafers
were thermally bonded together. The design consists of a sample channel for the sample,
connected to ten collection channels. Two sheath channels surround the sample channel

flow as it enters into fractionation zone.

2.3.1.1 Microchip operation

All the reservoirs and channels were filled with buffer first, then reservoir S was
emptied and loaded with dye solution. (See Fig. 2.1 to identify reservoirs). Reservoir S,
Sh1 and Sh2 received high voltages, while one of the collection channels was held at

ground, driving the sample into one of the collection channels by electroosmotic flow.
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Fractionation zone

Sample 1!/[
Achannel 7 e F7

Fl \‘ \\ . yd /I i
Collection \ N/ ,‘l AB
channel ‘,Shl Sh2/'

Al | 4
Sheath channels

Figure 2.1 The structure of the squashed tree design. The distance between two
adjacent collection channels is 100 um center to center. The converging point of
sample and sheath channels is called sheath point. All the channels are 10 pm deep
and 70 pm wide.

Table 2.1 Detailed dimensions of the squashed tree

Fractionation | Sheath channel Collection Sample channel
zone channel
Segment | d=10 pm Segment | d=10 um Segment | =10 um
d=10 um w =70 wm w =70 um w =70 um
w =70 um A 1=24 mm A /=30 mm A /=3 mm
/=1100 pm
Segment d=10 um Segment | d=10 um Segment | d=10 um
w =220 um w =220 um w =220 um
B [=34mm |B [= 3.4mm B /= 3.4mm

Note: Sheath, collection and sample channels all contain two segments, A and B, with
different dimensions, as shown in Figure 2.1.
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Flow from Sh1 and Sh2 into the collection channels was also driven by electroosmotic
force too. The sheath flows functioned as protective fluids which prevented the dye
stream from flowing into other floating channels. A sheath flow profile [16] like the one

shown in Figure 2.2 was formed on the chip.

sample

outline of
channel

TORUS 1 o

waste

Figure 2.2 Cartoon shows the sheath flow profile
Adapted from J M. Ramsey et al, Anal. Chem. 1997,
69, 3212-3217.

2.3.1.2 Impedance simulation

In order to predict the flow profile, pSpice software was used for simulations of the
device designs. The results instruct the choice of voltages used in the experiments. In
this simulation model, the channels are treated as resistors. Because all the channels are
filled with the same buffer, their relative impedance only depends on the dimensions‘.

When a voltage layout is set up, the simulation result gives the current (/) in each
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channel and the voltage at each intersection point. The current is proportional to the

volume flow rate (F) as follows:

_V _ _El —EA—V/’uxA~£— i
R plld p p 7.0 Hoo ™ e @

where R is resistance, £ 1s electric field, / is the length of the channel, p is resistivity, 4
is the cross section area of the channel, v is the linear velocity, 4, and i, are
electroosmotic mobility and electrophoresis mobility, respectively. The diffusion

distance (d) can be calculated from the voltage drop as follows:

2
d=\f2Dt:\/2DlF/v= /2/112121%255 @)

where D (3.3 x10°® cm?/s for fluorescein [17]) is diffusion coefficient, / is the length of

the fractionation zone, and ¢ is the traveling time along the fractionation zone. In our
case, the sample velocity is usually smaller than the electroosmotic flow (EOF) of the
sample streams, because the electrophoretic flow of sample is typically opposite to the
EOF. Because the EOF is uniform in the fractionation zone, the flow velocities of the
sample and sheath streams can be assumed to be the same. However, the net flow of
sample in the sample stream will be different, since g, is not zero. When considering
the sheath effect, it is the volume flow rate of solvent, and thus EOF alone that matters.
Thus, the difference between sample stream flow rate (Fsampie) and sheath buffer flow

rate (Fiheath stream) results in different cross sectional areas (4) of sample streams and

sheath streams in the fractionation zone. The cross sectional area controls the stream
width, since the channel depth in that zone is a constant. Therefore, stream width is only

proportional to flow rate. The width of the sample stream is given by
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F.
W _ sample < W,

sample fractionation zone
I:’sample + Irsheath buffer

+2d(f) -

where W sampte and W fractionation zone are the width of the sample in the fractionation zone
and the width of the fractionation zone, respectively. d is horizontal diffusion distance
of the sample. This equation predicts a constant width due to volume flow rate ratios,
and a time dependent term due to diffusion. To account for s, being non-zero, the net
mobility u is used to determine the length of time the sample has to diffuse while it is in
the fractionation zone.

The width of the sample stream is a key factor in our experiment. A wide sample
stream may contact the inlets of other collection channels, therefore contaminating other
channels. Too narrow a sample stream means that there will be too much dilution by the
sheath buffers. Because the volume flow rate is determined by current flow, as shown in
eq. 1, the important design factors are governed by the percent of current flow in the
sample channel relative to the total current flow. To evaluate the flow rate ratios in eq. 3,
only the relative impedance values need be obtained from the simulation. Consequently,
the ratio of the channel length to the cross sectional area was used instead of the true
impedance value. This value is equal to R/p (um™) for each channel segment. The
pSpice model of the channel segments considered provides the electric field and current
flow in each segment. The electric field allows calculation of the migration times
through each segment, from v = [/t = uE. The time in the fractionation zone, needed to
calculate d (t) from eq. 2 is thus obtained from the model. The volumetric flow ratio is
then calculated from the currents, predicted by the pSpice model. The overall mobility

of fluorescein was measured and the diffusion coefficient of fluorescein was obtained
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from previous work [17]. pSpice simulation model can not give as accurate a prediction
as other simulation methods, such as finite element analysis, can provide, because only
electrokinetic force is considered in pSpice simulation whereas hydrodynamic force is
not considered. However, it gives enough information for an initial device layout design.
This modeling method is not time-consuming, so it is an appropriate design tool for
complex chip design. In comparison, if the finite element analysis method is used, it
will take a very substantial amount of computer time (many days or weeks) to obtain

the simulation results for a system as complex as ours.

2.3.1.3 Results and discussion
2.3.1.3.1 Measuring the mobility of fluorescein

To measure the mobility of fluorescein, a series of voltages were applied between
reservoir S and F10 (see Figure 2.1) to drive fluorescein past the detector (located at the
sheath point), giving an electropherogram like that shown in Figure 2.3. The relative

impedance of each portion of the system is shown in Figure 2.4.

-
N
1

intensity (arbitrary units)
P

T T T — T 1
0 5 10 15 20 25
time (s)

Figure 2.3 The electropherogram collected when 800 V was applied
between reservoir S and F10. A PMT detector was located at the
sheath point described in Figure 2.1.
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The migration time is calculated by

migr—

L_034cm 03em _1 [0.34cm2 0.3cm’

+ .V, =0.0204V
ME, opE,  u N 2.8971,

So,

%: 0.2004 1 .

migr

Figure 2.5 shows the linear relationship between 1/tyig and the voltage. The mobility
was calculated to be (4.34 + 0.10) x 10™ cm? v1 81 a value used in the following
calculations. A value of (1.21 £+ 0.06) x 10* cm?® V' $™ was reported previously [17], in

a different buffer system. However, the glass type was not described in this paper.

F10 47.24k
T S E AT A m—
3 mm e
v g 0.304K

~ -
~-a

3.4 mm

Figure 2.4 The structure of a portion of the squashed tree
and the impedance of each segment expressedas R/ p.
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Figure 2.5 1/tyg varies as a function of voltage. Sample was loaded into reservoir
S (Figure 2.4) and driven past the detector located at the sheath point.

2.3.1.3.2 Effect of pinching voltage on the sheath effect

Figure 2.6 demonstrates the necessity of using sheath flow to reduce leakage. In
Figure 2.6, the furthest collection channel was grounded, and the two sheath arms were
left floating. The sample stream spread everywhere as it passed by the inlets of other

collection channels.

ground
PLAY

Figure 2.6 Flow profile of the dye stream in a squashed tree fractionator
without protection from the sheath buffers. Reservoir S was at +1.0 kV and
the last collection channel on the right side was at ground.
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200 pm t

Figure 2.7 Images of sample streams show that the sample
stream width changes with sheath voltage. Sample voltage was
fixed at 1.0 kV while sheath voltage is 1.0k V for (4) and 1.2kV
for(B), respectively.

The sheath effect at different sheath voltages was studied while the sample voltage
(voltage applied to Reservoir S) was fixed at 1.0 kV. The results were shown in Figure
2.7, 2.8 and Table 2.2. Figure 2.7 A and B shows the results when using sheath flow at
1.0 kV and 1.2 kV, respectively. Figure 2.8 illustrates the simulation scheme used with
pSpice software when sample and sheath voltages were 1.0 kV and 1.4 kV. Table 2.2
summarizes the data needed to calculate the sample stream width from pSpice
simulation when the sample voltage was fixed at 1.0 kV, while the sheath voltages
varied from 1.0 kV to 1.4 kV. Case A in Table 2.2 corresponds to Figure 2.7 A. The
simulation tells us the stream will be close to 78 um wide. Figure 2.7 A demonstrates
that the sample stream filled the fractionation zone, which is 70 um wide. Because of
confinement by the channel wall, the sample stream can not spread to the predicted
width. Figure 2.7 A also demonstrates no observable sheath effect was created, because
the sample stream should be accompanied by the sheath streams on both sides if the

sheath effect functions well. In Figure 2.7 B, the sample stream was only pinched
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within a short region of several tens of micrometers before it expanded across the entire
fractionation zone. However, Case B in Table 2.2, the simulation for Figure 2.7 B,
indicates that the sample stream should spread to 49.6 um, which is smaller than the
fractionation zone width, after transiting 300 um in the fractionation zone. The
discrepancy might be related to flow resistance, which is not considered in the
simulation model. However, it is obvious that the sample stream gets thinner as the
focusing voltage increases. Further increase in the sheath voltage did not help much.
Our experiments showed that as the sheath voltage increased above a certain value the
sample stream could not be driven to the sheath point. The simulation results confirm
this, showing that the voltage at the sheath point becomes higher than that at the
Reservoir S, driving flow backwords. With 1000 V on S, this value is 1400 V on the

sheath channels according to the simulation (Figure 2.8).

47.24
{0
1=21.03 ¢ollection
Fractionation channel
zone
[=21.03
38.1 38.1
VA 1.000KV] AN
1={10.50 =110.50
Sheath Sample; 6.142 Sheath
channel channel : channel
[=24164 x 107
1400 1060V “i—1400Vde

Figure 2.8 Simulation scheme for the “squashed tree” fractionator.
Reservoir S was at 1.0 k V and reservoir Shl and Sh2 were at 1.4 k V. The first

collection channel was at ground. The resistances are in 1000 - um™ and currents
are in V-um /1000, respectively.
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Table 2.2 Simulation results for “squashed tree” fractionator at lower voltages

Case A Case B Case C
V sample (V) 1000 1000 1000
V sheath (V) 1000 1200 1400
1 sample channel (V-1im /1000) 14.45 7.21 =0
I fractionation zone (V-em /1000)  19.11 20.04
channel at ground 1* on the right 1* on the right 1* on the right
travel distance (um) 300 300
Varop (V) 8.8 9.2
E tactionation zone (V/cm) 2933 306.7
£ fractionation zone (S) 0.236 0.225
d (um) 12.5 122
W sample (Lim) 77.9 49.6
W sample/ 1.1 0.71

w fractionation zone

V sample and ¥V sheatn are the voltages applied to reservoir S and reservoir Sh1 and Sh2.

I sample channel @Nd 7 fractionation zone ar€ the current in sample channel and fractionation zone.

travel distance, Virop, ad E factionation zone are the length, voltage drop and electric field

of part of the fractionation zone between the sheath point and the inlet of the

collection channel at ground.

! fractionation zone aNd d are the transit time of sample stream and its diffusion distance

in fractionation zone before it reaches the inlet of the collection channel at ground.

W sample, the width of the sample stream in fractionation zone.

fractionation zone.
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On the same “squashed tree” fractionator, using a higher sample voltage of 3.55
kV allowed a higher sheath voltage, giving a more neatly focused sample stream, as
shown in Figure 2.9. In Figure 2.9 a, when the first collection channel on the left side
was grounded, the sample stream looked good. However, when the first collection
channel on the right side was grounded, the sample stream was introduced into this
channel while at the same time it diffused forward. As a result, the 2" channel on the
left side was contaminated. However, with a higher voltage (Sample voltage: 5.07 kV,
sheath voltage: 7.00 kV), as shown in Figure 2.9 b, the focused sample stream was
longer, extending 700 um before obvious diffusion broadening was observed. The
simulation results are summarized in Table 2.3. As demonstrated in the simulation
model and the images recorded, the sample stream became slightly wider as it traveled
further and further downstream. The simulated ratio of sample width to the fractionation
zone width is close to that demonstrated in the images. For example, when the 31

channel on the left side was grounded, the observed sample stream was around 23 um,

while the predicted value was 16.89 um. Given that the use of v2Dt to estimate

diffusion widths is a moderate approximation of the true error function distribution, the
agreement is reasonable. Also, the switching time between channels contributes to

broadening, as will be discussed in Chapter 4.
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Figure 2.9 Sheath images for “squashed tree” fractionation. Figure 2.9 a:
Reservoir S at 2.66 kV, Reservoir Shl and Sh2 at 3.55 kV; Figure 2.9 b:
Reservoir S at 5.07 kV, Reservoir Shl and Sh2 at 7.00 kV
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Table 2.3 Simulation results for “squashed tree” fractionator at higher voltages

Case 1 Case 2 Case 3 Case 4 Case 5

V sampte (V) 2660 5070 5070 5070 5070

V sheatn (V) 3550 7000 7000 7000 7000
channel at ground left 1% left 2™ right 2°¢  left 37 right 3™
! fractionation zone (S) 0.054 0.058 0.072 0.086 0.101

d (um) 5.97 6.19 6.89 7.53 8.16

W sample (M) 20.01 14.50 15.76 16.89 18.00

W sample/ 0.28 0.21 0.22 0.24 0.26

/4 fractionation zone

2.3.1.4 Summary of the squashed tree

The sheath effect was successfully demonstrated by the squashed tree design.
However, in order to obtain an extended sheath effect, extremely high voltages were
necessary, which are not desirable in many cases. Even with these voltages the sample
stream remained confined for only around 700 pm, which limits the number of
collection channels that can be incorporated to ~14 (assuming 50 um wide channels

with 100 pm from center to center).

