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Abstract

Microfabrication is an everlasting topic in the evolution of the microfluidic
communities. Being fast, automated, material-versatile, and clean-room-free, laser-
assisted fabrication and prototyping has drawn increasing attention in the manufacturing of
microdevices and become more and more appealing to innovators interested in the
commercialization of lab-on-a-chip products. In this dissertation, the power of laser
assisted fabrication is exploited in the fast prototyping of various types of microdevices

that enables sophisticated manipulation of liquid or cells.

An introduction of the principles, procedures and recent applications of laser
assisted fabrication is presented in Chapter 1. In Chapter 2 a novel, scanner-based profiling
method is described for the examination of laser ablated microstructures in PDMS and
polymers. In Chapter 3, a one-way check valve is created through laser-assisted fabrication
and serves as the key component of passive flow control in a finger-driven microdevice
that enables precise metering and delivery of multiple reagents. In Chapter 4 the acoustic
differential extraction (ADE) is reported, in which sperm cells are separated from mock
sexual assault samples by ultrasonic standing waves generated in a laser-ablated glass-
PDMS-glass microdevice. Laser-ablated check valves are integrated onto the microdevice
to control the on-chip flow switching in the multiple steps of sperm extraction including
sample infusion, washing and elution. The power of laser is further extended to glass in
Chapter 5, in which the surface of glass, after being cleaned by laser beams, shows
remarkable hydrophilicity that enables the direct retaining and partitioning of aqueous

liquid into droplet arrays by simple action of dipping-and-pulling. Suspension of cells can



be easily arrayed by this process for high-throughput bioassays. Finally, concluding

remarks and future directions are outlined in Chapter 6.
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Figure 3-7. The MaD process in a finger-driven microfluidic chip. (A) The photo of the
microfluidic chip with labels of the microfluidic components. (B) stepwise
snap shots of the MaD process, from step 1 to step 2 corresponding to the
SEEPS IN FIQUIE 3-3 ...ttt et e nre e e nne s 103

Figure 3-8. The correlation between the actual MaD-ed volumes and the designed
volumes ranging from 160 NL t0 9 puL (n=3). .ccooeviiiiiiiiiee e 105

Figure 3-9. MaD of mutiple reagents on a finger driven microdevice. (A) The structure
of a multiplexed MabD circuit by serial connection of multiple single MaD
units. Two types of diodes are shown in both top view and cross-sectional
view. (B) A step-wise schematic showing a fluidic circuit with N stackable
MaD units for the MaD of N different reagents. Colored arrows represent
different reagent flows during metering, and grey arrows represent the air
FIOW dUIING AEHIVETY. ... 106

Figure 3-10. The accuracy of finger-driven multi-reagent MaD process. (A) The spectra
of the reference mixture containing three different dye solutions at the desired
ratio. (B) The comparison between the spectrum of reference mixture and the
on-chip metered and delivered mixture with the range shown in green (n=3);
(C) Comparison between the ratio of components in the MaD-ed mixture and
StANAArd FETEIEINCE ........eeeeiieiee e 109

Figure 3-11. Image of the CBBG-protein solution shown as raw scanned file (upper) and
in the saturation scope of HSB space (IOWEer) .........ccooeieieiciiicniice, 111

Figure 3-12. Colorimetric quantitation of protein using CBBG. (A) The calibration curve
of BSA standard solutions from 12.5 to 200 pg/mL(n=3); (B) The
comparison between the protein concentrations determined by pipetting and
finger driven MaD(N=3). .....coooiiiiiiiie s 112

Figure 3-13. PCR results prepared by finger driven microdevice. (A) The electrophoretic
STR profile of standard female DNA showing all 16 loci. The reaction
mixture was prepared by the finger-driven microdevice; (B) Correlation of
peak areas between PIPetting-PrePa .......cccceiveiieiiieiiie e 114

Figure 3-14. Serial diluter from concept to design. (A) Concept of the serial dilution
procedure and (B) the design of a finger driven serial diluter based on the
concept of serial dilution, containing two set of MaD circuits for the solvent
and the reagent solution respectively. ... 117

Figure 3-15. The diagram showing the process of serial dilution on the finger-driven
microdevice. The path of the reagent solution is in yellow or green; the path
of the solvent is in blue; and the air path is shown in black. The closed
pathway iS iN grey COIOT. .......iiiiiiiic e 118

Figure 3-16. The snapshots of the video showing the functioning of the finger driven
serial dilution. Three cycles of the dilution process are shown. The blue and
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white arrow in the first cycle indicate the direction of the flows of the dye
solution and the buffer solution, respectively. .........cccooeviviiiiiciieciccen 119

Figure 3-17. Comparison between finger driven serial dilution and pipette-generated

Figure 4-1.

Figure 4-2.

Figure 4-3.

Figure 4-4.

Figure 4-5.

Figure 4-6.

Figure 4-7.

Figure 4-8.

Figure 4-9.

serial dilution (n=3). The serial dilution is performed at diluting ratio of 1:2
(left) and 1:5 (right) using same design of the microdevice. Until the most
diluted concentration of the dye can’t be detected in the spectrometer 4 cycles
of dilution have been performed in the 1:2 serial dilution and 2 cycles of the
dilution have been performed in the 1:5 serial dilution. ...........cccccoeevvvennene 120

System of acoustic trapping. Simple Glass-PDMS-Glass (GPG) resonator
chip (1) is fabricated by laser ablation and subsequent plasma bonding.
Fluidic connections were made via PTFE tubing inserted into silicone tubing
affixed with silicone adhesive. Completed GPG chip was clamped against a
PZT transducer mounted on a printed circuit board (2)........cc.ccocervvrvvnnnnn 133

The schematics and real photos of the GPG check valve in closed (left panel)
and open (right panel) states. Blue dye solution is used to fill the fluid
channel for better VisUalization. ..o 136

GPG integrated chip for the ADE of sperm cells from mixed sample. (A)
Design and fabrication of the integrated GPG chip. The photo shows the real
chip after bonding and connection with tubings. (B) The three stages of ADE
showing the flow control: sample infusion and trapping, wash and elution.137

Simulation result of the ultrasonic standing waves at ~8MHz. The simulation
shows three trapping nodes in the vertical direction.............cccccevveveinennnn 139

The shifting apart of the layers of aggregates of fluorescent beads upon
releasing at 0s. Three layers of the aggregates can be clearly observed. The
white arrow indicate the direction of the flow. ..........ccoceviiiniiiiiiiie, 139

Resonance frequency f versus reciprocal of channel height (1/h) and fitted by
[INEAI TEQIESSION. . vicviiiieie ettt re et e e ers 140

Dependence of trapping efficiency on particle concentration (n=3). Samples
were infused at a flow rate of 30 pL/min and particles were quantitated via
NEMOCYLOMELET . ....c.vieeeecee et re e 142

Trajectories and interdistance of two cells during a failed acoustic trapping
process. (A) Step by step trajectories of two cells entering the acoustic field
from 0O to 0.8s with time interval of 0.1s, labeled with order numbers. (B)
Change of interdistance between cells. ..., 143

Comparison of fluorescence intensity of beads versus syto-11 stained sperm
cells. (A) Fluorescence images and (B) fluorophore intensity distribution of
the mixture of sperm cells (blue arrows) and polymeric beads (red arrows).
...................................................................................................................... 144
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Figure 4-10. Visual monitoring of bead-assisted sperm trapping. Still images from video
of a trapping experiment are shown at 10, 30, 60, 120, 180 seconds. The
process was simultaneously monitored in fluorescence (upper row) and bright
field (lower row) microscopy. The bright spots in the fluorescence images
are fluorescently-stained sperm cells. Samples were infused at 30 pi/min for
total VOIUmME OF 100 JUL......ccovieiieiec e 145

Figure 4-11. STR amplification of DNA in untreated mixed sample (top) and female
profile (bottom). The interfering peaks from female profiles are pointed in the

mixed sample’s Profile. .....ccoiiiiiiiiiiiiii i 146
Figure 4-12. STR profile of purified sperm Cells............cccooiiiiiiniii 147
Figure 4-13. The full STR profile of the male DNA extracted by TCEP-EA1 protocol 150
Figure 4-14. The schematic of the new manifold and chip...........ccccccovvviviiiiiii i, 152

Figure 4-15. The actual photo of the manifold showing both the open state (idle) and
closed state (Working CONAition) .........cccueeiieiiieiiic i 152

Figure 4-16: A laser pointer lens (in red nox) and the diagram of the smart phone-lens
coupling through the manifold.............cccooveiiiii i 153

Figure 4-18: Video snapshots of 6jum fluorescent beads being trapped and recorded by a
smart phone camera. Flow rate=30pL, frequency=8.1MHz, V=12V ....... 153

Figure 4-19: Video snapshots of 6jum Sytol1-stained sperm cells being trapped and
recorded by a smart phone. Flow rate=30pL, frequency=8.1MHz, V=12V

...................................................................................................................... 153
Figure 4-20: Structure of the PMMA-Glass-PDMS-Glass (AGSIG) chip ......cccccceveneae 154
Figure 4-21: Valving operation and flow control procedure of the trapping and elution

PTOCESS. ..ttt tuitte sttt e ettt e et e e e b e e e be e e et e e e st e e eab e e sa b e e s nb e e enbe e e enb e e e e nb e e e nnaeeennrae e 155
Figure 4-22: The solutions in the AGSIG chip before and after the flow test................ 156

Figure 5-1. Assembly of dip-chip cell droplet array. (A) The conceptual illustration of the
creation of cell array under various reagent concentrations. (B) The stepwise
assembling of cell array facilitated with the manifold and aligner. (1) A glass
manifold with PDMS spacer is inserted onto the PMMA aligner; (2) insert the
dried reagent array onto the aligner facing up; (3) insert the cell droplet array
onto the aligner facing the reagent array; (4) the glass covers are reversible
bonded with the PDMS and the two-array assembly can be lift off from the
aligner and ready for cell culture. ... 167

Figure 5-2. The wettability of coated glass surface before and after laser cleaning. The
contact angle of a droplet of water on the surface of Sigmacote®-treated glass
(A) before and (B) after laser ablation, together with the SEM images of their
MECTOSTIUCTUIES ...ttt 170
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Chapter 1.Introduction

1.1 Overview

As one of the most critical limiting factors in the commercialization of lab-on-chip
devices[1], microfabrication technology is an ever-evolving topic in the field of
microfluidics since the first report of the microchip-based chemical analysis system[2].
Starting from the photolithography-based wet etching in glass or silicon[3],
microfabrication was initially confined in clean room environment and hands of skillful
experts, who keeps extreme cautiousness on expensive photoresist-coated wafers as well
as the highly corrosive and environmentally hazardous chemicals used in the
microfabrication. Ever since then great efforts and progresses have been made to liberate
microfabrication and make it better accepted for the production of microdevices that solve
practical problems in a real world. Revolutions on microfabrication techniques have
happened in almost every aspects that lead the microfabrication technology onto a less

demanding and cost-effect path.

Milestones on this path include molding in poly-dimethylsiloxane (PDMS)[4],
which makes the reproduction of the microdevices more convenient and opened the door
of microfabrication to an elastic, multifunctional polymer which becomes a leading role in
the subsequent development of microfluidics. Heat-embossing and injection molding[5],
[6] which enables the low-cost, mass production of thermoplastic microdevices. Laser
ablation[7] and direct printing [8][9], which provides convenient prototyping tools for the
microfabrication in the initial developing phase of microfluidic devices. Each of these

microfabrication techniques has its own specific advantages and disadvantages, however
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the major trend of the development of microfabrication is from highly-cost substrates
towards affordable and disposable substrates, from mask-required, multiple-step process
towards direct, single-step process. As a representative of direct and mask-less fabrication
techniques, CO- laser ablation has been widely used in the micromachining of a broad
range of polymers[10], [11]. The work in this dissertation reports various types of CO-
laser-fabricated PDMS or glass devices and their related applications in microfluidic flow

control, cell separation and high through-put bioassay

1.2 Comparison of the commonly used fabrication methods

To better understand the pros and cons of laser micromachining, in this section in
addition to the details of laser ablation process, three other commonly used fabrication
techniques are compared with laser ablation: (1) wet etching in glass or silicon, (2) molding

of polymeric materials and (3) direct printing by an inkjet printer or a 3D printer.

Table 1-1 shows the comparison among major fabrication techniques in terms of
applicable material, time consumption, material cost, labor/skill required, automation level
and quality/resolution. These features are selected because of their close relevance in the
fast prototyping of microdevices. In general, laser ablation has obvious advantages in the
fast prototyping of microdevices with average qualities. Direct printing is also suitable for
prototyping but the quality of the generated microdevice is relatively low compared with
other methods. Molding, especially the molding based fabrication of thermoplastics, is
desired in the mass production stage when the design of the microdevices has been settled
down, but not so desirable in prototyping stage because that in companion of every change

of the design a new mold needs to be fabricated which is less desired in the prototyping
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stage. Wet etching is the least desirable methods for prototyping phase mainly because of
its relatively high consumption of time, requirement for labor/skill, material cost. While
presenting the highest quality, it still has some market within laboratory when super-

delicate microstructures are needed.
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Applicable

materials

Wet etching

Molding

Direct

printing

CO; Laser

ablation

Time consumption

(from new design

to actual device)

Material
/chemical

cost

Labor/skill requirement
(from new design to

actual device)

Automation

level

Quality/resolution

Table 1-1. The comparison between the four major fabrication methods in terms of their desirability in fast prototyping (red: undesired, yellow:

average, green: desired)
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1.2.1 Wet Etching

Wet etching in glass or silicon is the earliest fabrication techniques in the
community of microfluidics[3]. For wet etching in glass and silicon, the typical procedures
are shown in Figure 1-1A[12] and Figure 1-1B[3], respectively. The whole procedure of
etching requires multiple steps including exposure, baking, developing, chrome etching,
substrate etching and removal of unexposed photoresist, which usually takes about 1 to 2
hours for each wafer. In addition, the whole procedure has to be done in a cleanroom to
avoid contamination and defects of the micro structures. The multi-step fabrication
procedure makes the photolithography based wet etching rather tedious and the
reproduction of each batch of new microdevices requires the repeating of the whole

procedure.

In the early era of microfluidics, most of the microdevices were fabricated through
wet etching. Two representative applications of the wet-etched microdevices are (1)
microchip electrophoresis in HF-etched glass channels and (2) acoustophoresis in HF/KOH

etched silicon channels

Due to its unique surface properties that enable the establishment of electroosmotic
flow (EOF), it is quite natural that the earliest application of the glass microdevices is
electrophoresis. The first glass microchip based electrophoresis was reported by Manz et
al. in 1992 showing the successful separation of two fluorescent dyes[13], [14], and one
year later, separation of three fluorescently labeled amino acids by microchip
electrophoresis was reported by the same research group[15]. In 1994 Mathies group
reported the separation and resolution of DNA fragments ranging between 70-1000 base
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pairs[16] which opened the door of high-resolution and high-through put DNA sequencing
in the following years[17]-[19]. The technology of micro-chip electrophoresis based DNA
detection and sequencing were rapidly developed thereafter to address problems in various
fields from clinical diagnosis[20], [21] to biodefense detection[22]. Other
biomacromolecules such as peptides can also be separated by combined micellar
electrokinetic chromatography (MEKC) and capillary electrophoresis (CE) using glass

microdevices[23]-[25].
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Figure 1-1. Diagrams showing the photolithography and etching of glass(A) [12] and

silicon(B) [14]microdevice

The common scale of the structures in glass usually ranges from tens of micro
meters to hundreds of micrometers, and due to the isotropic etching process, the aspect

ratio (depth : width) of etched structures is limited below 1, while in silicon because of the
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anisotropic etching process microstructures with much higher aspect ratios (>1) can be
fabricated, and the dimensions of the etched microstructures can be down to a few
micrometers. One of the representative applications that relies on silicon microdevices is
acoustophoresis, in which particles are focused by horizontal ultrasonic standing waves
between the walls of the microfluidic channel (Figure 1-2). The perfectly vertical walls of
the etched silicon channels ensures the establishment of the acoustic standing waves in

horizontal directions and the particles be focused in the center stream.

The separation ability of acoustophoresis provides a powerful alternative to
conventional methods such as centrifugation in clinical applications for the isolation of
cells in whole blood, in that it doesn’t impose strong shear force that may cause
hemolysis[26], and its automated, on-chip work flow may seamlessly be integrated with
other sequential treatments. A good example of the application of acoustophoresis in
clinical diagnostics is the purification of the plasma from whole blood sample for the
detection of the prostate specific antigen (PSA), an informative biomarker in the diagnosis
of prostate cancer. Over 99% of the blood cells was removed by the acoustophoresis with
a processing rate of 80 plL/min and the purified plasma could be directly used in the
fluorescent detection of PSA. Other applications of acoustophoresis include the successful
separation of lipid droplets [27], [28], platelet[29], prostate cancer cells[30] and

leukocyte[31] from whole blood samples for clinical purposes.

20



/- Glass lid
7 i ‘:x:"V/ Silicon chip
///P///////‘ %l :
< Vw__Gel ' | Acoustic
\ YAt >< standing

wave

Figure 1-2. The principle of acoustophoresis in etched silicon channels[177] (A) Cross-section
of the acoustophoresis chip showing the ultrasonic standing waves with one resonance node
established between two vertical walls. (b) Schematic top view of focusing of the particles by

acoustophoresis.

1.2.2 Molding

Two major types of the molding-based fabrication techniques are introduced in this
section: (1) transfer of the feature of the mold by curing of the polymer such as PDMS or
hydrogel, and (2) transfer of the feature of the mold by heat embossing or injection mold

on thermoplastics.

1.2.2.1 Molding on PDMS and hydrogel

In the making of PDMS microstructures, the master mold is usually made in
negative photoresist which cross-links and solidifies after exposed to UV light, such as
SU-8 (Figure 1-3[32], left part). The features on the master mold are then transferred into

PDMS by the curing of the PDMS’s monomer (Figure 1-3[32], right part). The thickness
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or depth of the microstructures are controlled by the thickness of the spin-coated
photoresist and usually below tens of micrometers. Although in this procedure, new batch
of microdevices can be conveniently reproduced by curing the polymer on the same re-
usable master mold, the spin-coating, pre-baking and post-baking add up new burdens on
the operation, especially when accurate feature depth is needed. The average time required
for the making of master mold is roughly 1~2 hours and for each batch of PDMS curing

~1hour is needed.

The most representative molded PDMS microstructures are various types of check
valves. The actively controlled check valves are the most widely used structures for the
flow switching in various applications such as pumping and valving in micro total analysis
system[31][32], frequency specific passive flow control[35][36], automated logic fluidic
control[37]-[39], automated fluidic oscillator[38][39], finger driven microfluidic
device[40][41], and integrated microfluidic device for high-throughput genotyping and
bioassays[44]-[47]. The molded PDMS valve structures have been widely accepted by the
community of microfluidics but the problem of tedious fabrication process and
inconvenient change of design (new mask and molds required) still remain as challenges
in the prototyping stage of the microfluidic devices. To the contrary, laser-assisted
fabrication shows great advantages in the fast prototyping phase and the application of
laser-assisted fabrication is demonstrated in the finger driven simultaneous metering and

delivery of multiple reagents in Chapter 3 of this dissertation.
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Figure 1-3. Diagram showing the procedures of PDMS molding[32]

Hydrogel is another major type of polymer that can be cured and shaped by molding
procedure. The molding procedure is similar with the molding of PDMS except that UV
light is used for the activation of the cross-linking of the monomers. So for simple hydrogel
structures sometimes only photolithography is needed to directly cure the hydrogel, but for
more complicated hydrogel structures, making of a master mold is still required[48]. The
spatial resolution of the molding of hydrogel enables the fabrication of nanostructure[49]
and multiple subtle variations of the molding strategy can provide a wide range of
nanostructures such as nanohair[50], [51], hollow structures[52] and monolithic bridge[53].
Because of its unique biocompatibility, biodegradability, surface grafting ability and
stimulus responsiveness, the major application of the hydrogel microstructures lies in the
mimic of extracellular matrix (ECM) for biological studies such as cell-cell, cell-

environment interactions[54][55], tissue engineering[55]-[58] and drug/cell delivery[59],
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in which the hydrogel structures can be fabricated with encapsulated cells using the

molding methods[60]-[62].

