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I. Executive Summary

The objective of this project is to develop a smart disposable polymer lab-on-a-chip
for clinical diagnostics and point-of-care testing, which has the sampling/identifying
capability of fast and reliable measurements of metabolic parameters from a human body
with minimum invasion. To achieve this goal, an innovative, fully integrated, plastic
microfluidic lab-on-a-chip has been successfully developed and characterized for the dual
applications of a stand-alone smart disposable polymer lab-on-a-chip as well as a wrist
watch-type blood analyzer.

Figure 1-1 shows a conceptual drawing of the proposed plastic-based structurally
programmable microfluidic biochip for clinical diagnostics. The plastic fluidic chip
includes a smart passive microfluidic manipulation system based on the structurally
programmable microfluidic system (sSPROMs) technology, allowing for preprogrammed
sets of microfluidic sequencing with only an on-chip pressure source. The integration of an
air-bursting detonator or a chemical propellant on the chip allows us to utilize a simple
alternative fluid-driving source, thus eliminating costly, nondisposable active microfluidic
pumps. The biochip also contains an integrated biosensor array for simultaneous detection
of multiple clinically relevant parameters. Thus, the disposable smart plastic biochip is
composed of fully integrated modules of plastic fluidic chips for fluid driving, sequencing
and biochemical sensors. Figure I-2 shows the schematic sketch of the disposable lab-on-a-
chip with a wristwatch-sized analyzer.
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Figure I-1. Conceptual drawing of a proposed plastic-based structurally programmable
microfluidic biochip for clinical diagnostics

The biochip is inserted into the analyzer unit where the microfluidic sequencing is
initiated by a trigger signal from the electronic controller. After the sample solution
(blood) is delivered to the biosensor array, the electrochemical detection circuitry on the
analyzer is used to determine the concentrations of the various analytes. As a



demonstration vehicle, the biochip has the specific goal to detect and identify three
metabolic parameters: PO, (partial pressure of oxygen), lactate, and glucose from blood.
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Figure 1-2. Schematic sketch showing: (a) details of multilayer plastic disposable biochip
and (b) wristwatch analyzer for detecting point-of-care testing with biochip.

The microfluidic systems played a key role of the project. The major aspects of the
microfluidic systems were to control fluids or samples which will be analyzed and to
deliver any biochemical samples into sensing chambers. The reason for using a
microfluidic system in biochemical analysis/detection application is that a) it requires small
volume of samples and reagents and b) it promises fast analysis/detection.

To realize the microfluidic systems, all microfluidic components such as passive
microvalves, microchannels, reservoirs and sPROMs have been realized on polymer
substrates and fully characterized. In addition, related microfluidic techniques also have
been developed such as wafer-to-wafer or device-to-wafer bonding techniques and
microfluidic interconnection techniques. Several prototype microfluidic devices have been



designed and developed to verify their capabilities. Consideration of integration issues and
biochemical compatibility issues has been extensively explored to achieve the project goal.

Another critical element of the biochip is the on-chip air-bursting or nitrogen
propellant detonator. The air-bursting detonator uses pressurized gas, which is compressed
and stored in a chamber capped with a thin membrane. The membrane has a heater
lithographically defined to serve as the detonator. When a brief pulse of electrical energy is
sent to the microheater, the heater temperature rises rapidly and melts the membrane. As
soon as the membrane is broken, the pressurized gas rushes out, pushing the fluid samples
into the microchannel through the ruptured membrane. As another method, a chemical
propellant such as AIBN to generate nitrogen gas has been screen-printed on the
microheater, so that the nitrogen propellant produces nitrogen when it was heated up to a
certain temperature. Low power consumption is guaranteed, since only pulsed power is
used to burst the pressurized gas. This eliminates the use of complex micropumps as well
as bulky batteries required to power the pumps. The use of a smart passive microfluidic
control system with an on-chip power source allows for the development of fully integrated,
yet low-cost disposable biochips.

The basic concept of the biosensor, used in this project, for PO,, glucose, and lactate,
which are key metabolic parameters in human blood, was based on an amperometric
detection principle, which is currently used for commercially available amperometric-type
biosensors, originally proposed by Clark et. al. Figure 1-3 illustrates structure of
biochemical sensors for PO2, glucose, and lactate. Small volume rapid methods of
biochemical detection have been also developed. The sensitivity of the biosensor has been
enhanced with specially designed microelectrodes configuration and electronic control.
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Figure 1-3. Schematic structures of PO, sensor and glucose/lactate sensor.