2.3.2 The second generation

A second generation of chip with an improved design was developed. The results
from the first generation showed that a high ratio of sheath to sample flow and shorter
transit time of the sample stream were needed. We improved the design in several

aspects.
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1. In the first generation, most of the voltage drop occurs across the collection
channels, so high voltages are needed in order to create a high electric field in
the fractionation zone. Therefore, the electrical resistance of the collection
channels should be reduced relative to the fractionation zone. In the second
generation, the collection channels are deeper than all the other channels, which
gives a smaller resistance and lower voltage drop. It is then possible to get a
very high velocity and shorter transit time in the fractionation zone at lower
applied voltages, thus reducing diffusion.

2. The fractionation zone in the first generation is so narrow that the sample stream
is close to the collection channels. Therefore, the fractionation zone should be
wider. However, too wide a fractionation zone will lead to significant
longitudinal diffusion as the sample is directed towards the collection channels.
If the fractionation zone is 1 mm wide, the center of the sample stream will be
around 500 pm away from collection channel inlets. For an electric field in the
fractionation zone of 1000 V/cm, a sample stream needs to travel ~500 pm
before it reaches the inlets. These conditions lead to 9 um of longitudinal
diffusion spreading on both sides of the sample stream before it reaches the
collection channel. Optimization of the fractionation zone width is thus an
important parameter.

3. The short sample channel in the first generation design induces large current
flow from the sample channel. Therefore, a longer sample channel with higher

impedance and smaller current is needed.
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Figure 2.10 Layouts of fractionators for the second generation. All the designs
contain a separation channel, two sheath channels, five injection arms and a few
collection channels. The dimensions are summarized in Table 2.4. The five arms
located beside the separation channel will be used as injection arms in Chapter 6. They

are all 10 um deep and 70 um wide. The injection arms in Design B arel5 mm long
and those in Design A and C have similar lengths.
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4. All channels have the same width in the first generation. However, wider sheath
channels with a smaller impedance should allow a larger current flow, which
makes the ratio of sample flow to the total flow become smaller, improving the

sheath effect, as predicted by eq.3. Thus, the sheath channels in the second

generation are wider.

Table 2.4 Dimensions of Design A, B and C on the mask

Fractionation | Sheath channel | Collection channel Sample channel
zone
A Segment A Segment B w =20 pm
[= 40 mm
w=162pum | w=78 um
[=500um |/=10mm w=10pum |w=16pum
[=100 pm | /= 10 mm
B Segment A Segment B w =20 um
w=162um |w=78 um /= 40 mm
[= 650 um |/=10mm w=10pm |w=16 um
/=100 ym |/= 10mm
C Segment A Segment B w=10 um
/= 40 mm
w=114um |w=46pum w=10pm | w=350 um
I[=500um |/=10mm I=100um |/= 10mm

Note: The collection channels contain two segments with different dimensions, as
suggested in Figure 2.10.

Three fractionators (Figure 2.10) with different dimensions (Table 2.4) were
designed to realize fractionation at a lower voltage combination. Design A and B are
only different in the number of collection channels and length of the fractionation zone.

On one hand, simulation shows that, due to the wider collection channel and narrower
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fractionation zone, the sample stream in Design C will be narrower than that of A or B
for the same voltage combination. On the other hand, the narrower fractionation zone
makes the sample stream closer to inlets of collection channels, which may be
preferable according to point 2 above.

A two-mask process was used to produce channels with different depths, allowing
better focusing of the applied fields. All the collection channels are deeper than the
other channels to reduce the voltage drop there. Each design has two sheath channels
and six to eight collection channels. There are five arms located on both sides of the
sample channel. These arms are used to define injection plugs with different lengths,

resulting in different amounts of sample being introduced.

2.3.2.1 Fabrication details

Mask A contains all the channel patterns except the pattern of the collection
channels while Mask B contains only the collection channels. The microchips were
made in two ways.
Method A

Mask A development used exactly the protocols described in the experimental
section. The channels were etched to 10 um in depth. After stripping off the metal films,
the substrate was coated again with Cr film (30 nm) and gold film (150 nm). In the
lithography process, the patterns on Mask B were transferred to the substrate, followed
by etching the co]lectioh channels to 30 um in depth. The image of the chip is shown in
Figure 2.11. It can be seen that the edges of the fractionation zone are not clearly
defined. The edges of the fractionation zone were etched again during the etching

process of the collection channels. This might be explained by three factors. First, the
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Cr and Au films are not thick enough to properly cover the edges of the fractionation
zone. Second, one layer of HPR 504 photoresist may not properly cover the edges of the
channels. As shown in Figure 2.12, after the spinning of one layer of photoresist, some
streaks could be seen. Because there were already some channel patterns etched on the
chip, the spreading of the photoresist would be restricted around the channel regions,
especially at the edges and corners of the channels. Supporting these concerns, the gold
film inside the channels can be seen close to the edges. Some visible streaks around the
channels indicate that the covering of the photoresist in those regions is not uniform.
Finally, the HF etching process may be a cause, since it took 20 minutes to etch the
collection channels to the desired depth. The long soaking in HF can lead to metal film

adhesion failure, causing etch defects.

Figure 2.11 Image of the chip made via Method A shows the bad inlets regions
The collection channels are 30 um deep and all the other channels are 10um
deep.
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Method B

Mask B was used first to etch the collection channels to 20 um in depth.
Afterwards, the metal films were stripped off and a new metal film was deposited again.
The thickness of the Cr and Au film was increased to 60 nm and 250 nm, respectively.
During the lithography process, the substrate was first covered with one layer of HPR
504 photoresist, followed by hard baking at 115°C for half an hour. The speed of spread
and spin was adjusted to be 500 rpm and 1000 rpm, respectively. This process was
repeated twice, until the substrate was covered with three layers of photoresist with a
thickness of around 6.0 um. As shown in Figure 2.12 C, no yellow color or streaks

appeared on the substrate with three layers of photoresist. Afterwards, the substrate was

sold

streak

Figure 2.12 Images show the
streaks from coating of the
photoresist. One layer of HPR 504
was spread in A and B and three
layers for C.
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aligned with Mask A accurately before exposue. Because the photoresist is thicker, the
exposure time was extended to 20 s and the development process took 45 s, compared
to 25 s for the normal protocol. Due to the thicker metal films, 60 s was spent on Au
etching and 40 s on Cr etching. Finally, the fractionation zone and other channels were
etched to 5 pm in depth. Images of the chips are shown in Figure 2.13. The edges of all
the channels are nicely defined.

———— (

Figure 2.13 Images of the chips made via Path B show well defined
edges in inlets regions. The collection channels are 20 ym deep and all

the other channels are 5 um deep.

2.3.2.2 Study on sheath effect for designs made via Method B

Devices made by Method A behaved poorly due to etch defects. For the
fractionator devices made via Method B, the sheath flow effects were tested for a series
of voltage combinations. For Design C, it was found that 700 V on the sample reservoir
and 2200 V on the sheath reservoirs gave a nicely pinched sample stream, as shown in
Figure 2.14. The simulation results are shown in Figure 2.15 and Table 2.5 for the three
different collection channels. The experiments performed at other voltage combinations
gave wider sample streams, as shown in Figure 2.16. The simulation results are shown

in Table 2.6. As can be seen from Figure 2.16A and B, a higher negative voltage on the
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collection channel (Figure 2.16A) produced a more narrow sample stream in the
fractionation zone. Because of this, the diffusion distance was smaller, which resulted in
a thinner dye stream. This is in agreement with the results in Table 2.6. Figure 2.16 C,
D, E and F illustrated that lower sheath voltages made the sample stream a little bit
wider, when the voltages applied to the sample reservoir and sheath reservoirs were

fixed.

Figure 2.14 Images show the sequential fractionation of flow into
each collection channel in Design C. Sample voltage: 0.7 kV, sheath
voltage: 2.2kV
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Figure 2.15 Simulation result of the case when the third
collection channel was at ground for Design C. The units of
resistances and currents are the same as those in Figure 2.8.

Table 2.5 Simulation results for Design C when three collection channels were
grounded separately

Case 1 Case 2 Case 3

V sampte (V) 700 700 700

V sheatn (V) 2200 2200 2200
channel at ground 1* ond 3

! fractionation zone (S) 0.030 0.055 0.080
d (um) 4.45 6.02 7.27
W cample (L) 9.29 12.38 14.83
W sample/ 0.07 0.10 0.12

/4 fractionation zone
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Figure 2.16 Images for Design C at different voltage combinations

when the third channel on the right side was grounded

(A) collection -1.0 kV, sheath 0.7 kV; (B) collection -0.5 kV, sheath 0.7kV
(C) collection -4.0 kV, sheath 0.5 kV; (D) collection -4.0 kV, sheath 1.0kV
(E) collection -4.0 kV, sheath 1.5 kV; (F) collection -4.0kV, sheath 2.0 kV

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table 2.6 Simulation results for Design C when the 3™ channel was grounded

A B C D E F
Vv sample (V) 0 0 0 0 0 0
V sactionation (V)* -1.0 -0.5 -4.0 -4.0 4.0 -4.0
V sheath (V) 0.7 0.7 0.5 1.0 1.5 2.0
travel distance 490 490 490 490 490 490
(pm)
T sanple channel 1.170 0.3727 6.072 5.769 5.466 5.163
(V-um/1000)
1 fractionation zone 67.12 4705 1798 1991 2184 237.6
(V- um/1000)
Varop (V) 53.9 37.8 145 160 175 191
E factionation zone 1100 771 2959 3265 3571 3898
(V/em)

! fractionation zone () 0.103 0.146 0.038 0.034 0.032 0.029
d (um) 8.24 9.82 5.01 4.74 4.60 4.37

W sample (IM) 18.64 20.62 1421 13.07 1230 1143

Veottection 18 the voltage applied to the collection channel. A negative voltage
was applied instead of at ground.

Design A and B are basically the same except the collection channels have
different lengths. Here, we discuss the results of Design B. For Design B, the sheath
effects were studied at low and high voltage combinations. They are shown in Figure
2.17 and Figure 2.18. The simulation results are summarized in Figure 2.19 and Table

2.7. When the sample stream transits 640 um to the end of the fractionator, it spreads to

about 17 um in Figure 2.18 which is thinner than that (~25 pm) in Figure 2.17 because
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of the higher voltage combination in Figure 2.18 compared to that in Figure 2.17. The
predicted sample widths as shown in Table 2.7 will be 22.38 um and 13.79 pm,
respectively. However, the electric field in the fractionation zone was already over 2500
V/cm. Such high electric fields always induce bubbles in our experiment, while bubbles
usually do not occur for electric fields less than 1000 V/ecm. Moreover, the focused
sample stream in Figure 2.17 is already thin enough not to touch the inlets of collection
channels. Therefore, we ended up using lower voltages.

At the same voltages, the sample stream in Design C will be slightly thinner than
that in Design A or B when comparing Case A in Table 2.6 and Case C in Table 2.7.
However, on the other hand, the fractionation zone of Design C is narrower than the
other two designs. Since the experiments showed that the sample stream in Design A or
B was narrow enough not to touch the inlets of collection channels, no further
experiments were performed in Design C.

Our experiments showed a drawback associated with the long and narrow sample
channel. As seen from Figures 2.15, 2.19 and Tables 2.7 and 2.8, the voltage across the
segment from the sample reservoir to the sheath point is so small that the electric field is
only several tens of volts per centimeter. Such a weak electric field is not good for
separation, because it results in low flow rate and long transit times, so that diffusion
becomes a dominant term in peak broadening and resolution is ruined. The shorter

sample channel will be discussed in Chapter 6 where it is referred to as the “separation

channel”.
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2.3.3 Conclusion

In this chapter, two generations of fractionators were discussed. In the 1%
generation, a tightly focused sample stream was created at quite high voltages (5-7 kV).
In order to produce a nicely focused sample stream at lower voltages, the fractionator
design was improved based on the information from the 1% generation. Deeper
collection channels in the 2™ generation make it possible to create high electric field in
fractionation zone and thus shorter transit time and less diffusion. Narrower and longer
sample channel and wider sheath channels makes the first term in eq. 3 smaller, which
helps to reduce sample stream width. Wider fractionation zone allows more space

between sample stream and inlets of collection channels.
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Figure 2.17 Images show the sequential fractionation of flow into each collection
channel. Sample channel, sheath channel and collection channel were at ground,
700V, and -1000 V, respectively.
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Figure 2.18 Images show the sequential fractionation of flow into each
collection channel. Sample channel, sheath channel and collection channel
were at ground, 2000 V and -3000 V, respectively.

700Vde = ovde 700Vde

Figure 2.19  Simulation results for Design B when the 1" and last
collection channel was grounded. The units of resistances and currents are
the same as those in Figure 2.8.
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Table 2.7 Simulation results for Design B at different voltages

A B C D E F G
V sample (V) 0 0 0 0 0 0 0
V seactionation (V)* -1000 -1000 -1000 -1000 -3000 -3000 -3000
V sheath (V) 700 700 700 700 2000 2000 2000
channel at ground 1 2 3 4 2 3 4
travel distance 190 340 490 640 340 490 640
(bm)
T sample channel 0.6095 0.5862 0.5631 0.5403 1.925 1.857 1.790
(V-1m /1000)
T fractionation zone 75.72  75.13 7453 7395 221.1 2193 2176
(V-im /1000)
Varop (V) 16.9 30 43 55.8 88.4 126.5 164
E fractionation zone 889 882 878 872 2600 2582 2562
(V/cm)

t fractionation zone (S) 0.049 0.089 0.128 0.169 0.030 0.044 0.058

d (um) 5.69 6.21 9.19 1056 4.45 5.39 6.19
W sample (UM1) 12.76  13.76  19.68 2238 1040 1224 13.79
W sample/ 0.07 0.08 0.11 0.13 0.06 0.07 0.08

/4 fractionation zone
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3.1 Introduction

Our aim is to fractionate and collect separated protein components utilizing a
fractionator described in Chapter 2. The fraction collection in-space concept on
microchip derives from conventional fraction collection with HPLC systems.
Commercial HPLC instruments are usually endowed with two types of fraction
collection functions. One approach is to collect the fractions into a series of vials at
fixed time intervals as the fractions are eluted. The other approach is to collect an
isolated peak for further identification. We are working to transfer these two methods to
a microchip. Instead of a series of vials used as fraction container, we used a series of
collection channels. In this chapter, we describe the peak selection method, evaluating

fixed interval collection in a later chapter.