1.2.2.2 Molding on thermoplastics (hot embossing and injection molding)

In the molding-based fabrication of thermoplastics, there are two major methods:
hot embossing[63][64] and injection molding[65]-[67]. The molding of thermoplastic is
different from the molding of either PDMS or hydrogel, in that the molding process of the
thermoplastic is based on the physical change of the polymer from either glass-transition
state (in hot embossing) or semi-liquid state (in injection molding), to solid state through
heating and cooling under pressure, while the molding processes of PDMS and hydrogel
involve the polymerization of the monomers that is triggered by inducing factors (curing
reagent for PDMS and UV radiation for hydrogel). Therefore the molding based
fabrication of thermoplastic is relatively simpler without the steps needed in
polymerization. The basic procedures of the hot embossing and injection molding are

listed below and shown in Figure 1-4
In hot embossing, there are three fundamental steps[65]:

(1) The polymer substrate (wafer or sheet material) and the mold are both heated
in vacuum to a temperature just above the glass transition temperature.

(2) The mold is pressed into the polymer substrate by certain level of pressure
that depends on design, polymer material and the mold material

(3) Cooling and demolding

And in injection molding, the fabrication process mainly contains[65]:
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(1) Plasticization of the polymer into a viscous, semi-flowing state by heating,
and placement of the mold insert in the molding chamber.

(2) The molding chamber is clamped and vacuumized.

(3) Melted polymer are injected into the vacuumized molding chamber until filled
up.

(4) Cooling and demolding.

Each of these two procedures has its own specific advantages and drawbacks[66].
The major difference is that the hot embossing process allows the realization of small to
medium-scale series of higher quality of microstructures, while injection molding process

is more suitable in larger scale of production (>1000 pieces) but with lower qualities.

The basic procedure of the molding based fabrication is applicable to most of the
available thermoplastics[63][68] and result in enormous microdevices and related
applications[69]-[71]. Here we only selected the molded thermoplastic microdevices that
are related with the analysis of biomacromolcules and give a brief summary of their
applications: (1) electrophoretic separation of biomacromolecules such as DNA[5][72],
polysaccharide[73], protein and peptide[74]-[76]; (2) solid phase extraction (SPE) of
DNA[77] and RNA[78]; (3) polymerase chain reaction (PCR) for the amplification of
single nucleotide polymophorism (SNP)[79], tumor suppressing gene[80] and cancer
marker gene[81]; (4) Electrospray device in mass spectrometry[82], [83]; and (5)

microfluidic immunoassay assays[84]-[86].

The hot embossing and injection molding processes have their significant
advantages over other methods in that it is highly automated and requires no hazardous

chemical. However because during the fabrication process the mold has to sustain extreme
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conditions of high temperature and pressure, in order to keep it durable and reusable from
batch to batch the mold is usually made from metal to avoid deformation or abrasion
[63][87]. The cost of the mold is relatively higher than photoresist mold. Therefore the
hot-embossing fabrication process is more suitable in the phase of mass-production rather
than the stage of prototyping. For the microdevices that are approaching or have already
entered the arena of real world applications, injection molding or hot embossing are the
most favorable fabrication method. This trend is self-evident by the injection molded or
hot embossed, almost-productized microdevices that are increasingly emerging in recent
years, with the capacity of handling near-practical analytical tasks such as virus

detection[88], bacterial detection[89] and forensic genotyping[90], [91].
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Figure 1-4[65]. Schematics of procedures of molding based fabrication on thermoplastics: hot

embossing (top) and injection molding (bottom)

1.2.3 Inkjet printing and 3D printing

Inkjet printing and 3D printing are not novel technologies, but only until recent

years they are beginning to be used in the fabrication of microfluidic devices[92].
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Compared with other fabrication methods, the most distinct feature of inkjet printing and
3D printing is their cost effectiveness, which comes from two aspects: (1) they don’t
require any masks or molds in the fabrication and all features are directly deposited onto
the substrate; (2) they are “additive deposition methods” rather than “subtractive” methods
which means the microstructures are generated by the accumulation of materials from
scratch rather than the “left-over” parts after removal of undesired portion from the raw
material through etching or laser ablation. There is almost no waste of the material in the
additive deposition process compared with subtractive methods. The advantage becomes
rather significant when the material of the target microstructure is precious, e.g., when
printing gold electrode[93], [94] or antibody[95], [96] as the sensing part of the

microdevice.

However, the general methodology of the direct printing still suffer from obvious
problems at current stage: (1) the resolution of either the ink printing or the 3D printing is
around the level of 10-100 um which affects the quality and the performance of the printed
microdevices, and (2) strict selection and preparation of the printed materials in inkjet
printing. An Inkjet printer can print most of the solutions of the needed materials or
reagents[92] but requires careful adjustment of the viscosity[97], [98] or surface tension[99]
of the solution, by spiking additives into the solution but sometimes the surfactant-based
additive will affect the bioactivity of the printed reagents[100]. (3) In 3D printing
technology the printable material in most commonly used set-up are still limited to resins

or wax at current stage.

The most widely reported inkjet-printing fabricated microdevice is paper-based

microfluidic devices[101]. Wax can be printed though a modified printer (Figure 1-5) on
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to filter paper and, after baking, outlines the hydrophobic border of the channels to confine
and guide the flow in designed course[102]-[104]. The printed paper-based microfluidic
devices, due to their advantages in being cost-effective, highly portable, and truly
disposable, have shown unique values in point-of-care (PoC) diagnostics. Examination of
the level of glucose and protein[8], [105], lactate and uric acid[106] in artificial urine, liver
functions related biomarkers[107], lead concentrations[108] have been proved successful.
Other applications such as liquid molding for PDMS fabrication[109][110] and fluidic

diode[111] have also been reported.

A 1. design layout 2. print devices 3. reflow wax

Figure 1-5[103]. The fabrication procedure of the paper-based microfluidic device using an

inkjet printer followed by baking

Using the same idea of the inkjet printer based deposition, toner can be directly
patterned on polyester film[112] for microchip electrophoresis[113], [114], DNA

extraction and PCR[115]. And by exploiting the hydrophobicity of toner layer Ouyang et
29



al. have reported a toner based hydrophobic valve than can be directly printed on the
polyester film in a polyester-toner (PeT) centrifugal microdevice for the basic metering and
delivery of aqueous liquid(Figure 1-6) [116]. The burst pressure of the hydrophobic valve
can be conveniently adjusted by the greyscale of the toner printed in the valve. The
determination of the level of the white blood cells in whole blood has been demonstrated

using the centrifugal microfluidic system [117].

(A) (B) Printing step
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Figure 1-6[116]. Inkjet-printed toner patch on polyester film as hydrophobic valve.

Compared with inkjet printing which mainly construct features confined in a 2D
plane, 3D printing technology has opened the door to an additional dimension in the
vertical direction, which enables the direct fabrication of much more complicated micro-
structures[118]. However due to the relatively low resolution and limited selection of
material (resin or wax)[119], current examples of 3D printed microdevice are mostly
focusing on the fabrication of mold [120][121], check valves[122], channel networks [123]
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[124], microfluidic interfacing component[124]-[126] and cell separation devices based

on hydrodynamic effects [127].

Although the inkjet printing and 3D printing has been proved successful in the
applications shown above, the restricted selection of printed material/reagent makes the

direct printing method less powerful in the prototyping stage.

1.2.4 CO> Laser ablation

As another representative technology of mask-free and chemical-free fabrication
methods CO: laser ablation has many advantages for fast prototyping[119]. It has the same
pros of direct printing and requires no masks, molds nor chemical in fabrication while being
applicable to a wide range of materials including glass, PDMS, paper and most of the
thermoplastics, which is highly suitable in the prototyping stage. The instrumentation of

the CO2 laser system composes of several major components (Figure 1-7[128]):

(1) A laser head with optics for the focusing of laser beam

(2) A step-motor system that controls the motion of laser head in X-Y plane

(3) Laser source

(4) A static stage for the placement of substrate

(5) User interfacing and other supporting parts

31



Mirror
/ CO:2 Laser

G—
/ X
' Mirror X-Stoge
e Focusing Lens
Y-Stage N\
Substrate
| |
Z-Platform I

Figure 1-7. Configuration of a direct-write laser machining system with an X-Y stage[128]

The features to be ablated can be designed in a commercial graphic design software
(CoreIDRAW) and directly transferred into the user interface of the laser system. The
wavelength of the CO; laser beam is usually ~10 pum which is in the infrared region, so the
interaction between the material and the laser beam is governed by heat effect. The
temperature at the focal point is high enough for most of the thermoplastic to melt or
dissociate and evaporate, providing a convenient subtractive fabrication method. The
theoretical limit of the resolution of the laser beam is the half length of the wavelength
which is around 5 um, but due to the diffraction of set of optics use in the laser system the

minimum diameter of the beam spot is around 25 um[129].

The most outstanding advantage of CO. laser assisted fabrication compared with

other methods is the wide range of materials that it can be applied on. Major types of the
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materials that have been used in laser-assisted fabrication are: Glass[130]-[135],
PDMS[129], [136]-[141], most of the thermoplastics including but not limited to
PMMA[141]-[150], polystyrene[141][151] and polycarbonate[152]; polyester[115]-[117],
filter paper[153]-[160], wax[161], [162]. It is noteworthy that these laser-ablated and
prototyped microfluidic devices have provided platforms for almost every step in DNA
analysis starting from cell lysis[163], DNA extraction and purification[149], PCR[144]-
[146] and detection either by electrophoresis[150] or the label-free ‘pinwheel’ effect[117],
[147], [148]. Laser-fabricated microfluidic devices have also been applied in the
prototyping of other microdevices for applications such as pumping[164], [165], surface
tension valving[116], molding[141][141], passive fluidic mixing[164], droplet-related

study and applications[151], [161], [167]-[169], etc.

The laser ablated features, depending on the substrate materials, show two major
characteristics: (1) the cross-section of the ablation stroke is usually cone shaped or
Gaussian curve-shaped[7], [170] which is due to the Gaussian beam of the laser focus. (2)
The ablated surfaces are usually rough[129], [131], [142], [171] and sometimes comes with
cracking[172] or ashes[129], which requires additional post-treatment to smooth[128],
[142] or protection[131]-[134] during the fabrication. Although the feature’s quality of
laser-ablation is relatively lower than conventional wet etching or molding, with proper
treatment or protection the advantages of time-saving, clean room-free and versatility in

materials still outweigh the quality issues in the prototyping phase of the microdevices.

33



1.3 Description of the goal of research and concluding remarks

Even though laser-ablation facilitates the fast prototyping of microdevices, the
examination (usually by confocal microscopy[173], stylus profilometry[174], scanning
white-light interferometry (SWLI)[175] etc.) of these structures still remains inconvenient
with relatively complicated operation procedures, expensive instrumentation and limited
field of view (FOV). In this dissertation, alternative low-cost profiling method has been
developed using a conventional office scanner and dye solution that achieves resolution of
micrometer level. The principle and protocol of this method, as well as the examples of the

examination on laser-ablated microstructures are detailed in Chapter 2.

Because of the nature of the subtractive fabrication process of laser ablation, majority
of the laser ablated microstructures are channels, holes or wells/chambers, and most of the
microdevices listed in previous paragraphs exploit the usage of those hollow spaces. The
unremoved parts that remain after the laser ablation rarely play the key role in the
microdevices. In this dissertation, the remaining part of a laser-ablated PDMS film serves
as a flap membrane, a critical structure in a conventional check valve[176] or fluidic
diode[41] which is usually fabricated by tedious soft lithography. The applications of the
laser-ablated valve structures in the context of the prototyping of finger-driven microfluidic
device and integrated microdevice for acoustic differential extraction are detailed in

Chapter 3 and Chapter 4, respectively.

In addition, the application of CO; laser on glass mainly focuses on the ablation into
the bulk of the material[130]-[135] but rarely touches the surface treatment. The heat

effect of the CO. laser, if adjusted properly, can be a powerful tool in the surface
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modification of the glass surface. In Chapter 5, CO: laser beam is used to clean out
superhydrophilic patterns on the surface of glass and enables self-partitioning of aqueous

solution.

In summary, the following chapters focus on the development of novel examination
methods for typical laser ablated micro-structures and the prototyping of laser
ablated/treated PDMS or glass microdevices for various applications. In Chapter 2 a
flatbed scanner based 3D profilometry is developed to conveniently inspect laser-ablated
microstructures. In Chapter 3 a laser-ablated glass-PDMS-glass one-way check valves are
created and applied to a finger driven liquid handling microdevices. In Chapter 4, a laser-
ablated, integrated on-chip-valve-controlled glass-PDMS-glass microdevice is prototyped
and developed for the acoustic trapping of sperm cells, serving as a potential tool for the
DNA extraction in the sexual assault evidence. In Chapter 5, superhydrophilic glass
patterns are created by laser treatment and applied in the self-assembling of liquid droplet
arrays for the development of high through-put bioassay. Concluding remarks and future

perspective are outlined in Chapter 6.
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Chapter 2.  The uSCAPE System: 3-Dimensional Profiling of
Microfluidic Architectural Features Using A

Flatbed Scanner

2.1 Overview and Introduction

The concepts, methods, capabilities and technologies associated with a ‘lab-on-a-
chip’ have evolved dramatically since 2001 when a journal under the very name was
launched[1]. From a single channel, single-function microchip to highly integrated
systems[2], and silicon- or glass-based microstructures to disposable polymer or paper
based microchip[3], ‘lab-on-a-chip’ systems have begun to tackle real-world analytical
problems in a diverse spectrum of fields ranging from pathogen detection[4] to clinical
diagnosis[5], [6], and even into forensic genotyping[7], [8]. As the technologies of the lab-
on-a-chip embrace the outside world with more and more devices productized and
commercialized[9][10], the quality control of the microdevice’s feature becomes a

significant issue that is critical to the success of the product.

In order to examine the geometric quality of the microdevices the 3D profile of the
target structures needs to be obtained. The most commonly used contact profiling
techniques such as stylus profilometry [11] and atomic force microscopy (AFM) [12] can
provide remarkably high resolution for the examination of the microstructure’s geometric
properties, however the contact-based profiling procedure makes it impossible to detect the
concealed inner part of the microstructures such as an enclosed channel. The relatively low

scanning rate and small detection area make these techniques less desired for the inspection
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of the microdevices with relatively large areas consisting of multiple functioning domains,

not to mention the numerous quality control tasks in mass production.

Alternatively, being non-contact and non-invasive, various types of optical 3D
profiling methods have been reported. The major types of optical profiling methods
include (1) confocal scanning microscopy (CSM) [13]and (2) scanning white light
interferometry (SWLI) [14]. Confocal scanning microscopy uses a photomultiplier
tube(PMT) through a pin hole to solely accept the light signal from the focus point and can
achieve sub-micron resolution, but the acquisition of the whole 3D profiles of the target
object requires the point-by-point scanning in all x, y and z directions which is not suitable
for high through-put inspections. SWLI, on the other hand, exploits the interference
between the reflected light waves from the target substrate and the reference light waves,
and is able to achieve vertical resolution down to nanometer scale. The SWLI uses
widefield microscopic imaging onto a charge-coupled device (CCD) to simultaneously
cover the region of interest and needs no z direction scanning, thus has much faster data
acquisition rate than CSM. However when dealing with surfaces with high gradient and
steep angles errors may be generated on the edge[15]. Although CSM and SWLI
fundamentally differs in principles, they both use typical objective-PMT/CCD coupled
microscopic optical system and the lateral range of inspection is limited to several

millimeters. Besides, the investment of the whole set of equipment is nontrivial

All of these techniques have their individual pros and cons in terms of data
acquisition rate, vertical/lateral resolution, and suitability for different applications[16].
However, due to the sophistication of microscale profilometry, these methods require

delicate, sophisticated, high-cost instrumentation and well-trained personnel, even though
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manufacturing costs may have been reduced through mass production. The capitalization
of labor and instrumentation for quality control may come with a significant financial
burden, one beyond the resource capabilities of start-up companies and like innovators.
Furthermore, the limited field of view (FOV) that can be probed by these methods
(normally on the order of tens of mm?) makes them less desirable for the inspection of the
microdevices with relative large areas and/or consisting of multiple domains. This is

exacerbated when quality control inspection is required during mass production.

In this report, we describe our findings on the use of an office flatbed scanner to
detect the 3D profiles of microfluidic structures. In 2010, we reported that, by measuring
the absorbance of dye solution after it passed through the microchannels, the quality of the
channels could be easily determined spectroscopically[17]. Here, we exploit absorbance
of dye-filled channels again, but in a very different way. The fundamental principle here
is the measurement of the absorbance of a dye solution while it is still in the microfluidic
architecture. This process can be summarized in three steps: (1) filling of the
microstructures with the colorimetric dye solution that has characteristic absorbing
wavelength. In this work, we exploited allura red solution; (2) scanning for the acquisition
of the image of the microfeatures; and (3) for each pixel of the microstructure image, the
depth of the structure is calculated based on Lambert-Beer’s law using the absorbance of
that pixel and the pre-determined extinction coefficient of the dye solution. The concept
of profile detection by Lambert-Beer’s law has been validated in Broadwell et al.’s
work[18] in which they used the absorbance of a dye to optically-represent the dimensions
of a microfluidic structure. However, their approach required reasonably complex

equipment (a bright-field microscope and a monochromatic CCD) and suffered limitations
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in terms of the relatively small FOV that could be interrogated. A flatbed scanner, when
used as described here, costs a fraction of that for a basic microscope, and has a built-in
CCD. However, in addition to that, the scanner-acquired images present two other major

advantages.

The first advantage is the built-in digital filter function in scanned image. Because
each pixel of the CCD has a so called Bayer filter structure[19] that divides one pixel into
four smaller grids assigned to the three sensing abilities of red (1 grid), green(2 grids) and
blue(1 grid). During the scanning process, the light detected in each pixel is actually
detected by these three types of sensing grids and consequently each type of sensing grid
generates a value as the digital representation of the intensity of the light within that color
range. Thus for each pixel there are three values generated and stored in red, green and
blue (RGB) spaces to represent a specific color. This is the basic principle of color
detection and representation in digital imaging. Exploiting the combination of the three
values in RGB space has enabled scanner-based detection with various types of
colorimetric assays including inorganic ions[20], [21], organic compounds[22] and
bacterial identification[23]. Additionally, the generation of the RGB values described
above can be regarded as a digital filtering process in which the incident light is filtered
into three monochromic wavelength ranges corresponding to the red, green and blue light.
The digital filtering mechanism enables the monochromatic absorbance measurements to
be acquired without additional physical filtering. Measurement of absorbance or optical
density (OD) in a single RGB channel enables quantitative analysis in a number of different
formats, and has been applied to bacterial susceptibility testing[24], diffusion-based

dynamics of dye solution[25] and scanner-based quantitative detection of polyphenol[26].
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The second advantage of a flatbed scanner as a detection tool is its relatively large
FOV. By moving the line CCD across the entire scanning field, a very large, high-
resolution detection window can be interrogated (at the tens of gigapixels level); this is
technically (and economically) unrealistic to achieve using a single CCD chip. The area
of the FOV presented by a scanner is on the order of hundreds of cm?, with a resolution
down at the 2 m level [27]. This allows the scanner to interrogate, simultaneously and in

parallel, a large number of bioassay well-plates [27].