The electronic systems were designed for the control of microfluidic components,
data capture of the sensing signals from biosensors and analysis aspects of the research.
The microfluidic system had to be controlled sequentially. In addition, the biochemical
detection principle required highly sensitive analyzing circuitry since the signal level from
the biochemical sensor is low. To fulfill all these requirements toward a hand-held
analyzer system for biochemical detection, a microcontroller board along with analog and
digital signal controllers, power drivers for an on-chip pressure generator, an AD/DA
converter and a display unit were designed. Most of the system was an analog design and



involved some digital design depending on the specifications of the output that had to be
generated. All parts of the electronic and control system were built using printed circuit
boards (PCB) to minimize the system size and to optimize performance. In order to
achieve a hand-held biochip analyzer, it is essential to convert the circuit designed in PCB
based system and surface mount technology (SMT) based system into application specific
integrated circuit (ASIC) form. To this end, an analog to digital converter, digital to analog
converter and a binary to seven segment LCD display driver have been designed, fabricated
and successfully tested in ASIC fabricated chip form. All the ASIC designs were completed
using ABN AMI 1.5um technology.

Combining microfluidic systems, electronic/control circuit systems, and biosensors,
a hand-held system analyzer for rapid and affordable point-of-care testing has been
designed, developed and fully characterized to meet the goal of the project. The whole
system is shown in Figure 1-4.

The developed systems have been successfully characterized by performing whole
blood test as a proof concept of the system. The glucose sensors developed in this project
can detect glucose concentrations from 50-250 mg/dL and the lactate sensor has been
successfully tested for 2-13 mg/dL. These results clearly prove the utility of the developed
biosensor array and the disposable biochip for clinical diagnostic applications.

All clinical testing was performed under The Ohio State University subcontract. No
human use testing was performed using funds provided by DARPA under this effort.
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Figure I-4. Developed plastic-based structurally programmable microfluidic system: (a)
fully integrated disposable biochip, (b) hand-held analyzer for point-of-care testing.



I1. Problem Definition

As the research problems in this project, we focused our work on the realization of

plastic microfluidic components and systems, development of biosensor arrays and
implementation of a compact biochip analyzer.

Plastic Microfluidic Components and Systems

In realization of plastic microfluidic components, much effort was spent on

development of plastic microfluidic components using BioMEMS technologies. By further
understanding the blood behavior in microchannels, specific modifications were added into
biochip design for improving the biocompatibility of entire biochip.

Detailed problems include:

Design and development of structure PROgramable Microfluidic system (SPROMS)
for successfully controlling the fluidic behavior in biochip.

Development of plastic micromachining technologies for constructing the desired
microfluidic structures.

Development of assembly techniques for integration of all constructed microfluidic
layers.

Development of micro-needles for blood sampling.

Development and optimization of an on-chip power source for providing
microfluidic driving force.

Reliable and low temperature device-to-wafer bonding technology.

Biochip interface to electronic circuit analyzer.

Development of methods for storing a calibration solution on-chip.

Microfluidic manipulation sequence.

Development of smart disposable plastic lab-on-a-chip.

Development of a disposable cartridge for point-of-care testing.

Biosensor Array

The developed electrochemical biosensor array is capable of rapid and accurate

measuring multiple analyte concentrations in human blood samples.

Detailed problem includes:

Design and development of a disposable biosensor array constructed on a plastic
substrate.

Development of the biosensor array capable of measuring multiple analyte
concentrations in human blood samples.

Development of new fabrication technologies required by the construction of
disposable biosensor array.

Development of a pre-calibration mechanism for eliminating the temperature
dependency for biochip field use.

Investigation and development of a blood biocompatible biosensor array.



e Design and development of the sensor-to-circuit interface.

Electronic Control System and Analyzer

Design of the biochip analyzer circuit in Application Specific Integrated Circuit
(ASIC) form involved the design of analog, digital and mixed signal circuits in single ASIC.
This was challenging apart from the constraint on the availability of the number of pins.
Design was performed to eliminate noise in the analog circuit due to switching action in the
digital part of the circuit, to maintain signal integrity, and to avoid latch up problems.

Detailed problems include:

e Entire circuit on Surface Mount Technology (SMT)-based system has to be
converted into an ASIC based system using ABN AMI 1.5 pum technology.

e Size of the biochip analyzer circuit board should be reduced from 3.5 inch x 3.5
inch to a wrist watch size (approximately 1.5 inch x 1.5 inch)

e Design a low power circuit of the currently developed prototype in order to avoid
using high power batteries and hence reduce the size of the entire biochip analyzer
system.

e Make the system more user friendly such that user can modify the test procedure
based on the requirements of the analyte which needs to be measured.



I11. Approaches

As stated, the major objective of the project was to develop a plastic-based
structurally programmable microfluidic lab-on-a-chip for clinical diagnostics. Therefore,
we divided the project into six research areas: (1) Plastic Microfluidic Component; (2)
Novel Structurally Programmable Microfluidic Systems (SPROMs); (3) Structural and
CFD Analysis; (4) Biochemical Sensors and Assays for Blood Analysis; (5) Control
Topology and IC Circuits; and (6) Fully Integrated Smart Disposable Lab-on-a-Chip and
Analysis Systems. Each task is closely related to each other for the final system and
extensive collaboration was enforced to overcome any problem encountered while
performing the project. Approaches used to research the project goals are described below.