3.2 Combo Chip design

In order to test the fractionation efficiency of the fractionators discussed in Chapter
2, a more complex one containing CE separation channels downstream was designed.
The CE stage was added to allow evaluation of the isolated fraction purity. The layout
and dimensions of this so-called combo chip are shown in Figure 3.1 and Table 3.1.
Reservoir C is loaded with sample and reservoir D is the sample waste. Separation
buffer is loaded into reservoir A. B1 and B2 are reservoirs for the sheath buffers. E1 and
E2 are the fraction collection reservoirs. F1 and F2 are sample waste. G1, G2, H1 and
H2 are filled with separation buffer. The channels downstream (as shown in the
expanded region) were used to evaluate the purity of the fractionated protein. The

running buffer is 20 mM ammonium bicarbonate in water.
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Figure 3.1 The sketch shows the fractionation/ CE device, with two
fractionation channels. BI and B2 are sheath reservoirs. Reservoirs C, D are
used for sample injection, with CE performed downstream towards B by
grounding Reservoir A. Reservoirs B and E received 1000 V and -2600 V to
provide the sheath flow stream and the fractionation. On the right side
expansions are shown of the following CE separation stages. Voltages of
~1000 — 3000 V were applied to each stage as required.
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Table 3.1 Dimensions of the Combo design

Fractionation w=162 um, /= 450 pm

zone

Sheath channel ~ w=78 pm, /=10 mm

Separation w=20pm, /= 40 mm

channel

Injection arm w=20pm, /= 19 mm

Collection 1, w=10 um, /= 2000 um 5 w=10 pm, /= 800 um
channel 2, w=50um, /= 8000 um 6, w= 50um, /= 3090 pm

3, w=10 um, /= 800 um 7, w=400 um, /= 10400 um
4, w=10um, /= 1800 pm

CE channels w =50 um
The length of each segment is shown in Figure 3.1.

3.3 Sheath flow test

Detailed dimensions of the combo design are given in Table 3.1. The two
collection channels are the same, and each of them contains seven segments. The sheath
flow effect at various voltage combinations was tested. Images in Figure 3.2 show the
tightly pinched sample stream at the indicated voltages. Sample width can be roughly
obtained from these images. For example, in Figure 3.2 D, the sample width is
estimated to be 21 um. The predicted sample width is 7.08 pm as shown in Table 3.2.
The discrepancy might be from the drawback of pSpice simulation, as discussed in
Chapter 2. Voltage combinations in Figure 3.2 C and D were used in the subsequent
experiments. pSpice simulation results shown in Figure 3.3 and Table 3.2 provide
estimates of the transit time in the fractionation zone (¢ fractionation zone), Which allows an
estimate of the diffusion induced width of the sample zone. The predicted widths are all

smaller than the width of the fractionation zone channel (172 pm).
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Figure 3.2 Images show the tightly focused sample stream for the Combo design. The
collection channel and sample channel were held at -2600 V and 0 V, respectively.
(A) and (B) Sheath reservoirs were at 500 V; (C) and (D) Sheath reservoirs were at
1000 V.

14.52
St [
-2600Vdc
< o7t
1=1137.5
73 23
ANy gy AN
1=67.76 1=167.76
< 287.25
1=12.015
1000Vde== Ve == ~~1000vde
= = =

Figure 3.3 Simulation scheme for the Combo Design for the 1* collection channel.
The units of resistances and currents are the same as those in Figure 2.8.
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Table 3.2 Simulation results for the combo design

A B C D
V sampte (V) 0 0 0 0
V cottection (V) -2600 -2600 -2600 -2600
V sheatn (V) 500 500 1000 1000
channel at ground 1 2 1 2
L fractionation zone 150 455 150 455
(um)
1 samplc (V-4am /1000)  2.964 2.901 2.015 1.942
I o (Vum/1000)  119.0 117.3 137.5 135.6
Varop (V) 21 62.9 24.4 72.7
E fractionation zone 1400 1382 1627 1598
(V/em)
? fractionation zone (S) 0.025 0.076 0.021 0.066
d (um) 4.06 7.08 3.72 6.60
W sammple () 12.40 18.41 9.96 15.66

3.4 Microchip operation

Our aim was to separate protein mixtures, followed by the delivery of each purified
protein into collection channels. The process was performed automatically, without
operator involvement. The voltage application was divided into four stages in sequence,
as demonstrated in Figure 3.4. In the first stage, sample was injected for 10 s. The
voltage was then switched automatically to separation and fractionation modes at the
second stage. A PMT was positioned around 1 mm before the sheath point at the

intersection of the sheath and separation channels, as shown in Figure 3.1. This PMT
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was used to select the peaks with heights over a preset threshold value. These peaks
were then collected in reservoir E1 or E2 by applying negative voltages (-2600V) to
them in sequence. The duration of the negative voltage applied to reservoir E1 or E2
depends on the duration of the peak. After fractionation, the stage was moved to
reposition the PMT downstream. At the third stage, one of the two fractions was
injected for 10 s into the CE stage and finally a CE separation of the fraction was
performed, while holding H1 negative. The entire process was controlled by an in-

house written Labview program.

E
e i (2.6 KV)

CoVv) ¢
' ‘(“«‘ Ez
2 8- et (22,6 KV)
N N (1LOkV)B, B (1.0kV)
D(-25kV) A
OV)
o o ..
Gy R2skv) G1 F)
( OV)@,<,, . w,,,? Position 1 &w§w st Position 1
}"k% l H] %*x l N Hl
(-2.6 kV)
Figure 3.4 Four stages of applying voltages for fractionation,
collection and separation downstream
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3.5 Fractionation and collection of a protein mixture

A mixture of FITC-BSA (8x10™ mg/mL) and FITC-IgG (0.02 mg/mL) in water
was used as a model sample. All the buffers used were 20 mM ammonium bicarbonate.
Shown in Figure 3.5 A is the electropherogram obtained when PMT was positioned to
record the fluorescent signal from the separation channel before fractionation as shown
by the expanded fractionator layout in Figure 3.1. In order to eliminate the unwanted
components, the threshold value was set to1.0 volt PMT signal. The power supply was
programmed to direct BSA and IgG, respectively, into the top and bottom part of Figure
3.1. The same process was repeated 15 times in ~ 20 minutes. After fractionation and
collection, the fractions were introduced into the CE channels downstream. The
fluorescent signals (Figure 3.5 B, C and D) from position 1 (shown in Figure 3.1) were
recorded. The signal intensity for the fractionated BSA and IgG are much smaller than
seen in Figure 3.5 A. This is attributed to the small volume of the injector (200 um
versus 2 mm in the main separation channel) used to inject the fractionated proteins.
The repetitive collection may increase the possibility that the inlets of the fractionation
channels become contaminated. However, as can be seen from Fig. 3.5 B and Fig. 3.5 C,
CE of the fractionated BSA and IgG shows they are substantially purified. These results

verify that the collection channels are well shielded by the sheath buffers.
3.6 Conclusion
A fractionator and collector based on peak selection mode was developed. The

peak selection method allows a relatively simple design, with the number of collection

channels reduced to the number of components of interest. A microchip could be
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designed for specific sample clean up and analysis steps, as in a biochemical assay for

example.
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Figure 3.5 Electropherograms obtained during CZE process. (A) CE of a
mixture of BSA and IgG. (B) CE in the column on the right side of Fig
3.1 after fractionation of a BSA/IgG mixture, showing the significantly
purified BSA component. (C) CE in the other column on the right side of
Fig 3.1 after fractionation of a BSA/IgG mixture, showing the
significantly purified IgG component. (D) CE in the column on the right
side of Fig 3.1, showing the unfractionated IgG is not pure.
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4.1 Introduction

In Chapter 3, fraction collection based on peak selection was demonstrated.
Although this method simplifies the microchip layout and engenders pure fractions, it
has limitations that prevent wide application. The drawbacks arise from the use of a
threshold value to select peaks. In order to set up the threshold value, the sample needs
to be run first in order to set up the parameter for an actual fractionation. Sophisticated
commercial systems have algorithms and methods to solve these problems, but it
always remains a challenge. Moreover, to eliminate interference from background
signal, the threshold value must be relatively high, which leads to a failure to capture
components. Additionally, the signals induced by bubbles will disturb fractionation. In
contrast, a fraction/unit time method can avoid those issues and can be employed to
collect a large number of fractions. This is in fact the common approach of conventional
systems.

In this chapter, we present a fractionator with 36 collection channels, which can
collect fractions at fixed time intervals by sequentially switching high voltage relays.
No physical valve is involved in this system and no peripheral mechanical parts are
required other than the relays, making the device simple to use and easy to couple to
other techniques. The sample stream was fractionated into individual channels by an
electrokinetic driving force, with sheath buffers used to prevent cross contamination.
This is an extension of the work presented in Chapter 2. More challenges were
confronted, because of the much longer focused sample stream required to make an
array of 36 collection channels. This chapter focuses on the design considerations and

the performance of the 36-channel fractionator.
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4.2 Design considerations

In order to direct the sample stream into a specific collection channel without
contaminating the other collection channels, the sample stream needs to be focused by
sheath buffers. Because multiple collection channels are distributed along the
fractionation zone, the length and width of the focused sample stream in the
fractionation zone determines the number of collection channels allowed. If Design B in
Chapter 2 is used as a template, the sample stream width is estimated to be around 50
pm when it reaches the inlet of the 40™ collection channel based on a device with a
fractionation zone length of 3 mm. So, it should be feasible to design a fractionator with
around 40 collection channels. Since the sheath effect functioned properly in Design B,
impedances of segments of Design B and their related impedance values were
considered as templates for designing a 36-channel fractionator. Some issues come up
as the system becomes more complex. To ensure that there is enough space for access
holes and reservoirs, long and nonparallel collection channels are required. Lengths and
widths of these collection channels must be designed to give similar impedances to
those of Design B.

The collection channels were designed for a 20 pm depth, with all the other
channels 5 um deep. They are on the same wafer. The chip fabrication followed Method
B described in the experimental section of Chapter 2. Shown in Figure 4.1 and Table
4.1 is the 36-channel fractionator layout and the dimensions. The considerations will be

discussed in detail in the following sections.
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Figure 4.1 The layout of the fractionator with 36 collection
channels

Table 4.1 The detailed dimensions and F factor

Fractionation | Sheath channel | Separation Injection arms
zone channel

d=5pm d=5 pm d=5 pm d=5pm
w=210 pm w =88 um w =30 pm w =60 pm
[=2750 pm /=10 mm /=12 mm hen= 12.64 mm
d=5 pm d=5pm d=5um Liight= 8.46 mm
w=310 um w =129 um w=43 uym

[=2750pm | /= 10 mm /=12 mm

F=0.00544 F=0.01258 F=0.03341 F=0.02517

Collection channels
Fa=0.07162, Fg =Fp=0.07162, Fc = 0.03945, Fg, = 0.02241,

Fgr=0.01563
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4.2.1 The fractionation zone

Two fractionators were designed with fractionation zone widths of 200 pm or 300
um. Wider channel devices were not explored, because of the increased longitudinal
diffusion problem predicted by the simulation in Chapter 2. On the mask designs of
both fractionators, the edges of the fractionation zone are separated from the collection
channels by a 5 um space, as shown in Figure 4.1. This distance reduces the protrusion
of the collection channels into the fractionation zone. A distance longer than 5 pm could

further reduce the protrusion; however, this value was selected to ensure the channels
would be connected after etching. After etching, the undercutting associated with

isotropic etching joins the channels together.

4.2.2 The sheath channels, separation channel, collection channels and the
injection plug

For the fractionator with a 200 pm wide fractionation zone, the sheath channels
have the same dimensions as Design B of Chapter 2 (88 pm wide and 10 mm long)
because those dimensions produce a tightly focused sample stream. The separation
channel is shortened to 1 ¢cm in order to enhance the electric field in the separation
channel. The collection channels are distributed evenly along the fractionation zone,
spaced 150 um apart center to center except for the last three channels. In order to keep
a minimum distance of 70 um from edge to edge between the collection channels, only
36 were located along the fractionation zone (Figure 4.1). The channels were spread to

maximize the distance between access reservoirs, so that the exact distance between
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The collection channel layout when the fractionation zone is 200 pm wide
Segment A: /=350 um, w =50 um;  Segment B: / = 9750 um, w = 56 um;
Segment C: /= 1000 um, w =140 um; Segment D: /=100 pm, w = 56 pm;
Segment E1: /=20 mm, w =274 um; Segment E2: /=30 mm, w = 408 pm.

l— > —»
<« U —>;

The collection channel layout when the fractionation zone is 300 pm wide
Segment A: /=350 pum, w =50 um;  Segment B: / = 5140 pm, w = 56 um;
Segment C: /= 1000 pm, w = 140 pm; Segment D: /=100 um, w = 56 um;
Segment E1: /=20 mm, w =274 um; Segment E2: / = 30 mm, w = 408 pm.

Figure 4.2 The detailed dimensions of the collection channels for the
fractionators with 200 um and 300 um fractionation zone, respectively

14.96 1 ovde

< 2.838
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253 M -3
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Figure 4.3 Simulation scheme for 200 um fractionation zone device with thel”
(Figure 4.3 a) and the 18" (Figure 4.3 b) channel at ground, respectively. The
predicted sample stream widths are 30 um and 66 um, respectively. The units of
resistances and currents are the same as those in Figure 2.8.
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channels varied. There are two types of collection channels with different lengths (3 cm
and 4 cm) and widths as shown in Figure 4.2 a, and each of them contains five segments.
These two types of collection channels have equal electric impedance. Segment B is
similar to the collection channel of Design B. The impedance of Segment B is the main
source of total impedance of the collection channel. Segment C is designed as a protein
absorption bed, wherein a photoinitiated polymerization reaction is to be used to
fabricate digestion or extraction beds, as will be discussed in the next chapter. Long (4
cm) and short (3 c¢cm) collection channels are distributed alternately, which provides
enough room for drilling access holes. The pSpice simulation indicates this fractionator
should create a nicely focused sample stream, as shown in Figure 4.3. The sample
stream widths predicted by the pSpice simulation are 30 um and 66 um at the 1% and
18™ collection channel, which is smaller than the fractionation zone width (210 pm).

For the fractionator with a 300 pm wide fractionation zone, channel widths of all
the other channels are adjusted in order to have the same values of relative impedance
as those for the fractionator with a 200 pm wide fractionation zone. Therefore, a
suitable voltage combination for the 200 um wide fractionation zone device should also
function well on the 300 um wide fractionation zone device.

The volume of the injection plug (/ =2 mm, w = 43 um, d =5 um) is 0.4085 nL.
The total injection amount will be 20 fetomoles for a protein (Img/mL) with a
molecular weight of 20,000. This amount of protein molecules will be fractionated into
36 collection channels. If the fractionation process is repeated 36 times, each collection
channel will collect 20 fetomoles of protein molecules which is enough for the MS

identification.
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4.3 Experimental

High voltages were applied to the sample reservoir and sheath reservoirs. The
collection channels were grounded through a high voltage relay box. A timer control
box was employed to switch the relays. There are 20 relays in the system. Each of them
was connected to one of the reservoirs through platinum electrodes to perform the
sequential switching. This system has been used previously by Justine Taylor in this

research group [1]. Figure 4.4 shows a picture of this system.

