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Chapter 1 Introduction

1-1 BioMEMS

Microfabrication technologies, such as photolithography, etching, thin film
deposition and packaging, have evolved from semiconductor manufacturing processes
commonly used in the fabrication of microprocessors and memory devices. These
processes are now routinely used in the fabrication of MEMS (Micro Electro Mechanical
System) devices."? Bulk and surface micromachining technique enables the fabrication
of 2-D or 3-D structures made of inorganic or plastic materials. These structures can be
static or dynamic and have been incorporated into a numbers of microscale devices such
as sensors and actuators already used in everyday life.””

Recently the collaboration of biotechnology/biomedical engineering and MEMS,
bioMEMS (Bio-Micro Electro Mechanical System) has significantly gained attention due
to its broad applications and advantages in the realm of MEMS devices. Microdevices
such as surgical micro sensors, diagnostic systems and therapeutic systems have been
developed and are continually being researched.” Examples of bioMEMS devices in the
areas are shown in Figure 1-1. Surgical micro system enables surgery on small blood
vessels even smaller and provides micro invasive surgery which minimizes the size of an
incision and reduces the recovery period.®” Drug delivery systems employing a fluid
dispensing mechanisms or micropumps can be implanted in the body. A sensor is
integrated into the device where a feedback system loops the sensor and the drug
dispensing actuator to deliver an adequate amount of drug to the body and frees the

patient from external devices. A good example of an implantable drug delivery system is



an integrated glucose sensor and an insulin micro-dispenser for diabetic patients.® A
transdermal micro-needle array is also developed to use an alternative route to deliver
drugs through the skin instead of oral drug delivery. Its advantages include the absence
of degradation in the gastrointestinal tract, first-pass effects in the liver, and the
elimination of pain. Diagnostic micro systems based on miniaturization technologies are
critical to rapid and inexpensive diagnoses of diseases. Biomolecular recognition sensors
have been developed for rapid chemical analysis in a high throughput manner for
laboratory use or disease detection. Products are usually disposable and cost effective
due to the benefit of mass production of micro devices. A DNA (deoxyribonucleic acid)
microarray has recently been developed and commercialized. The device allows a DNA
hybridization analysis in a highly parallel and high throughput manner for genomic

19 Typically

research applications which deal with a large number of base pair of DNA.
different probe DNA or oligomer chains are immobilized on the array of micron scaled
spots on the substrate with various immobilization techniques. Target free DNA or RNA
(ribonucleic acid) chains which are usually fluorescently labeled are transported and
hybridized to the microarray, followed by a microscopic scanning process revealing the
different intensity of the label related to the degree of hybridization. A microfluidic based
DNA analysis chip was also developed. An analyte sample is transported through a
microchannel and undergoes filtration, PCR (Polymerase Chain Reaction),
electrophoresis and detection processes in one chip, allowing faster DNA analysis process
time which is usually a longer process when it is performed in laboratory."" Other

biosensors have also been developed for biomolecule recognitions on relevant molecules

such as glucose, lactic acid and ascorbic acid, as well as, the detection of environmental



agents.'> > The sensing element is integrated with an electrochemical, optical or
piezoelectric transducers. Other diagnostic micro systems employing different
approaches are micro cantilevers and miniature mass spectrometers, demonstrating high
sensitivity and resolving power on chemical species detection and analysis.'* °
Improvement of the design, microfabrication technology and development of novel micro
devices enable the integration of devices in diagnostic micro system into one system.
Trend indicates that pre-analysis steps such as filtration and amplification are integrated
into analysis system or biosensors to achieve ‘micro total analysis system s (WTAS)’ or
‘lab on a chip’. This technology will not only revolutionize analytical
chemistry/molecular biology research but will also leads to rapid disease diagnostic
systems available for the individual home.'®"®

In our research, we propose a new approach to develop a microfluidic based
diagnostic micro system which includes a device and package level with a novel

biomolecular assembly technique developed by our research collaborators at University

of Maryland.

1-2 Biomolecule assembly

One of the most critical issues in bioMEMS research is biomolecule assembly on a
substrate of bioMEMS device. Currently several assembly techniques have been
developed and some of them are shown in Figure 1-2.

An ink jet printing technique was used to deliver a small drop of chemical reagent
which is confined to a small area on the substrate of the high density micro array."” The

challenge is to deliver a small amount of chemical reagent to the appropriate spot and the



micro ink jet pump is fabricated to meet the requirement. A silicon wafer is etched to
create a shallow channel and a cavity. A thin glass membrane is the anodically bonded to
silicon to seal the cavity. A piezoelectric element is glued to the thin glass membrane and
its pumping actuation could deliver 100 pl of a droplet on rates of several hundred Hz.

The use of SAM (self assembled monolayers) is a popular method to assemble
biological components on solid substrates.[Figure 1-2 (a)]*° Strong adsorption of sulfur-
containing molecules such as disulfides (R-S-S-R), sulfides (R-S-R) and thiols (R-SH) on
a gold surface forms highly ordered monolayers. Thiol-derivatized, single-stranded DNA
(HS-ssDNA) can be attached to a gold surface via a sulfur-gold linkage.”' Silane on
metal oxides is also widely used as a SAM interface layer between biomolecules and a
substrate.”

Microcontact printing developed by using stamp micro structures fabricated soft
lithography from Whiteside’s group.[Figure 1-2 (b)]**** A stamp made of an elastomeric
material such as poly(dimethylsiloxane) (PDMS) can be topographically structured by
casting the prepolymer against a 3-D master. The stamp is inked with the molecules of
interest, blown dry under a stream of nitrogen, and then printed onto the substrate surface.
This technique achieves a faster array fabrication and resolves the drying issue of ink jet
printing methods which cause inhomogeneities at the rim around a spot.

UV photopatterning is similar to the process of photolithography employed in the
production of Si-based microelectronics. [Figure 1-2 (c)] It has also been demonstrated
that SAMs can be patterned in the plane of the surface photochemically by using
photoactive pendant groups with micron scale resolution.”> This method is compatible

with optical imaging of a pattern and, consequently, does not require physical contact



with the SAMs. SAMs were formed on Au and Ag substrate and UV radiation was
provided on the SAMs, degrading only the photoactive group from SAMs. The removed
area is often chemically functionalized or selectively etched away. A schematic process
is shown in Figure 1-2 (¢).

DPN (Dip-pen nanolithography) is a technique that writes nanosized patterns using
an AFM (Atomic Force Microscope) tip as a “nib” dipped in a solution of molecules (ink)
on a solid substrate such as Au as “paper”. [Figure 1-2 (d)]** Molecules are delivered
from the AFM tip to a solid substrate of interest via capillary transport to directly write
patterns with submicrometer dimensions, making DPN a potentially useful tool for
creating and functionalizing nanoscale devices like DNA/protein nano arrays.”” DPN is a
serial technique and has advantage over a parallel technique such as micro contact
printing when different types of molecules need to be placed selectively.

While these methods are being rapidly developed and widely adapted, there are
environmental factors that affect performances such as presence of interferents,
denaturing agents, hydrophobic surface, and analyte concentration etc. These methods
also employ pre-fabrication biomolecule assembly in incompletely packaged device so

biological activity may be in risk during device manufacturing or storage period.

1-3 Microfluidics

Microfluidics deals with the behavior, precise control and manipulation of microliter
and nanoliter volumes of fluids and is a multidisciplinary field with practical applications
such as lab on a chip technology, biosensors, biochemical analysis/synthesis, and drug

discovery. Microfluidics is popularly used in the bioMEMS areas: capillary



electrophoresis, immunoassays, enzyme reaction kinetics, flow cytometry, PCR
amplification, DNA analysis, cell manipulation, and cell sepa.ration.zg'35 The use of
microfluidic devices to conduct biomedical research and create clinically useful
technologies has a number of significant advantages. (1) Microfluidic devices require
smaller reagent volumes which could be rare and expensive because the volume of fluids
within these channels is very small. (2) They provide shorter reaction times compared to
macroscale experiment. (3) Parallel operation is possible and it leads to rapid and high
throughput of sample analysis. (4) The devices can also be disposable since the
fabrication technology is relatively inexpensive and devices can be manufactured by
mass production. (5) Microfluidic technologies similar to microelectronics enable the
fabrication of highly integrated devices for performing multiplex functions on a
miniaturized single chip, allowing portable systems to be available to the individuals in
any places.

Various fabrication technologies that have been developed include micro machining,
soft lithography, photolithography, embossing, and injection molding. Micro machining
is widely used for silicon and glass based microfluidic device fabrication. Deposition,
patterning, and etching processes are involved to fabricate microfluidic systems. This is
suited to applications that require strong solvents and high temperature process. However,
these processes are costly, labor intensive and require equipment and facilities. Soft
lithography is one of the most popular fabrication techniques due to its fast process,
inexpensive, and less specialized method. Whitesides and others have revolutionized the
way soft lithography is used in microfluidics. This is a technique of molding a soft

material, PDMS (Polymethylsiloxane), from a lithographic master. Hot embossing



technique is a technique of transferring a pattern from a micro machined master. A
plastic material is deformed and become imprinted from a master with heat and high
pressure. PMMA (Polymethyl methacrylate) and COPs (Cyclo-Olefin Polymers) are the
most commonly used plastic materials with the hot embossing technique. Injection
molding is a very promising technique, where molten plastic is injected into a cavity that
contains the master. It is low cost and fast fabrication but its limitation in the resolution
and material choice.