1. Plastic Microfluidic Components
Various plastic micromachining technologies, such as injection molding, embossing,
fusion bonding, and ultra-violet adhesive bonding, were developed in this work for
constructing the components of the disposable microfluidic biochips. The optimization of
these technologies enhanced the fabrication procedure of biochip to make them more
compatible towards a mass production process and hence, greatly reduce the manufacture
costs.
1.1 Material Properties of COC
Our immediate mission for developing the low-cost biochip was to select a suitable
plastic material as the major substrate for each component. Thus, the choice of plastic
substrate was, at a basic level, an important factor in this work. According to the properties
of molecular structure, plastic materials can be classified into three groups: thermoplastics
(e.g. polycarbonate (PC)), elastomers (e.g. poly(dimethylsiloxane) (PDMS)) and thermosets
(e.g. Bakelite). A wide range in physical and chemical properties of plastics can be
observed from material to material, which indicates that a variety of fabrication methods
are needed based on application purposes. Due to the high extension of elastomers and
brittle structure of thermosets, thermoplastics are the best option for a plastic disposable
biochip. An ideal material candidate should be (but not limited to be): available in a pure
form at low cost, compatible with biological samples, insoluble in desired chemical
reagents, adjustable surface properties, easily machinable and replicable for mass
production, good optical properties, etc. In our investigation, Cyclic Olefin Copolymer
(COCQ) is highly suitable for the biochip application.
Some of the advantages of using COC include the following.
e COC can be injection molded at very high flow rates (~ 55 gm per 10 min)
compared to other polymer materials. PC and PMMA can only be injected at
27 gm and 25 gm per 10 min. respectively. The lower viscosity of COC at
processing temperatures allows for lower injection pressure and better fills.
*  COC exhibits extremely low water absorption, typically an order of magnitude
lower than PC or PMMA.
*  Most metallic films exhibit excellent adhesion to the COC substrate.



e COC is resistant to most polar solvents such as acetone, methanol and isopropyl
alcohol. This allows the use of standard photolithography techniques with
COC substrates.

* A significant advantage is the wide UV transmittance exhibited by COC.
Figure I11-1 shows the UV transmittance characteristics of COC compared with
PC and PMMA. COC has excellent optical properties, which are also
advantageous for fluorescein-based biochemical analyses and bio-optical
applications.
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Figure I11- 1. Measured optical transparency and absorption characteristics for different
wave lengths. UV range is transparent for Cyclic Olefin Copolymer (COC).

1.2 Plastic Micromachining Technologies

The plastic micromachining processes are broadly classified into two categories, (i)
replication techniques (for mass production / prototyping) and (ii) serial techniques (for
prototyping). Of all the above techniques, commercial success of plastic micromachining
relies mainly on the replication technologies; the serial techniques are very time consuming
and are good only for prototyping, in some cases they also present a great deal of technical
and qualitative problems for many applications. Therefore, much interest has been focused
in recent years towards the development of the replication technologies. All the replication
technologies are well established for macro machining, and are also applied to the micro
world with some modifications and improvements. The materials for processing are also
borrowed from the macro regime and are so far successfully implemented to
micromachining. There has been very little effort to specialize materials for the micro
world as only minimal consumption is expected even for a commercial manufacturing plant.

The replication technology involves the fabrication of the master mold, which is
fabricated using the micromachining technology and is described in following sections.
The use of the microfabrication technology instead of the conventional machining approach
gives a lot of advantages e.g. micron and sub micron feature replication, design flexibility,



accurate fabrication, decreased surface nonuniformities and low surface roughness of the
master mold. As nondestructive replication from the mold is feasible, the cost of making
the mold is diminished by the production capability of the replication technology. The
different replication technologies have their own advantages and disadvantages.

High Aspect Ratio Ni Mold Fabrication Based on UV-LIGA Process

Our first goal for the project was to develop a generic deep-X-ray lithography
(known as “LIGA”) process and SU-8 based UV-LIGA process. First, we focused on the
development of the low cost X-ray mask technology for the LIGA process using two
different technologies: a graphite substrate-based X-ray mask technology and a polyimide
membrane-based X-ray mask technology. Both X-ray mask technologies are inexpensive
and suitable for general LIGA processes. Fabrication of the graphite membrane mask was
started with fly cutting and polishing a densified 4-inch diameter graphite disk. Then, a
Ti/Cu seed layer was sputtered on the graphite. Either SU-8 or thick photoresist (Shipley
SJR 5740) was spun, and patterned. Gold electroplating was carried out through a polymer
mold to achieve 13 um or thicker gold absorbers. Fabrication of a polyimide membrane
mask was started with mounting of 13 or 25 um thick polyimide film on aluminum
stretcher. The stretched film was annealed in an oven and it was followed by a sputtering
of Ti/Cu as a seed layer and SU-8 or SJIR 5740 patterning. Finally, gold with a thickness of
13 um or thicker was electroplated.