Timer Control System

POROEOG

Relay Box

Figure 4.4 The picture of the high voltage box and time
control box (Adapted from Ref [1])

The fluorescent microscope setup was similar to that described in other chapters,
except that the laser beam illuminates the device from above, and was expanded with a
cylindrical lens into a linear beam. The resulting 3 mm long beam covers the entire
fractionation zone (2750 um long) with sufficient intensity to excite detectable

fluorescence emission.
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4.4 Results and discussion
4.4.1 Measuring delay time

A delay time exists between the adjacent relays, which will result in additional
diffusion of the sample stream. The delay time was evaluated with the system connected
to two low voltage sources through the high voltage relays and the timer box. Data were
collected at 10? points/s as shown in Figure 4.5. The measured delay time may be more
accurate at a higher collection rate, however, the computer did not function well at
higher rates. All the relays were measured because of slight differences between them.
The results are listed in Table 4.2 (obtained at 10* points/s). The delay times for all the

relays were less than 1 ms. The delay time was averaged to be 468 us for the 20 relays.
The diffusion distance within 468 us is predicted to be around 0.6 pm. The diffusion
distance due to the delay time will become 11.4 um when sample stream reaches the

last collection channel.
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Figure 4.5 Measurement of delay time at different data collection rates
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Table 4.2 The delay time for all the relays

Time (us) Time (ps)

1-2 300 11-12 700
2-3 400 12-13 400
3-4 400 13-14 300
4-5 400 14-15 500
5-6 100 15-16 500
6-7 600 16-17 600
7-8 600 17-18 900
8-9 400 18-19 500
9-10 400 19-20 600
10-11 300

4.4.2 Sheath flow effect test

The sheath flow effect on the 300 um wide fractionation zone was tested, with the
collection channels on both sides switched to ground individually. The results are
shown in Figure 4.6 and 4.7. Afterwards, the channels on the right side were grounded,
sequentially controlled by the high voltage relay box. The results are shown in Figure
4.8. In all the sheath flow effect tests, the sample reservoir and the two sheath reservoirs
were held at 1.5 kV and 1.8 kV respectively. The images in Figures 4.6, 4.7 and 4.8
show that the sample stream was focused tightly by the sheath streams and delivered to
the grounded collection channel without contamination in other floating channels. The
images demonstrate that the sample stream becomes wider and wider as it travels along
the fractionation zone, as expected. In Figure 4.6, sample stream widths are estimated to
increase from 40 um to 100 um between the 1% and 18™ collection channel. Figure 4.9
shows the impedances and the simulation scheme with the 1% and 18" channels at
ground. The sample stream widths predicted by the pSpice simulation are 37 pm and 74

pm at the 1°° and 18™ collection channel. The difference between predicted and
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Figure 4.6 Images show the fluorescein stream was delivered into individual
collection channels on the right side under the protection of sheath streams. The
experiments were performed on the multiplexed fractionator with 300 um wide
fractionaton zone. Sample voltage: 1.5 kV, sheath voltage: 1.8 kV. Collection
channel was grounded individually. Buffer: 20 mM NaOH. The fluorescein was 200

UM in 20 mM ammonium bicarbonate.
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Figure 4.7 Images show the fluorescein stream was delivered into individual
collection channels on the left side under the protection of sheath streams. Sample
voltage: 1.5 kV, sheath voltage: 1.8 kV. Collection channel was grounded
individually. Buffer: 20 mM NaOH. The same device design and fluorescein
solution as those in Figure 4.6 was used.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 4.8 Images show the fluorescein stream was delivered into individual
collection channels automatically controlled by the high voltage relay box. Sample

voltage: 1.5 kV, sheath voltage: 1.8 kV. Collection channel was grounded

individually. Buffer: 20 mM NaOH. The same device design and fluorescein solution
as those in Figure 4.6 was used.
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Figure 4.9 Simulation scheme for 300 um fractionation zone device with thel”
(Figure 4.9 a) and the 18" (Figure 4.9 b) channel at ground, respectively. The
predicted sample stream widths are 37 um and 74 um, respectively. The units of
resistances (R) and currents (1) are the same as those in Figure 2.8.

observed sample stream widths with the 18" collection channel at ground may partially

relate to the diffusion induced by the relay time.

Because the sample stream width is still smaller than the fractionation zone width
as shown by Figures 4.6, 4.7 and 4.8, it is possible to employ a longer fractionation
zone with more collection channels on both sides. When sample and sheath voltages are
1.5 kV and 1.8 kV, respectively, the sample stream width is predicted to be 138 um

when it reaches the end of a 7350 um long and 310 pm wide fractionation zone, such a

long fractionation zone easily allows for 100 collection channels.
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4.4.3 Necessity of electrokinetically driven flow

This fractionation design can be effectively driven by electrokinetic forces, but
fails to function properly when driven with hydrodynamic force. This phenomenon was
accidentally discovered when attempting to flush the chip with a pump operating at 2
uL/min, with entry through the sample and the two sheath reservoirs. Substantial
leakage into the two injection arms was expected, but it was a surprise that only the first
few collection channels received outflow. No observable flow occurred into the 5"
(counting along one side, so ~10" overall) and later collection channels. Pressure driven
laminar flow has been reported to focus flow and pattern the internal surface of a
microchannel. However, in our case, hydrodynamic focusing is not effective because
the flow is split quickly, due to the collection channels.

A simulation was performed to verify the observation. It is possible to use Pspice
software for this simulation, if we treat the pressure and flow resistance as an equivalent
voltage and impedance, respectively. This method has been used to simulate
hydrodynamic flow [2]. Pressure driven steady state flow in microfluidic channels is

referred to as Hagen-Poiseuille flow [3-5]. The flow resistance is given by

where Rgow, AP and Q are flow resistance, pressure drop and volume flow rate,

respectively. For rectangular channels, the equation can be described by

AP 4nL
Rﬂow=_= 2 12
Q wd'F

where 7 is the viscosity of the fluid; L, w and d are the channel length, width and depth;

F is a geometric factor related to d and w[6]. Bao et al [7] studied the F term in detail

&5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



for the D-shape channel resulting from isotropic etching, and derived an empirical

equation to calculate F as follows, -

2 3 4 5
F= 0.3468(ij - 0.6230[—01—) + 1.2466(i) - 2.7916(£l—j + 3.3696(i)

w w w w w
The calculated F factors according to this equation are shown in Table 4.1. The value of
w is taken as the width at the top of the D-shape channel, and d is the maximum depth.
Figure 4.10 demonstrates the calculated flow resistances and the simulation scheme
where an arbitrary voltage was applied to the sample reservoir and sheath reservoirs.
Obviously, the current flow, which is directly proportional to volume flow rate,
decreases quickly as the liquid travels further down the fractionation zone. By the fifth
pair of collection channels the flow rate is 3.2% of the value at the first collection

channels.

4.5 Conclusion

This chapter demonstrates a fractionator and collector in space which can be
operated at fixed time intervals for fractionation. The 36 collection channels increase
the fractionator’s throughput and further increase of the number of fractionation
channels is feasible on the basis of our results. The sample stream can be delivered to
the grounded channel with no contamination of the other channels. The
electrokinetically driven flow and hydrodynamic flow in this device were compared.
The advantage of electrokinetically driven flow over hydrodynamic flow was embodied
in the ability of electrokinetically driven flow to direct flow equally into individual

channels on our device with multipie outlets.
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Figure 4.10 Schematic simulation of the hydrodynanﬁc flow. All the flow resistances
are displayed in the scheme as electrical impedances. The resistances are in 1000 -
wum™ 1 mA of current (1) in this simulation scheme corresponds to 1 V-um /1000.
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5.1 Introduction

As mentioned in previous chapters, the 36-channel fractionator will be merged into
a protein analysis platform on microchip. The digestion of protein on chip should
immediately follow the fractionation step. The fractionated protein can be collected into
a reservoir and be digested in a homogeneous reaction, or adsorbed onto a solid support
and then digested on site. Because the sample stream will have been diluted by the
sheath streams, homogeneous digestion will be slow, and detection downstream will
become a problem as well. Therefore, it is best to concentrate the protein before further
analysis.

Different types of protein concentration methods are available, such as isoelectric
focusing (IEF), isotachophoresis, field amplified sample stacking and solid phase
extraction (SPE). The most practical concentration method for this fractionation design
is some version of SPE. The bed could be made by coating the walls, packing
conventional beads, or using monolithic polymer columns.

The particle packing method is feasible if only a single channel or small number of
channels need to be packed. In our system, 36 channels need to be packed in specific
regions. Taylor [1] showed that it is difficult to pack so many channels with equal flow
resistance, which is required if the device is to operate properly. Instead of bead packing,
photoinitiated polymerization [2-6] may be a good choice, because the polymer can
form in a specific region with good edge resolution and reproducible properties.
Moreover, the reaction can occur in different regions at the same time.

In this chapter, we describe the efforts to make monolithic polymer beds within the

bed regions of the fractionator. The conditions for protein adsorption and elution from
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the polymer beds were studied. Different monomers and porogens were investigated in
order to obtain a polymer bed with sharp edges and low flow resistance, so that the
polymer bed has little effect on the sheath flow effect, compared to a fractionator

without polymer beds.

5.2 Experimental
Chemicals

Butyl methacrylate (BMA) was from Fluka (Seelze, Germany). Ethylene glycol
dimethacrylate  (EDMA), 2,2-Dimethoxy-2-phenyl-acetophenone  (DPA), 4-
(Dimethylamino)-benzophenone (DMAP) were from Aldrich (USA). Benzoin was
obtained from General Intermediate of Canada (Edmonton, Alberta, Canada).
Acrylamido-methyl-propane sulfonate (AMPS) was from Aldrich (Oakville, Ontario,
Canada). Alumina Basic and 1-octanol were from Fisher Scientific (Ottawa, Ontario,
Canada). Methanol, cyclohexanol, 1,4-butanediol, isooctane, hexane, toluene, FITC-
Avidin and FITC-BSA were purchased from Sigma (Oakville, Ontario, Canada). UV

transilluminator was obtained from Spectronics Corporation (Westbury, NY, USA).

Preparation of monolithic polymer bed

The inhibitor was removed from the monomer (butyl methacrylate), and
crosslinker (ethylene glycol dimethacrylate) by passing through a basic alumina column
which was made by loading the alumina powder in a syringe, with a filter (0.2 um)
underneath to prevent alumina powder from eluting. The monomer, crosslinker and

solvents were degassed individually before mixing with initiator. The filtered mixture
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was introduced into the chip by capillary force. Afterwards, the same amount of water
was loaded into each reservoir before sealing with parafilm. The chip was then placed
on top of a photo-mask and bonded with black tape after alignment. The dimensions of
chips and masks will be described in the Results and Discussion section. The mask and
chip were brought to the plane of the transilluminator for exposure. The UV light
illuminated from underneath the mask. A cooling fan was located beside the
transilluminator to reduce thermal polymerization. After exposure, the polymer bed was
rinsed with methanol/water (50:50, v/v) to remove solvent and residual monomers,
followed by rinsing with water. Pictures of the polymer beds were taken using different
magnification objectives, instead of scanning electron microscopy (SEM). Because the
channel can be regenerated after the polymerization reaction, and the chip fabrication is
expensive, it is not economical to cut the microchannel to expose the polymer and take

SEM pictures for each sample.

5.3 Results and discussion

5.3.1 Effects of reaction conditions on the polymer structure

To adsorb protein, we chose BMA as the functional monomer, because it is

hydrophobic due to the methyl groups. Table 5.1 lists all the conditions investigated.

Table 5.1 The composition of the reaction mixture

Solution EDMA(g) BMA(g) Initiator Solvents (g) Exposure time (min)
No. (mg)
1 0.24 0.36 Benzoin Methanol (0.9) 8, interface not good
(7.0)
2 0.24 0.36 DPA (6.3) Octanol (0.9) 8, interface not good
3 0.24 0.36 DPA (6.0) Methanol (0.45) 8, only a little
Glycerol (0.45) reaction

to be continued

91

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10

11

12

13

14

15

16

17

18

19

20

21

0.13

0.24

0.12

0.24

0.12

0.12

0.12

0.12

0.12

0.12

0.1261

0.1187

0.1239

0.1264

0.1190

0.1234

0.1234

0.1382

0.18

0.36

0.18

0.36

0.18

0.18

0.18

0.18

0.18

0.18

0.1842

0.1803

0.1837

0.1807

0.1875

0.1674

0.1674

0.1872

DPA (3.5)

DPA (6.0)

DMAP (6.0)
DPA, (6.1)
Benzoin
(6.0)

DPA (5.3)

DPA (5.5)
DPA (5.5)
DPA (5.5)
Benzoin
2.7)
Benzoin
3.7
Benzoin
(3.3)
Benzoin
34
Benzoin
(3.9)
Benzoin
G.7
Benzoin
3.9
Benzoin
(3.9)
Benzoin

34

Methanol (0.225)
Octanol (0.225)
1,4-Butanediol
cyclohexanol
Octanol (0.45)
Methanol (0.9)
Isooctane (0.23)
Toluene (0.23)
Octanol (0.3)
Cyclohexanol
(0.15)

Octanol (0.6)
Octanol (0.75)
Octanol (0.9)
Octanol (0.45)

Octanol (0.4664)

Octanol (0.4532)
Methanol (0.1025)
Methanol (0.4533)

Octanol (0.8931)

Octanol (0.4657)
AMPS (0.0471)*
Octanol (0.3764)
AMPS (0.1032)*
Octanol (0.3764)
AMPS (0.2032)

Octanol (0.4506)
Toluene (0.0549)
AMPS (0.0482)*

14, only a little
reaction

8, interface not good

13, slow reaction
reacted everywhere

8, no reaction

8, milky product

8, product diffused
8, product diffused
8, product diffused
8, half of bed

8, good

8, almost no reaction

8, milky product, no
flow

8, Sparse reaction

5 min, nothing, 6min
and 8min, good

8, good, resistance
bigger than #40

20, good

8, little reaction

to be continued
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22 0.1307 0.1626  Benzoin Octanol (0.4530) 13,14,16,20min,

3.9) Toluene (0.0610) good
AMPS (0.1168)* 10 min, no reaction
23 0 0.07 Benzoin AMPS in octanol No reaction
(2.8) 0.(14)**
24 0 0 Benzoin AMPS (0.5)* No reaction
(0.2)
25 0.1345 0.1794  Benzoin Octanol (0.4456) No reaction
3.3 Toluene (0.0622)
AMPS (0.0631)***
Methanol (0.0606)
26 0.1366 0.1620  Benzoin Octanol (0.4602) started at 12 min,
(3.4 Toluene (0.0600) 14min and 16min,
AMPS (0.1620)* good
27 0.1118 0.1788  Benzoin Methanol (0.6164)  No reaction
G.7D . Hexane (0.2470)
28 0.1300 0.1870 DPA (4.3) Methanol (0.6323)  No reaction
Hexane (0.2853)
29 0.1199 0.1849  Benzoin Methanol (0.6094)  No reaction
(2.8) Hexane (0.2678)
30 0.1199 0.1849  Benzoin Methanol (0.6094)  No reaction
(7.0) Hexane (0.2678)
31 0.1248 0.1852  Benzoin Octanol (0.4550)
3.7
32 0.1247 0.1860 DPA(3.7)  Octanol (0.4563)

*AMPS 0.1g in 1.9g methanol; ** 0.2 g AMPS in 1.8g octanol and 0.22g water;, ***0.2 g

AMPS in 2.0 g methanol

5.3.1.1 Porogenic solvent type, ratio and reaction time
As demonstrated in Table 5.1, a good interface was only created when octanol was

the porogen. This may be related to the viscosities of porogenic solvents. The viscosity
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of octanol was the highest among all the other solvents we have studied, resulting in
less chance for the photoinitiated free radicals to diffuse. This may explain why the
interface is sharply defined.