Microfluidic sealing is critical and various permanent sealing have been proposed. A
variety of fluidic sealing technologies have been explored in the past, including fusion
bonding, anodic bonding, and bonding with UV curable adhesives.’**’ Fusion bonding is
a direct bonding between silicon based materials (Si-Si, Si-SiO;, Si0,-S10,) and requires
high temperature processes. Surface roughness should be in the range of angstroms.
First surfaces are hydrated to form hydrophilic O-H bonds and the surfaces initially stick
together due to Van der Waal’s bonding. Pressure is then applied and the materials are
heated to the temperature range of 800 — 1100 °C in N». Bond strength should be around
20 Mpa. Anodic bonding is often used for silicon — insulator bonding (e.g. SiO,, Si3Na).
Insulators must contain mobile ions such as Na' ions. Silicon and an insulator are placed
in contact and are heated around 300 — 450 °C, allowing ions to become mobile.”
Subsequently a negative voltage is applied at the center of the glass wafer to attract
mobile positive ions from the insulator to the electrode, leaving a negative charge at the
glass/Si interface. Covalent bonds form the silicon and the insulator. Anodic bonding is
a relatively lower temperature process than fusion bonding and surface roughness is in

the nm range. It is also more robust than fusion bonding, but this process cannot be used



for CMOS (Complementary Metal-Oxide Semiconductor) chip since alkali metal ions are
introduced during the process. Sealing of polymer microchannels is generally much
simpler than with silicon or glass channels and can often be accomplished using low
temperature thermal annealing. A lower glass transition temperature can be used to
ensure that there are no deformations of the microchannel during the sealing process. To
form a permanent seal with PDMS, plasma oxidation of the PDMS surfaces is performed
to bond the material to itself or to other substrates including glass, silicon, silicon oxide,
quartz, silicon nitride, polyethylene, polystyrene, and glassy carbon.”®*' However, each
of these options entails some drawbacks. Elevated temperatures associated with thermal
bonding can approach the softening temperature of the materials, leading to distortion of
the microchannel structures; furthermore, biomolecules predeposited on the substrate

may be unstable at the process temperature.*® **

Anodic or fusion bonding between
silicone and glass materials can also require excursions of pressure, temperature, or
voltage for an extended period of time, stressing the materials and structures of the
bioMEMS. High voltages (~ 1 kV for a 400 um thick glass wafer) are required for
anodic bonding and polishing or CMP (Chemical Mechanical Polishing) may be needed
for surface planarization prior to bonding. The CTE (Coefficient of Thermal Expansion)
match may be critical to minimize stresses in bonded wafers. Wafers should be brought
together in a controlled manner to prevent trapped air pockets at either the flat/edge or
center. Contamination-free surfaces should also be achieved by using a wet chemical
cleaning can be done before bonding to prepare the surfaces. UV-curable adhesives are

another common bonding method used for bonding dissimilar materials, however, the

ultraviolet light employed may damage biomolecules already present in the bioMEMS.*



Each of these existing methods requires special steps and labor to complete the bonding,
which if successful produces a permanent bond. It would be advantageous to have a
simpler, robust design and fabrication approach that will avoid elevated process
conditions, allows the reuse of components, and enables the microchannel network to be

opened after use for post-operation, ex-situ analysis.

1-4 Research objectives, challenges and contributions

Microfluidic devices have recently gained significant attention due to their broad

41,47-49
’ , and

applications for biosensors**, biomedical synthesis/analysis applications
metabolic engineering.”® Recent advances in fabrication techniques significantly scaled
down the dimensions allowing smaller sample sizes and high throughput screening
capabilities for various analytical procedures such as capillary electrophoresis, PCR
(Polymerase Chain Reaction) and drug screening.” **°">* Despite such advances,
assembling biological components in the microfluidic devices in their active forms with
spatial selectivity still remains challenging.

Conventional methods to add biological components to devices include optical
methods such as photolithography, mechanical methods such as ink jet printing, soft
lithography and microcontact printing, involving chemical reactions at various stages. '~
23.24.53.5% 'While these methods are being rapidly developed and widely adapted, each
method encounters limitations such as arduous chemical procedures, requirements for
complicated robotic facilities, dry environment and lack of flexibility that may destroy
activities of the biomolecules being assembled. It is thus highly desirable that the

biomolecule assembly step to be performed in situ from the aqueous environment after

complete fabrication and packaging of the device. We have been exploiting biopolymer



chitosan as the biomolecule assembly scaffold to achieve such goal.” Chitosan is an
aminopolysaccharide with unique properties that can be harnessed to assemble biological
molecules onto conductive surfaces. Each glucosamine monomer unit of chitosan has a
primary amine group with a low pKa value (= 6.3), which is protonated and positively
charged at low pH, making chitosan soluble in aqueous solution. At neutral to high pH,
this amine group becomes deprotonated and uncharged, thus making chitosan insoluble
biopolymeric hydrogel networks. This pH-responsive property allows assembly of
chitosan from aqueous solution onto a negatively biased electrode surface due to the high
local pH near the electrode in a highly spatially selective manner.”® >’ Further, this
primary amine group is nucleophilic at neutral state thus allowing various amine group
reactive chemistries to be used for covalent conjugation of biomolecules onto chitosan’™
>%:39  Combination of these two unique properties, namely pH-responsiveness and
chemical reactivity, holds significant potential for post-fabrication biomolecule assembly
in the microfluidic devices since the assembly of the chitosan scaffold occurs in response
to electrical signal from the device to the aqueous solution, and the subsequent
procedures for biomolecule conjugation are also carried out in closed aqueous
environment avoiding drying, damaging or contamination.

In this research, we report the development of a microfluidic system to achieve post-
fabrication biomolecule assembly in the microfluidic environment. Our microfluidic
device design employs microfabricated SU8 on a Pyrex wafer as the knife-edge that
defines the microfluidic channel structure, and patterned gold electrodes at the bottom of
each microchannel as the readily addressable biomolecule assembly sites. Non-

permanent and leak-tight sealing of the microfluidic channels at the device level is then
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achieved by sealing the wafer with a PDMS-spun top sealing Plexiglas plate and then
packaging with pressure-adjustable compression bolts. Finally, fluidic and electric
input/output ports are connected to microchannels for micropump-driven transport and
electric signal-guided assembly of biomolecules from the aqueous environment.

Taking advantage of this microfluidic system we then demonstrate post-fabrication,
in situ biomolecule assembly using the electrodeposition of chitosan at readily
addressable assembly sites within the microfluidic channels. In this work, we first use
fluorescently labeled chitosan to directly demonstrate biomolecule assembly at specific
electrodes inside a microfluidic channel within the completely packaged microfluidic
device, indicating the potential of this platform for biomolecular reaction processes. We
then assemble fluorescent marker molecules, fluorescein and green fluorescent protein
(GFP), onto electrodeposited chitosan scaffold, illustrating electric signal-guided in situ
biomolecule assembly at readily addressable sites in the microfluidic channels. These
results demonstrate the first signal-guided chitosan-mediated biomolecule assembly in
the microfluidic environment after complete packaging of the microfluidic device. We
then further examine the biopolymeric scaffold by ex situ profilometer measurements,
illustrating the advantage of our non permanent sealing/packaging strategy. As a next set
of experiment, we deposited unlabeld chitosan film inside the microchannel and probe
DNA was assembled onto the deposited chitosan film via glutaraldehyde crosslinking
agent. Then target DNA was introduced into the microchannel and hybridized with the
probe DNA assembled on the chitosan film, demonstrating signal-guided nucleic acid
assembly on a specific site inside the microchannel. Finally we electrodeposited Pfs (S-

adenosylhomocysteine nucleosidase) enzyme—chitosan conjugate inside the microchannel
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and introduced reactant over the enzyme. Then SAH (S-adenosylhomocysteine)
precursor will be introduced and enzymatically converted to SRH (S-ribosylhomocystein)
by Pfs on the chitosan surface. We then further analyzed converted samples with HPLC
(High Performance Liquid Chromatography) to get conversion rate. We believe that this
post-fabrication, in situ biomolecule assembly strategy would be readily applicable to
future bioMEMS device designs that require simple approaches to multi-species
biofunctionalization in two or three dimensional networks.®*®* Especially, this work
represents our ongoing efforts to harness microfabricated devices to actively engage
biomolecular reactions, in this case by guiding spatially selective in situ biomolecule

assembly through electric signals.
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Chapter 2 Chitosan electrodeposition

2-1 Chitosan electrodeposition mechanism

Chitosan is a linear polysaccharide composed of randomly distributed B-(1-4)-linked
D-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine (acetylated unit) and it is
obtained by deacetylation of chitin. Chitin is the second most abundant polysaccharide in
nature and is found in crustaceans, insects, and fungi.® Chitosan’s primary amino group
in each glucosamine monomer unit has pH responsive property. As shown in Figure 2-1,
the amino group in chitosan has a pKa value of ~6.3, thus, chitosan is positively charged
and soluble in acidic to neutral solution and is deprotonated and insoluble in high pH
condition (> 6.3). This pH-responsive property allows spatially selective assembly of
chitosan onto a negatively charged electrode surface. Chitosan is prepared in solution to
be assembled on an inorganic surface. First chitosan flakes are put in DI water and
dissolved in stirring condition while pH condition is maintained at 2~3 by adding HCI
solution. After dissolving the flakes, the solution undergoes filtration step and NaOH is
added to the solution to increase pH level near 5 which is known as an optimized chitosan
deposition condition.”