In this paper, we demonstrate the power of a conventional office scanner to examine
the qualities of microfluidic structures including: (1) laser-ablated PDMS channels, (2)
polyester-toner (PeT) film-derived chambers and, (3) micro-well arrays fabricated either
in glass by HF etching or in PDMS by laser-ablation. The capabilities (and limitations) of
a flatbed scanner for evaluating the geometric parameters of microscale features and

quantitatively defining their uniformity are demonstrated.

2.2 Materials and methods

All reagents, unless specifically indicated, are all purchased from Sigma-Aldrich

(Oakville, ON).

2.2.1 Scanning mode selection

“Reflective” is the most commonly used scanning mode for the scanning of
documents, photos and majority of the previously reported analytical applications, in which
the light source and the detector are on the same side of the object. However in this mode,
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the detected incident light in the absorbance calculation is the reflected light from the white
pad above the object, which may not have a uniform reflection rate due to the imperfectness
of the pad surface. In addition because the detector and the light source are on the same
side there is a position shift between them, so if the object has significant thickness there
is a problem of shadow. While in “film scan” mode, the detector and the light source are
on the different sides of the object, which ensures that the incident light is directly from
the uniform light source, and no shadow will be detected since the beam is right below the

detector (Figure 2-1).

“Film scan” mode “Reflective” mode

Light shadow
\
q) source White pad [ \

Object Object

Detector Light O Detector
source

Figure 2-1. The light-detector setting of different scanning modes

2.2.2 Preparation of the dye solution

10X TE (pH 7.5)-glycerol mixture was used as the solvent for the dye solution to
minimize evaporation and the difference in refractive indices (RI) between the dye solution

and glass/PDMS.
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Allura red solution was prepared by dissolving in 10X TE buffer-glycerol mixed
solvent at desired concentrations (specified in following sections) as stock solutions for

future use.

2.2.3 Fabrication of the microstructures

Standard channels for the determination of the extinction coefficient of the dye
solution were fabricated by conventional photolithography and HF etching in glass. The
mask was designed using AutoCAD and then printed in photographic film in high
resolution (Thin metal parts, CO). Photoresist-chrome layers coated borofloat glass plate
(Telic, Valencia, CA) was etched by HF solution (HF/HNO3:200/30 (v/v)) after standard
procedures of photolithography. The remaining photoresist and chromium on the plate
were removed completely after the etching. The glass channels were dried by nitrogen

purging and the depths were determined by stylus profilometry (KLA-Tencor, Milpitas,CA)

PDMS channels are fabricated by laser ablation into cured PDMS plate. Briefly,
PDMS plates were prepared by mixing of monomer and curing reagent at mass ratio of
10:1 followed by oven heating at 70 <C for two hours. Channel are designed in
CoreIDRAW 10.0 (Corel Corporation, Ottawa, Canada), and then ablated by VersaLaser
VLS 3.50 with 50W CO: laser source (Universal Laser System Inc.) into PDMS plate.
Under the vector mode, at speed level of 20% and 1000 point per inch (PPI), power settings
of 30%, 60% and 90% were used to make channels with different depths. Defocused laser
beam was used to increase the smoothness of the wall of the PDMS channels[28]. PDMS
was ablated by one pass of the laser beam at defocus height of 3.5mm. The fabricated
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PDMS channels were cleaned by methanol wash and dried by nitrogen purge. Access holes

are punched at both end to be the inlet and outlet of the channel.

Round PeT chambers are fabricated following the previously described procedures
[29] with designed volume of 2.5, 5, 10, 20, 30, 40 and 50pL. Briefly, polyester films
(CG5000, 3M) were printed with black toner (HP C-4127X) and then cut by laser cutter to
form the body of the chamber, followed by lamination at 130 <C with polyester film to

form an enclosed chamber.

Micro well arrays are fabricated in two different ways:

(1) HF etching in glass using the methods described above. Designed diameter of
the well was 80 pm and the etched three different depths were achieved at about 7, 10 and
14 m, measured by stylus profilometry. Another array containing micro wells of different
designed diameters (70, 80 and 90 jum) was also fabricated with identical etching depth

about 10 pm

(2) Laser single-pulse ablation in PDMS. Briefly, the power density of the laser
cutter was set to 200 PPI and parallel lines with spacing of 150 jum were ablated into the
cured PDMS plate at speed 100%, and three power settings were used at 0.5%, 1% and

1.5% for increasing depth of the micro wells
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2.2.4 Scanning settings and image analysis

Images were scanned by EpsonV600 in SRGB space and the scan mode was
selected to “film scan” instead of commonly used “reflective” mode to avoid shadow and

reflection problem discussed in 2.2.1.

The scanned images were saved in TIFF format with 48 bit RGB color space. The
saved images were imported into ImageJ and split into three color spaces (Red, Greed and

Blue, each space is in 16 bit format) for the subsequent calculation of absorbance.

The absorbance of the dye-filled microstructures are determined using A=log(lo/lt),
in which 1o and I are both in the unit of 16 bit grayscale(between 0 to 65535) and
correspond to the intensity of the incident light and the transmitted light, respectively. The
calculation of each point’s absorbance and profile plotting was conducted in Matlab

R2013b (MathsWorks, Natick, MA).

2.2.5 Determination of extinction coefficient

The extinction coefficient of the dye solution was determined by measuring the
absorbance of (1) different thickness of dye solutions at fixed concentration, or (2) different

concentration of dye solutions at fixed thickness.

To obtain absorbance-depth standard curve, glass standard chambers with different
depths (8, 16, 27, 49, 89 and 161 pm) were filled with 6mM allura red solution, followed

by scanning and image analysis in blue space.
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To obtain absorbance-concentration standard curve, 27 pm glass standard
chambers were filled with different concentrations of allura red solution ( 1.5, 3, 6, 12, 24

and 48 mM ), followed by scanning and image analysis in blue space.

Blank solvent was used to fill the channel as the reference for the calculation of

absorbance.

2.2.6 Examination of the cross section of laser-ablated PDMS channels

The laser ablated PDMS channels were reversibly bonded onto a 1.1mm glass plate
(Corning, NY) and then filled with 6mM alura red solution. The filled channels were
scanned at 12800 dpi and the depth of channel at each pixel was calculated using the
absorbance of that pixel and the extinction coefficient determined in section 2.2.5. The
cross-sectional profile of the channel was reconstructed, then compared with the actual

profile of the channel examined by cut-and-check under microscope.

2.2.7 Examination of the volume of the PeT chambers

The PeT chambers were filled with 1.5mM allura red solution. Multiple filled
chambers in a single device were scanned together at one time followed by image analysis,
using blank solvent as the reference. The resolution of the scanning was 1200 dpi. The
volume of each chamber was calculated by adding up all the depths of the pixels of the

chamber image and then multiplied by the area of a single pixel.
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2.2.8 Examination of the volume of the micro well array

The micro well array in glass was filled with 48mM (for depth of 7 jum and 10pm)or
24mM (for depth of 14pm) allura red solution and pressed against a PDMS plate to be
sealed, and the excessive dye solution was absorbed away by Kimwipe tissue. The micro
well array in PDMS was filled with 48mM (for power level of 0.5% and 1%) or 24mM (for
power level of 1.5%) and pressed against a glass plate to be sealed, and the excessive dye

solution was absorbed away by Kimwipe tissue.

The filled micro wells were scanned at 12800 dpi (2jum per pixel) and analyzed
using blank solvent as the reference. The volumes of all the micro wells in the array were

calculated and the distribution of the volume of the examined array was obtained

2.3 Results and Discussion

2.3.1 Solvent selection

In the selection of the solvent for the dye solution, both water and glycerol-water
mixture are tested. The calibration curve obtained in both solvent shows good linearity
and the allura red in 10X TE has slightly larger coefficient of extinction (Figure 2-2, A&B).
However, the profile of the channels filled with solvent of non-matching RI (water) or
matching RI (glycerol-water mixture) show significant differences (Figure 2-2, C). The
bottom part of the channels are quite similar between these two solvents, but at the
channel’s wall the profile of the aqueous solvent-filled channel presents abnormal bright
and dark strips, while the glycerol-water mixed solvent gives a normal cross-sectional
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profile (Figure 2-2, D & E). The reason for the distorted profile using water solvent might
be the reflection of the light at the non-perpendicular interface between the aqueous solvent
and the glass due to the unmatched RI. In addition, the glycerol-water solvent provides
another advantage that it has a much slower evaporation rate, which is more desired in
keeping a consistent concentration of the dye solution during scanning. So we used

glycerol-water mixed solvent for all the following profiling tests.
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Figure 2-2. The effect of solvent on the scanned image. (A) The calibration curve of absorbance

vs. concentration in either 10X TE and mixed solvent. (B) The calibration curve of absorbance
vs. depth in either 10X TE and mixed solvent. (C) The comparison of the profile of the HF-etched
glass channel’s cross-section in either 10X TE and mixed solvent. (D-E) The scanned image of

glass channel filled with either 10X TE (D) or mixed solvent (E).
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2.3.2 Determining the extinction coefficient

The scanned images of the channels filled with allura red dye solution shows
different values in each of the RGB spaces (Figure 2-3). The red space is almost identical
to the white background, indicating that this dye absorbs little or no light in the wavelength
range of red light. However, in the blue and green space, the fluidic channel shows an
increasing grayscale as the depth increases. Blue space was selected for the absorbance

test because of the better linearity.

Channel
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Figure 2-3. The scanned image of the standard glass channels filled with allura red solution

o

(6mM in 10XTE-glycerol mixed solvent). From left to right: the original image, the splitimages

in red, green and blue space.

In order to create calibration curves, absorbance of either a fixed concentration of

dye in standard channels (with known depths), or a series of standard solutions (at known
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concentrations) in a channel with fixed depth, are measured. When the data are plotted in
blue space, they show a linear relationship between channel depth and the allura red dye
absorbance up to a value of roughly 0.6 (Figure 2-4). This proportionality of the
absorbance to both the dye concentration and the optical length verified the applicability
of Lambert-Beer’s law in the scanner-based absorbance measurement, and the subsequent
extinction coefficient for allura red was calculated to be 0.00052 mM™*pm™. As a result,
the allura red dye concentration could be selected based on the estimated structure depth
and the already determined extinction coefficient in Figure 2-4 to assure the proper

absorbance is below 0.6

After establishing the appropriate calibration curve, the feature depth at any
particular micro-locale in a given architecture can be back-calculated based on the
absorbance value at that point using the concentration of the dye used and the associated
extinction coefficient. The Microfluidic SCAnner-based Profile Examination (WSCAPE)

method has been established.
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Figure 2-4. The calibration curve of absorbance vs. concentration (left) and depth (right) of
alura red solution in the blue space (n=3).

2.3.3 Cross-sectional examination of PDMS channels

To test the capability of the uSCAPE system for defining 3D architecture, we
evaluated microchannels that had been laser-ablated in PDMS. PDMS is the most
commonly used polymer in the microfluidic community, and microstructures can be
fabricated into this PDMS typically through ‘pour and cure’ molding, but also via laser
ablation. Molded PDMS microstructures present fine and uniform features but require
multiple steps for masking and lithography, and require generation of a new master when
changing the design. Laser ablation, on the other hand, is a simple, faster process, requires
no masking, but creates more irregular features in comparison with molding[30].
Examination of the laser-ablated PDMS structures is difficult to achieve with stylus
profilometry (due to the elasticity of the polymer), and the large slope from the channel
edge to the center of the cone-shaped channel can lead to ambiguities when using scanning

white light interferometry [15]. Moreover, the commonly used ‘cut-and-check’ method[30]
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is limited as it can only interrogate the cross-section at the cutting plane, leaving the
analysis devoid of a thorough, 3D view of the structure(s). Finally, the ‘cut-and-check’
method causes irreversible damages to the PDMS microstructures and voids the possibility
of future use, which is unnecessarily wasteful in an era where green chemistry is gaining

increased attention.

Channels created by laser ablation at different power settings were evaluated with
the uSCAPE system and compared with the actual profile examined under bright-field
microscopy (Figure 2-5A). It is obvious that the cross-sectional profiles obtained with
uSCAPE (red line) are in good agreement with the bright field micrographs. This
agreement validated the feasibility and accuracy of the uSCAPE profiling in two
dimensions. However, as a result of the large detection area of the scanner, we were also
able to check the variation of the cross-sectional profile over a longitudinal distance of the
channel (2.5 cm). Scanning three different 2.5cm long PDMS channels, each ablated at
different laser power settings, we were able to assemble a 3D profile for each from a series
of 12,500 cross-sectional slices. Figure 2-5B shows a set of 16 of those slices evenly-
spaced over the length of that channel to compose a longitudinal 3D profile. Despite that
fact that this is a low resolution image (16 of 12,500 slices), differences in the profiles are
clear, specifically: (1) deeper channels have more dimensional variation than shallower
channel, which is due to the differences in the applied laser power, and (2) there is more
variation in the side wall of the channel than there is in the floor. This may be explained
by the mode of ablation (a single stroke of the laser beam), where the higher side wall

variation may be attributed to the power fluctuation in the dispersion region of the
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Gaussian-shaped focal spot of the laser. It is clear that the larger the number of slices used

to re-construct the channel dimensions, the higher in resolution the image will be.

In comparison with direct microscopic interrogation, the scanner-based profiling is
more favorable in two ways: (1) the method is completely non-invasive and the
microdevice remains functional for use after examination, and (2) one can quickly check
the cross-sections of the microstructure at any point in any orientations after the image is
acquired. It is noteworthy that the uSCAPE approach can interrogate relatively long
channel distances, as this this limit is set by the scanner ‘scanning window’ which, in our
case, is 250mm by 8mm. For proof of principle here, we chose three 25mm long channels
scanned simultaneously, as this is more relevant to the feature scale of common

microfluidic devices.
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Figure 2-5. The examination of the cross-section of laser-ablated PDMS channels. (A) The comparison

of the scanner-acquired profile (red) and the actual profile revealed by microscopy. (B) The inspection
of the longitudinal cross-section variation of 25mm PDMS channels ablated at different power setting.

The interval of +1 standard deviation of the 16 slices of cross-sectional profiles are shown in yellow

shade.

2.3.4 Examination of the volume of the PeT chamber

We have recently reported on a new fabrication method for multilayer microdevices
using laser printed, cut and laminated (PCL) polyethylene terephthalate with toner-based
bonding[31]. These polyethylene-toner (PeT) devices represent an emerging low-cost
substrate for fast and convenient fabrication using fairly common office or lab equipment;

a number of applications have been addressed with PeT microdevices, including microchip
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electrophoresis[32][33], DNA extraction[34] and centrifugal microfluidics[29]. However,
the volume of the PeT chamber may be subject to variation due to the expansion of the
polyester film during the heat lamination step; this is of particular concern with larger
chambers (>5 mm diameter) that have the potential to deform due to a ‘sagging’ effect in
the capping layer, which ultimately affects accuracy in achieving a desired volume. While
the theoretical chamber volume can be defined by stylus profilometry or SWLI prior to
lamination of the capping layer, there are two obvious limits to this approach. First, these
methods cannot be used to probe a closed chamber. Thus, they provide no information
about the chamber after it has been capped and laminated, and no empirical volume
measurement can be easily made to assure that no feature deformation has occurred.
Second, larger microdevices (e.g., CD-sized centrifugal microfluidic devices) are more
challenging for stylus profilometry or SWLI, as the area that can be probed by these
methods is limited. It is in this respect that the uSCAPE approach addresses a significant

need.
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Figure 2-6 The volume determination of PeT chambers. (A) the cap deformation of a d=2.5mm
PeT chamber (left) and a d=13mm PeT chamber. The curve part of the red dash line in the
cross-sectional cut shows the sum of the deformation of both the floor and the ceiling of the
chamber. (B) The actual volume as the percentage of the designed volume (n=3). (C) The

decreased volume of the chamber versus the radius of the chamber. (n=3)

The 3D profile in Figure 2-6A shows the visualization of a deformed chamber
surface using the uSCAPE approach. Inherent in the optical length (absorbance)
reconstruction is the assumption that the opposing surface is flat. This is certainly the case
when profiling the glass or PDMS channels described in the previous section, where at the
opposite surface of the channel (a glass plate for the PDMS channel or a PDMS plate for

the glass channel) can be assumed to be, indeed, flat. However, in the case of a post-
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laminated PeT chamber, there is possibility for both the capping (ceiling) and base (floor)
layers to be deformed. The reconstructed model shown in Figure 2-6A is actually the sum
of the deformation for both the upper and lower surfaces. While this may not accurately
reflect the ‘true’ inner surface profile of the chamber, the volume determined remains not
affected since it is based on the sum of the total optical length at each pixel within the

microstructure, thus can still be accurately calculated.

The uSCAPE-calculated volumes are given as the percentage of the theoretical
volume expected based on the feature design. Figure 2-6B clearly shows that, not
surprisingly, as the radius of the chamber increases, the deformation (sagging) of the
chamber cap becomes more severe; for the largest chamber in this series, the actual volume
is only ~50% of the volume predicted by design. This trend with volume deviation vs.
chamber size is anticipated since the designed volume is proportional to the square of
radius (") but the decreased volume (what we term the sagging volume) is proportional to

the cubic of radius (r®) (Figure 2-6C and Section 2.3.5).
2.3.5 Theoretical relation between sagging volume and chamber radius

Assuming the one-dimensional expansion of the polyester film under heating is
anisotropic with a constant ratio «, supposing two chambers with radius r1 and rz, then the

ratio of the these two chamber’s new cap areas after the expansion, Ai/A: is:

Ay 2n(r)?’(M+a)®  (r)?

4w rar e D

Assuming the shape of the sagged surface is a spherical cap, then the surface ratio
could also be expressed as:
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Where hi1 and hz are the height of the spherical-cap shaped sagged volume of

chambers. Combining (1) and (2),

n h

(3)

r,  hy

The ratio of the sagging volumes (i.e. the volumes of the concave spherical caps)

of these two chambers is:

s
v, gh1(37”12 +hy?)
Vai Zhy(312% + hy?)

(4)

After proper transformation giving eg.(3), eq. (4) becomes:

=3 (5)

Which shows that the decreased volume is proportional to r3. However for a non-
sagging cylinder chamber with fixed height the designed volume is only proportional to r?.
This explains the trend that the deviation of the volume from the designed volume becomes
larger and larger as the radius of the chamber increases, and the reduced volume is

proportional to the cubic of chamber radius shown in Figure 2-6C.

74



2.3.6 The 3D profiling of array of micro-wells

One of the most appealing features of analytical microfluidic systems is the
potential to exploit small features for higher throughput bioassays, and subsequently
generate large amounts of data. The integration of thousands or even millions of assays on
a single microdevice has been realized by micro well arrays, and a number of diverse
applications have been reported including DNA quantitation[5], [35]-[37], drug

screening[38] and single cell genotyping[39], [40].