The porogen ratio in the mixture has an effect on the polymer structure [4, 5]. We
attempted to increase the porogen ratio in order to obtain a large pore size, using
solutions # 10, 11 and 12. The higher ratio of solvent resulted in more sparse structures,
as shown in Figure 5.1. However, the sparse structure is fragile and collapses easily.
Solution #14 was used to study the effect of the reaction time on the structure. A longer
reaction time gives a denser structure, as demonstrated in Figure 5.2, however, the
conversion of monomer will reach a plateau after a specific time. We did not study the
structure as a function of reaction time any further, since it is not the focus of this

chapter.

#22

#23

#24

5% 10x 20x 50x

Figure 5.1 Images show the effect of porogen ratio on the polymer structure.
The monomer to porogen ratios are 2:4, 2.5 and 2.6, respectively,
corresponding to the entries of 10, 11 and 12 in Table 5.1 .
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a b

Figure 5.2 Images show the effect of reaction time on the
polymer structure. Solution #14 in Table 5.1 was reacted for
5 min (a) and 8 min (b), respectively.

5.3.1.2 Mask designs for UV exposure

The window size had an impact on the reaction time and the polymer structure. In
Figure 5.3, A, B and C illustrate three transparency masks with different exposure
window sizes. These were used in all the polymerization reactions, unless otherwise
stated. Figure 5.3 D shows the mask design of the chip. Each channel contains a wide
region (shown by the enlarged view in Figure 5.3D) where a protein adsorption bed will
be formed by photoinitiated polymerization reaction. Detailed dimensions of the chip
were described in Chapter 4. On mask A, the UV exposure window size is the same as
the final dimension of the fabricated reaction bed (140 um wide and 1 mm long). On
mask B, the window is enlarged from 140 um to more than 1 cm wide while the length
is kept unchanged. On mask C, the length is reduced to 0.5 mm while the width is the
same as that on mask B. The single channel chip has exactly the same dimensions as
one of the collection channels in the fractionator design.

With Mask A, the polymer prepared from solution #14 started to form on one side
of the bed at 25 min, and a longer exposure time did not help the polymer fill up the
entire bed. This might be explained by the poor collimation of the transilluminator.

Because the light from it is not exactly vertical to its plane, when the light passes
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through the exposure window, only part of the bed ié exposed and the intensity is not as
strong as when it illuminates perpendicularly. For Mask B, the polymer formed in the
entire bed after 8 min for solution #14. However, with a 1 mm long window, the
polymer always grew beyond the bed region. This increased the flow resistance of the
narrower channels joined with the bed, or even worse, plugged them. This effect may
arise from diffusion [7] of free radicals outside the window length. On Mask C, the
exposure window is only 500 um long instead of 1 mm. For this design the reaction was
confined within the bed region as shown in Figure 5.4. Consequently, Mask C was used

in all the following experiments.

4 inch| 4 inch

4 inch

Figure 5.3 The mask designs for UV exposure (black) and the chip design
shows the single channels around the fractionator. The dimensions of the
fractionator and single channels were described in Table 4.1 and 4.2.
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D Exposure window
(0.5 mm)

Figure 5.4 A, B and C images show the reproducibility of the polymerization
reaction which happened in the single channel device shown in Figure 5.3 D.
Inserted images show the sharp edges and uniform polymer structure. Figure 5.4 D
shows the exposure window was aligned in the middle of the bed. Solution #14 was
reacted for 8 min.

Figure 5.5 Images show the effect of initiator on the interface ( Figure 5.5 a)
DPA (Figure 5.5 b) Benzoin Solution #31 and 32 were reacted for 8 min,
respectively, in the same devices as those in Figure 5.4.
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5.3.1.3 Initiator type

Three initiators, DMAP, benzoin and DPA, were investigated. DMAP was found
to initiate the reaction slowly, as demonstrated in Table 5.1. Under the same conditions
(#31 and #32 in Table 5.1), the DPA initiated reaction extended far beyond the exposure
region, as compared to a benzoin initiated reaction, as shown in Figure 5.5. This may be
because the higher solubility of DPA in octanol leads to a higher concentration of

photoinitiated free radicals.

5.3.1.4 Reproducibility of the polymerization reaction

We studied the reproducibility of the polymerization reaction using solution #14,
since the polymer bed prepared from this solution has a better interface. The reaction in
three individual single channels produced similar results, as shown by the inserted
images in Figure 5.4. The pictures were taken after flushing with a methanol/water
solution, followed by removal of the solvents. The polymer bed in Figure 54 C
illustrates that the polymer can be moved by flushing because the channel wall is not
modified [8-9] to immobilize the polymer. However, the polymer bed cannot move out

of the bed region due to the restriction caused by the narrowing channels.

5.3.1.5 Amount of initiator

Solution #13 and #14 containing 0.9% and 1.2% initiator, respectively, were used
to study the influence of the concentration of the initiator. The reaction lasted for 8 min.
The polymer bed prepared from #13 (Figure 5.6) was only half filled and sparse,

compared to the uniform and dense polymer structure prepared from solution #14 in
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Figure 5.4. The amount of the initiator is 1-2 % (w/w) [10, 11] of the total amount of
monomer plus crosslinker. A large amount of initiator will trigger the reaction so fast

that cracks form, which leads to a non-uniform porous structure.

Figure 5.6 Image shows the sparse structure prepared from solution #13.
Solution #13 was reacted for 8 min in the same device as that in Figure 5.4.

5.3.1.6 Interface movement induced by channel geometry

It was found that the channel geometry has a great effect on the interface. The
single channel device shown in Figure 5.3 D and a Y-shape device shown in Figure 5.7
A were used in this study. As shown in Figure 5.4 A, B and C, although the mask was
aligned in the middle of the bed (Figure 5.4 D) and the liquid in both reservoirs was at
the same level, the polymer was not symmetrically located in the bed because the two
interfaces moved in the bed region. The same thing happened in Y shaped channels, as
shown in Figure 5.7, whether the access holes were sealed with tape, or covered with
water before sealing with parafilm. This same behavior was not observed in a straight
channel with a uniform width or the fractionatior with 36 channels. In the latter case,
the channels seemed to balance each other so that no flow induced interface movement

was observed.
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Y shaped device

&
b v o a
A Polymer region| | B aend C

Figure 5.7 Images show both the interfaces were disturbed by flow
on a Y shaped device. Solution #14 was reacted for 8 min.

5.3.2 Characteristic of the monolithic polymer

The morphology of polymers produced in large and small confined geometries
may not be the same. Researchers have studied the dependence of the formation of
methylsiloxane gel on capillary dimension [12]. When the capillary diameter decreased
from 100 pm to 10 um, the methylsiloxane did not form its typical porous gel structure.
Our experiments show that some polymerization reactions do not happen in thin
channels, whereas they do in large channels. Our own results support this, as discussed
in Section 5.3.5.3. However, no detailed study on the effect of channel size on BMA
polymerization reaction exists. For that reason, studies of bulk material are not fully
instructive.

The pore size of BMA polymer formed from a large scale reaction in an
unconfined space was measured using an AutoPore IV 9500 porosimeter (Micromeritics

Instrument Corporation). Solution #14 was used to make the monolithic porous polymer

in a sample vial. The polymer was removed, extracted with methanol and treated under

vacuum overnight. Around 0.6 g of polymer was loaded into a measuring cell of a
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Figure 5.8 SEM image of the polymer structure prepared from solution
#14. Solution #14 was reacted for 8 min.
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Figure 5.9 Measurement of pore size of the polymer in Figure 5.8.
The average pore size was 954 nm.
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porosimeter. Mercury was forced to intrude into the measuring cell at a lower pressure
and into the pores of the polymer at higher pressure. The intrusion volume of mercury
was measured as a function of pressure, from which the pore size was derived. Figure
5.8 and Figure 5.9 show the SEM image and the pore size, respectively. The average
pore size is 940 nm and the porosity was calculated to be 46.4%. It is worthwhile
mentioning that these data can only be used as a reference, because of the difference
between large scale and small scale reactions. Obviously, obtaining 0.6 g of polymer

from a chip with 20 x140 um channels is a demanding, possibly unfeasible task.

5.3.3 Behavior of the polymer bed on our device

A polymerization reaction using solution #14 was performed for 8 min in a single
channel device (Figure 5.10), and the behavior of the polymer was investigated. Several
aspects will be discussed in this section. The solution was driven by EOF, with a PMT
detector placed immediately before or after the polymer bed, depending on specific

experimental requirements.

ground

Figure 5.10 Schematic experimental setup for the single channel device.
The dimensions are described in Figure 4.2.

5.3.3.1 Eluent composition
FITC-Avidin was used as a model protein. The eluent was prepared by changing

the volume of acetonitrile (ACN) while maintaining the concentration of ammonium
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bicarbonate (AB) at 20 mM, regardless of % ACN. The procedures are summarized in

Table 5.2.

Table 5.2 Procedures for studying eluent composition

Step | Anode reservoir | Cathode Duration | voltage
reservoir
1 Avidin in 20| 20 mM AB 1.5 min 1.0kV | To adsorb avidin
mM AB
2 20 mM AB 20 mM AB 50min | 1.0kV | To remove nonspecific
: adsorption
3 ACN(20-60%) + | ACN(20-60%) 1.0kV | To elute avidin
20mM AB +20mM AB
4 ACN(R0%) + | ACN(80%) + 1.0kV | To further elute avidin
20mM AB 20mM AB

After elution with a lower ratio of acetonitrile, 80% (v/v) ACN was used to elute
the remaining retained protein. Beds treated with 60% ACN did not release more
protein at 80% acetonitrile, but all lower ACN concentrations failed to completely elute
protein, as shown in Figure 5.11. An 80% ACN eluent could still elute some protein off
beds which were previously eluted by a lower ratio of ACN, while no more protein
came off beds eluted with 60% ACN. The current dropped drastically when introducing
the eluent containing 80% ACN into the channel. This is consistent with the result
reported by other researchers [13]. This is attributed to the decrease of conductivity and
dielectric constant by addition of ACN. Exposure of the channel surface to 80% ACN

made the EOF decrease quickly. Therefore, eluent containing 60% ACN is appropriate

for our system.
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Figure 5.11 (A) Initial elution electropherograms with different acetonitrile (ACN)
ratios; (B) Further elution with 80% acetonitrile following the elution with lower
ratios of ACN. The polymer beds were formed in the channel described in Figure
5.11 from the reaction of solution #14 for 8 min. Avidin solution was made by 6x1 0’
times of dilution of the stock solution with 20 mM ammonium bicarbonate.

5.3.3.2 Effect of adsorption voltage

The voltage applied during the adsorption process is important, because it will
affect the flow rate and thus the amount of adsorption [2]. The procedures are listed in
Table 5.3. Three adsorption voltages were studied and the elution was carried out at the
same voltage. Figure 5.12 illustrates that lower adsorption voltage, thus lower flow rate,
is beneficial to the adsorption. The eluted peak areas for elution voltages of 3.0 kV, 2.0
kV and 1.0 kV were estimated to be 2.04, 3.21 and 4.57 respectively.

Table 5.3 Procedures for studying the effect of adsorption voltage

Step Anode Cathode Voltage (kV) Duration
reservoilr reservoir

1 Avidin in 20mM AB 1.0,2.0,3.0 1.5min
20 mM AB

2 20 mM AB 20 mM AB 1.0,2.0, 3.0 5.0 min

3 ACN(80%) + | ACN(80%) +1{1.0
20mM AB 20mM AB
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} 3.0kV
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Figure 5.12 Electropherograms for elution of proteins adsorbed at different
adsorption voltages. The eluted peak areas are shown in the graph. Solution
#14 was reacted for 8 min in the single devices as shown in Figure 5.4.
Avidin solution was made by 6x10” times of dilution of the stock solution
with 20 mM ammonium bicarbonate.
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Figure 5.13 The electropherograms for elution of proteins at various
starting concentrations. cyi: concentration of the original avidin stock
solution. The numbers give the dilution factors from stock solution. The
reaction conditions were the same as those in Figure 5.12.
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5.3.3.3 Effect of concentration on adsorption

FITC-Avidin solution (the concentration of stock commercial solution is unknown)
was diluted different amounts with 20 mM AB. The dilution factors are given in Figure
5.13. Both the adsorption and elution were performed at 1.0 kV. In Figure 5.13, as the
concentration (labeled in Figure 5.13) decreases, the amount of adsorbed avidin
decreases, except for the one diluted by 60 million times. The reason is unknown. The

eluted peak areas are labeled in Figure 5.13.

5.3.3.4 Estimate of concentration factor

The concentration effect is obvious when comparing Figure 5.13 with Table 5.4.
Table 5.4 shows that the signal was essentially the same for all concentrations tested,
when the PMT was located immediately before the polymer bed. Thus the detector
could not measure the avidin at low concentrations, without preconcentration. The
signal fluctuated around the baseline within a small range of standard deviation. A data
trace for the highest concentration of avidin of all the concentrations tested is shown in

Figure 5.14.