To achieve chitosan assembly onto an electrode surface in spatially selective manner,
a gold electrode is photolithographically patterned. Gold is chosen since it is chemically
inert and easily patternable using typical photolithography technique.®* For chitosan
assembly, two gold electrodes, working and counter electrodes, are immersed in chitosan
solution and they are connected to the power supply with alligator clips and the schematic

view of chitosan deposition mechanism is shown in Figure 2-2. After two electrodes are
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immersed in the low pH chitosan solution, the cathode is negatively biased and proton
consumption occurs at the cathode and instantly water molecules dissociate to
compensate proton and OH accumulates near the surface of cathode. Therefore a pH
gradient is generated near the surface of cathode, depending on the relative rates of
hydroxyl ion generation. Simultaneously chitosan molecule which is electrostatically
transported to the cathode and in the high pH region near the cathode, are deprotonated
and immobilized.”® The electrodeposition technique allows highly spatially selective
assembly of chitosan on the patterned negative electrode and 20 pum resolution of
electrodeposition of chitosan on a patterned surface has been reported [Figure 2-3 °7 and
we recently achieved chitosan deposition on 2 um gold line. Importantly
electrodeposition chitosan can be performed on various shape of patterned electrode
[Figure 2-3 (b)] and possibly 2-D or 3-D structures of complex microscale network since
deposition process occurs in aqueous condition and it is not inhibited by geometric factor.
Another advantage of this material is that we can control the thickness, morphology and
structure with different conditions. We can control it with deposition process conditions
such as deposition time and current density.”> Figure 2-4 shows mechanical profilometry
on the deposited chitosan films, indicating chitosan film thickness is proportional to the
current density and deposition time. Chitosan films were deposited with constant current
condition (2 A/m?®) and profilometry result shows that the thickness of chitosan film
increases with deposition time. About 250 nm/min deposition rate was obtained. Next,
chitosan films were deposited with different current density and constant deposition time
(180 sec). Figure 2-4 (b) shows profilometry result, demonstrating that chitosan

thickness increases with current density. Figure 2-4 (¢) - (d) shows AFM analyses
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performed on electrodeposited chitosan surface. Result shows that the morphology of the
chitosan film deposited with constant voltage is flatter than the one deposited with
constant current condition, resulting increasing surface roughness moving from constant
voltage to constant current with different deposition time. Finally, structure of chitosan
deposited can be varied with deposition conditions. As shown in Figure 2-4 (e), a
chitosan hydrogel can be formed on the gold electrode with higher current density 50
A/m” for 20 min, indicating that the structure of chitosan electrodeposited could be
controlled easily by changing deposition condition.” This result indicates that 3-D
chitosan structure can be formed and can be used for biological research which requires
biofriendly environment. As a different approach, biolithography technique has also been
developed and thermoresist gelatin can be patterned on the chitosan film surface,

demonstrating simple fabrication of environmental friendly biomaterial structure.®

2-2 Biomolecule assembly on the electrodeposited chitosan template

Electrodeposited chitosan film has abundant amine group and XPS analysis in the
Figure 2-5 shows oxygen, carbon and especially nitrogen line obtained from the amine
group of electrodeposited chitosan film, demonstrating that the surface chemistry does
not depend on deposition method. It also revealed that incomplete deacetylation process
during chitosan production leaves significant residual chitin precursor in chitosan film.
The primary amine group is nucleophilic and enables covalent conjugation of
biomolecules such as proteins and nucleic acids. Figure 2-6 shows that variety of
biomolecules assembled onto electrodeposited chitosan in macro scale environment such

as (a) fluorescently labeled chitosan on the patterned gold electrode (b) conjugation of
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Texas Red labeled gelatin with chitosan and conjugation of GFP with chitosan (c) human
osteoblast-like cells (MG-63) adhesion on chitosan surface via RGD (Arg-Gly-Asp)
peptide cross linker and (d) DNA probe directed assembly of TMV (Tobacco Mosaic
Virus ) on electrodeposited chitosan surface.’”* %" These results demonstrate that
chemical reactivity of chitosan enables facile biomolecule assembly on electrodeposited
chitosan template, demonstrating signal guided biomolecule assembly on a specific
assembly site. This chitosan-mediated biomolecule assembly technique developed can be
used as a novel surface biomaterials platform for bioMEMS applications with spatial and
temporal programmability of biomolecular reactions. Ultimately, we believe that the idea
about spatially selective biomolecule assembly on the electrodeposited chitosan template
can be performed in the microscale environment such as microfluidic system for

simultaneous sample processing and detection as shown in Figure 2-7.
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Chapter 3 Novel Wafer Scale Microfluidic System Design and

Fabrication

3-1 Microfluidic device wafer design

To develop a microfluidic device that enables electric signal-guided, post-fabrication
biomolecule assembly in a spatially selective manner, we first designed simple networks
of microchannels with patterned gold electrodes on a Pyrex wafer as shown in Figure 3.1.
Our microfluidic device has several features including all-transparent materials for simple
in situ microscopic observation of biomolecule assembly events, non-permanent sealing
and packaging for further ex situ examination of the assembled biomolecules, and
flexible PDMS-spun Plexiglas top sealing plate for consistently leak- free sealing. Figure
3.1 (a) shows the design of a microfluidic device wafer composed of 6 identical
microchannels, gold electrodes and fluidic and electrical I/Os on a 4” Pyrex substrate.
Drilled holes through the Pyrex are provided at the center and around the edge to allow
compression system bolts to pass through. Also shown on the right side of Figure 3.1 (a)
is a 3-D diagram of a gold electrode, the biomolecule assembly site, inside a microfluidic
channel. Figure 3.1 (b) shows a close-up view of one of the fabricated microchannels.
Figure 3.1 (c) shows a patterned gold electrode (Imm x 1mm) at the bottom of a
microfluidic channel (500 um wide), which serves as the electric signal-guided
biomolecule assembly site. The SU8 microchannel pattern is restricted to a small lateral
extent on either side of each microchannel. The SUS pattern is designed as a micro-
knife-edge (400 um wide, 150 um deep) to seal the channel by compression action with a

PDMS gasket (~300 um). Pyrex satisfies several criteria for the substrate, including
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thermal stability at process temperature (~95 °C), resistance to process chemicals, optical
transparency, and high electrical resistivity. Similarly, SU8 is effective as the
microchannel material because of its chemical, and thermal stability, and because it is
readily fabricated with vertical sidewalls and high aspect ratios,’” properties which have
let to its widespread and increasing use as a photoimageable dielectric in lithography for
MEMS and bioMEMS applications. Broad rage of thickness can be obtained with a
conventional spin coater and various features can be patterned on thicker SUS film (>
~200 pm) with typical UV illumination process.”’ In addition, because SUS has a higher
refractive index than that of both Pyrex and PDMS, it can be used as an optical
waveguide when integrated into the SU8 patterns of the microfluidic device wafer,
enabling another means for real-time, in Situ optical analysis of biomolecule assembly in
the bioMEMS.® This represents an extension of the goal in this work, where our device
and packaging design was chosen to enable optical imaging through transparent layers

from the top.

3-2 Fabrication

3-2-1 Pyrex substrates for microfluidic device wafer

There are several ways to create holes in the Pyrex wafer, such as wet/dry etching,
laser drilling’""" but these methods require long process time and are not cost effective.
We adapted a simple drilling method to generate holes on the Pyrex wafer by using silica
grit and brass tubing. Before drilling, both sides of the Pyrex wafer (4” diameter, 500 um
thick) were passivated with a photoresist (Shipley 1318) to prevent scratching and to

minimize surface contamination during machining processes. Then the Pyrex wafer was
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fixed on a '4” thick Pyrex plate with a mounting media (Quick-Stick™™, Cargille Labs)
which is melted at 65 °C on a hot plate. After the cooling process at room temperature,
4> diameter holes for the compression bolts were drilled in the 4” Pyrex wafer using a
brass tube and 30 um size of silicon carbide grit (Universal photonics Inc.) in a milling
machine. One hole in the center and 6 equally spaced holes around the edge of the wafer
on a 1.75” radius were drilled. After drilling, the wafer and the plate were put on a
hotplate at 65 °C to melt the mounting media and the wafer was removed from the thick
Pyrex plate. Residue of wax and photoresist on the wafer was completely removed with

acetone and by immersing in photoresist stripper at 65 °C for 10 min.