As a low cost alternative to the LIGA technology, UV-LIGA technology using SU-
8 for the fabrication of a high precision metallic micro mold insert was developed. A
variety of test microstructures were fabricated using SU-8 with aspect ratios of up to 20:1
and thicknesses of 200 um and 400 um (Figure 4-b). The UV LIGA-based plastic
micromachining process consists of four main steps: photolithography, electroplating for
mold master fabrication, plastic chip fabrication and final assembly/packaging, as shown in
Figure I11-2.
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Figure I11- 2. Schematic representation of the process flow for biochip fabrication using
plastic micromachining techniques

SU 8 photolithography was optimized for the fabrication of microchannel structures.
Figure 111-3 and I11-4 shows SEM micrographs of some of the fabricated SU 8 structures
using the developed process. From the SEM micrographs it can be observed that the
sidewalls are very vertical and the surface is smooth and aspect ratios of up to 10 were
successfully realized. The conditions for SU 8 photolithography was optimized for
microfabrication of structures of up to 250 um in height with aspect ratios of up to 10.
Critical problems were addressed during the optimization of the process.
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Figure I11- 3. SEM photographs: (a) and (b) show a passive valve structure using SU 8
with an aspect ratio of ~10 (25 um wide and 250 pum tall)
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Figure I11-4 SEM photos of microfluidic structures: (a) dispenser; (b) multiplexer; and (c)
and (d) microchannels.

Some of the results of the electroplating for the mold fabrication are shown in
Figure I11-5. From the SEM micrographs, it can be observed that the non uniformities of
electroplating have been minimized to a large extent using the established electroplating
scheme. The mold also showed good adhesion to the substrate because of the 3 um surface
finish of the substrate. It withstood injection molding and hot embossing cycles without
any damage to the electroplated microstructures.
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Figure I11-5. SEM micrographs of the electroplated nickel microstructures: (a) passive
valvestructure with aspect ratio of 6 and (b) microfluidic reservoir (c) and (d)
microchannels.

Based on the development of base technologies, we focused on the development of
a unigue micro mold insert that enables continuous hot embossing of micro plastic
components. In order to realize such micro mold inserts, we developed a generic
technology that can electroform high precision metallic parts on metallic cylindrical shafts.
In this project, a 3/4 inch diameter AISI 316 stainless steel cylinder was used as a substrate.
It was cleaned by Wood’s strike etching process and a thin Ni layer was plated on the
sample to get better adhesion and uniform deposits on non-planar substrates. An exposed
blank polymethyl methacrylate (PMMA) sheet was developed and rinsed and the PMMA
sheet was wrapped around the stainless steel cylinder and clamped using the wrapping tool
(Figure 111-6 (c)). Electroplating was carried out for the wrapped-around PMMA mold and
the PMMA mold was removed. Figure 111-6 (d) shows an SEM photomicrograph of the
realized mold insert on a stainless steel cylinder.

12



Figure I11-6. (a) SEM photomicrograph of a graphite-based X-ray mask, (b) SEM
photomicrograph of 400 um tall SU-8 structures with aspect ratios of up to 20:1, (c)
optical micrograph of the tool used for electroforming of micro mold insert on cylindrical
shaft, and (d) SEM photomicrograph of electroformed test micro mold insert for continuous
hot embossing.

A substantial amount of work has been done to realize a LIGA-based metallic
micro mold insert for plastic microneedle array replication. Based on experimental results,
we chose nickel as a substrate material for mold insert for microneedle arrays. Ground and
polished 3-inch diameter Ni plate was activated in C-12 activator for 1 minute at -2 volts to
clean the surface and promote the adhesion. Commercially available PMMA sheet (with a
thickness of 1 mm or 2 mm) was bonded using methyl methacrylate (MMA) bonding
solutions and fly cut down to 200 um. The PMMA sheet was exposed to X-ray and it was
developed by four cycles of 20 minute developing and 40 minute rinsing. Ni electroplating
was carried out to create Ni metallic micro mold inserts on Ni substrate. Due to the
requirement of injection molding, the surfaces of the micro mold insert must be very
smooth. Therefore, the surface of electroplated Ni was polished gently using SiC or
alumina powder. Figure I11-7 shows SEM photomicrographs of nickel mold insert for a
microneedle array.