Table 5.4 Signals of protein solutions detected by PMT located before the polymer bed

Conc. | €uri/3x10% | corif6x107 | coif/6x10° Cori/6%10° Cori/6x10* Cori/6x10° Cori/6x10?
signal | 0.110 0.110 0.110 0.111 0.109 0.109 0.117
Std. 0.001 0.001 0.001 0.001 0.001 0.001 0.002
Dev.

Cori.: concentration of the original FITC-Avidin stock solution
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Figure 5.14 Data trace for the avidin solution measured before the polymer
bed. No observable signal was detected by the detector. The avidin solution was
made by diluting the stock solution by a factor of 600. Sample was driven past
the detector located before the polymer bed by applying 1.0 kV.

The concentration factor can be calculated by dividing the volume of the protein
solution flowing through the polymer bed in the adsorption process by the volume of
acetonitrile containing buffer used in the elution process [2, 14]. The flow rates for the
adsorption and elution processes were assumed to be close because they were driven by
the same electric field. Hence, the concentration factor is determined by the adsorption
time and the elution time. The concentration effect for BSA and avidin were evaluated.
The adsorption and elution experiments were performed when 1.0 kV was applied
between the anode and cathode, because a lower adsorption voltage is beneficial to the
adsorption. In Figure 5.15, the electropherogram of eluted protein was fit to a Gaussian
regression in order to obtain the half peak width (the peak width at half peak height) as

the elution time. The concentration factors for BSA (3.3x10® mg/mL) and avidin

(diluted by 6x10 times) were estimated to be 30 and 25, respectively.
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Figure 5.15 Calculation of concentration factor

(A) BSA was adsorbed at 1.0 kV for 2 mins, and eluted with 60% acetonitrile
and 20 mM AB at 1.0 kV; (B) Avidin was adsorbed at 1.0 kV for 1.5 mins and
and eluted with 80% acetonitrile and 20 mM AB at 1.0 kV. The reaction
conditions were the same as those in Figure 5.12.

5.3.3.5 Flow rate change induced by polymer bed

The change in the flow rate directly influences the sample travel time in the
fractionation zone, and thus the diffusion distance, which is the limiting factor in
determining the sample dispersion and leakage. The effects of the polymer bed on
electrical resistance and flow resistance lead to a flow rate change. The electrical
resistances for the unpacked and packed single channel device were measured by filling
the channel and reservoirs with a 4 M KCl solution and monitoring the current as a
function of voltage. The high concentration of KCl prevents contribution by the
electrical double layer. For a glass or quartz channel, the current contains two parts, the
current due to transport of charge close to the double layer by EOF and the conduction
current [15]. The first of these becomes negligible when the electrolyte is highly

concentrated.
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Figure 5.16 indicates that electric resistance does not change much after the
monolithic packing. The small increase in the resistance for a packed channel may be
attributed to the occupation of bed volume by the polymer. The estimated 46.4%
porosity of the polymer means that the electrical resistance ratio of the packed over the
unpacked one is expected to be 1.04, based on a pSpice simulation of the effect of
volume reduction. This ratio was measured to be 1.05, based on the data in Figure 5.16.
However, measurements of migration rates demonstrate the flow rate has been altered
significantly as shown in Table 5.5. The migration time of the neutral marker, BODIPY,
in the packed and unpacked channel was measured. The expeﬁmental setup is the same
as in Figure 5.11, except the PMT detector was placed just before the polymer bed. The
data in Table 5.5 show big differences in the migration time for the two devices. This
can be understood by the flow conservation theory. Horvath ef al developed a theory to
describe the flow velocity in a CEC system [16, 17]. In our case, the EOF in the packed
region is only provided by the negative charge on the channel wall, because the polymer
has no charge. Moreover, some regions of the channel wall, being in close contact with
the polymer, cannot be fully charged. All of these factors result in a smaller EOF and
thus slower flow through the bed region. According to Horvath’s model, which consists
of a packed segment upstream and open segment downstream, the volume flow rate in

the unpacked segment will slow down in order to abide by the mass conservation law.
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Figure 5.16 Current as a function of voltage for unpacked and packed channel.

The reaction conditions were the same as those in Figure 5.12. The channel was
filled with 4 M KCI solution.

Table 5.5 Measurement of migration time for packed and unpacked channel

Voltage (kV)  Migration time (unpacked) (s) Migration time (packed) (s)

0.5 523 3514
0.6 41.6 264.4
0.7 34.9 230.4
0.8 28.3 193.7
0.9 26.9 181.2
1.0 243 161.7
1.1 23.5 146.6
1.2 20.3 129.6
1.3 117.0
1.4 112.5
1.5 99.0

5.3.4 Polymerization in the multiplexed fractionator
The polymer beds were prepared in 36 bed regions using solution #14. First, the

10™ reservoir on one side was filled with 20 pL of a monomer and porogen mixture.
The mixture was then delivered into the other channels by capillary force. Once the 8™

and 12" channels on the same side as the initial 10" reservoir were filled, the mixture

110

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



was added to the reservoirs of those two channels as well, to enhance the flow rate to
other channels. The chip was left in the dark for around 40 mins, until all the other
channels were filled. Afterwards, all the reservoirs were loaded with 20 puL of water and
sealed with parafilm. Care was taken to align the chip with the mask before exposing it
for 8 min under the UV lamp. To rinse the chip, a vacuum line was attached to three
outlets. One was connected to the sample reservoir, while the other two were connected
to two collection reservoirs for 10 min before moving to the next two reservoirs. The
chip was rinsed with methanol/water (50%:50%, v/v) for 3 h, followed by water for
another 3 h, then finally conditioned with 10 mM NaOH, for 3 h. The polymer bed

cannot withstand 0.1 M NaOH due to the formation of bubbles.

Figure 5.17 Images of the polymer beds before and after protein adsorption. The
sample reservoir and sheath reservoirs were held at 1.5 kV and 1.8 kV, respectively.
Figure 5.17 A shows the collection channels from 8" 10 10" with packed polymer
beds on the left side. Figure 5.17 B shows the fluorescence image of avidin adsorbed
onto the fOIymer bed in the 9" channel. Figure 5.17 C shows the collection channels
from 10" to 1 3% with packed polymer beds on the right side. Figure 5.17 D shows
the fluorescence image of avidin adsorbed onto the polymer beds in the 1 0" and 12"
channel. The polymer beds in unlabeled collection channels did not fluoresce
because avidin was not adsorbed onto those beds.
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5.3.4.1 Protein concentration on the multiplex fractionator

FITC-Avidin (diluted with 20 mM ammonium bicarbonate by a factor of 300 from
the stock solution) was used as a model protein. The sample reservoir and sheath
reservoirs were held at 1.5 kV and 1.8 kV, respectively. The 2™, 9™ and 15™ channels
on the left side and 5™, 10™, 12" channels on the right side were grounded sequentially
for 4 min each. Images in Figure 5.17 show that the protein only adsorbed onto the front
end of the column. This can be attributed to the extremely low flow rate in the packed

segment, which is beneficial for protein adsorption, as studied in 5.3.3.2.

5.3.4.2 Disturbance of flow direction by the polymer bed

BSA (1 mg/mL in water) was employed as the model protein. The sample and
sheath reservoirs were held at 0.8 kV and 1.22 kV, respectively. Figure 5.18 shows the
distortion of flow direction with polymer beds in the chip. On this device, the 16"
channel on the left side happened to have no polymer formed. The nicely focused
sample stream in Figure 5.18A verified the efficiency of the voltage combination
employed. However, as demonstrated in Figure 5.18B, besides flowing into the
grounded channel, the sample stream also flowed downstream and contaminated the
inlets of other channels. This can be explained from the discussion in Section 5.3.3.5.
Because the flow rate in the open segment was much higher than that in the packed
segment, the volume flow rate of the sample stream delivered from the open
fractionation zone was not compatible with the flow rate through the packed segment.
As a result, a large amount of sample accumulated in the fractionation zone based on

the mass conservation law. This phenomenon was even worse when the 4™ channel on

112

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the left side was grounded. Figure 5.18C shows no observable flow into this channel.
However, the sample accumulated in the fractionation zone barely reached any of the
polymer beds in the floating channels because no additional driving force existed. That
explains why Figure 5.17 shows no contamination to the polymer beds of the floating

channels, despite the volume flow rate mismatch.

Left 16 Left 6

Figure 5.18 Images show the distortion of the flow direction by the polymer beds. The
sample and sheath reservoirs were held at 0.8 kV and 1.22 kV, respectively.

5.3.5 Improvement

The problem discussed above might be solved in several ways; increasing the EOF
by making a charged polymer bed, or reducing the flow resistance by shortening the
polymer bed, making a polymer bed with larger pores, or enlarging the cross section of

the bed region.

5.3.5.1 EOF enhancement

AMPS was introduced to the reaction mixture because it can be negatively charged.
Solution #18, 22 and 26 with increasing amount of AMPS were used to prepare the
polymer bed after reaction times of 6 min, 14 min and 18 min, respectively. The

migration time was measured to be 122 s, 86 s and 67 s. In contrast, the migration time
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in a channel packed with polymer without AMPS was 161.7 s, as shown in Table 5.5.
Solution #26 was selected to make the polymer beds on the multiplex fractionator. The
images shown in Figure 5.19 indicate that the distortion of flow has been alleviated to
some extent when compared to Figure 5.18 C; however, as the sample stream flowed
into the channels at ground, it also leaked into the channels downstream due to the

disturbance of flow by the polymer beds.

Figure 5.19 Images show sheath images in the multiplexed fractionator with charged
polymer beds formed from solution #26. Images show EOF was enhanced a little when
compared to Figure 5.18 B and C because sample stream could be delivered into the
collection channel at ground. The sample and sheath reservoirs were given 1.4k and
1.8kV respectively. Solution #26 was reacted in the multiplexed fractionator for 16 mins.
Figure 5.19 A shows leakage into the channels downstream even though sample had not
yet been delivered to any downstream channels. Figure 5.19 B shows obvious flow
along the fractionation zone and leakage into the channels downstream. Sample is 200
uM fluorescein in 20 mM ammonium bicarbonate.

5.3.5.2 Shorter bed

The edge resolution of the polymer bed is defined by [7],

b =—32~1M(s +2z/2)

where bp, is the resolution limit, A is the illuminating wavelength, s and z are the
distance between mask and polymer surface and polymer thickness, respectively. In our
case, A is 312 nm, s is 457 pm which is the thickness of the bottom glass (O211) and z
is 20 pm. b, was calculated to be 18 um. Based on this, a bed length of ~36 pm could

be made. However, we find the polymer bed produced is never shorter than 200 pm,
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even though a very natrow window was used with a cooling fan to reduce thermal
polymerization. Throckmorton et al also reported the same phenomenon [7]. As a result,

the use of shorter beds to reduce flow resistance was not explored.

5.3.5.3 Making larger pores

It was reported that when methanol was used as the porogen, the pore size could be
as large as 19 um, whereas when methanol and hexane were used together, the pore size
achieved was 9 pm [3]. Considering the channel is 20 um deep, it is impossible to form
pores of 19 pm. We tried various conditions using methanol and hexane as porogens.
However, no particles formed in the bed region of our device, even when the light from
the transilluminator exposed the chip through a 1 mm window. In contrast, the reaction
happened easily when octanol was the porogen. We speculate that the failure of
formation of a polymer bed on our device when methanol and hexane were the
porogens can be attributed to three reasons. First, the exposure window was not long
enough. When the exposure window size was increased to 2 mm, the reaction easily
occurred on our device. Second, the UV light from the UV transilluminator was not
intense enough and not well collimated. The reaction occurred nicely in 5 min with a
0.5 mm exposure window when exposed to well collimated UV light from a mask
aligner. Finally, the width and depth of our device are too small for the reaction to
happen. To investigate these factors, a channel with different dimensions (800 pm wide
and 150 um deep) than our device was used. The polymerization reactions for solution
#27, 28, 29 and 30 were found to occur easily in 5 min even when the exposure window

was as narrow as 200 um. However, the interface of the polymer bed was not clearly
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defined. We find that the polymer bed formed in the large channel (800 um wide and
150 pm deep) using solution #27, 28, 29 and 30, after 5 min of exposure to the UV

transilluminator, had low flow resistance, and the flow resistance increased with

reaction time because the polymer structure became denser.

5.3.5.4 Making larger bed

A larger bed brings the advantage of short reaction time, which gives a sparse
structure compared to a longer reaction time, so it is possible to lower flow resistance
with a larger cross section. In order to enlarge the bed volume, we fabricated the bed in
the cover plate. Two cover plates with beds of different depths were fabricated and
bonded to two substrates.
Device 1: All the access holes were drilled on a cover plate with 43 pm deep beds.
Solution #27 was used to study the polymerization reaction on the new device. The
reaction rate was found to depend on the direction of the illuminating UV light. Mask C
was placed underneath the chip. The reaction still could not be initiated when the UV
light was exposed from the substrate side, as discussed in 5.3.5.3. However, when the
chip was turned over so that the UV light illuminated from the cover plate side that
contains the bed regions, the reaction happened easily. When this polymer was
transferred onto the multiplexed fractionator, the flow resistance coming from the
polymer bed still affected the flow direction. Similar results to those shown in Figure
5.18 were observed.
Device 2: Since the exposure from the deeper bed side can shorten the reaction time, on

the second cover plate, the bed was enlarged to 115 um deep. All the access holes were
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drilled onto the substrate instead of onto the cover plate. The cover plate was actually
placed underneath, which allowed the light to illuminate from the cover plate side.
Solution #26 was reacted for 6.5 min and the migration time was measured to be 37 s,
whereas the migration time was 67 s for the shallower bed (20 um) described in 5.3.5.1,
which means the flow resistance was reduced in Device 2. The bed capacity in Device 2

was 0.0657 mmoles/L when trypsin inhibitor was used as the model protein.

Figure 5.20 Images of the polymer beds formed from solution #26. Image
in Figure 5.19 A was taken after solution #26 was reacted for 5 min. Then,
the chip was flushed with methanol and water. The polymer beds became
observable as shown in Figure 5.20 B. The black spots in image A are
bubbles induced by the dead volume of the bed due to the size difference of
the original bed in one glass plate and the deeper bed in the other plate.

5.3.5.5 The sheath effect on the fractionator with deeper beds (113 pm deep)
Solution #26 was used to prepare the polymer beds after reacting for 5 min. As
shown in Figure 5.20, the polymer beds were blurred after the reaction and became
clear after rinsing with methanol and water. Figure 521 shows a tightly pinched
fluorescein stream, when the sample and sheath reservoirs were held at 1.5 kV and 1.95
KV, respectively. Figure 5.22 shows the automatic switching process, from the 14" to

the 18" channel. These experiments indicated that the flow disturbance by the formation
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Figure 5.21 Images of the focused fluorescein streams on the fractionator with
polymers. The sample and sheath reservoirs were held at 1.5 kV and 1.95 kV,
repectively. The fractionator with polymer beds as shown in Figure 5.20 was used.