3-2-2 Gold electrode patterning and SU8 microchannel fabrication

Microfluidic device fabrication process flow is shown in Figure 3-2. First of all, the
drilled 4” Pyrex wafer was cleaned with piranha solution (H,SO4:H,0; = 3:1, for 5 min)
before electrode metal deposition. Thin layers of a Cr adhesion layer (90 A) and then the
Au electrode metal (2000 A) were then deposited on the Pyrex wafer in a sputter
deposition system. The wafer was cleaned with acetone, methanol and then finally
isopropanol, and dehydrated at 100 °C for 10 min on a hot plate before electrode
patterning. Drilled holes are covered with scotch tape prior to photoresist spin to prevent
non uniform photoresist spin. Photoresist was then spun onto the wafer and patterned
with the electrode mask using contact photolithography.* After another cleaning process
as described above, SU8-50 (MicroChem, Newton, MA) was spun on the wafer. To
avoid the severe non-uniformity in SU8 film thickness which occurred near the drilled

holes in the Pyrex wafer, we attached scotch tape on the backside of the drilled hole,
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filled the holes with SUS8 solution using a pipette, and baked the structure for 60 min at
95 °C to harden the SUS inside the drilled holes. Then an SUS film was spun onto the
Pyrex wafer using a spin speed of 1,000 rpm for 15 sec (achieving an SUS thickness
~150 um), which was followed by a soft baking process at 95 °C for 60 min. SUS8
microchannels were patterned using a transparency mask in a UV aligner (1000 mJ/cm?,
405 nm UV line), followed by a post baking process at 95 °C for 30 min. Finally, the
SUS8 film was developed in SU8 developer (MicroChem) for 25 min. The thickness of
SUS8 film was measured by a mechanical profilometer (Dektak 6M, Veeco Instruments

Inc), which showed 10 % thickness variation across the wafer.

3-3 Design and Fabrication of Microfluidic Package

To package the 4” OD Pyrex substrate, the 4 Plexiglas pieces were outfitted with
through holes for compression bolts as well as fluidic I/O lines and electrical
feedthroughs drilled at the assigned locations.[Figure 3-3] Plexiglas was chosen as
packaging material since it is transparent, machinable, inexpensive, and resistant to
scratches. After the machining process, a PDMS (Sylgard 184, Dow Corning) gasket
film (~300 pm thick) was spun on a top sealing plate. A cork borer was used to punch
holes in the PDMS film for fluidic and electrical feedthroughs because the PDMS film
covers the drilled holes in the top sealing plate. The fluidic I/O’s were made leak-tight
using O-rings (Buna-N 004) inserted between top compression plate and top sealing plate,
together with fluidic connectors (Nanoport™) bonded to the top compression plate with
adhesives. Pogo pins (Interconnect Devices, Inc.) for electrical connection to the gold

electrodes were inserted through the electrical feedthroughs. Socket head cap screws
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(4-28) and socket set screws (4-40) were used as compression bolts and force tunable
screws respectively, with the latter provided to fine tune the stress distribution applied by
the top compression plate to the top sealing plate to optimize SUS/PDMS sealing at the
micro-knife-edges. Figure 3-4 shows a schematic view of the device packaging process
to achieve non-permanent, consistently leak free sealing. First, the PDMS-spun top
sealing plate is placed on top of the microchannel wafer. Additional top and bottom
Plexiglas plates as well as a top Plexiglas ring with fluidic and electrical ports are then
placed and sealed with pressure-adjustable compression bolts at the center and the
periphery, and additional set screws. 3-D image of the exploded packaging system and
side view of the system are shown in Figure 3-5 (a) and (b). Figure 3-5(b) shows a
schematic side view of the Plexiglas microfluidics package, which compresses the
microfluidic seals at the SUS/PDMS micro-knife-edge contacts and simultaneously
provides fluidic and electrical I/O connections from the device wafer through the package
to the outside world. The top sealing plate with PDMS thin film gasket attached is
inverted and placed on the Pyrex wafer with SU8 microchannels, so that the PDMS and
SUS are in contact for sealing. The small lateral extent of the SU8 microchannel walls
form a micro-knife-edge that concentrates stress in the PDMS gasket layer when the top
sealing plate and Pyrex wafer are pressed together. Force-tunable set screws and O-ring
seals for the fluidic I/O’s in the top compression plate complete the fluidic sealing of the
system. In turn, this is accomplished by bolting together the top and bottom compression
plates at sites on the periphery and at the center of the wafer. As shown in Figure 3-6, all
of the materials of the packaging system are made of transparent materials and height of

the packaging system is thin enough (~ 0.8”) to enable real-time observations using an
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optical or fluorescence microscope.[Figure 3-6 (c)] The completed device has
microtubings for fluid transport and electrical input/output connections for signal-guided

biomolecule assembly connected to the device.

3-4 Non-permanent compression sealing and leak test

To show compression sealing technology, schematic cross sectional view of the
microfluidic channel is shown in Figure 3-7. A flexible thin film PDMS gasket layer
spun on the top sealing plate is pressed against the top of the SU8 sidewalls, which act as
“micro-knife-edges” that locally deform the PDMS to make a leak-tight seal. To evaluate
the performance of the micro-knife-edge sealing technique and the overall microfluidic
device and packaging design with regard to fluid leakage, we used water visualized by
the presence of colored dye solution, as shown in Figure 3-8. A close-up view of one of
the microfluidic channels [Figure 3-8 (a)] with blue dye solution in the channel shows
Owell-defined channel structure, @two gold electrode sites at the bottom of the channel
and connected to the I/O port, @all-transparent materials for in Situ optical examination
and @leak-free sealing. Micrographs also confirm that our compression sealing
technology successfully achieved leak tight fluidic sealing with SU8 microchannel and
PDMS layer.[Figure 3-8 (b) and (c)] As shown in the schematic diagram of Figure 3-7,
the consistent leak-free sealing of the microfluidic channel is achieved by partial
deformation of the thin, flexible PDMS layer spun onto the top sealing plate through
compression bolts with well-controlled pressure. Importantly, repeated
disassembly/assembly of the packaged device with leak tests using the dye solution

showed consistent leak-free sealing with no sign of deterioration, suggesting the

31



robustness of our sealing strategy.

32



(_a) Fluidic /O
Electrlcal If'O Pyrex substrate
Compression system

(b) (c)

Figure 3-1 (a) Design of microfluidic device wafer and 3-D view of test site X (b)
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Figure 3-2 Microfluidic device wafer fabrication process flow
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Figure 3-3 Plexiglas package design
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Chapter 4 In situ chitosan electrodeposition in completely packaged

microfluidic devices

4-1 Overview

We demonstrate the post-fabrication, in situ biomolecule assembly approach using
the electrodeposition of fluorescently labeled chitosan biopolymer at an internal electrode
of a corresponding microfluidic device. Chitosan is an aminopolysaccharide with unique
pH-responsive properties that can be harnessed to assemble biological molecules onto
inorganic surfaces. Each glucosamine monomer unit of chitosan has a primary amine
group with a low pKa value (= 6.3), which is protonated and positively charged at low pH.
These amine groups become deprotonated and neutral as pH increases. This pH-
responsive property allows spatially selective assembly of chitosan onto a negatively
charged electrode surface.”®>” Further, this primary amine group is nucleophilic at
neutral state thus allowing various amine group reactive chemistries to be used for
covalent conjugation of biomolecules onto chitosan. A wide variety of biomolecules
(proteins, enzymes, DNA, RNA) can then be assembled onto this electrodeposited

. 55,58, 59
chitosan.”™ "™

In this work, we use fluorescently labeled chitosan to directly
demonstrate biomolecule assembly at specific electrodes inside a microfluidic channel
within the completely packaged microfluidic device, indicating the potential of this
platform for biomolecular reaction processes. As a next set of experiment, we
demonstrate electrodeposition of chitosan film in the microchannel by sequentially

assembling fluorescent marker molecules, fluorescein, onto electrodeposited unlabeled

chitosan scaffold, illustrating electric signal-guided in situ biomolecule assembly at
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readily addressable sites in the microfluidic channels. Experimental set up for the
chitosan deposition in microfluidic system is shown in Figure 4-1. The external
micropump is operated by LabView based fluidic control system to control flow in more
precise manner and importantly it will allow multiple bioreaction process steps in a

complex fluidic network.