Figure I11-7. SEM phb't'o'r‘ﬁi'(':r'('igrabhs- of Ni micro mold insert for Itic microneedle array.
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Micro Injection Molding Technique for Fast Duplication of Mold Patterns

Injection molding is a technique for making plastic parts. The resin in the form of
pellets is heated in a barrel and this molten plastic in the barrel is forced into a small cavity
containing the features to be replicated. The cavity is cooled down and the solid plastic
part is ejected from the mold cavity. The schematic of the injection molding machine is
shown in Figure I11-8. It shows the following important functional units of the machine: the
injection unit and the molding block with its associated clamping unit. The functions of the
injection unit are to liquefy the plastic material and to inject the resin into the mold cavity.
The plastic in the form of pellets is introduced into the injection mold machine through a
hopper. The resin is melted by the reciprocating screw by way of mechanical shearing
action and also by the thermal energy from the heaters surrounding the barrel of the
injection unit. The molten resin is stored temporarily in the space between the tip of the
screw and the nozzle until injection. During the injection step the entire screw rotates by
hydraulic mechanism and it pushes the molten plastic into the mold cavity. The molten
plastic reproduces the shape of the features of the mold cavity and after sufficient cooling
the part is ejected from the mold cavity.
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Figure 111-8. Schematic diagram of an injection molding machine with molding block

A novel replaceable mold disk technique was implemented in the fabrication of the
nickel master mold. The molding block was custom designed to fit the replaceable mold
disk. The schematic illustration of the replaceable mold disk technique is shown in Figure
[11-9. Figure 111-9 shows the photographs of our custom designed molding block with the
microfabricated replaceable mold disks. The injection molding block was designed to hold
two mold disks for simultaneous production of two micro parts. Consequently, the gates
for plastic injection were placed on the sides of the master mold. Each disk had 4 ejector
pins placed equidistant from the center and from each other. The molding block was heated
with the help of heating fluid. A separate hot oil unit was added to the injection molding
unit for heating the mold block to the demolding temperature of the polymer. As the plastic
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enters the mold cavity at melting temperature, rapid cooling to room temperature will result
in micro cracks on the surface of the plastic. Hot oil circulation through the molding block
is very critical to avoid microcracks on the surface. The temperature is maintained at the
demolding temperature recommended by the manufacturer for each polymer.

Injection molding black Fully microfabricated
replaceable mold-disk

Figure I11-9. Schematic illustration of replaceable mold-disk technique
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Figure 111-10. Photograph of the custom designed injection molding block
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Rapid Thermal Process (RTP) for Micro Injection Molding

In a typical injection molding process, the plastic is melted and then injected into
the cavity of a closed mold, whose shape is transferred to plastic microstructures on cooling
down. Inside the mold cavity, the resin continues to flow and fill the mold cavity till the
polymer cools down to a highly viscous melt, where the flow stops, and the part can be
ejected. In order to ensure good flow properties during injection, thermoplastics with low
or medium viscosity are preferred. So the filling of the mold cavity and subsequently the
micro patterns depends on the viscosity of the polymer melt, injection speed, molding block
temperature, and the nozzle temperature of the injection unit.

The molding block is normally heated to an elevated temperature (below the glass

transition temperature of the injected polymer) to help uniform flow of polymer throughout
the mold cavity. A higher mold temperature could improve the fill characteristics but
would also significantly increase the process time.
In the rapid thermal process, the “surface” of a Ni mold disk is heated with IR radiation
using a high power halogen lamp. The radiation from the IR source is focused on the
surface of the Ni disk and the surface temperature of the replaceable Ni micromold disk
reaches a temperature higher than the nozzle temperature in a few seconds. Then, the
molding block is closed and the molten plastic is injected from the nozzle at high injection
speeds. When the molten plastic enters the mold cavity, it experiences an isothermal
environment. The melt temperature and the Ni mold disk surface temperature will be the
same at the instant when the plastic is injected. So there will be no heat transfer taking
place inside the cavity for a very small period of time and the surface heat of the Ni mold
disk will help the plastic to be in a state of low viscosity. As a result of this, complete
filling of the mold disk cavity can be achieved without any considerable increase in the
cycle time of operation of the injection mold machine. An illustration of the complete cycle
of the rapid thermal process is summarized in Figure I11-11. The cycle time is almost
identical to the conventional molding process. Since only the surface of the micromold is
heated, it reduces any need to heat and cool the whole molding block every time when a
plastic part is made. Thus, the process using RTP with infrared radiation provides a more
economical and feasible source for large-scale production.