Figure 5.22 Images show the automatic switching of the BSA stream from 1 4"
channel to 18" channel. The sample and sheath reservoirs were held at 1.5 kV
and 1.95 kV, repectively. The same device as that in Figure 5.21 was used.
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of polymer beds in shallower bed regions (20 pm) were solved by enlarging the bed

regions to 115 pm and by shortening the reaction time to 5 min.

452779 45'28"92 4729790

M 45'31749

45'37"96 45'49"97 46'09"97

Figure 5.23 Dynamic protein adsorption process onto the 5" bed
on the left side. BSA (1 mg/mL) was driven to the polymer bed and
adsorbed. Other conditions were the same to those in Figure 5.21.

5.3.5.6 Protein adsorption on the multiplex fractionator

Since the sheath flow effect could be made to function normally on the fractionator
with polymer beds, we then studied a dynamic protein adsorption process onto a
specific polymer bed under protection from sheath streams, which is the final aim of

this fractionator. The protein stream was supposed to be adsorbed onto the specific bed

without leakage into other beds. In order to observe the leakage that may exist, a highly
concentrated BSA solution (Img/mL) was used. Images in Figure 5.23 show the

adsorption process of BSA onto the 5™ bed on the left side. The lack of an observable
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fluorescence signal for the channel downstream of the bed means that no protein leaked
through the space before the front of the protein band reached the end of the polymer
bed. The bed glared brightly as the protein was adsorbed onto it, lightening up the two
beds on either side. The laser spot covered the entire bed region of the channel of
interest and the upstream channel segments of the two channels beside it. The channels
upstream of the two beds did not fluoresce, excluding the possibility of adsorbed protein
from leakage into the other beds. A recipe for forming larger pores was not investigated
further, because larger pores reduce the surface to volume ratio and thus the amount of

adsorption.

5.3.5.7 Study of voltage combination

Because this fractionator will eventually be coupled with protein separation, in
order to be flexible with applied voltages in the separation process, it is necessary to
find all the possible voltage combinations which are able to produce neat sheath effects.
We find that the sheath flow effect was efficient when the sample voltage varied from
1.1 to 1.5 kV while keeping the sheath voltage at 1.8 kV. However, bubbles usually
occur in these devices after running longer than 10 min in this voltage range.
Sometimes, the separation in the sample channel needs to last longer. Reducing the
voltages could prevent the bubbles. However, the velocity decreased at the same time

and thus the diffusion of the sample stream became more severe. Table 5.6 lists the
allowable voltage combinations tested experimentally without severe diffusion

problems.
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Table 5.6 The allowable voltage combination for creating pinching effect

sample | 1.1 1.1 0.8 0.7 0.8 0.9 0.9

sheath | 1.5 1.4 0.92 1.0 1.0 1.0 1.1

5.4 Conclusions

Polymer beds were coupled with the fractionator in order to adsorb protein for
further analysis. At first, the polymer beds were found to affect the flow direction
severely and thus the sheath effect was not working on the fractionator with polymer
beds. The recipes for making monolithic polymer and the bed dimensions were
improved several times. Finally, we find that solution #26 is a good choice to form
polymer beds on the multiplexed fractionator with 115 pm deep beds. The solution was
reacted for 5 min with the illumination of UV light (312 nm) through the photomask
(0.5 mm window size) from the side of the glass plate with the 115 um deep beds. The
final conditions allow the sheath flow effect and protein adsorption on this fractionator
with polymer beds to be performed well. This fractionator will be coupled to protein

separation stages in the future.
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6.1 Introduction

In this chapter, we evaluate methods to perform protein separations coupled with
the sheath flow effect. The CZE mode demonstrated earlier is a good choice from the
perspective of being compatible with the fractionator, as demonstrated in Chapter 3.
However, CZE is not as powerful as other protein separation methods. Isoelectric
focusing (IEF) is an excellent protein separation and concentration tool [1] that has been
extensively used. IEF on a microchip was first presented by Hofmann et a/ [2] on a
glass chip, followed by a demonstration on quartz by Mao [3] and on PDMS chip by
Cui [4]. IEF is categorized into two-step and one-step IEF. In two-step IEF, the protein
is focused into individual zones according to their pl values, followed by mobilization
out of the capillary or channel by gravity [5], chemical mobilization [6] or
hydrodynamic force [7]. Focusing and mobilization are carried out at the same time [8,9]
in one-step IEF.

In our design, if two-step IEF in the sample channel is performed first, the already
focused protein zones would be deformed in the mobilization and fractionation step
because of changes in the electric field and zeta potentials along the channels. Hence,
we chose to perform one-step focusing, mobilization and focusing at the same time. The
challenges with this method are: (a) One-step IEF is not as stable as two-step IEF
because of the disturbance of focusing by the mobilization force, normally EOF, in the
sample channel. EOF is not uniform across the entire channel because of the pH
gradient and the adsorption of ampholyte onto the channel surface.

In our case, coating all the channel surfaces to reduce EOF is not feasible, because

strong EOQF is necessary to drive the sample stream across the fractionation zone at high
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speed, in order to restrict diffusion. Selectively coating the sample channel is not
recommended either, due to the pressure differential associated with having multiple
different zeta potentials along the channel of a device. Further, the voltage combination
that creates good sheath flow effect may be inappropriate for IEF. In this chapter, we

explore the feasibility of coupling the one-step IEF and fractionation processes together.

6.2 Experimental
Reagents

Bio-lyte (pH 3-10) was obtained from Bio-RAD. Enhanced cyan fluorescent
protein (ECFP) and monomeric red fluorescent protein (mRFP) was kindly donated by
Zihao Cheng and Huiwang Ai from Dr. Campell’s group in Department of Chemistry,
University of Alberta. BSA from Sigma (Oakville, Ontario, Canada) was labeled using
an Alexa Fluor 488 Microscale Protein Labeling kit from Invitrogen (Burlington,
Ontario, Canada). The final concentration was 45 uM. Alexa Fluor 488 labeled trypsin
inhibitor and FITC-insulin were from Invitrogen. The concentrations of the stock
solutions of trypsin inhibitor and insulin were Img/mL in water. FITC-IgG was from

Sigma. The isoelectric points (pI) of proteins are listed in Table 6.1.

Table 6.1 Isoelectric points of proteins

Protein ECFP BSA Insulin Trypsin inhibitor  IgG

pl 5.95° 48°  55° 4.6" 7.4°

a: This value was calculated based on the gene sequence of ECFP.

b: http://faculty. washington.edu/yagerp/microfluidicstutorial/transverseief/transverseief. htm
c: Eriksson, H. Biotechnology Techniques 1998, 12, 329-334.

d: http://www.sigmaaldrich.com

e: Fujita, H.; Narita, T.; Ito, S. Diabetes Care 1999, 22, 823-826.
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Microchip operation

The experiments were operated on the fractionators described in previous chapters
and one more which will be introduced in this chapter. The chips were conditioned with
0.1 M NaOH, followed by rinsing with water and catholyte in sequence. All the
channels and reservoirs except the sample and buffer reservoir were filled with
catholyte. Anolyte was loaded into the buffer reservoir. After sample injection, positive
voltage was applied between the buffer reservoir and one of the collection reservoirs, to
drive focused sample zone past the detector located at the converging point of the
sample and sheath channels, which is called the sheath point. The two sheath reservoirs
received voltages higher than that on the buffer reservoir. After separation and
fractionation were performed, the device was regenerated. Anolyte was then removed
from the buffer reservoir and it was filled with catholyte. The same voltage combination
as that used in the focusing process was then employed to mobilize catholyte,
destroying the pH gradient formed in the focusing process and regenerating the channel

surface.

6.3 Results and Discussion
6.3.1 Effect of the length of IEF channels

To study the effect of IEF channel length, the second generation of Chapter 2
(Figure 2.10 and Table 2.4) Design B and a third generation design shown in Figure 6.1
b and Table 6.1 were used to perform IEF. A PMT was located at the sheath point.
Figure 6.2 demonstrates the IEF results on the second and third generation devices. For

the second generation, which has a long separation channel, in most cases no peak was
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(a) Design B from Chapter 2, (b) Design B, 3" generation)
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Figure 6.1 The layouts of fractionators with long and short separation channels.
Figure 6.1 a shows the Design B from Chapter 2 which has a 4 cm long separation
channel. The injection plug is 2 mm long and the distance from buffer reservoir to
the injection plug is 5 mm. Figure 6.1 b shows the design in the third generation
which has a 1.6 cm long separation channel. The injection plug is 2 mm long and
the distance from buffer reservoir to the injection plug is 4 mm.

Table 6.2 The detailed dimension of Design B in the 3 generation

Fractionation | Sheath channel | Collection channel Separation

zone channel
Segment A* Segment B* | w =50 um

w=166 um | w=78 um [= 16 mm

[=500pum |/=10mm
w=10pum |w=36um
=100 pum |/= 10 mm

R =0.224 R =2330 R =17.539 R =55.32

* Collection channel contains two segments, A and B, with different dimensions.
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obtained, as shown by the electropherogram in Figure 6.2 a. In contrast, for the third
generation, which has a short separation channel, the peak shown in Figure 6.2 b always

appeared.
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Figure 6.2 The electropherograms obtained during the focusing process for the
fractionators with long (a) and short (b) separation channels shown in Figure 6.1.
Anolyte: 10 mM H;PO,. Catholyte: 10 mM NaOH; Sample: [gG 0.01 mg/mL in water
with 2% ampholyte; Injection: -2.5 kV for 60 s. Focusing: (a) Shl and Sh2 were at 2.0
kV, the buffer reservoir was at 0 kV and the collection channel was at -3.0 kV; (b) Shl
and Sh2 were at 1.0 kV, the buffer reservoir was at 0 kV and the collection channel was
at -2.0kV.

The lack of peaks in the long channel versus short channel device is surprising. In
both designs, once the buffer reservoir was filled with catholyte for device regeneration,
a large protein peak was observed, as shown in Figure 6.3. This suggests that protein
precipitation occurred during the IEF step. This may be partially explained by the
different electric fields in separation channels induced by different separation channel
lengths. The electric fields were calculated to be 143 V/ecm and 461 V/cm for the long
and short separation channels, respectively. Therefore, the sample plug will take 54 s

and 5s respectively to reach the sheath point. In the longer separation channel, there is
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time for almost full precipitation, and in shorter separation channel, fraction is not fully
focused and so remains in solution and is seen at the detector. The fluctuated migration
times of these eluted peaks can be understood from the non-uniform EOF resulted from

protein adsorption.
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Figure 6.3 Electropherogram following the IEF process shown in Figure 6.2b. The
voltages applied were the same to those of the focusing process in Figure 6.2b. The
anolyte in buffer reservoir was replaced with catholyte. The protein left in the channel
due to lost of charge was charged again and driven past the detector. So, the channel
surface was regenerated.

6.3.2 Solutions to protein precipitation and adsorption

Protein precipitation in IEF is a notorious problem. Adding urea to the sample
solution [10] can mitigate this problem, because urea denatures proteins and may reduce
precipitation. Protein adsorption onto bare glass surface is another problem in IEF. The
protein adsorption can be reduced by dynamic coating with HPMC or MC [11] because
the addition of HPMC or MC can reduce surface charges and adsorption sites. In these
chips, HPMC, glycerol and urea were found to improve the situation to some extent.

HPMC was added to the catholyte and sample for all the following experiments.
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Figure 6.4 Electropherograms of IEF processes at different focusing voltages for
a single protein. Anolyte: 100 mM formic acid. Catholyte: 20 mM NaOH
containing 0.06% HPMC; Sample: 25 uL of IgG (1.25 ug/mL) in 20 mM
ammonium bicarbonate containing 2% ampholyte mixed with 75 uL of glycerol;
Injection: -1.5 kV for 5 s; Buffer reservoir was at ground, Shi and Sh2 were
Sfloating; Collection reservoir was at -1.0 kV for trace I and -2.5 kV for trace 2,
respectively.
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Figure 6.5 Electropherogram of IEF process of a mixture. Anolyte and catholyte
are the same to those in Figure 6.4. Sample: 25 uL of mixture of IgG (1.25
ug/ml) and BSA (20 ug/mlL) in 20 mM ammonium bicarbonate containing 2%
ampholyte mixed with 75 uL of glycerol ; Injection: -1.0 kV for 20 s; Buffer
reservoir was at ground, Shl and Sh2 were floating, Collection reservoir was at
-2.5kV.
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6.3.2.1 Effect of glycerol

The third generation device shown in Figure 2.1 b was used. When a high
concentration of glycerol was mixed with an IgG sample, almost all the protein could be
driven by a lower voltage (1.0 kV) past the detector during the focusing process, as
shown by trace 1 in Figure 6.4. No glycerol was added to the buffer. However, multiple
broad peaks showed up for a single protein sample. Trace 2 in Figure 6.4 demonstrates
the narrower peak at higher focusing voltage (2.5 kV). The IEF results of a mixture of
IgG and BSA are shown in Figure 6.5. The appearance of only one large peak illustrates
no separation for the two proteins. Therefore, we conclude that a high concentration of

glycerol should be avoided.