4-2 Experimental condition

4-2-1 Electrodeposition of fluorescein labeled chitosan film

Schematic process flow of electrodeposition of fluorescently labeled chitosan inside
a microchannel is shown in Figure 4-2. First, fluorescently labeled chitosan solution
(0.5 % (w/v), pH ~ 5) was prepared for the deposition in a microfluidic system.”® The
chitosan solution was introduced through a tubing (0.19 mm ID, Tygon®) into the
microfluidic system by a micropump (Masterflex” pump drive, Cole-Palmer Instrument
Co) with a flow rate of 5 pl/min. After the microchannel with two electrodes at the
channel bottom was completely filled with chitosan solution, the pump was stopped and a
constant current signal of 2 A/m’ by a power supply (Keithely 2400 source meter) was
applied for 4 minutes to electrodeposit chitosan onto the negatively biased working
electrode. LabView control software was used to control the chitosan electrodeposition
process and to monitor the voltage of the applied electrical signal, which showed 2~3
volts during the electrodeposition process. Then the pump was switched on again to
drain chitosan solution and DI water was provided to rinse out excessive chitosan

molecules loosely attached on the deposited chitosan film. For real-time, in situ
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fluorescence observation of the localized chitosan electrodeposition, the microfluidic
device was placed under a microscope (Zeiss model 310) equipped with a UV source
(Zeiss HBO 100) equipped with a filter set matched to NHS-fluorescein (excitation band
490-495 nm, emission band 520-525 nm). Photomicrographs were prepared from the

microscope using a digital camera (Carl Ziess AxioCam MRc5).

4-2-2 Fluorescent labeling of electrodeposited chitosan film

To avoid cross contamination between the several solutions, we used multiple
tubings for each solutions and LabView based fluidic control system was developed to
enhance control over multiple solutions and processes. Schematic process flow of
fluorescein labeling on electrodeposited chitosan inside a microchannel is shown in
Figure 4-3. First, microchannel and tubing were cleaned with distilled water, HCI, and
finally distilled water for 30 min, Smin, and 30 min respectively with flow rate of ~ 50
pl/min. The chitosan solution (0.375 % (w/v), pH ~ 5) as introduced through a tubing
(0.19 mm ID, Tygon®™) into the microfluidic system by a micropump with a flow rate of 5
pl/min. With the pump stopped, chitosan film was deposited on the negatively biased
electrode with current density 3 A/m* for 240 sec. Then the pump was switched on again
to drain chitosan solution and Phosphate Buffered Saline (PBS) buffer (pH ~ 7) was
provided to neutralize the deposited chitosan film for 30 min with 5 pul/min flow rate.
Then we introduced carboxyfluorescein succinimidyl ester (NHS-fluorescein) solution
over the deposited chitosan film for 30 min with 5 pul/min flow rate. For real-time, in situ
fluorescence observation and image acquisition of the fluorescent labeling of the

electrodeposited chitosan film, the same optical microscopy set up was used as described
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above. Finally PBS buffer was provided to rinse the remaining NHS-fluorescein solution
in the microchannel. To demonstrate negative control of this experiment, we repeated
this experiment with the same process sequence on a separate microchannel of the
microfluidic device but voltage was not applied to the electrode. To analyze 3-D contour
and profile of fluorescent intensity from fluorescently labeled chitosan, we used ImageJ
software (National Institutes of Health). Mechanical profilometer (Veeco, Dektak 6M
Stylus Profiler) was used to measure the thickness of the chitosan layer in the

microchannel by opening the non-permanently packaged device.

4-3 Results

4-3-1 Fluorescently labeled chitosan deposition in microfluidic channels

Chitosan electrodeposition in microfluidic channels at readily addressable assembly
sites as shown in Figure 4-4, we demonstrate programmed assembly of biological
materials in the microfluidic system through electrodeposition of fluorescently labeled
chitosan biopolymer film at a readily addressable electrode site in a microchannel upon
completion of the device packaging. Electrolysis of water generates a high pH region on
the negatively biased gold electrode surface, which together with the electric field at the
surface leads to chitosan layer deposition at this electrode site.”®>” As indicated in the
schematic drawing in Figure 4-4 (a), the chitosan molecules are protonated in the low pH
bulk solution, but become deprotonated as they enter the high pH region near the
negative electrode and form biopolymeric hydrogel network at the electrode surface with

high spatial resolution. First, fluorescently labeled chitosan solution was introduced into
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the microfluidic channel using a micropump. After the microfluidic channel was filled
with the solution, the pump was stopped and negative bias (relative to another electrode
in the system) was applied to the assembly electrode. The chitosan solution was then
drained off and the channel was rinsed with distilled water. As shown in the fluorescence
micrograph of Figure 4-4 (b), no significant fluorescence is observed before the chitosan
electrodeposition. Upon the electrodeposition of chitosan, Figure 4-4 (c) shows
significant fluorescence well confined in the electrode region, illustrating the presence of
assembled chitosan layer. Importantly, the assembled chitosan layer was well retained
through rinsing procedure, as shown in Figure 4-4 (d). This result indicates that
biopolymer chitosan can be assembled at readily addressable sites from the aqueous
solution through electric signal. These results also illustrate that biopolymeric material
(in this case chitosan) can be assembled in the microfluidic channel after completion of
the device fabrication and packaging, and that our non-permanent packaging strategy for
transparent devices allows in situ examination of the biomolecular assembly sites through
fluorescence microscopy and possible ex situ analysis on the internal bio-structures

assembled inside microchannels.

4-3-2 Fluorescent labeling of electrodeposited chitosan

As shown in Figure 4-5, we then demonstrate conjugation of a fluorescent marker to
the electrodeposited chitosan, and further analyze the assembled layer by comparing the
fluorescence intensity profile and physical thickness. First, unlabeled chitosan was
electrodeposited at the assembly site by introducing chitosan solution into the

microchannel and applying negative bias. As shown in Figure 4-5 (a), the unlabeled
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chitosan yields no significant fluorescence upon electrodeposition. As shown in Figure
4-5 (b), amine group reactive NHS-fluorescein solution was then introduced into the
microchannel. NHS-fluorescein selectively reacts with chitosan’s abundant amine groups
to form covalent amide linkage, resulting in fluorescent labeling of chitosan.”’ Figure 4-5
(c) shows that only the assembly site was fluorescently labeled, demonstrating the
retained chemical reactivity and spatial selectivity of the electrodeposited chitosan layer.
This result strongly suggests that electrodeposited chitosan layer can serve as a spatially
selective scaffold for post-fabrication, in Situ covalent conjugation of biological
molecules. To confirm that the chitosan is required for such conjugation, we then
performed identical sequence of events in a separate microchannel of the microfluidic
device, except that no negative voltage was applied to the electrode. As shown in Figure
4-5 (d), the assembly site showed no noticeable fluorescence upon the introduction of
chitosan without negative bias and then NHS fluorescein, confirming that the
fluorescence shown in Figure 4-5 (c) indeed resulted from conjugation of fluorescein to
the electrodeposited chitosan. Next, we analyzed the fluorescence intensity of the labeled
chitosan using ImageJ image analysis software, as shown in Figure 4-6 (b) and (c). This
3-D contour profile shows relatively uniform fluorescence along the length of the
assembly site with slightly higher intensity around at the electrode edges. It is speculated
that higher electric field generated at the edge of the electrode during electrodeposition
process causes thicker deposition of chitosan film. Finally, we examined the chitosan
layer by disassembling the non-permanently sealed package and by measuring the
thickness using a mechanical profilometer. As shown in Figure 4-6 (d), the actual

thickness profile showed good agreement with the fluorescence profile (Figure 4-6 (¢)),
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indicating that the fluorescence profile obtained by in situ fluorescence labeling and
observation reflected the actual amount of chitosan well. Importantly, this result
illustrates that our non-permanent sealing scheme enables simple ex situ examination of
physical properties that reassures the results obtained by in situ optical examination of the
assembly and conjugation of biomolecular layer. Combined these results show that
electrodeposition of chitosan enables further post-fabrication, in situ biomolecular
assembly by harnessing the abundant amine groups of chitosan that retained chemical

reactivity upon electrodeposition.
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Figure 4-1 (a) Experimental set up for biomolecule assembly in microfluidic system (b)
Magnified image of microfluidic system under the microscope
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Figure 4-2 Schematic process flow of electrodeposition of fluorescently labeled chitosan

inside microchannel
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Figure 4-3 Schematic process flow of fluorescent labeling of electrodeposited chitosan

inside microchannels
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(a) chitosan electrodeposition (b) before deposition
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Figure 4-4 (a) Schematic drawing of chitosan electrodeposition at the negatively biased
electrode in the microfluidic channel (b-d) Fluorescence micrographs of the assembly site
in microchannel (b) Before deposition, (c) After deposition, (d) After final water rinsing.
Chitosan deposition was carried out at 2A/m” for 240 sec.
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Figure 4-5 (a) After chitosan deposition (b) NHS-fluorescein solution filled in the
microfluidic channel (c) After labeling reaction (d) Negative control channel (no bias)
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Chapter 5 Chitosan-mediated in situ biomolecular assembly in