IR source Hot surface of the micro Completely filled and
[ mold after closing solidified polymer part
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polymer melt
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Figure 111-11. Schematic description of injection molding using rapid thermal process (a)
surface heating of the mold disk using IR source; (b) closure of molding block; (c) filling
phase of the injected polymer; and (d) complete filling, solidification and ejection of the
final polymer part.
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SEM pictures of the sample structures are shown in Figure 111-12. The advantage
of using the RTP process can be easily understood from the pictures. The shape of the
microstructure without the RTP process is that of a partially filled micro cavity, where the
plastic has solidified before complete filling of the mold cavity. The height of the structure
is around 40 um and the sidewall profile has an angle of around 45°. But the picture Figure
I11- 12(b) of the fabricated structure using the RTP process shows complete filling of the
mold and good replication of the microstructure in the mold cavity. The height of the
plastic structure is around 100 um, which is the depth of the micro cavity in the mold and
the sidewall also has an angle of almost 90°, ensuring exact replication of the mold cavity.
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Figure I11-12. Comparison of the SEM pictures of microneedles: (a) without RTP process
and (b) with RTP process

The rapid thermal process (RTP) was characterized for three different polymers
such as cyclic olefin copolymer (COC), poly methyl methacrylate (PMMA) and
polycarbonate (PC). The RTP injection molding was performed on these three polymers
with various injection speeds from 10 cc/sec to 70 cc/sec in steps of 20 cc/sec. The IR
radiation exposure time was also varied from 10 seconds to 2 minutes for all the polymers
and for various injection speeds. The molding block temperature was fixed at two points,
room temperature and the maximum debinding temperature for each polymer, and the
injection was performed at various speeds at these two temperatures. The RTP parameters
were varied when the molding block was at the debinding temperature of each polymer.
The results of experiments are plotted in Figure 111-13 for the polymers COC, PMMA, PC
and COC respectively. From the results, the maximum injection fill depth is achieved in
most cases at around 40 seconds of IR radiation exposure time, which makes the cycle time
of the injection mold machine around 90 seconds. From the figures, complete fill of the
mold has been never achieved at lower injection speeds, less than 30 cc/sec, irrespective of
the process, and 100% fill has been achieved at speeds greater than 30 cc/sec and at
exposure times around 40 seconds. The process can be greatly improved by including a
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thermal shield between the replaceable Ni mold disk and the molding block, since there is a
huge temperature gradient between the disk surface and the molding block surface. Use of
higher-powered IR source can greatly help to reduce the cycle time. The obtained results
clearly revealed the advantages of the rapid thermal process. The cycle time for the full
process was reduced to 90 seconds.

This process time clearly shows the advantage of the rapid thermal process over the
conventional high aspect ratio injection molding, where the cycle time required was several
minutes. Thus the injection molding technique using the rapid thermal process is a
favorable alternative to the conventional high aspect ratio injection molding and the cycle
time can be greatly reduced, thereby reducing the injection molding costs and increasing
the throughput of the process.
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Figure 111-13. Measured injection fill depth at various IR exposure times, flow rates and
molding block temperature: (a) Cyclic olefin copolymer (COC); (b) Polycarbonate (PC);
and (c) Polymethyl methacrylate (PMMA).
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With the introduction of the RTP injection process, we have achieved highly
reproducible microstructures (micro channel, passive valve, etc) on a COC wafer. We have
successfully characterized the various material properties of COC that are relevant to
biochip fabrication including optimizing the injection molding process and a thorough
analysis of the surface properties of the COC substrate. These results are of great relevance
to the actual biochip fabrication as explained in subsequent sections.

Surface Modification of COC Substrates

For most biochip applications, the surface characteristics (contact angle, non
specific adsorption, free surface energy, etc.) of a plastic substrate are of greater interest to
us than the bulk properties of the plastic material. From a fabrication perspective, the bulk
properties of the plastic (rigidity, mechanical strength etc.) are also important.

The native surface of an injection-molded COC wafer exhibits a contact angle of ~
92° with water. Passive microfluidic controlling generally requires a strongly hydrophobic
surface. In this work, we utilized plasma treatment to increase the contact angle of native
COC surface. The surface modification should affect the surface free energy (and in turn
the contact angle) as well as the biocompatibility characteristics of the COC substrates.

As a well-established technique for surface modification, plasma processing is
widely used for multiple MEMS applications. In addition, we prefer this technique due to
its capacity for batch fabrication therefore satisfying the low cost requirement for
disposable biochips. Table I11-1 shows the plasma processing conditions used to modify the
surface characteristics of the COC substrate. The contact angles were measured after the
thermal bonding process, in which the plasma treated COC samples were heated to 120 °C
and cooled down under pressure to insure good bonding and sealing.

Flow Rate (sccm) Power  Duration Contact angle
Case # Ar 0, CF4 (Watts)  (seconds) (degree)
1 20 0 0 200 120 ~5°
2 10 0 0 150 120 21°
3 10 0 0 100 120 48°
4 10 0 0 25 120 78°
5 0 0 10 100 120 100°
6 0 2 10 150 120 109°
7 0 3 10 150 120 122°
8 0 4 10 200 120 136°

Table I11-1. Plasma Processing Conditions for Surface Modification of COC Substrates
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Figure 111-14. Contact angle measurement results for: (a) case 2; (b) case 3; (c) native
COC; (d) case 6; and (e) case 8 as listed above in Table 111-1.
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The effect of RF power is shown in Figure 111-15. The contact angle increases with
more RF power as more activated fluorine species can react with the surface at higher
powers. However, it is also possible that at very high powers the implantation reaction is
overshadowed by the physical etching process and the surface may be damaged. Increasing
power beyond 200 W leads to substantial surface damage (visually evident as slight haze on
the surface).