To obtain accurate and reproducible results from micro-well arrays, it is essential
to assure that certain critical geometric parameters, like micro-well volumes, are constant;
e.g., in the determination of the DNA concentration by digital PCR[35][5][41]. In large
arrays, it is important to define the well-to-well variation in volume, as well as identifying
‘bad’ wells whose volume exceeds some specifications (i.e., standard deviation) that have
been determined to be acceptable a priori. However, if only inspected by random low-
number sampling of select micro-wells in the large micro-well array, the probability of
identifying the ‘bad’ wells or small-fraction sub-groups is low. This can be solved by a
comprehensive, population level inspection of the entire array. We demonstrate that the
uSCAPE approach allows this to be carried out on micro wells fabricated by two different
methods; conventional HF etching in glass and laser ablation in PDMS. Moreover, the
scanner-based profiling effectively identifies wells in an array that fall outside the accepted

volume standard deviation.
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2.3.7 Comparison of different fabrication methods

The 3D scanner-based profiling of micro-wells involves features that are
significantly smaller than those described in the previous sections. As a result, the
resolution needs to be much higher than 1200 dpi used earlier in the scanning of the PeT
chambers and, specifically in this case, 12800 dpi. Associated with the higher resolution
is an increased noise level, which may mask certain features. In order to improve the S/N
ratio to more effectively reveal the profiles of the micro-wells, multiple scans were carried
out followed by an averaging of the profile. Figure 2-7A&B show the 3D profiles of
micro-wells in HF-etched glass and laser-ablated PDMS, with averaged images resulting
from 1, 4 and 9 scans. It is noteworthy that the surface noise (roughness) of the well profile
in a single scan is too large to correctly reveal the details of the structure, and that multiple

3D scans of each micro-well array were needed to average out the noise. Theoretically,

the average of N scans will give a reduce the noise by a factor of v/N. It is obvious that
the 4-scan-average is much smoother than the single-scan profile, and the 9-scan-average
enhances it further, but without significant improvement relative to 4-scan average.
Therefore, to adequately balance the ‘scanning time’ with the resultant ‘profile quality’, 4
scans is used for analysis. Due to the differences in these fabrication modes, the shape of
the HF-etched glass micro-wells appears to be a basin-shaped structure with a flat bottom,

while laser-ablated PDMS micro-wells shows a cone-shaped pit.
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Figure 2-7. The volume distribution of micro wells in HF-etched glass and laser-ablated PDMS.
Samples of 3D profiles of micro wells in glass (A) and PDMS (B) obtained in single scan, 4 scans
and 9 scans, from top to the bottom. The volume distribution of the glass and PDMS micro

wells is shown in (C) and (D), respectively.

The volumes of 10,000 wells were calculated from the average of four 3D-scan
profiles of the glass and PDMS micro-well arrays (Figure 2-7C&D). For glass micro-

wells, the calculated volumes show a Gaussian distribution with a mean of =0.0880 nL
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and variance of 6=0.0013 nL, while the laser-ablated PDMS micro-wells have a mean of
|=0.0454 nL and a variance of 6=0.0041nL. The apparent reduction in quality of the laser-
ablated PDMS micro-wells might be attributed to the variation of focal distance across the

substrate, and the variation of the output power of the laser pulse.

To further investigate the quality of these two methods, we fabricated micro-wells
under different conditions. For HF-etched glass, we created micro-wells with three
different depths, achieved by simply increasing the etching time (with same designed
diameter of 80 pm), and for laser-ablated PDMS, micro-wells with three different depths
were created by increasing the power output of the laser pulse. Both methods show
increased variance of the volume as the well depth increases, but the coefficient of variance

(percentage of variance/mean) decreases (Table 2-1&Table 2-2, and Figure 2-8).

Overall, the information revealed represents the first comprehensive whole-
population-scale quality assessment of the volume distribution of the micro wells arrays,
which also provides a useful guidance for the selection of fabrication conditions in order

to control the quality of manufacturing.
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Table 2-1. Volume distribution of glass micro wells with increasing HF etching depth

HF etched 6.8 10.9 14.4

depth (pm)

Mean (nL) 0.0482 0.0880 0.1184
Variance (nL) 0.0011 0.0013 0.0014
Coefficient of 2.5% 1.5% 1.2%

variation
Table 2-2. Volume distribution of PDMS micro wells with increasing laser power
Laser power 0.5 1.0 1.5

(%)

Mean (nL) 0.0226 0.0454 0.0684
Variance (nL) 0.0023 0.0041 0.0048
Coefficient of 10% 9% 7%

variation

The distributions of the different volumes of micro wells achieved by either HF

etching or laser ablation is shown in Figure 2-8.
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Figure 2-8. The distribution of different volumes controlled by fabrication processes. (A-C) glass

micro wells with increasing HF etching time, giving depths of 6.8, 10.9 and 14.4um,

respectively. Depths are measured by stylus profilometry. (D-F) PDMS micro wells with

increasing laser power at 0.5, 1 and 1.5% respectively.

2.3.8

Inspection of multiple well types

To demonstrate the detection of systematic volume differences within a well array
we designed and fabricated a 10000-well array with 3 different types of wells: (1) 1000

wells with a design diameter d=70 pm; (2) 8000 wells with design diameter d=80 jum; and
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(3) 1000 wells with design diameter d=90 m. The volumes associated with the 10000
array wells appear as three well-resolved distributions at 0.065, 0.08 and 0.095 nL,
respectively (Figure 2-9A). In addition, we plotted a volume versus half-depth-area
scatterplot in which three distinct groups are obvious. In order to ‘type’ each well, we used
a K-means clustering algorithm commonly used in data mining to assign each well to each
group. The spots in the scatter plot were classified into three groups, each corresponding
to one of the types of wells we designed (Figure 2-9B). The accuracy of the classification
is shown in Figure 2-9C with only 22 misclassified wells out of a total of 10000 wells.
This result demonstrated that the scanner-acquired full-size 3D profiles can be used to
detect systematic differences of sub-groups in a micro-well array, and accurately

categorized the well types.
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Figure 2-9. The detection of multiple well types in a single 10000 micro-well array. (A) The
volume distribution of the three types of wells in the array. (B) The three clusters classified using
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and so forth). The summary of the result of the classification is shown in (C).
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2.4 Summary

We have established a scanner-based profilometry method for the examination of
micro-structures. The reported method is based only on a two-hundred dollar office
scanner and features relatively large inspection area at level of 2000 mm? with ~2pm
resolution at maximum. Using this method, we demonstrated (1) the inspection of the
longitudinal cross-sectional variation of laser-ablated PDMS channels; (2) the actual
volumes in sagged PeT chambers after lamination for CD-sized centrifugal microfluidic
devices; (3) the examination of micro well arrays’ volume distribution fabricated by
different methods as well as the multiple subgroups of micro wells in a single array. Some
of these inspection tasks have revealed unprecedented quality assessment either in whole-
population scale (micro well array) or in large inspection area (PeT chambers). The flatbed
scanner based profilometry has been established as a low-cost, user-friendly and high-
inspection-FOV method for the quality assessment of various types of transparent,

enclosed microstructures.
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Chapter 3. Laser-ablated microdevice for passive flow
control and finger-driven dispensing of multiple

reagents

3.1 Overview and Introduction

The accurate manipulation of low (nanoliter to microliter) volume of fluid is an
evolving art in microfluidics. To control the direction of fluid and the flow rate, active
microscale valves are routinely employed. While a variety of mechanical valves exist, the
use of ‘normally-open’[1] or ‘normally-closed’[2] PDMS check valves is common, and
these have led to large scale integrated microfluidic devices[3] and integrated ‘all-in-one’
microdevices[4,5]. However, the control of pneumatic check valves require external
pressure sources and often sophisticated electronic systems, which can have a relatively
large footprint, limiting the use of microfluidic devices to the laboratory. To broaden the
impact of microfluidic analytical devices, more portable and less expensive on-chip flow
control strategies are needed; such advances will make the devices more accessible to a
broader range of users, notably those focusing on the development and implementation of

point-of-care diagnostics.

In contrast to actively-controlled valving, passive flow control is markedly less
complicated and reduces the need for external hardware, as there is no need for the external
pressure control of the deformable flap membranes. Passive valving techniques such as

abrupt capillary valves[6]-[9] and hydrophobic patch valves[10]-[12] have been shown to
88



open when the inlet pressure exceeds a ‘burst threshold’ defined by the geometry and
surface properties, and remain closed when the inlet pressure is beneath the threshold.
However, many applications require valves that enable a broader range of activation
pressures and/or extremely different activation pressures for each flow’s direction. Flap or
membrane-based fluidic diode are promising examples of such valves, and have been
fabricated from silicon, metals, parylene or SU-8 for various applications, especially in
combination with micropumps[11,12]. As a result of its elasticity and simplicity of mold-
based fabrication processes, silicone has emerged as the leading material for fluidic diodes:
for example, Santra et al. developed a fluidic diode-based micropump using silicone[15],
while Adams et al. reported an all-PDMS fluidic diode with a vertically hanging flap to
prevent backflow[16]. Using the same diode structure, Iwai et al. developed a finger-
powered cell encapsulation system[17]. Leslie et al. used PDMS membrane-capped fluidic
diodes to rectify the flow in the frequency-specific flow switching[18], while Mosadegh et
al. reported automated oscillatory flow switching using three-layer PDMS flap fluidic

diodes[19].

A fundamental operation critical to the function of microfluidic devices is the
precise metering and dispensing of solution, or combinations of solutions in a desired ratio.
This has been achieved by active manipulation of a series of check valves that require
multiple, independently-controlled pressure sources, and/or complicated logic
operation[20]-[24]. In contrast, by taking advantages of modified Mosadegh’s three-layer
fluidic diodes, Li et al. constructed a fluidic circuit that could be driven by finger pressure
to achieve the metering and delivery (MaD) of liquid solutions[25]. However, in the

reagent metering stage, the design described requires finger actuation at independent
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pumps for each reagent, and the arrangement of the fluidic paths, as well as the work flow,
were still relatively complicated; this limits the extrapolation of this fluidic circuit to other

multi-reagent applications.

Although PDMS-based fluidic diodes have demonstrated value in enhancing the
functionality of microfluidic systems, fabrication and assembly of a fluidic diode remains
relatively complicated and time-consuming. This is primarily due to the thin layer PDMS
flap that requires spin-coating, photolithography, molding and polymer curing[16]-[19],
[25]. In comparison with conventional soft-lithography based fabrication techniques, laser
ablation-based micro-machining is gathering increasing attention because of its markedly
faster prototyping speed, lower labor cost and higher level of automation[26]-[29]. The
conditions for laser ablation of PDMS have been previously discussed by Liu et al.[29] and
Forgarty et al.[30], and various laser-ablated PDMS structures have been reported by

several other research groups[31]-[35].

With the present work, we report a fluidic diode structure partially fabricated in
PDMS by laser-ablation. The basic structure of the fluidic diode is similar to that reported
previously[19]; however, the flap membrane and controlling chamber are created by
single-step laser ablation of a monolithic commercially-available PDMS film, followed by
bonding with glass. We incorporate the laser-ablated fluidic diode into a ‘finger-driven
microdevice’ that carries out precise metering and delivery of reagents. In comparison
with the previously reported microdevice[25], this finger-driven system is more accurate
in fluid delivery, and the fluidic circuit architecture can be modularized to allow for
structural expansion to create a multi-reagent meter-and-deliver (MaD) system. This is

demonstrated by the dispensing of: (1) two reagents for colorimetric quantitation of protein
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solution, and (2) four reagents needed to create a mixture for the enzyme-mediated DNA
amplification (PCR) in a manner comparable to conventional pipette-based reagent

dispensing.

Furthermore, as an extension of the MaD fluidic circuit, a proof-of-concept finger
driven serial diluter fluidic circuit is designed and tested with some preliminary results

shown in the last part of this chapter.

3.2 Materials and Methods

Unless otherwise specified, all reagents are from Sigma Aldrich.

3.2.1 Fabrication of glass-PDMS-glass (GPG) microfluidic device

Features in PDMS layer was designed using CorelDraw 10.0 and then engraved by
VersaLaser VLS 3.50 with 50W CO- laser source (Universal Laser System Inc.), into either
a 290pm (for diode and metering chamber) or 1.5mm (for finger pump) thick commercial
PDMS film (Rogers Corp.). The diode flap was formed by partially ablating the PDMS
film, and the metering chambers were created by complete cutting-through in the same
film. After brief sonication in ethanol to remove ash and residue, the PDMS layer was
dried and the geometry of the feature was characterized by examination of their cross-

sections under microscope.

The glass bottom layer of the microdevice was fabricated using conventional
photolithography and HF etching. The mask was designed using AutoCAD and then
manufactured in photographic film in high resolution (Fineline Imaging, CO). Borofloat

glass plate (Telic, Valencia, CA) pre-coated with photoresist and chrome layers was etched
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by HF solution (HF/HNO3:200/30 (v/v)) after UV exposure, development and removal of
the exposed chromium layer. The photoresist and chromium remaining on the plate were
removed completely after the etching. The diode valve seats were protected using dilute
photoresist, and then bonded with the PDMS layer using a conventional plasma bonding
technique. Protected photoresist was removed by ethanol flushing after PDMS recovery.

(Figure 3-1)

3.2.2 Determination of the open pressure

An empty 100 pL syringe (Hamilton) was connected with a flow chamber that has a diode
in the inlet channel (Figure 3-2). Initially the system (syringe, fittings, tubings, channels
and flow chambers) were filled with air at room temperature. We used a camera to record
the infusion of the liquid into the flow chamber. We used a syringe pump (neMESYS
Syringe Pump, Cetoni) to start pulling the syringe at a fixed flow rate, so that the volume
of air in the system as well as the inner pressure of the system can be calculated at a given
time point (detailed discussion in 3.3.3). The opening pressure (defined in 3.3.2) was

experimentally determined at the time point when solution started to infuse.
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Figure 3-1. (A) Fabrication of a laser-ablated fluidic diode, together with other essential
components (inlet, metering chamber and finger pump) fabricated in the same finger-driven
microdevice (these structures are not in scale). The movable flap of the fluidic diode is laser-
ablated in a single PDMS film and sandwiched by a valve seat layer (glass) and a top plate
(glass). (B) Fluidic diode-enabled one-way liquid flow in a finger-driven fluidic circuit. Liquid

flow is only permitted from the inlet through the diode under forward pressure.
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Figure 3-2. Settings for open pressure and flow profile determination

3.2.3 Design of the MaD micodevice and assembly

The basic structure and stepwise function of a finger-driven MaD circuit is shown
in Figure 3-3. In the first stage, air in the finger pump is expelled from the device by finger
pressing that deforms the PDMS plate of the pump. In the second stage, after releasing
one’s finger, the deformed PDMS will relax to its initial state and draw solution into the
metering chamber. After the complete filling of the metering chamber the excess liquid
enters the pump but does not completely fill it, because the replaced air from the metering
chamber is drawn into the pump and stored together with the remaining air from the
preceding stage. In the third stage, the finger pump is depressed again, and the remaining
air stored in the pump will replace the solution in the metering chamber until all metered
solution is completely discharged into the outlet, with the excess liquid still in the finger
pump. Release the finger when the discharge completes and the metering stage will start

again, so this cycle of operation can function repetitively.

94



Finger 1 Activation 2 Metering 3 Discharging

0 O o &8
1
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is accomplished using two sequential finger compressions in three steps.

3.2.4 Determination of volume metered and delivered

All pipettes used were calibrated before the experiments of 3.2.4-3.2.7. Blue dye
solution was prepared using erioglaucine at concentration of 6 mM in 1X Tris-EDTA
buffer (pH 7.5), Approximately 20 pL of blue dye solution was pipetted into the inlet
reservoir and metered in a series of metering chambers varying in volumes from 0.15 pL
to 9 pL. The solution reaching the outlet reservoir was pipetted out and be diluted to 500
ML using 1X Tris-EDTA buffer (pH 7.5). Diluted solutions were then analyzed by UV-
Vis spectrometer (Shimadzu) at 427 nm to determine the delivered volumes. Standard
series was prepared by pipetting the 6 mM erioglaucine solution at the designed volumes

of the metering chambers each into 500 i 1X Tris-EDTA buffer (pH 7.5)
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3.2.5 Determination of the mixing ratio of the dmultiple solutions delivery

Erioglaucine, tartrazine and allura red solutions were prepared at concentrations of
6mM, 15mM and 30mM, respectively, in 1X Tris-EDTA buffer (pH7.5). Dye solutions
as well as 1X TE buffer (pH7.5) were metered in specific volumes and delivered to mix. 5
L of the delivered mixture of the four solutions was pipetted out and diluted to 500 piL by
1X TE buffer (pH7.5). Diluted solutions were then analyzed by UV-Vis spectroscopy
(Shimadzu) from 300nm to 700 nm to determine the overall absorbance spectrum, and then
the fraction of each solution was calculated by their extinction coefficient matrix using the

procedure previously described by Leslie et al.[36] (detail is discussed in 3.3.7)

3.2.6 Colorimetric test of protein solution

A commercial protein quantitation kit, Coomassie Brilliant Blue G(CBBG) solution,
was used to demonstrate the delivery of two reagents for a rapid quantitation of total protein
concentration. Equal amount of CBBG and Bovine serum albumin (BSA) solution (12.5,
25, 50, 100, 200pg/mL) were metered, delivered and mixed either using a pipette or the
finger driven microdevice. Mixed solutions were placed in room temperature for 1min for
complete chromogenesis and then pipetted into a 290 m high GPG chamber and get
scanned (Epson Perfection V100 PHOTO, Epson). Scanned images were analyzed using
ImageJ and the saturation values were used to quantitate the concentrations of the protein
(section 3.3.8). To avoid adsorption of the CBBG on the surface of the glass, before each
MaD procedure, all metering chambers were pre-loaded with CBBG then aspirated to get

air dried.
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3.2.7 Preparation of the polymerase chain reaction (PCR)

A commercial PCR kit (AmpFLSTR® Identifiler® PCR Amplification Kit, Life
Technology) for amplification of short tandem repeats (STR, tetra- and penta-nucleotide-
long repeating sequences) at 16 different loci in the human genome was used to assess the
biochemical compatibility and performance of the finger-driven microdevice. Briefly, 2
L of Tag Gold polymerase, 15 L of standard DNA, 15 pL reaction mix and 15 pL of
DNAse-free distilled H>O were added to their corresponding inlet reservoirs prior to the
operation. A total volume of 25 pL of the mixture was dispensed after three cycles with
the finger-driven MaD of each solution in their specific needed volumes (Table 3-1).
Prepared PCR mix was run in a thermal cycler (Bio-Rad) and the amplicons were analyzed

by capillary electrophoresis (ABI 300, Applied Biosystems).

3.3 Results and Discussion

3.3.1 COz2 laser ablation of PDMS

In order to control the depth of laser ablation in PDMS, both the scan speed and
power of the CO; laser were adjusted[32]. We maintained a constant laser scan speed and
varied the power in order to achieve an ablation depth that fully covers the thickness of
PDMS film (Figure 3-4). The floor and wall of the ablated channels were rough compared
with that of cured PDMS using an SU-8 mold. This is, however, of no consequence to the
bonding and performance of the diode, because only the non-ablated PDMS surfaces are
in contact with the glass valve seats and cover plate. The trapezoid-shaped cross-section

of the channels with a width gradient was consistent with the cone-shaped cross-section of
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COz laser cutting line[29]. This indicates that the Gaussian-shape of the focused laser
beam and the width expansion of ~75 pm on each side at the top of the cone defines the
spatial resolution of laser ablation. At a fixed scan speed, the ablation depth in the PDMS
film is linear with respect to the laser power. The linear relationship between depth and
power is consistent with previously reported work[29][30][32] and implies that the depth
of ablation can easily be controlled by simply adjusting the power input of laser ablation.
A minimum power threshold of ~2W was required to initiate the ablation. For consistent
flap thickness that has less than 10% variation, a 60 jum thick PDMS flap was fabricated

by engraving down 230 pm in the commercialized film.
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Figure 3-4. Laser ablation in PDMS film. (A) engraving depth of laser ablation in PDMS versus laser

power (n=6). (B) cross-sectional views of laser-engraved PDMS channel at laser power = 4W.

3.3.2 Opening pressure of the fluidic diode

A functioning fluidic diode should be able to open under forward pressure. We
define the pressure required to open a fluidic diode as the ‘opening pressure’ (OP).

Investigation of the OP is critical in understanding whether a human finger can provide
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adequate pressure to open a fluidic diode and drive flow. We experimentally determined
the OP for different thickness of the flap of a fluidic diode and the trend shows that the OP
increases as flap gets thicker (Figure 3-5A). The increased opening pressure reflects the
increased energy required to deform the flap and delaminate the PDMS from the glass

valve seat.