6.3.2.2 Effect of urea

In another attempt to improve IEF separation, 4M urea was introduced only into
the sample matrix. Trace 1 and 2 in Figure 6.6 a show IEF processes at high and low
voltages, respectively. A lower focusing voltage and thus weaker EOF allowed longer
times for protein molecules to be focused. As a result, less amount of protein was left
behind in the separation channel as shown by trace 2 in Figure 6.6 b. The broad focused
peaks shown by trace 3 in Figure 6.6 a illustrated that 100 mM formic acid is not as
good an anolyte as 10 mM H;PO,. This can be explained by the sharper pH gradient

created by 10 mM H;PO, due to its stronger acidity. Figure 6.7 shows that a higher

concentration of HPMC (trace 2) leads to longer migration time and slightly better
resolution. However, 0.22% HPMC was found to reduce EOF considerably after a few

runs.
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Figure 6.6 (a) Electropherograms of IEF processes. The circled peaks were from
the mobilization of focused protein. Trace 1 and 2: Anolyte: 10 mM H3POy;
Catholyte: 20 mM NaOH containing 0.06% HPMC; Sample: insulin (0.5 ug/mL)
in the mixture of 4M urea, 0.1% HPMC and 3% ampholyte; Buffer reservoir was
at ground; Collection reservoir was at -2.5 kV for trace 1 and -0.5 kV for trace 2.
Trace 3: The conditions were the same as those of trace 2 except 100 mM formic
acid was used as anolyte. (b) Electropherograms of protein eluted during the
surface regenerating processes following the IEF processes shown by trace 1 and
2, respectively.
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Figure 6.7 Electropherograms of IEF processes. Anolyte: 10 mM H3POy,
Catholyte: 20 mM NaOH containing 0.06% HPMC and 0.22% HPMC for trace
1 and 2, respectively; Sample: mixture of insulin (0.25 ug/mL) and BSA( 0.0225
uM ) in the mixture of 4M urea, 0.1% HPMC and 3% ampholyte; Injection: -1.0
kV for 4 s; Buffer reservoir was at ground; Collection reservoir was at -0.5 kV;
Shl and Sh2 were floating.
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Although a large portion of the protein molecules were focused and mobilized past
the detector, there was always a large peak at the very beginning. This peak cannot be
completely attributed to the strong EOF, because further reducing EOF by adding more
HPMC to the buffer did not remove it. To identify the origin of this peak, similar
experiments were performed in a capillary. The results in Figure 6.8 showed no peaks at
the beginning of the focusing process. For a capillary, the sample plug at the buffer
reservoir end directly contacts the anolyte. In comparison, on a microchip with the
double T junction design, the catholyte was actually sandwiched between the sample
plug and the anolyte in the anodic reservoir, as shown in Figure 6.9 a. Therefore, during
the first stage of focusing, ampholyte in the sample matrix could not form a pH gradient,
because there was no pH difference across the sample plug. We conclude that a CZE
mode, or perhaps a sample stacking effect, resulted in the first peak. As H' from the
anolyte entered into the channel, the sandwiched catholyte was first neutralized, then
became acidic, and the ampholyte began to form a pH gradient. However, the pH
gradient was not well defined, so that insulin and BSA could not be separated. In order
to get rid of the catholyte sandwich, we moved the access holes to new positions, shown
in Figure 6.9 b, about 200 um away from the injection plug, compared to 3 mm in
Figure 6.9 a. Figure 6.10 shows the IEF results for BSA and a mixture of BSA and
insulin. Almost no initial peak was observed, and the two proteins were baseline

resolved.
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Figure 6.8 Electropherograms of IEF processes on capillary. Anolyte: 10 mM
H;POy; Catholyte: 20 mM NaOH containing 0.06% HPMC; Sample: Figure 6.8 a,
Insulin (50 ng/mL) in a mixture of 4M wurea, 0.1% HPMC and 3% ampholyte,
Figure 6.8 b insulin (19 ng/mL) and BSA (0.13 uM) in a mixture of 4M urea, 0.1%
HPMC and 3% ampholyte; Injection: 8 kV for 3 s; Focusing: 500 V/cm.
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Figure 6.9 Chip design layouts. (@) The normal way of drilling access holes and
filling the device trapped catholyte between sample plug and anolyte; (b) The
access holes for buffer introduction and injection were moved to make the buffer
reservoir as close as possible to the sample plug and shorten the injection loop in
order to replace the catholyte entirely with sample in short time.
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Figure 6.10 Electropherograms of IEF processes following device modifications
discussed in Figure 6.9 b. Anolyte: 100 mM H3;POy Catholyte: 20 mM NaOH
containing 0.06% HPMC and 0.06% HPMC; Sample: trace A BSA (0.09uM) in the
mixture of 4M urea, 0.1% HPMC and 3% ampholyte, trace B mixture of insulin (1
ng/mL) and BSA( 0.045 uM ) in the mixture of 4M urea, 0.1% HPMC and 3%
ampholyte; Injection: -0.5 kV for 4 s; Buffer reservoirwas at ground,; Collection
reservoir was at -0.8 kV for trace A and -1.0 for trace B, respectively; Sheath
reservoirs were floating.
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Figure 6.11 Electropherogram of IEF process following device modifications
discussed in Figure 6.9 b. The conditions were the same to those of Figure 6.10 except
the collection reservoir was held at -0.9 kV. Sample: insulin (670 ng/mL), BSA( 0.03

uM ) and ECFP (0.033 uM) in the mixture of 4M urea, 0.1% HPMC and 3%
ampholyte.
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Figure 6.11 demonstrates the separation of ECFP, insulin and BSA according to
their plI values. As shown in Figure 6.10, the migration time is not directly related to the
focusing voltage, because in Figure 6.10 B higher applied focusing voltage (1.0 kV)
than that in Figure 6.10 A (0.8 kV) resulted in longer migration time for BSA. It is
likely that unstable EOF originating from the pH gradient and irreproducible channel
surface activity, caused variation in the migration time. For two runs in sequence, there
was no predictable trend of the variation in the migration time. However, EOF became
smaller after the device was used for more than four hours. Although after each run of
focusing, the chip was flushed with catholyte under the driven of EOF for 10 min, the

channel surface may not be fully regenerated.

6.3.3 IEF on the multiplexed chip

IEF experiments were next performed on the 36-channel multiplexed chip, the
detailed dimensions of which are given in Figure 4.1 and Table 4.1. However, the
protein samples and good separating conditions in Figure 6.11 were not working in the
multiplexed device. We then tested other protein samples and separating conditions.
Alexa Fluor 488 labeled trypsin inhibitor and fluorescent protein mRFP were used as
model proteins. Figure 6.12 a and trace 1 in Figure 6.12 b show that no sharply focused
peaks of mRFP or trypsin inhibitor could be obtained at low focusing voltage (0.35 kV
was applied). However, trace 1 and 2 in Figure 6.12 b show that higher focusing voltage
(0.5 kV) gave shorter migration time and narrower peaks. Traces 2 and 3 demonstrate
that trypsin inhibitor was focused more tightly and mobilized in a shorter time, as the

concentration of phosphoric acid increased. The wider and slightly higher peaks in
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Figure 6.13, compared to trace 3 in Figure 6.12 b, show that more protein molecules
were focused when the two sheath reservoirs received a positive voltage. This can be
attributed to the longer focusing time induced by lower electric field when using the
voltage combination in Figure 6.13. No improvement in the resolution was found at
higher voltage combinations. Moreover, bubbles formed when the sheath voltage was
above 0.8 kV. The results of sheath flow effects discussed in previous chapters showed
the formation of bubbles when the sheath voltage was higher than 1.5 kV. However,
bubbles appear even at lower voltages in the IEF process, presumably because of heat

accumulation due to longer run times.
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Figure 6.12 Electropherograms of IEF processes. Anolyte, catholyte and sample
buffer are the same to those in Figure 6.10 except anolyte of trace 3 in Figure 6.12 b
was 200 mM HzPOy; Sample: mRFP (2x 1077 M) for Figure 6.12 a, trypsin inhibitor
(10 ng/mL) for Figure 6.12 b; Injection: 1.0 kV for 100 s; Buffer reservoir: 0.35 kV
Jor Figure 6.12 and trace 1 in Figure 6.12 b, 0.5 kV for trace 2 and 3 in Figure 6.12
b, Collection reservoir were at ground for all traces; Sheath reservoirs were
Sfloating .
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Figure 6.13 Electropherogram of IEF process. The conditions are the
same to those of trace 3 in Figure 6.12 b except the sheath reservoirs
received 0.47 kV.

Since the IEF resolution on our device always suffers from EOF, it was
informative to investigate the IEF profile along the separation channel. A detector was
placed at four different positions in sequence as shown in Figure 6.14 a. Figure 6.14 b
shows the IEF electropherograms of a protein mixture collected at each position. No
observable focused peaks were collected at position 1 and 2, illustrating that the sample
zone simply swept past the detector before being focused. Focused peaks appeared in
the electropherograms collected at positions 3 and 4. The peaks at position 4 are wider
and have begun to resolve. The profile study verified the influence of EOF on IEF
separation and indicates that a longer separation channel might be beneficial for IEF

separation.
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Figure 6.14 The electropherograms monitored at each detection point

shown in the chip layout. Anolyte: 100 mM H3POy. Catholyte: 20 mM

NaOH containing 0.06% HPMC and 0.06% HPMC, Sample: mixture of

trypsin inhibitor (33 ng/mlL), carbonic anhydrase (0.066 uM) and mIrfp

(0/9x10%) in the mixture of 4M urea, 0.1% HPMC and 3% ampholyte;
Injection: 0.9 kV for 20 s; Anodic reservoir: 0.35 kV; Collection

reservoir: grounded.
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6.4 Conclusion

This chapter demonstrated one-step IEF for different fractionator designs. The
focusing was found to relate to sample buffer and running buffer composition, the
distance between anodic reservoir and injection plug and the length of the sample
channel. For two-step IEF, the resolution is not affected by the channel length as shown

by the following equation,

Ap]=3_13 dp  d(pH)
E—-d(pH) dx

where A4pl is the resolving power, D is diffusion coefficient of the analyte, E is the

electric field and dg/dpH is the electrophoretic mobility change with pH. However, our
experiments show that, for one-step IEF, especially in the case where EOF is not
reduced at all, the resolution changes with sample channel length and focusing voltage.
A delicate balance needs to be satisfied in order to obtain baseline-resolved peaks. High
focusing voltage can increase resolution, yet lead to formation of bubbles and strong
EOF, which is detrimental to the stability of pH gradient. In order to reach higher
focusing voltage, the voltages applied to the sample and sheath reservoirs should be
increased accordingly. The large current flow from the sheath channels and the heat
accumulated from the IEF process together make bubbles form at voltages above. Good
resolution might be obtained in a longer separation channel (over 1 cm) at lower voltage
combinations. However, the lower velocity associated with lower voltages makes
diffusion in the fractionation zone worse. While not explicitly evaluated here, the
variation in EOF along the channel also results in reduced resolution due to pressure

effects induced by differential pump rates along the channel walls. Therefore, IEF may
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not be an optimal separation method to couple with this electrokinetically controlled

fractionator. Separation of protein according to molecular weight in SDS gel might be a

potential method for our fractionator. However, removal of SDS before subsequent

denaturing and electro-spray would be necessary.
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Chapter 7 Future work and some thoughts
7.1 Summary of the thesis work
In this thesis work, several generations of fractionators were designed based on
electrokinetically driven flow. Two modes of fraction collection, peak selection and
fixed time intervals, were explored. Monolithic polymer beds were assembled onto a
multiplexed fractionator. The polymerization reaction conditions and chip dimensions
were optimized so that the polymer beds have no influence on the sheath flow effect in

the fractionation zone.

7.2 Separation in sample channel

Chapter 6 discussed the influence of the separation channel length on IEF
separation. The study of the IEF profile demonstrated better separation at positions
further away from the injection plug. Therefore, a longer separation channel might be
beneficial for one-step IEF separation. In future, separation channels of different lengths
need to be tested, while the dimensions of other channels should be adjusted
accordingly in order to perform an efficient pinching effect. To simplify the design,
only the separation channel and the furthest collection channel could be kept on the
device. Once a suitable separation channel length is found, the separation channel will
be integrated with all fractionation channels.

Other separation methods can be considered as well. Capillary gel electrophoresis
on microchip [1] has been reported to give good separation of proteins. This method
might be coupled with the fractionator. By applying vacuum to the first fractionation

reservoir, the sieving matrix can be introduced from the separation reservoir, past the
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injection plug until it arrives just at the sheath point. In order to avoid leakage of the
sieving matrix into the injection arms, the two reservoirs at the end of injection arms
must be sealed. Because protein molecules are usually negatively charged in normal
buffers and electrophoretic force is the main driving force in CGE, the sheath point
must be held at a higher potential than the separation reservoir. CGE has an advantage
over IEF on this fractionator because the channel surface will not be changed
significantly and thus the reproducibility should be improved. However, CGE can not
produce a concentrated peak, in contrast to IEF. Since protein separation through one
dimension is usually not efficient, a 2-D separation coupled with the fractionator needs

to be explored in the future.

7.3 Improvement of polymer beds or channel dimensions

In Chapter 5, the introduction of polymer beds did not affect the sheath flow effect
finally, after continuous efforts to optimize the polymerization reaction conditions.
However, the reaction time needed to be optimized in order to form a polymer structure
with a low flow resistance. We find that even slight changes in the reaction mixtures
lead to great change in the optimal reaction time. To avoid this issue, it is worth the
effort to keep looking for a recipe for polymerization which can create larger pores and
thus smaller flow resistance on our fractionator. If large pores can not be realized on
this device, modification of the unpacked portions of the collection channels in order to
decrease EOF might be worth further investigation. When EOF from the modified
collection channel matches that of the packed portion, there will be less accumulation of

pressure before and after the polymer bed. However, EOF in the fractionation zone
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should not be decreased. Otherwise, the widening of the sample stream due to diffusion
will become a significant issue. This kind of selective modification on a complex design

is not easy to realize.

7.4 Protein digestion on polymer bed

The fractionator integrated with polymer beds is basically ready for the next
trypsin digestion step. Trypsin solution needs to flow through the polymer beds. As
discussed in Chapter 4, when solution is driven into the entire device by a pressure
pump, significant flow occurred only in the first couple of fractionation channels and
longer and longer time was taken to reach the other channels. Therefore, the trypsin
solution can be introduced by electrokinetic force instead of pressure-driven force. After
digestion, the peptide digestion mixture might be adsorbed onto the polymer beds as
well. However, we have not investigated the adsorption capacities of the polymer beds
for peptides. Theoretically, all peptides should be adsorbed for protein identification.
Therefore, the recipes for polymerization reactions should be studied thoroughly in

order to figure out which polymer beds can fully adsorb peptides.

7.5 Protein identification

The step after digestion and adsorption of peptides is elution of the adsorbed
peptides from the polymer beds to be detected by the MS. Electrokinetically driven flow
is the only way to elute the peptides on our device. However, because the organic
additives in the eluent will change the surface charges, the flow rate of EOF might not

be stable for elution of different beds. The other big unresolved issue is the interface
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with the MS for this fractionator. Without an interface to the MS, much more work will
be involved to collect the digestion mixture and introduce it into the MS. One way of
integrating an ESI tip is to use a single tip. More channels will be added downstream of
this fractionator and finally they will join at one point where a capillary ESI tip can be
connected. Another way is to use a separate tip for each channel. The entire device will
be placed on a rotating disk and thus the tips will spray one by one into the MS. If
multiple tips have to be used, a capillary tip is not recommended because of the
complexity of connecting multiple tips. A polymeric tip [2] might be a good solution,
because many tips can be made in the same batch.
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