For a constant RF power, increasing the duration of exposure to plasma allows more
time for the surface modification reaction and the contact angle increases with more plasma
time. However, beyond ~ 240 seconds, the contact angle value levels off indicating that for
the given power setting and gas composition the surface reaction has saturated (Figure I11-
16). This curve is not very dependent on the RF power setting and saturation is observed at
slightly different times for higher RF powers but with increased saturation contact angles.

For hydrophobic surface treatment, the CF4 gas flow rate has very little effect on the
contact angle as shown n Figure 111-17. It is observed that the contact angle varies from
104° - 110° which is within the deviation range for multiple samples, hence it is reasonable
to assume that CF4gas flow rate has little to no effect on the surface modification process.
Surprisingly, a mixture of O2and CF4 plasma can produce more hydrophobic surfaces. As
shown in Figure 111-18, increasing the oxygen flow rate from 0 — 5 sccm (for a fixed CFa
flow rate of 10 sccm), increases the contact angle from 104° - 136°. In fact, the highest
possible contact angles are achieved when using a mixed of O2/CF4 (02 (4 sccm) + CF4(10
sccm)) rather than CF4alone.

The surfaces of the plasma-modified surfaces were examined with attenuated total
reflectance (ATR) technique. Figure I11-19 shows the ATR spectrum of an oxygen plasma
treated COC sample and a (O, + CF,) plasma treated sample, compared with native COC
spectrum. Figure 111- 19(a) shows the effect of combined (CF4 + O,) plasma on the COC
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surface. The native COC surface has a strong CH, peak and a smaller C-H peak. After
plasma treatment, both the peaks are almost completely wiped out and replaced by C-F
peak and a C=0 (ketone) peak. The C-F peak is significantly more dominant and can
explain the higher hydrophobicity of the substrate.
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Figure 111-19. ATR (attenuated total reflectance) spectrum of (a) COC substrate before
and after treatment with CF4 + O2 plasma and (b) before and after treatment with O2
plasma.

Figure I11- 19(b) shows the effects of oxygen plasma. As shown in Figure IlI-
19(b), the CH, peak and C-H peak are both reduced in magnitude and a new CH-O peak is
seen. The polar nature of the (CH-O) can explain the increase in hydrophilic behavior of
the substrate. Thus, by choosing the appropriate gases for plasma, power and duration, we
can predictably modify the surface of the plastic substrate such as COC across a wide
specgrum of contact angles ranging from very hydrophilic (~ 5°) to very hydrophobic
(136°).

Thermoplastic Fusion Bonding of COC

The most common technology for plastic bonding is to glue a cover to the channel.
However, this approach has a high risk of channel blockage. Also, the addition of a glue
layer introduces non-uniform channel surface properties; therefore the glue
biocompatibility, the bubble generation, and the water absorption of the glue layer become
important concerns. We extensively investigated thermoplastic fusion bonding for
assembling microfluidic layers. Well-controlled thermoplastic fusion bonding offers
certain favorable advantages for biochip assembly: high bonding strength, minimal channel
deformation and uniform channel surface properties.

The novel low-temperature bonding process involved heating the samples to ~
15 °C lower than the Tgand applying a high bonding force. This method was successfully
applied to achieve multi-layer bonding for COC substrates that had the microchannel
pattern on their surface. Figure I11-20 shows a microphotograph of the multi-level bonded
microfluidic device. Notice that the color of the dye remains the same after the channels
crossover, clearly proving that microfluidic channels are on distinct layers. Up to 5 layers
have been bonded simultaneously using this method.
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Figure 111-20. Microphotographs of multi-layer microfluidic devices assembled using low
temperature thermoplastic assembly techniques.

In this project, we developed a novel low temperature bonding process where by the
temperature of the COC substrate is maintained ~ 20 — 40 °C below its Tg (glass transition
temperature). Two microfluidic layers are well bonded under applied high pressure (tens of
MPa). The bond strength is enough to ensure the formation of a leakage free microchannel,
and more importantly, the low temperature bonding minimizes the deformation of the
microchannels substantially. A cross-section SEM image of the bonded device (shown in
Figure 111-21), clearly shows that the channels have been bonded with minimal deformation.
Another factor that could potentially affect the bond strength of the fusion-bonded substrate
is the surface condition of the plastic, i.e. whether it is hydrophilic or hydrophobic.
Following the plasma modification, as described in the previous section, the substrates were
bonded at a temperature of 120 °C and pressure of 10 MPa, to evaluate the effect of the
surface modification.