For the flap thickness used in the finger-driven MaD circuit, 60 um in this case, the
threshold OP is ~9 kPa. The finger pressing, and the relaxation of the PDMS upon release,
provide the driving pressures for the discharging and metering flow, respectively. In order
to open the diodes to initiate flow, those two pressures should be higher than the OP. The
force that can be applied by a human finger is gender-dependent and ranges from 35-60
Newtons (N) for a male and 21-36 N for a female[37]. Therefore, the force applied by the
weakest human finger on our finger pump (area = 50 mm?) generates a pressure of

~420kPa, which is two orders of magnitude higher than the fluidic diode’s OP.

3.3.3 Resistance of the Fluidic Diode in the Open State

The resistance of the fluidic diode is studied though both simulation and
experiments. A 3D simulation of the fluidic diode in the open state was done using
COMSOL Multiphysics®. The fluidic diode in simulation is under forward pressure
wherein flow is permitted through (Figure 3-6A). The simulation shows the deformation
of the flap as well as the flow of the liquid, and the deflection of the flap increases as the
pressure difference (AP) increases (Figure 3-6B), which reduces the resistance of the

fluidic diode due to the creation of an enlarged flow passage.
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Experimentally, the resistance of the fluidic diode is extracted from the flow profile
after it is opened. The flow chamber and connection set-up are shown in Figure 3-2. A
fluidic diode is located in between the inlet reservoir and the flow chamber. Initially a drop
of erioglaucine solution is placed in the inlet reservoir and then we start drawing by a
syringe pump at a fixed flow rate. The inner pressure p changes as the syringe progresses

with following relation:

Vo
p() =poy, +m) =Poyar 1)
wherein Vg is the initial total volume of the system and V is the volume that has been drawn

into the syringe on time point t at fixed flow rate g. pO is the initial inner pressure (1 atm).

At closed state, the pressure difference across the fluidic diode is:
Ap = po — p(t) (2)
When Ap is over the open pressure threshold popen, SOlution begins to flow in and we

stop the syringe pump immediately. After that point, the inner pressure changes as:

Yo

wherein V1 is the volume that has been drawn into the syringe when it stops, and V’(t) is
the volume of liquid that has flown into the chamber and can be determined from the video
at each time point.

The overall resistance of the liquid flowing is then calculated as:

av'’ ()

— dt
k= p(t) )
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dav'(t)
dt

where is determined from the plot of V’(t) versus t. Because the resistance of flow

chamber and the air-filled downstream channel are much smaller than that of the liquid
filled connecting channel and diode, the measured resistance is dominated by the incoming
channel and diode. We minimized the incoming channel’s resistance so that the resistance

change of the fluidic diode versus pressure can be shown in the overall resistance profile.

The relationship between fluidic resistance and pressure difference shows a trend
of decreasing resistance with increasing AP (Figure 3-5B). The resistance reaches a stable
level that represents the baseline resistance of the upstream and downstream connecting
channels and a fully-opened diode. As the pressure decreases, an opened diode will
approach the closed state, and the fluidic diode enters a bi-state transition stage wherein it
is sensitive enough to be switched between the open and closed states by small perturbation,
generating unpredictable discrete flow. This is reflected in the markedly increased
resistance and associated variation when the AP is lower than 4 kPa, the point that we

define as the threshold pressure for an already opened fluidic diode to remain open.
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Figure 3-5. Fluidic characteristics of the fluidic diode. (A) Open pressure of fluidic diode at

forward direction versus flap thickness. (n=3) (B) Relationship between fluidic resistance and

pressure difference across the fluidic diode. (n=4)
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Figure 3-6. 3D Simulation of an open fluidic diode. (A). 3D simulation of fluidic diode in open

state showing the flow rate distribution; (B): the maximum deflection of diode flap versus

pressure difference
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3.3.4 A fluidic diode-based finger-driven MaD process

The fluidic diodes are used in a finger-driven microfluidic circuit, and the expected
MaD process was successfully demonstrated (Figure 3-7). In the metering stage, no
introduction of air was observed through the closed diode and, in the delivery stage when
finger pressure is applied to the pump, no air was pushed out back to the inlet. The entire
process associated with a single MaD cycle was complete in 20 sec, and multiple cycles

(n=3) could be done consecutively.

I
l
!

F|UIdIC

diode Inlet

Figure 3-7. The MaD process in a finger-driven microfluidic chip. (A) The photo of the
microfluidic chip with labels of the microfluidic components. (B) stepwise snap shots of the

MabD process, from step 1 to step 2 corresponding to the steps in Figure 3-3
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3.3.5 Precision and accuracy of the MaD process

During the metering process, the internal pressure of the system is lower than the
ambient pressure and, thus, the floor and ceiling of the metering chamber may experience
significant deformation if not rigid enough, which may inconsistency and error in the
metered volume. To minimize such problem, we used a glass-PDMS-glass sandwiched
structure to provide a much more rigid chamber floor and ceiling than those provided by
an all-PDMS system. The consistency of the metered volumes (Figure 3-8, R?=0.99995,
3% standard error) was markedly better than previously reported in an all-PDMS finger-

driven microdevice[25].

The slope of the correlation in Figure 3-8 shows that the volume of the solution discharged
into the outlet after MaD is ~3.9% less than the designed values. However, we did not
observe any residual solution left in the metering chamber after the discharge. We attribute
this deviation to the roughness of the PDMS side-wall of the metering chamber. It is
possible that microscale ‘hydrophobic pockets’ may form at those concave sites during the
infusion of aqueous solution, and a very small fraction of air is trapped, decreasing the
amount of solution that is actually metered. Although this error is caused by the intrinsic
hydrophobicity of the PDMS and it is difficult to be eliminated, the deviation is still

comparable with the average error of a 20 UL micropipette.
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Figure 3-8. The correlation between the actual MaD-ed volumes and the designed volumes

ranging from 160 nL to 9 uL (n=3).

3.3.6 MabD of multiple reagents

The single finger-driven MaD circuit can be extended to achieve the MaD of
multiple solutions without increasing the number of finger-actuated pumps. To
demonstrate this, we fabricated a fluidic circuit with four MaD units each having a
corresponding inlet and metering chamber with a desired volume, and connecting to a
single common outlet in series (Figure 3-9A). In a single MaD unit, only a type | diode
(Mosadegh et al. [19]) is needed to prevent back-flow. In the dispensing of multiple
reagents, however, type Il diodes (Leslie et al. [18]) are required. The function of type Il
fluidic diode is to prevent cross-flow from either side between two adjacent MaD units
during metering. Four solutions were used, three containing dyes [allura red (red),

erioglaucine (blue), tartrazine (yellow)] and a fourth colorless buffer (1X TE, pH 7.5), to

105



test the ratio of components in the final delivered mixture. The red, blue, yellow and
colorless solutions were drawn into circuits having volumes of 0.15, 1.65, 3.2 and 3.3 |,
respectively. The significance of these volumes will become apparent in a later section.
The requisite initial concentration of each dye solution was calculated based on their
volume ratio during the preparation so that they have minimum overlap in spectrum and

all dye solution’s absorbance peaks could be well resolved.
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Figure 3-9. MaD of mutiple reagents on a finger driven microdevice. (A) The structure of a
multiplexed MaD circuit by serial connection of multiple single MaD units. Two types of diodes
are shown in both top view and cross-sectional view. (B) A step-wise schematic showing a
fluidic circuit with N stackable MaD units for the MaD of N different reagents. Colored arrows

represent different reagent flows during metering, and grey arrows represent the air flow

during delivery.
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3.3.7 Determination of the actual volume ratios of the dye solutions in the MaD-ed

mixture

After all of the metered solutions were delivered to the outlet reservoir, a fraction

(5 pL out of 8.3L) of the mixture was pipetted out for spectral quantitation and volumetric

calculation. To determine the volume of each dye solution in the mixture, the matrix of

the extinction coefficients of dye solutions is used[36],

[gt,ltb €aath  Eeach ET,Atb] Ct Ay
|€t,Aab ga,)tab ge,)tab 'ST,/labl Cal| _ AAa
lgt,)leb ea,)leb ge,Aeb gT,)leb| Ce A/'le
eearb  Eqparh  Eoarb  erprbllT Ajr
or
[gt,ltb Eaath  Eeath ST,Atb] CeoVex/V Ayt
|€t,Aab ga,lab Ee,lab gT,/labl CaoVax/V _ Aja
|5t,/19b sa,/leb ge,)leb ET,/lebl CeoVex/V Aje
earh  gqarb  €oarb  erprblleroVrx/V Axr

(%)

(6)

The subscripts t, a, e, T represent tartrazine, allura red, erioglaucine and TE,

respectively. cmois the original concentration of the stock solution of dye m; Amis the peak

absorption wavelength of dye m; &x, .m i the extinction coefficient of dye n at the dye m’s

peak absorption wavelength Am. For example, &s, ;¢ IS the extinction coefficient of tartrazine

at the peak absorption wavelength of erioglaucine, 629nm, which is 0. V is the total volume

of the mixture after delivery and Vmx is the dispensed volume of dye m which is the

unknown parameter to be solved. V is the sum of all Vmx. Aun is the overall absorbance of

the mixture at Am. In this set
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To minimize the overlapping of the spectra of different dye solutions we only used
3 types of dye and the fourth reagent is TE buffer. However, because TE buffer is
transparent so the last column of the coefficient matrix is zero and this set of simultaneous
equations doesn’t have a definite solution. By draw and dilute a 5 pL aliquot of MaD-ed
mixture rather than all of it, we introduce another linear independent equation into this

equation set:

[Et,M,b Eaa1,b  €ea1,b 5T,A1,b] CeoVex/V Az
|ea2b  €aa2b  €eazb  Erazb||caoVux/V _ Az )
|€t,13,b Eqa3b  Eeazb ST,AB,bl CeoVex/V Ajs

Vicww V/caw V/ceo V/erodleroVex/VI  Waiiquot
where Vaiiquot IS the volume of the mixture drawn out from the outlet reservoir by pipetting.

By doing so this set of equations has a definite solution and all Vmx can be calculated

given a mixture’s spectrum as well as all other known parameters.

Figure 3-10A&B show the overall spectrum of the standard reference and the
mixture, respectively. The ratios of all four solutions are compared between the
microdevice-prepared mixture and the pipette-prepared mixture (Figure 3-10) and the

difference is determined to be less than 6%.
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Figure 3-10. The accuracy of finger-driven multi-reagent MaD process. (A) The spectra of the
reference mixture containing three different dye solutions at the desired ratio. (B) The
comparison between the spectrum of reference mixture and the on-chip metered and delivered
mixture with the range shown in green (n=3); (C) Comparison between the ratio of components

in the MaD-ed mixture and standard reference

Unlike the previously reported finger-driven microdevice[25], the MaD circuit we
designed highlights the key benefit of a simplified manual operation as well as the structure
with the ability to meter multiple solutions from different reservoirs using only one single
finger pump. The advantage comes from the feature that the metering of multiple solutions
is accomplished in parallel by a single action of finger pressing/release and the delivery

path is connected in series. This means that these MaD circuits are mutually independent

109



but, more importantly, structurally “stackable”, giving the design the potential to be

expanded for the MaD of larger number of reagents (Figure 3-9B).

3.3.8 Colorimetric quantitation of protein on finger-driven microdevice

A potential application of the finger driven microdevices is to provide platforms for
point-of-care diagnostics where sensitive, simple and rapid tests are highly desired. Total
protein concentration in body fluid is a significant indicator of health conditions, and
convenient monitoring of protein level is of great significance in the prevention and early
treatment of malignant diseases such as uremia. We transplanted a CBBG-based rapid
colorimetric test of protein onto the finger driven microdevice and used a home scanner to

detect the signal intensity.

CBBG-protein solution was incubated for 1 min and then the scanned raw image
(Figure 3-11 upper panel) was converted to into HSB space (Hue, Saturation and
Brightness) (Figure 3-11 lower panel). The saturation value in unit of grayscale is

measured and correlated with protein concentration, using water as background.
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Figure 3-11. Image of the CBBG-protein solution shown as raw scanned file (upper) and in the

saturation scope of HSB space (lower)

The saturation values of the scanned images of CBBG-protein solution in the
detection chamber is linearly correlated with the logarithm of protein concentration in
pg/mL (Figure 3-12A). A comparison between finger-driven microdevice and pipette in
guantitation is shown to have less than 3% difference (Figure 3-12B). The range of
detection covers the normal range of the concentration of total protein (20-150 pg/mL) in

urine[38].
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Figure 3-12. Colorimetric quantitation of protein using CBBG. (A) The calibration curve of BSA
standard solutions from 12.5 to 200 ug/mL(n=3); (B) The comparison between the protein

concentrations determined by pipetting and finger driven MaD(n=3).

3.3.9 Preparation of the PCR mixture on finger-driven microdevice

Having used dyes to demonstrate that metering of architecture-defined volumes
was possible, we sought to demonstrate the accurate preparation of a biologically-relevant
mixture. The polymerase chain reaction (PCR) is an enzyme-mediated amplification of
select sequences of DNA in a reaction mixture that is cycled through temperatures which
facilitate the denaturing of the template DNA (94 <C), annealing of primers (~60<C) and
enzymatic synthesis of copies of the sequences (72°C). The composition of this ‘mixture’
is important to the PCR chemistry and becomes increasingly so when multiple sequences
are synthesized at the same time (multiplex PCR). The mixture that is thermally-cycled
contains 4 different reagents - the polymerase (a), the primers (b) the PCR reaction mix (c)
and the DNA template (sample) (d), with the a:b:c:d ratio varied slightly from PCR to PCR.

Significant deviation from these relative ratios, especially on (c), can adversely affect the
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efficiency of the PCR because the PCR reaction mix contains dNTP and Mg*? and the

efficiency of the PCR amplification is particularly sensitive to slight changes in [Mg?*].

The model PCR system we chose is a multiplex PCR that amplifies short tandem
repeat (STR) sequences from 16 loci in the genome for use in human identification. With
each loci having the potential to present one or two different STRs, for any given sample,
anywhere from 16 to 32 DNA sequences are amplified. The STR amplification is a finicky
one, being very sensitive to the mass (pg) of DNA template (d) supplied, and the volume
of PCR reaction mix (c) added. The a:b:c:d ratio required for the STR amplification is
1:11:21:22 (Table 3-1). As such, this represents a reasonable system to test the

effectiveness and the biocompatibility of the finger-driven microdevice.

Taq Gold Primers Reaction Standard DNA (or
Polymerase mix sample DNA)
Volume needed per 0.45 5 95 10
run in a tube
Dispensed volume 0.15 1.65 3.2 3.3
per MaD cycle

Table 3-1 Essential reagents in AmpFLSTR® Identifiler® PCR Amplification Kit and their optimal

volumes (unit: ulL)
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Using the chip design and chamber combination that was described and validated
in previous section 3.3.6, reagents were added to the microdevice, metering and delivery

carried out, and the results are shown in Figure 3-13

Three consecutive cycles of metering and delivery of combinations of reagents gave
a total volume of 25 pL within 2 min. The correlation of peak area of all 16 loci between
conventional pipetting-prepared PCR and microdevice-MaD-prepared PCR is close to 1,
proving that the biochemical reagents, especially those bio-macromolecules such as DNA
and polymerase were not affected after going through the microdevice, and the PCR results

are similar to those by the conventional method.
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Figure 3-13. PCR results prepared by finger driven microdevice. (A) The electrophoretic STR
profile of standard female DNA showing all 16 loci. The reaction mixture was prepared by the
finger-driven microdevice; (B) Correlation of peak areas between pipetting-prepa

3.3.10 Finger-driven serial diluter: concept, design and test

Serial dilution is one of the most commonly used liquid handling techniques in

biochemical assays which can dilute a solution from its original concentration to much
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lower levels in only a few repeating steps. The general idea of serial dilution is quite simple,

which only requires the cycling of common dilution operations.

The on-chip realization of the serial dilution process has been presented by several
other groups and the reported microfluidic structures can be generally categorized into two
types: (1) active dilution: valve-controlled dilution cycles containing steps of metering,
mixing and fractionation[21]; (2) passive dilution: fluidic resistance-controlled,
hierarchical steps of diffusive mixing and fractionation in a ladder-structured microfluidic
circuits[39]-[41]. The limitation of the active serial diluter is that they require external
pressure sources and controlling components to control the on-chip check valves which
significantly reduce the portability of the microdevice, while for the passive serial diluters
they require a continuous, stable flow to ensure a desired concentration gradient, which

also requires external equipment such as syringe pumps.

In the work shown below, we present a proof-of-concept novel design of a finger-
driven serial diluter and some preliminary test results of the microdevice. The finger driven
serial diluter avoids the disadvantages of both types of serial diluters introduced above and
performs serial dilution at arbitrary diluting ratios. It also exploits the power of the fluidic
diodes to passively manipulate the direction of flow so that it doesn’t require external
components for valve control, and since the dilution is not based on diffusion in laminar
flow, the condition of a continuous, consistent flow is not required. The concept of the
work flow and the schematic design of the microdevice is shown in Figure 3-14 and the
operation of the microdevice is illustrated in Figure 3-15. The basic cycle of the serial
dilution consists the metering and delivery of both solvent and the reagent solution. The

metering of both solutions are conducted simultaneously , and by adjusting the fluidic
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resistance of the metering pathways the velocity of the flow in the reagent pathway is
designed to be slower than that in the solvent pathway’s, so the metering chamber for the
reagent solution is filled up later than the solvent metering chamber. Once the metering
chamber for the reagent solution is filled up (at that point the solvent metering is already
done), the delivery starts immediately by pressing the finger pump again. The metered
solvent is delivered to the reagent inlet reservoir where it is mixed with the left-over aliquot
of the reagent solution and dilute it, while the metered reagent solution is delivered to a
collection tube through a tubing connection. When all solutions are fully discharged,
release the finger pump to enter the next cycle which starts from the metering of the solvent

and the diluted reagent solution from the inlet reservoirs.

The serial dilution process described above can achieve different diluting ratios
using the same microdevice because the diluting ratio is determined by the volume ratio
between the left-over aliquot and the metered volume of the solvent solution, and the
volume of the left-over aliquot is determined by the subtraction of the metered volume of
the reagent from the initial volume of original reagent solution added to the inlet reservoir.
For example if the volumes of the metering chambers of reagent and solvent are both 10 L,
and 12 L of the original reagent is added to the inlet reservoir, then 2 pL is the left-over
volume after the metering of the reagent and will be further diluted by 10 piL of the metered
and delivered solvent, resulting a 1/5 dilution as the new starting reagent solution with the
volume of 12 pL again for the next cycle. Similarly by simple calculation if the starting

volume of the reagent is 20 L then the diluting ratio will be 1/2.
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Figure 3-14. Serial diluter from concept to design. (A) Concept of the serial dilution procedure
and (B) the design of a finger driven serial diluter based on the concept of serial dilution,

containing two set of MaD circuits for the solvent and the reagent solution respectively.
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Figure 3-15. The diagram showing the process of serial dilution on the finger-driven
microdevice. The path of the reagent solution is in yellow or green; the path of the solvent is

in blue; and the air path is shown in black. The closed pathway is in grey color.

The microdevice also features a sandwiched GPG structure and the fabrication
process is similar to the previously described in section 3.2.1. The snapshots of the video
of the finger-driven serial dilution using the microdevice is shown in Figure 3-16. Blue
dye solution (erioglaucine) was used to show the progress of the dilution. It is obvious that
the color is becoming lighter and lighter as the dilution process cycles though. Using the
same method described in section 3.3.5 the accuracy of the finger-driven serial dilution is

determined and the comparison of the result with that of the pipette-generated serial
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dilution shows that the finger-driven serial dilution is comparable with pipette generated

serial dilution (Figure 3-17).