completely packaged microfluidic devices

5-1 Overview

We demonstrate facile chitosan-mediated in situ biomolecule assembly at readily
addressable sites in microfluidic channels after complete fabrication and packaging of the
microfluidic system. Recently the patterning of biomolecules onto substrates is of great
interest. DNA or protein based bioMEMS are used for wide variety of applications
(genomics, proteomics or biosensors, biosynthesis, biochemical analysis) due to high
selectivity of biomolecules and advantage of microscale environment.”'
Aminopolysaccharide chitosan’s pH responsive and chemically reactive properties allow
electric signal-guided biomolecule assembly onto conductive inorganic surfaces from the
aqueous environment, preserving the activity of the biomolecules. A wide variety of
biomolecules (proteins, DNA, RNA, enzymes) can then be assembled onto this
electrodeposited chitosan by covalent conjugation to the amine group of each
glucosamine monomer unit of chitosan. In this work, we demonstrate GFP (green
fluorescent protein) assembly onto electrodeposited chitosan scaffold to directly show
biomolecule assembly at specific electrodes inside a microfluidic channel within the
completely packaged microfluidic device, indicating the potential of this platform for
biomolecular reaction processes. First unlabeled chitosan film is electrodeposited in the
microchannel, followed by glutaraldehyde, an amine group reactive homobifunctional
crosslinker, activation process. GFP is then introduced into the microchannel and

assembled on the chitosan scaffold via glutaraldehyde crosslinking agent.
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As a next set of experiment, we demonstrate biomolecule assembly on chitosan film
in the microchannel by assembling probe DNA onto electrodeposited unlabeled chitosan
scaffold via glutaraldehyde and subsequent hybridization of match target DNA on the
probe DNA, indicating signal-guided sequential assembly of nucleic acids onto readily
addressable sites in the microchannel. First unlabeled chitosan film is electrodeposited in
the microchannel, followed by glutaraldehyde, crosslinker, activation process. Probe
DNA is then introduced into the microchannel and assembled on the chitosan scaffold via
glutaraldehyde crosslinking agent. Then match target DNA is introduced and hybridized
with the probe DNA assembled on the chitosan scaffold.

Transparent and non-permanently packaged device allows consistently leak-free
sealing, simple in situ and ex situ examination of the assembly procedures, fluidic
input/outputs for transport of aqueous solutions, and electrical ports to guide the
assembly onto the patterned gold electrode sites within the channel. Both in situ
fluorescence and ex situ profilometer results confirm chitosan-mediated in situ
biomolecule assembly, demonstrating a simple approach to direct the assembly of
biological components into a completely fabricated device. We believe that this strategy
holds significant potential as a simple and generic biomolecule assembly approach for
future applications in complex biomolecular or biosensing analyses as well as in

sophisticated microfluidic networks.

5-2 Experimental condition
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5-1-1 GFP assembly on electrodeposited chitosan film

We deposited unlabeld chitosan film inside microchannel and Green Fluorescent
Protein (GFP) was assembled onto the chitosan film via glutaraldehyde crosslinking
reagent. Figure 5-1 shows a schematic process flow of GFP assembly on
electrodeposited chitosan scaffold inside a microchannel. First same cleaning steps,
chitosan deposition process, and PBS buffer neutralization steps were performed as
described in the previous chapter. Glutaraldehyde solution (0.5 %) was then introduced
at 5 ul/min for 30 min, followed by PBS bufter rinsing for 30 min. GFP solution was
then flowed in the microfluidic channels for 15 min with 5 pul/min flow rate. For In situ,
real time observation on the test site, microfluidic system was placed under the
microscope during whole process step as shown in Figure 4-1. Finally, the microfluidic
channel was rinsed with 5 pul/min PBS for 30 min. For the negative control, we repeated
the same processes on a separate channel of the microfluidic device except that no
negative bias was applied to the electrode. ImagelJ analysis software and mechanical
profilometer were used to analyze fluorescent 3-D contour and internal bio-structure

inside the microchannel.

5-2-2 DNA assembly/hybridization in microfluidic system

We deposited unlabeld chitosan film inside the microchannel and probe DNA was
assembled onto the deposited chitosan film via glutaraldehyde crosslinking agent.
Subsequently target DNA was introduced into the microchannel and hybridized with the
probe DNA assembled on the chitosan film. Schematic process flow of DNA

hybridization on electrodeposited chitosan scaffold inside a microchannel is shown in

56



Figure 5-2. First same cleaning steps, chitosan deposition process, and PBS buffer
neutralization steps were performed as described above. Glutaraldehyde solution (0.5 %)
was then introduced at 5 pl/min for 30 min, followed by PBS buffer rinsing for 30 min.
Probe DNA solution (20 pg/ml) was introduced over the activated chitosan in the
microchannel for 60 min with 5 pl/min flow rate, followed by PBS buffer rinsing for 30
min. NaBH4 solution, PBS buffer and hybridization buffer were then introduced into the
microchannel in sequence for 20 min, 30 min and 10 min respectively. For the DNA
hybridization step, firstly, mismatch target DNA (0.5 uM in hybridization buffer) was
flowed over the probe DNA assembled chitosan film at the assembly site in the
microchannel for 30 min with 5 pl/min flow rate, followed by hybridization buffer
conditioning for 10 min. Then match target DNA (0.5 uM in hybridization buffer) was
then introduced into the microchannel for 30 min with 5 pl/min flow rate, followed by
hybridization buffer and PBS buffer rinsing for 10 min respectively. For in situ, real time
observation on the test site, microfluidic system was placed under the microscope during
whole process steps. Imagel analysis software and ex-situ mechanical profilometer were

used to analyze fluorescent 3-D contour and internal bio-structure.

5-3 Result

5-3-1 Post-fabrication in situ GFP assembly onto electrodeposited chitosan scaffold in the

microfluidic channels

Finally, we demonstrate in situ GFP (green fluorescent protein) assembly onto
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electrodeposited chitosan scaffold through a chemical crosslinking reagent in the
microfluidic channel, as shown in Figure 5-3. For this, we reassembled the microfluidic
system after the profilometer measurement [Figure 4-6 (d)], and electrodeposited
chitosan at a separate microfluidic channel on the same microfluidic device. Then we
introduced 0.5% aqueous solution of glutaraldehyde, an amine group reactive
homobifunctional crosslinker that activates chitosan for covalent coupling with amine
groups on proteins. As shown in Figure 5-3 (a) and (b), no significant fluorescence
appears up to chitosan electrodeposition and the glutaraldehyde activation step as
expected. Next, we introduce aqueous solution of GFP into the microchannel. Figure 5-3
(c) illustrates that GFP reacts with and becomes conjugated onto the activated chitosan
scaffold. This result shows that electrodeposited chitosan enables post-fabrication, in situ
assembly of proteins in microfluidic channels through series of simple standard chemical
reactions all in aqueous environment. Importantly, the assembled GFP retains the
fluorescence (Figure 5-3 (¢)), indicating that the structure of the protein is preserved
throughout the assembly procedure. In contrast, Figure 5-3 (d) shows a negative control
channel, which underwent the identical procedure as the previous channel except that the
electrode was not negatively biased for chitosan electrodeposition. This result reconfirms
that the in situ protein assembly requires electrodeposited chitosan as the covalent
coupling scaffold. Further, fluorescence profile analysis was performed on the assembly
site (Figure 5-3 (e)) and 3-D fluorescent contour shows uniform fluorescent intensity of
GFP decorated chitosan film (Figure 5-3 (f)). Combined these results demonstrate in situ
protein assembly in the microfluidic device, which could further be exploited for

biochemical reactions or biosensing applications based on in situ assembled enzymes or
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antibodies at readily addressable, activated chitosan scaffold sites in microfluidic devices.
Particularly important to note is that the sequences of steps and electric signal-guided
biomolecule assembly strategy allow all-aqueous environment for the protein assembly,

preserving the biological activities.

5-3-2 In situ probe DNA assembly onto electrodeposited chitosan scaffold and match

target DNA hybridization in the microfluidic channels

We demonstrate in situ probe DNA assembly onto electrodeposited chitosan scaffold
through a chemical crosslinking reagent in the microfluidic channel and subsequently
target DNA is introduced and hybridized on the assembled probe DNA, as shown in
Figure 5-4. For this, we electrodeposited chitosan film at a separate microfluidic channel
of the same microfluidic device. Then we introduced 0.5% aqueous solution of
glutaraldehyde, an amine group reactive homobifunctional crosslinker that activates
chitosan film for covalent coupling with amine groups of the probe DNA. As shown in
Figure 5-4 (a) and (c), no significant fluorescence was observed after chitosan deposition
and at this glutaraldehyde activation step as expected. We then introduced probe DNA
solution which is terminated with amine group and assembled probe DNA on the chitosan
film via glutaraldehyde. Figure 5-4 (d) shows that very weak fluorescence appears up to
this assembly step due to the intrinsic fluorescence of the probe DNA. Next, we
introduced aqueous solution of mismatch target DNA into the microchannel and Figure 5-
4 (e) shows no significant fluorescence after this step, indicating that mismatch target
DNA didn’t react with probe DNA and also this result confirms that the mismatch target

DNA didn’t hybridize anywhere, as expected. Finally we introduced match target DNA
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solution into the microchannel. Figure 5-4 (f) illustrates that match target DNA reacts
with and becomes conjugated onto the probe DNA assembled on the activated chitosan
scaffold. This result confirms that electrodeposited chitosan enables post-fabrication, in
situ assembly of DNA in microfluidic channels through series of simple standard
chemical reactions all in aqueous environment. Signal-guided sequential assembly of
DNAs onto readily addressable sites is enabled in our microfluidic system. Importantly,
probe DNA on the electrode retained its hybridization capacity throughout the assembly

and hybridization procedures.
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Figure 5-1 Schematic process flow of GFP assembly on electrodeposited chitosan inside

a microchannel
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Figure 5-2 Schematic process flow of DNA hybridization on electrodeposited chitosan

inside a microchannel
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Figure 5-3 (a) Fluorescence image of the assembly site after chitosan deposition (b)
After glutaraldehyde reaction (c) After GFP reaction (d) Negative control (no bias) (e)
GFP conjugated chitosan film (f) Image J fluorescence surface plot
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Figure 5-4 (a) Bright field image of assembly site (b) Fluorescence image of the
assembly site after chitosan deposition (c) After glutaraldehyde reaction (d) After probe
DNA reaction (e) Negative control (mismatch target DNA reaction) (f) After match
target DNA hybridization
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Chapter 6 Pfs-chitosan conjugate deposition and enzymatic reaction in

completely packaged microfluidic devices

6-1 Overview

Bacterial intercellular communication provides a mechanism for the regulation of
gene expression, resulting in coordinated population behavior via AI-2 (Autoinducer)
signaling molecule. This phenomenon has been referred to as quorum sensing or cell-cell
communication.”* As a research plan, the idea of a microfluidic biomolecular factory is
proposed and AI-2 signaling molecules are synthesized through multiple and sequential
enzymatic reaction steps in the microfluidic channel. Figure 6-1 shows a schematic view
of a microfluidic biomolecular factory arranged to synthesize the small molecule Al-2, an
important cell signaling molecule. First Pfs (S-adenosylhomocysteine nucleosidase) and
LuxS (S-ribosylhomocysteinase) enzymes conjugated with chitosan will be deposited on
the separated assembly sites in the microchannel in sequence respectively. Then SAH (S-
adenosylhomocysteine) precursor will be introduced and enzymatically converted to
adenine and SRH (S-ribosylhomocystein) by Pfs on the chitosan surface, following which
the SRH will be similarly converted to AI-2 by the LuxS enzyme. To confirm the
presence of AI-2, we put down a Vibrio Harveyi cell at the downstream of the LuxS-
chitosan in the microchannel. It is known that a Vibrio Harveyi cell can detect AI-2
molecule and it leads to bioluminescence. In this thesis work we will attempt to
demonstrate only the first step in the current microfluidic system. Pfs-chitosan conjugate
is introduced into the microchannel and electrodeposited on the assembly site. SAH

precursor is then flowed over the Pfs-chitosan and enzymatically converted to SRH and
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Adenine. By-products adenine and SRH is collected and analyzed with HPLC (High
Performance Liquid Chromatography) to determine the conversion rate of the enzymatic
reaction. This experiment will demonstrate a portion of the metabolic pathway and an
enzymatic biosynthesis reaction for biomolecular factory applications in microfluidic

systems.

6-2 Pfs-chitosan conjugate electrodeposition and enzymatic reaction in microfluidic

system

Schematic drawing of enzymatic conversion of SAH precursor to SRH and adenine
by assembled Pfs-chitosan inside the microchannel is shown in Figure 6-2. Solution of
Pfs-chitosan conjugate was prepared for electrodeposition and enzymatic reaction
experiment in the microfluidic system. We deposited Pfs-chitosan film inside the
microchannel and SAH precursor was introduced over the Pfs-chitosan film and
enzymatically converted to SRH and adenine product. First same cleaning steps were
performed as described previously and PBS buffer was introduced into the microchannel
for 30 min. BSA solution (2 g/l concentration) was introduced for 120 min, followed by
PBS buffer rinsing for 30 min, prohibiting non specific binding of biomolecules on the
microchannel Pfs-chitosan conjugate solution was then introduced into the microchannel
and deposited on the electrode (3A/m?, 240 sec) in static fluidic condition.[Figure 6-2 (a)
and (b)] PBS buffer was flowed over Pfs-chitosan film to rinse loosely attached
excessive chitosan molecules for 30 min and then Tris buffer
(trishydroxymethylaminomethane) was introduced to the microchannel for 10 min before

SAH solution is introduced. The microchannel is in equilibrium condition for SAH
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solution by introducing Tris buffer prior to SAH solution, since SAH solution is prepared
in Tris buffer. Finally SAH precursor solution was then flowed over the Pfs-chitosan film
in the microchannel for 60 min with 5 pl/min flow rate and collected from the output of
the microfluidic system every 5 min.[Figure 6-2 (c)] The collected samples were
analyzed with HPLC and conversion rate from SAH to SRH and adenine was
obtained.[Figure 6-2 (d)] EX situ mechanical profilometer was also used to measure

thickness of Pfs-chitosan film.

6-3 Result: Enzyme reaction in microfluidic system

We demonstrate in situ enzymatic conversion of chemical substrate by
electrodeposited enzyme—chitosan conjugate in the microfluidic channel. For this
experiment, BSA solution was introduced into the microchannel to inhibit non specific
binding on the surface of the microchannel. We then electrodeposited Pfs-chitosan
conjugate film, followed by PBS buffer rinsing. Microchannel passed Tris buffer
solution and SAH precursor was introduced into the microchannel. SAH precursor is
enzymatically converted to adenine and SRH by Pfs on the chitosan surface. By-products
adenine and SRH will be collected and analyzed with HPLC to determine the conversion
rate of the enzymatic reaction. Figure 6-3 (a) shows HPLC analysis on the collected
samples obtained from 2 different experiments which are experiment and negative control
experiment. High intensity of adenine peak in the HPLC analysis on the collected
samples shown on the left figure in Figure 6-3 (a) indicates that most of the SAH
precursor was converted to adenine and SRH product by Pfs enzyme on the chitosan. In

contrast, the right side figure of Figure 6-3 (a) shows a negative control channel, which
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underwent the identical procedure as the previous channel except that the electrode was
not negatively biased for Pfs-chitosan electrodeposition. The result indicates that most of
SAH precursor was not converted to the product. This result reconfirms that the in situ
enzymatic conversion was enabled by electrodeposited Pfs-chitosan in the microchannel.
Small peak of adenine in the negative control experiment was observed and we speculate
some dead volume in the microfluidic system provides Pfs-chitosan for the conversion
from SAH to adenine and SRH. Finally Figure 6-3 (b) shows ex situ mechanical
profilometry performed on the Pfs-chitosan structure inside the microchannel after
disassembling the microfluidic system and the average thickness of the film was about 3
um. Combined these results demonstrate in situ signal-guided assembly of enzyme-
chitosan and sequential enzymatic conversion of chemical precursor in the microfluidic
system. This indicates the enzyme assembled with chitosan retains its biochemical
reactivity throughout the assembly and enzymatic conversion procedure. This further
could be exploited for rapid biosynthesis by implementing sequential multiple reaction
steps in a microfluidic channel or for cell based sensor along with cell trapping device in

a microfluidic channel.
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Chapter 7 Conclusion

This research represents post-fabrication biomolecule assembly at readily
addressable sites inside the microfluidic channel after the device is completely packaged.
Importantly, our assembly scheme exploits electrical signals to guide biomolecule
assembly, which is distinct from conventional methods such as SAMs (Self Assembly
Monolayers), microcontact printing, UV photo patterning and dip-pen nanolithography
techniques that requires arduous chemical process, robotics and may hinder
biofunctionalization at sites in three dimensional fluidic networks.

For this, we developed a microfluidic device with several unique features. In this
work we have demonstrated a device and packaging approach well suited to our chitosan
mediated biomolecule assembly technology. This technology is particularly suitable for
bioMEMS systems employing spatially localized reaction sites for biomolecular
conjugation and associated reaction processes. First, non-permanent packaging by
flexible PDMS-spun on the top sealing plate and compression system bolts ensure
consistent leak tight sealing as well as convenient eX Situ analysis. Its micro-knife-edge
compression sealing of SU8 microchannel sidewalls to a flexible PDMS gasket produces
leak-free microfluidics, yet enables subsequent opening of the microfluidic system for
component reuse and post-process examination of internal bio-structures. Second, the
microfluidic system composed of all transparent materials allows simple in situ
observation of the fluidic condition and biomolecule assembly processes by optical
and/or fluorescence microscope. The approach employs polymeric materials — SUS,

PDMS, and plastics — to achieve optical transparency as well as low cost, easy fabrication
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and simplicity of the microfluidic device and package. Third, micropatterned gold
electrodes at the bottom of the microfluidic channel provide sites for electrochemical
activities inside the microchannel, allowing readily addressable and signal-guided
biomolecule assembly. This approach enables post-fabrication, in situ biomolecule
assembly in completely packaged microfluidic system. Finally, fluidic and electrical
input/output ports provide fluid transport and electrical signal for the biomolecule
assembly. These ports allow external fluidic/electrical system to directly control fluids
and electrical signal inside the microchannel for bioreaction processes. The device and
package design supports incorporation of microfluidic channels and networks, electrical
signals at specific locations for programmable functionalization as well as diagnostics,
and integration of optical waveguide structures as anticipated for lab on a chip
application. Ultimately the strategy described here holds potential for multi-level
microfluidic systems as well.””