Initial activation Metering Delivery & mix

To collection
tube

Figure 3-16. The snapshots of the video showing the functioning of the finger driven serial
dilution. Three cycles of the dilution process are shown. The blue and white arrow in the first

cycle indicate the direction of the flows of the dye solution and the buffer solution, respectively.
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Figure 3-17. Comparison between finger driven serial dilution and pipette-generated serial
dilution (n=3). The serial dilution is performed at diluting ratio of 1:2 (left) and 1:5 (right) using
same design of the microdevice. Until the most diluted concentration of the dye can’t be
detected in the spectrometer 4 cycles of dilution have been performed in the 1:2 serial dilution

and 2 cycles of the dilution have been performed in the 1:5 serial dilution.

3.4 Summary

We used CO- laser ablation to assist the fabrication of the flap structure of glass-
PDMS-glass (GPG) hybridized fluidic diode. The flap membrane was created by laser
ablation in commercial PDMS thin films with controllable thickness, which circumvented
the time-consuming spin-coating/curing procedures that are commonly used in the
fabrication of PDMS membrane. A novel finger-driven microdevice that can meter and
deliver multiple solutions is constructed based on the passive flow control of the fluidic
diodes, and the accuracy of the MaD on chip was proven to be comparable with pipetting.

Its utility was demonstrated through preparation of a simple colorimetric test for protein
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quantitation, and preparing a master PCR mix from four essential reagents. The basic
structure of the MaD circuit can be easily multiplexed to achieve the MaD of a number of
reagents without additional manual operation. Also the MaD structure can be used to
construct a finger-driven serial diluter which can conduct serial dilution at arbitrary diluting
ratios with comparable performance versus pipetting. Our prototype provides a manually
drivable, highly portable and precise reagent dispensing platform for potential use in point-

of-care applications.
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Chapter 4. Bead-Assisted Acoustic Differential Extraction of
Sperm Cells in Dilute Samples for Potential

Forensic Analyses

4.1 Introduction

Genetic analysis has been well established to be a powerful tool in human
identification in terms of its high accuracy and specificity[1][2]. To obtain an
unambiguous short tandem repeat (STR) profile, individual’s biological sample has to be
purified that avoids interference from other donor’s DNA. In sexual assault (SA) cases
evidence samples, usually in the form of vaginal swabs, contain both female epithelial cells
and sperm cells. Accurate STR identification of male perpetrator requires separation of
sperm cells from female DNA through differential extraction (DE), a commonly used
technique in which female epithelial cells are first preferentially lysed while sperm cells
remain intact due to their resilient membranes to proteinase, then separated from female
DNA after several steps of wash, centrifugation and supernatant removal[3][4]. Although
well-established, DE still remains one of the most time-consuming steps in the sample
preparation of SA analysis, leading to significant backlog of SA evidence[5]. Extensive
liquid handling in DE also hinders the automation of the procedure, raising the risk of

human errors, contaminations and inefficient removal of female DNA.

Recent studies on microfluidic devices provided alternative methods for cell
separation that lowered the burden of conventional centrifugation. Micro-fabricated filter

or sieving structures in microfluidic device have been developed to separate particles above
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certain cut-off size[6], [7] and these techniques have been applied to the separation of
sperm cells from female epithelial cells[8]. However, clogging by large cells in the
microstructures might reduce the recovery rate of filtrated cells of interest. Another type
of passive cell separation techniques are based on hydrodynamic effects[9]-[13], however,
the separation effect in these techniques requires strict flow rate conditions related to
specific particles sizes, which makes these methods less flexible when applied towards
various types of particles. In addition, these separation effects also requires a continuous
flow through a relatively long, sometimes tandem-structured flow path which consumes
significant space and efforts cost in microdevice design. Being a non-contact cell capture
technique, dielectrophoresis (DEP) exploits electric field to trap dielectric particles or cells.
Under a non-uniform electric field, a dipole moment will be induced in a dielectric particle
and the DEP force acting on it will drive it to move[14]-[16]. However, to perform a
desired trapping, a certain dielectric property of the buffer solution is required and should
be adjusted prior to use, thus the compatibility of the method will be constricted by its

working medium, especially when dealing with environment-sensitive biological samples.

In the last ten years, acoustic manipulation of particles in microfluidic flow has
emerged as a promising new technology to enrich target microbes from diluted samples[17].
By exploiting acoustic waves generated by the high frequency vibration of a piezoelectric
transducer (PZT), a well-defined pressure field distribution can be created within a
microdevice, depending on the geometric features and mechanical properties of the
microfluidic channel. In a sound-reflective cavity, the distribution of the resonating
acoustic pressure field can be represented in the form of standing waves, created by the

resonance of incident and reflected acoustic waves. The nodes of the standing waves
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indicate the region of zero pressure gradient, in which particles are directed and trapped.
Successful applications of acoustic trapping have been reported including the enrichment
of yeast cells from water suspension[18], separation of blood cells from plasma[19] and

online bioassay[20].

The power of acoustic trapping could also be exploited in the separation of sperm
cells from female DNA. In our lab’s previous work we have demonstrated the acoustic
differential extraction (ADE) of sperm cells from mock sexual assault (SA) samples[21].
The concept of ADE has been proved highly efficient in terms of complete removal of
female DNA and purified recovery of the sperm cells with complete, sole male STR profile
obtained. However, this proof-of-principle procedure requires relatively high sample
concentrations (~500 sperm cells/pL) and has a low processing throughput (1 pL/min),
limiting its applicability to evidentiary samples that may contain less than 10 sperm cell/pL
in a total volume of >100 pL. In this work, we investigated the efficiencies of acoustic
trapping at a series of low concentrations of semen sample down to single cell per
microliter. Trapping of such dilute semen sample was problematic because of insufficient
aggregate formation. In order to retain the trapping efficiency at low cell concentration we
use assisting polymeric beads to facilitate the formation of the trapping aggregate. The
strategy of bead-assisted trapping was first developed by Hammarstrdm et al. in the
trapping of E. coli, a typical bacterial microbes that is otherwise too small to be trapped as
an aggregate [22]. In this work we extended this strategy into the forensic field and proved
its success in the separation of larger mammalian cells but in even more diluted

concentration down to 1 cell per microliter.
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4.2 Material and Methods

Unless otherwise specified, all reagents are purchased from Sigma Aldrich.

4.2.1 Simulation of the acoustic trapping

2D simulation of the acoustic resonance was conducted in COMSOL Multiphysics.
A chamber was created consisting of a coupling layer in borosilicate glass, a fluid layer in
water and a reflecting layer in borosilicate glass (Figure 4-4). The eigenfrequencies that

enables the establishment of vertical nodal planes are recorded as the resonance frequencies.

4.2.2 Fabrication of ultrasonic transducer and glass-PDMS-glass (GPG)

microdevice

Piezoelectric transducer assemblies were built from lead zirconate titanate (PZT)
piezoelectric ceramic (SMD10T04F5000S111, Steiner and Martins Inc.) that was diced,
scored, and then mounted and glued on a printed circuit board (PCB) using conductive
epoxy. Channels were cut through a ~280 pm PDMS film (Roger HT-6240 solid silicone)
using CO; laser ablation (VersaLaser 350, Universal Laser Systems) and then plasma
bonded between two layers of ~180 pm cover glass (Fisher Scientific, PA). Access holes
were cut through glass cover using laser ablation. Silicone tubings (IDEX) were glued
with windshield glue on the surface of the glass to interface the polytetrafluoroethylene

(PTFE) tubings (Cole-Parmer) and the microdevice (Figure 4-1).

A localized USW can be established in a glass-PDMS-glass (GPG) microfluidic
resonator between the top and bottom glass layers[23]. The resonance frequency f of the

USW was dependent on the height of the cavity h (i.e. the thickness of the PDMS layer),
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as predicted by the 1D resonance approximation, h=ni/2= nv/2f, (n=1,2,3...) where v is the
speed of sound in water. The coupling layer, fluid layer and reflecting layer (Figure 4-1)
were selected at thicknesses of 180 pm (cover glass), 280pm (PDMS) and 180 pam (cover
glass), respectively, in order to meet the requirement for the establishment of USW (4/4 in

coupling layer and reflecting layer; and 34/2 in fluid layer)[17], [23].

Two types of resonator chips were used in this work. The first type has a simpler
structure which only has a straight channel and two access holes (Figure 4-1); and the
second type has a more complicated structure which enables on-chip fluidic switching of

different reagents(Figure 4-3).

180umM(1/4 A,.s,)
280pm(3/2 }\air)

180umM(1/4 A,.s,)

Infuse
_sample _

Stir plate

Figure 4-1. System of acoustic trapping. Simple Glass-PDMS-Glass (GPG) resonator chip (1) is
fabricated by laser ablation and subsequent plasma bonding. Fluidic connections were made
via PTFE tubing inserted into silicone tubing affixed with silicone adhesive. Completed GPG chip

was clamped against a PZT transducer mounted on a printed circuit board (2).
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4.2.3 Generation of the ultrasonic standing waves

During acoustic trapping the transducer was actuated near 8 MHz and ~12 Vy.

using a 20 MHz function generator (Agilent 33220A) and an in-house built amplifier.

4.2.4 Acoustic trapping and quantitation of sperm and fluorescent beads

Stock solution of 6jun Yellow-Green fluorescent polystyrene beads (Polysciences)
was diluted with 0.1% TWEEN 20 buffer solution creating a series of concentrations

ranging from 10 to 800 per microliter

Neat semen samples were diluted with 0.1% TWEEN 20 buffer solution and labeled
with 10 mM Syto 11 (Invitrogen), creating a series of concentrations ranging from 1 to 800

per microliter. Trapping was conducted at flow rate of 30 pL/min, f=8MHz and Vpp=12V.

The solution flowing through the acoustic trapping was collected and the
concentration of the particles in it was quantitated using hemocytometer (Glasstic, KOVA
slide I, Hycor Biomedical) under fluorescence microscope (excitation wavelength 488nm).
The trapping efficiencies at different concentrations were calculated based on the

quantitation result.

For semen samples at the concentration of ~1 cell per microliter, the trapping
process was recorded by a CCD camera (Hitachi) mounted on the microscope and the
trapping efficiency was obtained by direct counting of the trapped cells versus the total

number of infused cells.
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4.2.5 Bead-assisted trapping of sperm cells in mock SA sample

Neat semen samples were diluted with 0.01% TWEEN 20 and labeled with 10 mM
Syto 11 (Invitrogen). The polymeric bead solution was prepared by diluting 6 pm violet
polystyrene beads (Polysciences) in 0.1% TWEEN 20. Mixed samples were prepared by
spiking calculated amount of diluted semen sample and bead solution into female standard
DNA solution making a final mixture solution containing ~10 sperm cells/pL, ~400 beads/
pL and 0.125 ng/pL female DNA (9947A female standard DNA, Promega). The ratio of

female to male DNA concentration was about 5:1.

In order to perform the acoustic differential extraction (ADE) on the mocked
sample a more complicated ADE microdevice was designed (Figure 4-3A). The flow

switching of the ADE microdevice is achieved by actively controlled check valves (Figure
4-2). Briefly, the ADE microdevice has three branch channels that all connect to the
resonator part, and each branch channel has a check valve to switch its open/closed state.
The three branch channels correspond to three stages in ADE (Figure 4-3B): sample
infusion/trapping, buffer wash and cell elution, with infusion of 300 pL mixture sample,

100 pL wash buffer and 50 pL elution buffer, respectively.

135



High pressure Vacuum

Figure 4-2. The schematics and real photos of the GPG check valve in closed (left panel) and
open (right panel) states. Blue dye solution is used to fill the fluid channel for better

visualization.
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Figure 4-3. GPG integrated chip for the ADE of sperm cells from mixed sample. (A) Design and
fabrication of the integrated GPG chip. The photo shows the real chip after bonding and
connection with tubings. (B) The three stages of ADE showing the flow control: sample infusion

and trapping, wash and elution.
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4.2.6 DNA extraction and genotyping of the trapped sperm cells

DNA from cell samples was isolated via solid phase extraction (QIAmp DNA Mini
Kit, Qiagen) followed by STR-PCR (AmpFLSTR Identifiler PCR Amplification Kit,
Applied Biosystems). The amplified STR sequences were analyzed by multi-color

capillary electrophoresis (ABI 310, Applied Biosystems).

4.3 Results and Discussion

4.3.1 Simulation and experimental validation of the trapping by USW

The simulation gives the resonance frequency at about 8 MHz, with 3 trapping
nodes established in the vertical direction. The nodal planes in the simulation show lower
sound pressure levels which means these regions are the local valleys of the energy

landscape and particles will be accumulated in these regions.

The simulated acoustic trapping with three trapping nodes is validated by
experimental results where the aggregates are being trapped in a GPG resonator at 8MHz,
and upon being released and eluted by the flowing medium, due to the different fluidic
velocities at multiple vertical positions, three layers of the aggregates are shifted apart and

clearly observed.
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Figure 4-4. Simulation result of the ultrasonic standing waves at ~8MHz. The simulation shows

three trapping nodes in the vertical direction
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Figure 4-5. The shifting apart of the layers of aggregates of fluorescent beads upon releasing

at 0s. Three layers of the aggregates can be clearly observed. The white arrow indicate the

direction of the flow.

4.3.2 Resonance in GPG resonator

The resonance frequency of the acoustic trapping is found by finding the point
where beads are best trapped. The theoretical resonance frequency of the acoustic trapping

can be calculated by the height of the resonator:
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where h is the height of the channel, and v is the speed of sound in water.

The experimental resonance frequency f is plotted versus 1/h in Figure 4-6 and a
proportional relationship is found by linear fitting, which is consistent with the theoretical
calculation. The speed of sound in water is found to be 1517 m/s during the acoustic
trapping, and by interpolate this value in the chart of water temperature-speed of sound
relationship[24], the temperature of water is found to be 33-34 <C, a mild level that is not

harmful to human cells.

Resonance frequency vs. channel height

8.14
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8.1
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8.06 y =2275.5x
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8.02 e
8
0.00352 0.00354 0.00356 0.00358

Resonance frequency (MHz)

1/h (pm™)

Figure 4-6. Resonance frequency f versus reciprocal of channel height (1/h) and fitted by linear

regression.
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4.3.3 Concentration dependent trapping efficiency

Trapping efficiency (number of retained particles / number of total infused particles
%100 %) decreases as the particle concentration drops (Figure 4-7). Both fluorescent beads
and sperm cells can be trapped with efficiency over 80%, until the concentration decreases
below 100 per microliter. The trapping efficiency drops sharply as the concentration
decreases below 100 per micro liter, which reaches ~20% at the lowest concentration of

~10 particles per microliter.

The sharp decrease of trapping efficiency in dilute sample is attributed to the
difficulties in aggregate formation[22]. The formation of aggregate in acoustic trapping
mainly requires two sequential stages: (1) upon entering the acoustic field particles get
slowed down by the primary radiation force (PRF) and recruited to the nodal plane of the
USW; (2) when particles moves together and the interparticle distance is close enough, the
secondary radiation force (SRF) rises and pull particles together to form a compact
aggregate to resist the hydrodynamic drag to be captured[25]. Because the SRF is inversely
proportional to d*[25] (d is the interparticle distance), it diminishes drastically when the
particles gets apart even by a small distance. Asaresult, SRF cannot hold particles together

unless they are close enough.

To better show this unsuccessful trapping process due to enlarged inter-particle
distance in dilute samples, we trafficked the trace of fluorescently labeled single cell at
highly dilute concentration (1 per microliter) during acoustic trapping. Two cells have

been recorded during a failed trapping process and their trajectories have been plotted in
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Figure 4-8A. It shows that when two particles enter the acoustic field, they begin to slow
down first and the inter-particle distance begins to decrease (Figure 4-8B). However, the
inter-distance of the particle isn’t close enough for the SRF to hold them together and they
end up existing the acoustic field. The trapping efficiency of semen sample at 1 cell per

microliter is only 1843 % (n=3).

Trapping efficiency vs. Concentration
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Figure 4-7. Dependence of trapping efficiency on particle concentration (n=3). Samples were

infused at a flow rate of 30 uL/min and particles were quantitated via hemocytometer.
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Figure 4-8. Trajectories and interdistance of two cells during a failed acoustic trapping process.
(A) Step by step trajectories of two cells entering the acoustic field from 0 to 0.8s with time

interval of 0.1s, labeled with order numbers. (B) Change of interdistance between cells.

4.3.4 Increase of trapping efficiency by bead-assisting strategy

The need of SRF in acoustic trapping requires the inter-particle distances to
decrease fast enough when the particles travel through the acoustic field. Increasing the
power of acoustic field can lead to stronger PRF and achieve that goal but the heat
generation during trapping will also increase drastically and harm the sperm cells.
Alternatively, because the 6 pm polymeric beads have similar dimensions with the sperm
cells and show a similar trapping profile in Figure 4-6, we spike them into the dilute semen
sample as “mimics” of the sperm cells to increase the total particle concentrations to assist
trapping. The non-fluorescent violet beads shows significantly lower fluorescent intensity
than the Syto 11-stained sperm cells (Figure 4-9) so it won’t affect the monitoring of the
sperm trapping under fluorescence microscopy while still being visible in bright-field

microscopy.
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After addition of the non-fluorescent polymeric beads, the dilute semen sample
contains 1 cell and ~400 beads per microliter. Trapping under the same acoustic conditions
is much more efficient than non-assisted one, with significant formation of aggregate
consisting of beads and sperm cells (Figure 4-10). The efficiency of bead-assisted trapping
is raised back to 85% =4 % (n=3). The increased particle concentration reduces the inter-
particle distance prior to the application of acoustic field and makes the particles get close
quickly enough to let the SRF rise up and hold them together before brought away by the
flowing medium. The effect of the bead-assisted strategy is consistent with previously

reported “seeded” acoustic trapping[22].
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Figure 4-9. Comparison of fluorescence intensity of beads versus syto-11 stained sperm cells.
(A) Fluorescence images and (B) fluorophore intensity distribution of the mixture of sperm cells

(blue arrows) and polymeric beads (red arrows).
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Figure 4-10. Visual monitoring of bead-assisted sperm trapping. Still images from video of a
trapping experiment are shown at 10, 30, 60, 120, 180 seconds. The process was
simultaneously monitored in fluorescence (upper row) and bright field (lower row)
microscopy. The bright spots in the fluorescence images are fluorescently-stained sperm cells.

Samples were infused at 30 ulL/min for total volume of 100 ulL.

4.3.5 Extraction of sperm cell and male DNA from mock SA sample

A test of bead-assisted ADE was performed on a sample containing ~10 sperm
cells/pL, ~400 beads/pL and 0.125ng/pL standard female DNA. The whole process of
trapping, washing and elution took about 17 min for a sample of 300 .. The STR profiles

of the mixed sample and female DNA are shown in Figure 4-11

The peaks from the female DNA obviously interfere the identification of the male
profile. After ADE the full, purified STR profile of sperm cells with no detectable female
peaks were obtained, indicating successful separation of the male and female components

and negligible inhibition from the beads (Figure 4-12).

145



Bd_KX MPifsa Taeniifiler v?

[CBEITTE ] [BZISTT ] [C758E0 ] [CSFIPD
130 170 210 250 290 330 270
4000
2000 v v v
0
1220.34]
<
Bd_EX MFdfsa Tdentifiler v?
[C3513EE 1 [THIT | [DI3531T ] ] D281 ]
130 170 210 2351 330 270
000
2000 v
0
185 87
<
Bd_EX MFdfsa Tdentifiler v?
[D195a33 ] FWE ] EPOX ] [DIESET
130 170 210 250 290 330 270
4000
2000
0
<
Bd_EX MFdfsa Tdentifiler v?
[DES318 ] [Fea 1
130 170 210 250 2390 330 370
4000

[DESITTE ] DZTSIT | [DTSEE | [CSFIPO ]

130 AT 210 250 280 330 370 10|
4000
2000
1230.49)
<
E11_F20 fsa. Identifiler 2
[DIS1358 ] [THOT |DIZS3IT | [DI&553 | [D251338 ]
130 AT 210 250 280 330 370 10|
2000
2000
1000 ﬂ
<
E11_F2 fsa. Identifiler v2
[DI98433 ] WA ] MPOX ] [DIESEL
30 AT 240 250 280 330 370 0|
3000
2000
1000
<
E11_F20 fsa. Identifiler_v?
5581 1 Fca ]
430 AT 20 250 250 330 370 10|
3000
2000
1000-

Figure 4-11. STR amplification of DNA in untreated mixed sample (top) and female profile

(bottom). The interfering peaks from female profiles are pointed in the mixed sample’s profile.
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Figure 4-12. STR profile of purified sperm cells

4.3.6 Further development of the ADE system

In order to advance the current ADE system into a more portable, user-friendly

method, further improvement and development have been implemented including (1) DNA

extraction using EAL enzyme; (2) improved manifold for the coupling of resonator and

transducer; (3) smartphone camera monitored trapping and (4)design of disposable

microdevices without tubing connections.

4.3.6.1 Liquid-based extraction of sperm DNA using EAl

In previous section 4.2.6, after the elution and collection of ADE, purified sperm

cells are lysed by Proteinase K with the aid of reducing reagent dithiothreitol (DTT),

followed by DNA extraction and purification using QIAmp DNA Mini kit. The whole
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procedure of the DNA extraction is solid phase based and contains 16 steps of manual
operations and a total processing time of 2 hours is required. The off-chip, post-trapping
DNA extraction reduced the benefits of the automation and convenience brought by ADE,
and the integration of the DNA extraction of the isolated sperm cells into the microdevice
is highly desired in the future development. However, the integration of the solid phase
extraction into the microdevice is not trivial[26], [27] in that : (1) consistent loading and
filling of the solid phase column or bed on microdevice requires expertise, and (2) the
pressure required for the fluid to flow through the solid-filled chamber is much higher than

the liquid-filled channel because of the extremely high fluidic resistance.

In the further development a faster, more convenient DNA extraction method is
needed with possibility of being integrated into the ADE system. Alternative to the solid
phase extraction of DNA, liquid based DNA preparation using a neutral proteinase from
an Antarctic Bacillus sp., EAL, has been developed[28] and applied in the treatment of
forensic biological samples for STR analysis[29]. The enzyme EAL can be used to lyse
cells and degrade proteins including nucleases at 75 °C, while leaving the nucleic acids

intact for subsequent PCR.

The efficiency of the EAL on sperm cells was tested as follow: prior to the treatment
by EA1L, instead of using DTT, the sperm cells are pre-treated by another reducing reagent,
tris(2-carboxyethyl)phosphine (TCEP) for its advantages of being odorless and more stable
compared with DTT. The pre-treatment solution (pH 8.5) contains 10mM MES/Tris and
5mM TCEP. Neat semen sample was diluted in TCEP buffer (1L of semen in 24pL of
TCEP), and then pre-treated under 42 °C for 30min. 1pL of the pre-treated cell solution

was added to the EAL reaction mix to get further treatment, and after centrifugation of the
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pre-treated cell solution, the supernatant is also collected for subsequent EAL treatment to
determine the loss rate of sperm cells by the undesired lysis during the pre-treatment. The
pre-treated sperm cells and the supernatant were then treated by EAl-based DNA
extraction kit (ZyGEM, New Zealand) following the extraction protocol for epithelial
cells[29]. A control experiment was also done using 1X TE buffer for the pre-treatment
step using the same protocols described above. The DNA concentration was determined
by PicoGreen (Life Technologies) and the STR profile of the sperm cells are obtained by

STR-PCR.

The results of the test are shown in Table 4-1. Obviously the TCEP pre-treatment
has significantly increased the lysis of cells in the EAL treatment compared with the control
experiment, and the loss rate of the undesired lysis by the pre-treatment is low enough to

be acceptable.

Table 4-1. The liquid phase extraction of the DNA of sperm cells using TCEP and EA1 (n=3)

DNA from isolated cells DNA from supernatant
(%) (%)
Pretreatment by TCEP 8016 o2
Pretreatment by TE 2617 7+
(control)

The full STR profile of the male DNA was successfully obtained (Figure 4-13),

proving that the TCEP-EA1 extracted DNA is compatible with the STR PCR.
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Figure 4-13. The full STR profile of the male DNA extracted by TCEP-EA1 protocol

4.3.6.2 Redesigned manifold for microdevice/transducer coupling

In the old design of the manifold for resonator-transducer coupling we used screws
to tighten and add pressure onto the microdevice-transducer assembly. The biggest
disadvantages of this type of design are: (1) the force is not uniformly nor consistently
applied on to the assembly which causes cracking of the GPG microdevice and (2) each
time to fasten the manifold multiple nuts (>4) need to be screwed in one by one which adds

unnecessary manual operation.

To have a more convenient, more consistent and safer-to-chip coupling method we
designed a new manifold to eliminate these disadvantages. The basic pressing force for

microdevice-transducer coupling is provided by the repulsive forces between the same
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polarities of two sets of face-to-face aligned magnets, and the major components of the

manifold includes two sets of assembly each contains one upper plate and one lower plate,

and can be operated independently(Figure 4-14 and Figure 4-15):

(1) One set for chip-transducer coupling and optical monitoring
(2) One set for fluidic connection and connected with syringe pumps or solenoid

valves

In addition, to avoid cross-contamination between samples we designed a new type
of microdevice with 6 on-chip reservoirs. All the reagents needed (bead test solution,
sample and wash buffer) are loaded onto the microdevice by pipetting and the flow is
driven by syringe-pushed air through the O-ring-sealed, air-tight interface on the manifold,
so no liquid will be touched by the tubings in the manifold thus no transfer of contamination

among microdevices.
The basic procedure of microdevice loading is:

(1) Insert the microdevice underneath the manifold
(2) Place the two lower plates on top of the microdevice

(3) Flip down the upper plates and lock up its position by a latch.

The distance between the upper plates and lower plates can be adjusted and fixed so
that each loading the pressure applied is consistent and uniform. The pressure increase is

also mild so that it won’t snap the microdevice abruptly
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Figure 4-14. The schematic of the new manifold and chip.
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(No chip inserted) (with chip inserted)

Figure 4-15. The actual photo of the manifold showing both the open state (idle) and closed

state (working condition)

4.3.7 Smart phone camera-monitoring

A bulky part of the previous ADE system is the fluorescence microscope for the
monitoring the trapping process. The miniaturization of the optical system for the

monitoring of the trapping is still in progress. We used a smart phone camera coupled with
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a laser pointer lens (Figure 4-16) to monitor the acoustic trapping. Formation and growing
of the aggregates of yellow-green fluorescent beads (Figure 4-17) and Syto-11 stained

sperm cells (Figure 4-18) has been clearly monitored.
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ﬁﬂﬁ
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Figure 4-16: A laser pointer lens (in red nox) and the diagram of the smart phone-lens coupling

through the manifold

Figure 4-17: Video snapshots of 6um fluorescent beads being trapped and recorded by a smart

phone camera. Flow rate=30uL, frequency=8.1MHz, V,,=12V

Figure 4-18: Video snapshots of 6um Sytol1-stained sperm cells being trapped and recorded
by a smart phone. Flow rate=30uL, frequency=8.1MHz, V,,=12V
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4.3.7.1 Off-chip valving with 6-reservoir AGSIiG microdevice

In previous design the ADE microdevice, part of the chip was HF-etched glass,
which is not environmental friendly and consumes intensive labor and time. The current
new design of the microdevice consists of three different materials: glass PDMS and
PMMA and all the structures of the microdevice is fabricated by laser ablation which

makes it truly low-cost and disposable.

The design of the 6-reservoir microdevice is shown in Figure 4-19 as well as the
reagent assignment. The reservoir layer is made from PMMA so that the liquid can wet
well on the wall of the reservoir, otherwise the solution will ‘bead’ a large droplet in the
reservoir and touch the manifold causing contamination. The material used in the
microdevice from the top to the bottom are: Polymethyl methAcrylate-Glass-

PolydimethylSiloxane-Glass (AGSIG).

Bea\d Sample Wash/elution buffer
Z

N
. Nl
Top view e = gL
w . O Trapping site
‘ N/ N
/

N\
Sperm Female Bead waste
collection lysate

collection
PMMA

/
Double-side adhesive
Side view L‘%« PO

Glass

Figure 4-19: Structure of the PMMA-Glass-PDMS-Glass (AGSiG) chip
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The off-chip valving procedure is shown in Figure 4-20 in which there are 5 steps

in total:

(1) Add bead solution, sample solution and wash/elution buffer to R1, R2 and R3,

respectively. Insert the microdevice underneath the manifold and close the manifold.

(2) Push bead solution from R1 to R4, close the other path (This is for the test

trapping for the verification of microdevice’s function)
(3) Push sample from R2 to R5, close the other path (sample trapping)

(4) Push wash/elution buffer from R3 to R5, close the other path (wash off the female

lysate)

(5) Push wash/elution buffer from R3 to R6, close the other path (sperm cell elution)

Syringes filled
with air

JUU
1 [ "~

N S ]
\/—T\\‘LU..:
RE| RSl R4| rapping site

Switching
vavles

Switching

vavles
L 4
To atmosphere

Figure 4-20: Valving operation and flow control procedure of the trapping and elution process.
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Figure 4-21 shows the result of the demo fluidic manipulation, yellow dye, red dye
and H.O are used representing bead test solution, sample solution and wash/elution buffer,
respectively. It is obvious that each solution goes into its designated target reservoir with
only minor carry-over of undesired solutions, which verified that the new manifold and

microdevice design is successful in airtightness and flow switching.

Before flow manipulation After flow manipulation
Rt —R2—R3 B1—R2—R3
- O
BN
C 8 o
R6--R5=~-R4~1 i 'R6- R5—R4-

Figure 4-21: The solutions in the AGSiG chip before and after the flow test

4.4 Summary

In summary, we developed a GPG microdevice for the acoustic differential
extraction of sperm cells from female DNA. Processing throughput is increased by 30
folds to 30 pL/min compared with our previous systems in 2009[21], and the trapping
efficiency of highly dilute sample (~1 cell per microliter) was increased by nearly 5 folds
using bead-assisted acoustic trapping. By using a laser-fabricated, integrated GPG
microdevice and bead-assisted trapping strategy sperm cells are successfully separated and
collected from female DNA even at the concentration as low as 10 cells/pL. A complete
and cleaned STR profile of the male DNA is obtained, proving the success of the efficient
recovery of the purified sperm cells from female DNA by microchip ADE, and the addition

of the polymeric assisting beads is compatible with STR-PCR. Further development of the
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ADE system into a commercial product is moving forward, and some preliminary
progresses have been made including (1) the EAL based liquid phase extraction of sperm
DNA. (2) The re-designed manifold for better resonator-PZT coupling and smart phone
camera-monitored trapping; (3) the redesigned, fully laser-fabricated disposable PMMA-
glass-PDMS (AGSiG) microdevice and non-contact, contamination-free fluidic control.
These initial tests of the newly developed system have been successful and will be a
promising avenue toward expedited and lower cost processing of sexual assault forensic

evidence in the future.
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Chapter 5.  Self-partitioned Droplet Array on Laser-
patterned Superhydrophilic Glass Surface for
Wall-less, Cell-array-based Bioassay

Development

5.1 Overview and Introduction

One of the most significant advances brought about by the evolution of Micro-Total
Analysis Systems (JUTAS) is miniaturizing the size of assays to the micro- and nano-liter
scale, thus enabling thousands or even millions of chemical/biological assays that are
separately controlled but simultaneously interrogatable in a single experiment. This has
led to the increased analytical throughput and data acquisition in various fields of study,
including single-cell phenotyping[1]-[3] and genotyping[4]-[7], drug screening[8]-[11]
and cell transfection studies[12]-[15]. Microdevices for high-throughput bioassays require
arrays of spatially-resolved experimental sites, often created by inkjet printing[16]-[18],

soft lithography[19], subdivision in micro-chamber/wells[20][21] or self-patterning[22].

Among these methods, inkjet printing is the fastest, most automated approach for
generating microarrays with a range of desired chemical concentrations. However, in order
to be printed by the inkjet properly, the solution’s surface tension and viscosity need to be
adjusted by adding additive reagent prior to the printing. The surfactant based additive
reagent might affect some of the biomacromolecule’s activity[23]. Besides, another
concern is the risk of damage of the biomacromolecule by the shear forces when jet though
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the nozzle[24]. On the other hand, soft lithography has been proved capable of making
large scale of chamber or well array[25] which allow for the creation of integrated
microfluidic circuit arrays for high-throughput bioassays [20] or micro well array based
single cell analysis[26]. However, the molding and curing of stamp structures is rather

time-consuming and labor-intensive[27].

As an emerging arraying technique, surface tension-based self-patterning of liquid
solutions has drawn increasing attention, primarily due to its simple, power-free and
equipment-independent nature[22][28]. In an array where superhydrophilic patches are
patterned on a hydrophobic background, free-moving liquid (usually agueous solutions) is
retained in superhydrophilic regions and repulsed by the surrounding hydrophobic regions,
which results the rapid self-partitioning of solution into an array of droplets defined by the
array pattern of superhydrophilic patches. Numerous methods on the fabrication of the
superhydrophlic-hydrophobic patterns have been reported, and these methods can be
categorized into two types: (1) differential surface treatment (UV, plasma, chemical
deposition etc.) on a mask-mounted or molded substrate where the patterns are laid on the
substrate by the features of the physical mask [7][29]-[33] or (2) direct printing of
superhydrophlic substances onto a hydrophobic substrate[34]-[37]. The mask or mold
based patterning procedure requires additional cost and operations in the fabrication and
alignment of the mask or mold and the fast change of the desired pattern in prototyping
stage becomes rather inconvenient. On the other hand, most of the direct patterning
approaches require multiple layers of deposition of chemicals and their corresponding
treatments. Both types of methods are associated with challenges in the promotion of the

microarray-based applications due to insufficient flexibility and considerable complexity.
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In this work, we present a simple, mask-less approach for the fabrication of
superhydrophilic-hydrophobic patterns using CO- laser. CO- laser patterned hydrophilic
spots array against a hydrophobic background has been previously reported but on the
surface of wax paper where the surface of paper substrate is exposed after removal of the
wax coating[38]. However in that work an additional step of surface treatment of the
exposed paper after laser cleaning is required, in which the silica particles are deposited on
the exposed paper surfaces to increase their hydrophilicity so that the exposed spots array

can trap liquid droplets.

In our work, by exploiting the ability of CO> lasers to ‘clean’ the glass surfaces and
facilitate the removal of organic contaminants [39], we demonstrate their effectiveness in
directly removing the hydrophobic coatings on a pre-dip-coated glass surface. Since the
surface of glass, or silica, is already exposed by laser treatment, no post-laser surface
modification is needed anymore and the cleaned surface of the glass already becomes
superhydrophilic. If the glass is cleaned in a pattern of array, the sharp contrast of the
wettability between the superhydrophilic laser-cleaned glass surface and untreated
hydrophobic areas will enable the self-partitioning of aqueous liquid into an array of
droplets. Besides, compared with paper substrate, another distinct advantage of the glass
substrate is that it is transparent, which allows fluorescent detection and measurement even
if the droplet arrays are sandwiched between two surfaces. This advantage opened the door
for long term cell culturing in droplet array since the evaporation of the droplet needs to be
minimized by this sandwiched structure. ~ We illustrate the utility of this rapid self-
patterning system with an array-based mapping of the culturing conditions for GFP

expression in bacteria cells.
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5.2 Materials and methods

Unless otherwise indicated, all chemicals are purchased from Sigma-Aldrich

(Oakville, ON)

5.2.1 Preparation of hydrophobic glass surface

Commercial borosilicate cover glass (Fisher Scientific, Pittsburgh, PA) was briefly
cleaned by nitrogen purging and then dip-coated in Sigmacote® and air dried in the hood.

The coated glass was stored in a desiccator for future use.

5.2.2 Laser cleaning of glass

The pattern to be cleaned out was designed in a commercial graphic designing
software, CoreIDRAW 10.0 (Corel Corporation, Ottawa, Canada), and then printed by
VersaLaser VLS 3.50 with 50W CO: laser source (Universal Laser System Inc.) on the
coated glass surfaces. The laser was in raster mode with power level at 5.5%, speed level
at 16% and image density level at 6. The cleaned glass surface was briefly purged by

nitrogen flow and ready to be used.

5.2.3 Contact angle measurement

The contact angles of the Sigmacote® coated glass surface before and after cleaning
were taken by a Canon EOS Rebel T1i camera (Canon Inc., Tokyo, Japan) and analyzed
in ImageJ. For the comparison of the recovery of the surface wettability, the piranha-

cleaned, plasma-cleaned and laser cleaned glass surfaces are stored in a covered petri-dish
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and the contact angle on each surface is measured at the time point of the 0, 1, 2, 4, and 7th

days after cleaning.

Preparation of piranha cleaned glass surface: hydrophobic cover glass prepared in
section 5.2.1 was treated by piranha solution [30% H,O> (Avanter Performance Materials,
Center Valley, PA) and 98% sulfuric acid (Fisher Scientific, Pittsburgh, PA)] that was
freshly mixed upon use in volume ratio of 3:7 for 30 min to remove any possible coating
or contaminations. After thorough wash of di-H20 the glass cover was air dried in the hood

and stored in a desiccator.

Preparation of plasma cleaned glass surface: hydrophobic cover glass prepared in

section 5.2.1 was treated by air plasma for 60 sec and stored in a desiccator.

For the study of the preservation of the superhydrophilicity, the laser cleaned glass
surface was stored in a sealed petri-dish (Fisher Scientific, Pittsburgh, PA) with soaked
cotton to create a saturated humidity under room temperature. The glass was taken out at
the 0,1, 2, 4,7, 14 and 28th day after the laser cleaning for the measurement of the contact
angles. Laser cleaned glass surface stored in a covered dry petri-dish was also taken out at
the 0, 1, 2, 4,7, 14 and 28th day after the laser cleaning for the measurement of the contact

angles as a control.

5.2.4 Examination of the surface structures

The coated glass and laser-cleaned glass was examined by the Environmental
Scanning Electron Microscope (ESEM) to reveal their surface structures. Images were

obtained by FEI Quanta 650 Scanning Electron Microscope (FEI Company, Hillsboro, OR)
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5.2.5 Determination of the volume of the droplets

The volumes of the droplets were determined by the self-partitioning of a solution
of 6 pm yellow-green fluorescent beads (Spherotech, Lake Forest, IL) with a known
concentration. The beads in each self-patterned droplet was counted under Axio Scope.Al
fluorescence microscope (ZEISS, Jena, Germany) and the volume of the droplet was back-

calculated using the beads concentration and the counted number in each droplet.

5.2.6 Design of the cell array and cell culture

E. coli HCBL1 (wildtype) [40]were genetically tagged with green fluorescent protein
(pGLO bacterial transformation kit, Bio-Rad, Hercules, CA). Culturing medium was
prepared by adding 0.50 g tryptone (Bacto™, BD, Franklin Lakes, New Jersey), 0.25 g
NaCl (Fisher Scientific, Pittsburgh, PA) into 50 mL diH.O followed by autoclaving. The
frozen stock of GFP-encoded E. coli HCB1 was thawed at room temperature and a 100 uL.
aliquot of the stock added into the 50 mL of medium and suspended by vortexing. 10 pL
of 100 mg/mL ampicillin and 1 mL of 100 mg/mL L-(+)-arabinose were added into
HCBI1’s growth medium to provide selective pressure for plasmid-containing, fluorescing

bacteria.
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Figure 5-1. Assembly of dip-chip cell droplet array. (A) The conceptual illustration of the creation of
cell array under various reagent concentrations. (B) The stepwise assembling of cell array facilitated
with the manifold and aligner. (1) A glass manifold with PDMS spacer is inserted onto the PMMA
aligner; (2) insert the dried reagent array onto the aligner facing up; (3) insert the cell droplet array
onto the aligner facing the reagent array; (4) the glass covers are reversible bonded with the PDMS

and the two-array assembly can be lift off from the aligner and ready for cell culture.