Harnessing this microfluidic device we then demonstrated spatially selective
assembly of the device-biology interface chitosan by taking advantage of its pH-
responsive property and chemically reactive properties. Indeed, our prior work has
demonstrated covalent attachment of proteins, enzymes, DNA, RNA, and biopolymers to
electrodeposited chitosan surfaces.”>* Firstly, fluorescently labeled chitosan was
deposited on the assembly site inside the microchannel, directly demonstrating in situ
signal-guided biomolecule assembly on a specific electrode. We then demonstrated
transport and covalent conjugation of marker molecule fluorescein and GFP onto the
electrodeposited chitosan scaffold by taking advantage of its chemical reactivity. The

results shown in Figure 4-5 and Figure 5-3 confirm the retained chemical reactivity of the
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electrodeposited chitosan scaffold. Importantly, the electrodeposited chitosan was well
retained throughout various transport and rinsing procedures, confirming its potential for
biomolecule assembly scaffold for future applications. Further, the assembled GFP
retained its fluorescence, suggesting that its structure remained intact through the
assembly processes. Various biomolecules such as nucleic acid and enzyme assembly by
mediating chitosan scaffold was also demonstrated inside the microchannel. Probe DNA
is assembled on chitosan scaffold via glutaraldehyde crosslinking reagent and subsequent
match DNA hybridization on the probe DNA confirms that electrodeposited chitosan
enables post-fabrication, in situ assembly of DNA in microfluidic channels through series
of simple standard chemical reactions all in aqueous environment. Importantly, probe
DNA on the electrode retained its hybridization capacity throughout the assembly and
hybridization procedures. We then demonstrated in situ signal-guided assembly of
enzyme-chitosan and sequential enzymatic conversion of chemical precursor in the
microfluidic system, indicating that the enzyme assembled with chitosan retains its
biochemical reactivity throughout the assembly and enzymatic conversion procedure.

We have demonstrated this technology through the electrodeposition of chitosan, a
biopolymer which is known to serve as a powerful platform for biomolecular conjugation
and associated reactions. These results illustrate that biomolecules — represented by
chitosan biopolymer — can be assembled at selected electrode sites in the microfluidic
channels of a completed bioMEMS device, as proposed previously.”>>® Chitosan’s
unique properties — high amine site density and intermediate pKa — enables it to be
electrodeposited in a spatially and temporally controllable manner, as well as to serve as

scaffolds for multi site and multi step biomolecular conjugations and reactions for
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bioMEMS applications.

We believe that our approach for biomolecule assembly in microfluidic devices offer
several unique capabilities. First, the electric signal-guided nature of the chitosan
assembly allows simple in situ assembly of biological molecules when and where it is
needed, even long after the device is fully manufactured. BioMEMS devices utilizing
biomolecules sensing capability has a short life time issue since biomolecules are
assembled into the device the during device manufacturing and may lose their reactivity
during manufacturing or storage period. It is important that our approach employs post
fabrication biomolecule assembly, allowing temporally programmable biomolecule
assembly and is not limited by the device lifetime issue. This post fabrication
biomolecule assembly technique may also allow biological components to be assembled
into complex microfluidic networks (e.g. for high throughput drug screening) with
greater ease than conventional assembly methods. Employed electrodeposition of
chitosan and subsequent biomolecule assembly is performed in aqueous solution after a
device is completely packaged, allowing biomolecule assembly on 2-D or 3-D structures.
This advantage frees design of microfluidics aiming highly integrated device with
complex fluidic network and multiplex functions for lab on a chip application. Second,
biomolecules are assembled from the aqueous environment, thus preserving their
biological activities through the assembly procedure. Since other conventional
biomolecule assembly processes are performed in dried condition or leave assembled
biomolecules in dried condition, biological activity may possibly be lost during device
manufacturing or storage period. Electrodeposition of chitosan and subsequent

biomolecule assembly is all performed in aqueous environment and reactivity of chitosan
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and various biomolecules are retained during assembly processes, achieving more robust
and reliable bioMEMS with post fabrication biomolecule assembly approach. Third, our
approach is user friendly since the end-user, namely a biologist or a clinician, does not
need complex robotic printing facilities or arduous chemical procedures to achieve
selective biomolecule assembly. Finally, our technique may offer generic, flexible
strategies for different target biomolecules (DNA, protein, enzyme, virus and cell) since a
wide variety of conjugation schemes can be utilized for different biomolecules.” > Tt
also can be used to convert input reactants to desired products (e.g. small molecule
catalysis); to simulate a metabolic pathway (e.g., for drug discovery and testing); to sense
biochemical species; or to synthesize biomolecular products. Our robust leak tight and
device integrated microfluidic system is requisite to achieve the purposes and various
analysis techniques along with flexible microfluidic packaging scheme enable real time
process monitoring and profound study on internal bio-structure inside microfluidics.

A number of advantages of microfluidics such as rapid bioreaction process, less
human error, less contaminations, and small amount of reagents would still drive our
bioMEMS research for lab on a chip applications. For long term goal, variety of sensing
technique including optical waveguide, micro cantilever and mass spectrometer sensing
will be integrated into the microfluidic system for improved controllability and
observation on the active biofunctionalized site. Secondly, multiple bioreactions sites
will be fabricated in a microfluidic channel along with micro valve and pumping
actuations, enabling multiple bioreaction processes to be performed in more complex
microfluidic network with enhanced fluid manipulation. Biomolecular factory, or

microfluidic based microarray device would be fabricated and used for researches like
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metabolic engineering, genomics or proteomics by employing complex microfluidic
network and chitosan based biomolecule assembly scheme. Finally, microfluidics based
cell sensing system will be developed. Researches on cell trapping and culturing have
been started along with development of CMOS based transducer system and finally
microfluidics integrate cell trapping device and transducers, providing powerful cell
based sensor template for drug discovery, disease detection and fundamental metabolic

engineering.

77



Chapter 8 Future work

8-1 Multi steps of enzymatic reaction in microfluidic system

We demonstrated the first step of the biomolecular factory which is in situ Pfs-chitosan
assembly at readily addressable sites and SAH conversion to adenine and SRH in the
microfluidic channels after complete fabrication and packaging of the microfluidic device.
HPLC results confirmed that the SAH precursor was successfully converted to adenine
and SRH in the microchannel. It was the first step of our enzymatic biosynthesis process
and Figure 8-1 (a) shows a schematic view of a microfluidic biomolecular factory
arranged to synthesize the small molecule AI-2, an important cell signaling molecule.
Bacteria communicate and coordinate behavior via this signaling molecule.

As a following work, the second step of the enzymatic biosynthesis process will be
performed. A microfluidic device which employs multiple reaction sites for the Pfs-
chitosan and Lux-chitosan assembly will be designed. It will allow the sequential
electrodeposition of the Pfs-chitosan and Lux-chitosan in a single microfluidic channel,
leading to the multi step enzymatic conversion from the SAH precursor to the AI-2
molecules.[Figure 8-1 (b)] The output of microfluidics will be collected and analyzed
with HPLC to determine the conversion rate of the enzymatic reaction. This experiment
will demonstrate the metabolic pathways and enzymatic biosynthesis reactions for

biomolecular factory applications in microfluidic systems.
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8-2 Integrated waveguide for real time optical detection of biocomponent in

microfluidic system

We demonstrated facile in situ biomolecule assembly in the microfluidic system after
complete fabrication and packaging of the microfluidic device. The biomolecule
assembly was mainly inspected by fluorescence microscope observation through the
transparent microfluidic packaging system and ex situ analysis on the internal
biostructure after opening the packaging system.

The in situ process sensing can be further developed by integrating an optical
detection using planar waveguide on the active biofunctionalized site in the microfluidic
system. This is the extension of Michael Powers' work into our microfluidic system and
in his work, the design and fabrication of the waveguide and capacity testing were
completed by using 635 nm laser on the fluorescently labeled chitosan deposited.[Figure
8-2 (2)]*° The main future work remaining is to incorporate the output fibers into the
package level.[Figure 8-2 (b)] The waveguides could easily be incorporated into the
current microfluidic system by coupling optical fiber aligned to the waveguide in the
microfluidic system since a single thick-film SU8 polymer layer has high refractive index.
Therefore the SU8 waveguide can be fabricated along with microfluidic channels
simultaneously on the same substrate. Chitosan-mediated biomolecule assembly can
occurs at the side wall of the microchannel and intersect the optical path. Integrated
optical detection of signal guided biomolecule assembled in microfluidic system will be a
significant advance toward future applications in complex biomolecular or biosensing

analyses as anticipated for future lab on a chip.
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