In the construction of the cell array an in-house constructed glass-PDMS manifold
and PMMA aligner was used to facilitate the alignment of the arrays (Figure 5-1). Briefly,
one surface of glass was prepared by CO: laser to form an array with different spot sizes
of 0.24, 0.48, 0.72, 0.96 and 1.2 mm in diameters, and total of 96 (12 by 8) spots were
arrayed in a 12 by 18mm area. 1mL of the solution of L-(+)-arabinose is added over the
array, and then the excessive solution is absorbed away by a folded Kimwipe™ tissue
wiper (Kimberly-Clark, Dallas, TX). The L-(+)-arabinose sampled array (reagent array)
is dried and attached to the manifold by the reversible bonding between the back of the

cover glass and the PDMS spacer.
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The bacterial suspension is patterned into an array of droplet on another surface of
glass using the same procedure described above, except that the sizes of the spots are
uniform with a diameter of 1.2mm. The cell-suspension sampled array was immediately
combined face-to-face with the reagent array. The double-layered manifold-cover glass
assembly was put in a sealed petri-dish with soaked cotton and cultured overnight in 30 <C.
The array was then examined under Axio Scope.Al fluorescence microscope (ZEISS, Jena,
Germany) and the images were taken by a CCD camera. The RFU of the droplet array was

measured using ImageJ.

5.3 Results and Discussion

5.3.1 Superhydrophilic-hydrophobic patterning of glass

Converting the hydrophilic nature of a glass surface to one that is hydrophobic by
‘coating’ the exposed silanols is not a new concept. The functionalization of silanol groups
with some form of organosilane was seminal to the creation of reverse phase
chromatography in the 1970’s[41]. It was also exploited to hydrophobically-coat the glass
plates used for electrophoretic gel sequencing, a must to assure that, post-separation, the
thin sequencing gels could be removed intact for processing. Sigmacote® was a common
glass ‘silanizing’ reagent used for this purpose, and by simply ‘dipping’ the glass plate in
this reagent, the hydrophilic glass surface was converted to one that was hydrophobic. This
is illustrated in Figure 5-2 with images of the treated and untreated surfaces for contact
angle and by scanning electron micrographs (SEM). The untreated hydrophobic surface

yields a contact angle >90° (Figure 5-2A), while the contact angle of the laser-treated
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surface has been reduced to ~13° (Figure 5-2B). The increased wettability of the surface
might be attributed to either the laser (i) simply cleaning the surface via decomposition and
evaporation of hydrophobic polymer[39] or (ii) texturizing the glass surface in a manner
that exposes more silanol groups [42][43]. The SEM images of the Sigmacote®-treated
glass surface before and after the laser cleaning are shown in Figure 5-2C and D,
respectively. It is clear that the surface of the glass is well cleaned by the laser treatment,
and most of the features attributed to the coating have been removed, which implies that
the increased wettability is due to the simple cleaning of the glass surface rather than
creating textures. The power and the speed of the laser was carefully adjusted so that there
was no detectable damage to the glass, e.g., cracking or peeling, the undesired effects that

have been reported when applying a CO: laser to glass[44].

At power level of 5.5%, different levels of the scan speed are tested in order to
investigate the relationship between laser energy and the cleaning effect. Increasing the
speed of the raster of the laser beam will decrease the energy applied in unit area on the
surface, thus weaker cleaning effect is resulted, reflected by the less-reduced contact angles
after laser cleaning (Figure 5-3). At the power level of 5.5%, 16% is found to be lowest
speed level that can be used in the laser cleaning beyond which the cracking or peeling rate

of the surface will increase significantly.
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Figure 5-2. The wettability of coated glass surface before and after laser cleaning. The contact
angle of a droplet of water on the surface of Sigmacote®-treated glass (A) before and (B) after

laser ablation, together with the SEM images of their microstructures
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Figure 5-3. The contact angle after laser cleaning using different scanning speed

Takeda et al. demonstrated that the cleaned surface of glass will lose its
hydrophilicity in open air as a result of the re-adsorption of atmosphereric
contaminants[45]. We compared the laser-cleaned glass surface with two of the most
commonly used glass-cleaning methods — plasma oxidation and treatment by ‘piranha’
solution. The change of the contact angles after the treatment of these three cleaning
methods over time was plotted in Figure 5-4A. In comparison with the commonly used
methods, cleaning with CO- laser is slightly less effective than plasma oxidation (implied

by the higher initial contact angle), which may be explained by incomplete dissociation of

coating residue from the ablated surface.
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Figure 5-4. The loss and preservation of the superhydrophilicity of the laser-cleaned glass
surface. (A) Comparison of the recovery of the surface wettability by different cleaning
methods(n=3). (B) The preservation of superhydrophilicity in saturated humidity in a month

(n=3).

Patel et al. reported that the wettability of cleaned glass could be preserved in a
high humidity environment [46]. Figure 5-4B shows that storage of the laser-cleaned

surface under high humidity conditions allowed for the superhydrophilicity to be
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maintained with a corresponding contact angle <13° for as long as a month; this result
indicates that the recovery to a hydrophobic state at a rate slower that in dry air by almost
an order of magnitude. The prolonged preservation of superhydrophilicity might be
attributed to the adsorption of water molecules on the surface[47], thus affording some

level of protection against the adsorption of atmospheric contaminants.

5.3.2 Self-partitioning of liquid into a droplet array

With laser treatment of the glass surface, arrays of superhydrophilic spots with the
highest spatial resolution of 1000 spots per 2 cm? can be created in only a few minutes
without the requirement for any subsequent treatment, and the size/spacing of the spots can
be conveniently and quickly modified in a commercial graphic design software
(CoreDRAW) and transferred onto glass by laser in several minutes. With the contrast in
wettability of the cleaned regions relative to untreated Sigmacote®-coated areas, aqueous
solution rapidly self-patterns into the superhydrophilic regions by either trapping down
from the moving liquid or even by dipping the glass into the solution (Figure 5-5). A laser-
patterned cover glass with resolution of 0.5mm per spot was dipped in dye solution and the

resultant droplet array shown in Figure 5-6.
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Figure 5-5. Two different methods for the patterning of droplets on the glass: (Top) dipping &

pulling. (Bottom) placing a large droplet of the solution over the patterned array and

absorbing away excess solution (bottom)

SSV1D-1S¥1d vsSn

Figure 5-6. A pixelized pattern transferred via CO2 laser etching from a stamp onto a glass

dipped in dye solution (32 mM Allura red in 1:1 glycerol-water solvent).

To measure the volumes of the droplets, a bead solution with a fixed concentration

was patterned in the hydrophilic region, and the number of the beads counted to back-

calculate the volume. The number of the beads in each droplet follows a Poisson

distribution[31], as shown in Figure 5-7A. The mean volume is denoted by the
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characteristic parameter of the Poisson distribution, A, which was obtained by nonlinear

curve fitting of the data.

Supposing each bead was encapsulated into each droplet with a consistent
probability, and the event of the encapsulation of each of the beads are identical and
independently distributed, then in each droplet the number of the encapsulated beads, X,

follows Poisson distribution,

X

A
fx(x) = ;6’_'1

The mean and the variance of the sampling distribution of x are:

u=2x a?=»x

The mean and the variance of the sampling distribution of the mean, x:
2
Um = A, Urzn =
where n is the number of replicates.

L and o2 can be estimated by the sample mean x and the sample variance s?,
respectively. To reduce the relative standard deviation (RSD) of the mean of the volume
measurement below 10%, the number of replicates, n, needs to be set accordingly based on

the estimated mean of the measurement which satisfies:

Van > 10
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For example the smallest droplet (d=0.3mm) has an average of about 1-2 beads per
droplet so that at least 100 replicates are need to achieve RSD <10%. We used 760 droplets

to estimate A.

The volumes of the droplets are, therefore, determined and plotted versus diameter
(Figure 5-7B). The volume (V, in nL) of the droplet is dependent on the diameter of the
laser-cleaned spot (d, in mm) with a relationship of V=32.9d?44. However, if all droplets
are assumed to have the same geometry (spherical crowns), the volume should be
proportional to r. The difference between the ideal and experimentally-determined factor
stems from a non-proportional increase in the droplet height as the base radius increases.
The effect of gravity on the liquid-air interface of the droplet ‘pulls down’ as it becomes

larger, so less liquid is retained.
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Figure 5-7. The volume of self-partitioned droplets. (A) The distribution of bead counts per
droplet in an array of 760 droplets partitioned into 300 um superhydrophilic spots. (B) The spot

size determined volume of droplets (n>10).

5.3.3 Precise Alignment in of array plates

The volume-spot size relationship described earlier (Figure 5-7) suggests a simple
and convenient method for sampling nanoliter-scale volumes of liquid reagent and, where
reagent concentrations or other variables need to be evaluated, can be exploited for array-
based high throughput bioassays. The basic procedure illustrated in Figure 5-1 has two
laser-cleaned pattern arrays dipped into different reagents/solutions for droplet loading
with volumes specified by the hydrophilic spot sizes. One of the arrays is allowed to dry
(e.g., the reagent array) prior to sandwiching, in a mirror image fashion, with an array
surface containing droplets (e.g., cell suspension); this fuses the dried reagents to the

droplets in a spatially-controlled manner. The reason for the reagent array being dried is
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that it will not affect the total volume of the droplet after combining with the cell suspension
droplet array. In order for this to be achieved accurately without droplet-to-droplet

contamination, the inter-droplet spacing and glass-glass distance needed to be defined.
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Figure 5-8. Precise alignment for spatial coupling of droplet/reagents between two laser-
patterned surfaces. (A) The illustrative definition of non-contact distances, contact distance
and full-coverage distance. (B) The relationship between glass-glass distance and spot

diameters.
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As illustrated in Figure 5-8, the glass-to-glass ‘contact’ distance is critical, as this
determines when the droplets are in close enough proximity to have the top of a single
droplet (cell suspension in this case) reach the surface loaded with reagent. Following
droplet fusion, the glass-glass distance is narrowed to the point that the boundary of the
sandwiched droplet is in intimate contact with the hydrophobic part of the surface. This
ensures that the liquid-solid interfaces experience an inward surface tension — from a top
view, this results in a regular round-shaped droplet. This distance, defined as the ‘full-
coverage’ distance, is the point at which the liquid disk between the two surfaces of the

glass fully covers the superhydrophilic area.

Based on the volume and the base area of the droplet (described in section 3.2), we
calculated the minimum contact distance (the borderline between the red and the orange
areas in Figure 5-8B) and the maximum full-coverage distance (the borderline between the
orange and the yellow area in Figure 5-8B) at a given radius of the base area. The desired
glass-glass distance and the diameter of spot size were then determined using Figure 5-8B
and adjusted by the bonding to the manifold the PDMS film spacer with appropriate

thickness.

Given a spot size, the maximum full-coverage distance can be conveniently found
in Figure 5-8B by setting a vertical line from the given diameter d and the intersecting
points with the yellow boundary will be the maximum full-coverage distance, hmax.
However this value only gives the upper bound of the glass-glass distance and the
optimized distance hept should be further determined at some value below the maximum

distance.
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In actual assembling of the cell droplet array, due to the accuracy of the assembling
manifold we allow for a #0.1mm tolerance of the alignment. So we need the liquid in a
spot region with diameter d to be able to cover a spot region with diameter d+0.2mm.
Therefore the optimized distance is:

d2
hopt = frmax X (d + 0.2mm)?2

So if the given spot has d=1.2mm the optimized distance is:

2

1.2
— = 0.735hmax

hopt = Rax X 1.4

The hmax for d=1.2mm spot is founded to be 45 pm from Figure 5-8B so the hopt is

33 pm.

5.3.4 Cell culture

As one of the most canonical model microbes in biology, Escherichia coli has been
well studied, at least in part, because its genome could be manipulated robustly with current
molecular biology and bioengineering techniques. A common approach for studying gene
expression, is the introduction of the green fluorescent protein (GFP) reporter gene to the
bacterial genome, with the expression level of GFP quantitatively regulated by L-(+)-

arabinose.

To show proof of feasibility for the laser-patterned superhydrophilic arrays, we

cultured a GFP reporter gene encoded E. coli strain (HCBL1) [40] that uses L-(+)-arabinose
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as the inducing reagent for the expression of the encoded gene. The L-(+)-arabinose
concentration-dependent induction profile was reported in the expressing of the encoded
gene[48]. The E. coli cells are cultured in the droplet arrays with varying concentrations
of L-(+)-arabinose and the fluorescence intensity of GFP is used as indicator of the
expression level. After overnight culture of the cell array in a sealed petri-dish there is no
observable change in either the size or the shape of the droplets. The E. coli array cultured

under different L-(+)-arabinose concentrations shows a gradient of fluorescence intensity

(

Figure 5-9A and C), which confirms the L-(+)-arabinose-dependent expression of

GFP. The trend of the expression level versus concentration (

Figure 5-9B) is consistent with reported data[48]-[50], showing a non-linear,
exponential rising curve versus the logarithm of the arabinose concentration. The reason
for this non-linear rising curve is the mechanism of the autocatalytic induction, in which
the transporter of the inducing reagent is up-regulated by the inducing reagent itself. This
feedback causes the accumulation of the inducing reagent in already induced cells and an
all-or-none induction in each cell [43]. So the whole population of the E. coli contains two
sub-population, the already induced and un-induced[49]. As the concentration of the
arabinose increase, the fraction of the induced population increases making the
fluorescence intensity of the droplet increase. The agreement between the results shown
here and the reported response further validates this method as a potential tool for

quantitative array-based bioassay.
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Figure 5-9 Array of E. coli cultured under different concentrations of L-(+)-arabinose. (A) The
fluorescent images of a 12 by 8 array of E. coli at 6 different arabinose concentrations. (B) The
relationship between the expression level of GFP (in RFU) and the concentrations of L-(+)-

arabinose (n=16). (C) The expression level of GFP versus the spot size of arabinose droplet.

5.4 Summary

In summary, we developed a simple method for the fabrication of superhydrophilic-
hydrophobic patterns on a coated glass surface using CO. laser patterning. The method
requires only two simple steps: (1) dip-coating of glass into a silanization reagent

(hydrophobic coating), and (2) direct writing of the desired pattern by laser ablation of the
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hydrophobic coating, without any masking, lithography or molding procedures. The pre-
coated cover glass in (1) can be conveniently prepared in large quantities and stored for
future use upon request, so that the creation of the hydrophilic patterns actually only
requires one single step of the laser cleaning in several minutes without any required post-
treatment/fabrication, which is much shorter than all the previously reported hours-taking
methods. The superhydrophilicity of the laser-ablated surface slowly reverts within a week,
but this can be preserved by storage in a humidity-saturated environment. The volumes of
the self-patterned droplets can be tuned by the size of the superhydrophilic pattern and,
thus, provides a quantitative sampling technique with volumes ranging from couple of
nanoliters to a few hundreds of nanoliters. Long-term stability of the droplet array with
negligible evaporation in saturated humidity enables the culturing of cells while
simultaneously exposing them to a variety of reagents, reagent concentrations or culturing
conditions. The reported method demonstrates a fast, convenient and low-cost approach
to construct spatially-resolved sub-colonies of cell cultures, which could provide a much

more accessible and cost-effective array-based platform for bioassays.
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Chapter 6. Conclusions and Future Directions

6.1 Concluding remarks

The microdevices and related techniques described in this dissertation demonstrated
the versatility of laser-assisted fabrication in various applications. The laser fabrication
techniques have enabled fast, inexpensive prototyping of microdevice due to its broad
selection of materials and micromachining ability directly from design to reality, especially
in the early stage of development when enormous details of the microdevice need to be

tested.

Specifically, Chapter 2 as a beginning chapter, has provided a low-cost and
convenient scanner-based profiling technique that answered the questions about the quality
of laser ablated microstructures. The reported technique provides a low-cost, non-contact
profilometry method that is able to detect the profile of elastic surfaces and an already
enclosed microstructures with resolution of 2jum. The qualities of the laser ablated PDMS

surface and laser-fabricated PeT chambers have been quantitatively determined.

Chapter 3 explored the power of laser ablation in the fabrication of layered PDMS
structures that is used in microfluidic check valves, an essential part in almost all
microfluidic devices that needs flow control. The laser-ablated fluidic diode (one-way
check valve) shows comparable performance with those made by conventional soft-
lithography but requires much less labor and time cost to fabricate. A finger driven
metering and delivery (MaD) fluidic circuit has been developed and modularized into a
structurally stackable unit. By multiplexing the MaD unit two different functions can be

performed solely by finger pressing in two different designs of the microdevices:
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(1)simultaneous metering and delivery of 4 reagents at desired ratio with a simple
demonstrative application in the preparation of the STR-PCR mix; (2) microfluidic circuit
that can perform serial dilution at arbitrary diluting ratios. Being highly portable and
minimum demanding in equipment and operating skills without compromise to its accuracy,
the finger driven microfluidic device provides a promising liquid handling platform in the

field of point of care (PoC) diagnostics.

In Chapter 4, laser-fabricated glass-PDMS-glass (GPG) integrated microdevices
show potentials in forensic applications by enabling acoustic trapping and separation of
sperm cells with high trapping efficiency. The acoustic differential extraction (ADE)
system automated the isolation, purification and collection of sperm cells from female
lysate. With the assistance of polymeric beads sperm cells in dilute sample can be trapped
with trapping efficiency as high as that in concentrated samples, and the STR-PCR result
shows the complete and purified profile of male DNA which proved the success of the
ADE system. The acoustic trapping technique not only provides a collection method for
sperm cells but also the capability of cell retention in flowing medium, which enables the
convenient continuous switching of solutions in multi-step treatment of the cells. Such
capability is the foundation of the further integration of even more steps into the
microdevice such as post-trapping lysis of the sperm cells and will further increase the
automation level of the ADE process. The current ADE system is a promising platform
that has many possibilities to be extended and developed into a product that can serve real

forensic labs.

In Chapter 5, laser cleaned glass surface has shown superhydrophilic properties that

allows fast partitioning of aqueous liquid into droplet array which enables high throughput
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cell assays. The laser-cleaning process in producing the superhydrophilic surface outpaces
other techniques in the saving of both time and labor. A demonstrative droplet array-based
cell assay revealed the inducing effect of L-(+)-arabinose on the gene expression of
bioengineered E. coli. The results obtained from the droplet array based cell assay is in
agreement with previously reported findings through conventional methods, which proved
the biocompatibility and capability of the self-partitioned droplet array in high throughput
quantitative bioassay. The arraying glass, manifolds, and protocol developed in this work

may be adapted for other biological systems and mapping tasks in the future.

Laser—assisted fabrication has opened a door to a more automated, less laborious and
low-cost process in the development of microfluidic devices. In addition, as a fabrication
method that is applicable to a wide range of disposable, polymeric materials, laser-assisted
fabrication and manufacturing will play a significant role in the rising-up trend of the
commercialization of lab-on-a-chip microdevices and more laser-fabricated products are

expected to emerge in both academic and industrial field in the future.

6.2 Future work

Future work mainly includes:

(1) Extend the droplet array based bioassay to more biological problems and systems
such as mammalian cells and develop the whole methods in to a more general tool
for biological study.

(2) Further development of the ADE system into a portable prototype that can be

used to deal with real sexual assault sample in real forensic labs.
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