Z channelr _‘

fI:uLd ic, 7/

Figure I11-21. SEM showing cross-sectional view of multi-layer bonded device.
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The various parameters that affect the bond strength during thermoplastic fusion
bonding were investigated to determine their significance in the bonding process. The
effects of temperature, pressure and plasma modification on the surface have been
experimentally characterized. Figure 111-22(a) shows the effect of varying temperature on
the bond strength. As expected, increasing the temperature leads to higher bond strength as
the higher temperature allows for greater interdiffusion across the bond interface. Figure
I11-22(b) shows the effect of increasing pressure on the bond strength. As the pressure is
increased from a low value, the bond strength increases and then peaks at a pressure of ~5
MPa. The applied pressure forces intimate contact of the two substrates being bonded.
Applying more pressure than required to obtain good contact does not achieve any further
increase in bond strength. Figure I11- 22(c) shows the effect of plasma treatment on the
bond strength. This graph leads to a couple of interesting observations. First, one would
expect that as the surface is treated to be more hydrophilic, the bond strength would be
higher. However, we see that the bond strength peaks at ~ 45 — 50° contact angle and then
decreases as the surface is treated more hydrophilic. Lower contact angles are generated by
using high power RF plasma as explained earlier.
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contact angle.
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2. Novel structurally Programmable Microfluidic Systems (SPROMS)

Compared with its macro-scale compartment, a microfluidic device can not be
treaded as a miniaturized version. While the physical scale is going down, the microfluidic
behavior exhibits many unique phenomena due to the increased channel surface area and
the effect of laminar flow. To date, the research in microfluidics has presented great
advantages for micro analytical devices. The microfluidic technology is an ideal solution
for precise control of uL - nL volumes of samples and reagents. Active components such
as microvalves or micropumps have limited application for disposable biochips because
such devices are expensive in cost, complex in structure, and difficult to control. As a
consequence, the development of a passive microfluidic system becomes a fast-growing
area for production of small, fast and easy-to-operate disposable biochips. This section
discusses the details in theory of passive microvalves, the principle of structure
programmable microfluidic systems (sSPROMSs) and the application of a multiplexer.

The concept of sSPROMs was described previously as follows: “sPROMs is a
passive microfluidic control technique where a set of microfluidic manipulations are carried
out in a pre-programmed sequence. The microfluidic operations and their sequence are
determined primarily by the structural arrangement of the system without the need for an
external control signal”. sPROMs is analogous to the programmable read-only memory
(PROM) of a computer where a specified set of instructions is hard-wired into the PROM
chip.

2.1 sSPROMs (structurally PROgrammable Microfluidic system)

The basic concept of SPROMs is to control fluidic sequence by usage of a series of
passive valves at pre-programmed locations. Each passive valve holds a specific flow
resistance in order to manipulate the fluidic network. A multiplexer is shown in Figure I11-
23 to demonstrate the SPROMs conception.

Fluid input /
Passive

microvalve

Figure 111-23. Schematic sketch of a microfluidic multiplexer designed using SPROMs
principles. The flow is designed to sequentially fill according to numbering on the channels
1 through 7.

For point-of-care diagnostic analysis, it is preferable to operate multiple tests
simultaneously with one sample. Generally the sample is difficult to obtain and the amount
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is limited for supplying several biochips. A general method is to flow the sample over a
biosensor array, which consists of several sensors to detect different chemicals. The
immediate concern with this method is the cross-talk among various biochemical reactions
over each sensor area. The ideal solution is to locate each biosensor in its own single
channel and successfully split-and-guide the sample solution into each channel. The
sPROM digitally controls the flow direction and ensures successful separation of the fluid
with a definite flow sequence. At the split-off point, a passive microvalve is placed in one
of the channels to ensure that the fluid will first fill up the other channel. As shown in
Figure 111-23, fluid will first flow into channel 2 then in channel 3 because of restriction (or
passive valve) R1. The passive microvalve is designed so that after fluid fills up channel 2,
the laminar flow pressure drop in that channel exceeds the pressure drop across R1 and the
fluid rushes into channel 3. Each of these pressures can be calculated theoretically as
described in the following section. At the end of each channel pair, there are passive valves
(R2 and R3) of unequal dimensions, with required flow pressure drops APR2 and APR3
respectively, which further regulate flow. In this case APR2 < APR3, so that fluid first
moves past R2 and fills up channel 4. Now the pressure drops exceed APR3 and fluid
rushes into channel 5. By extending this arrangement, fluid can be manipulated to an exact
location as desired. In this case, the delivery sequence is 1,2,3,4 etc. as shown clearly in
Figure 8. By changing the locations of the passive valves and/or their relative values with
respect to channel size, we can program the fluid delivery sequence of the system.

This system works on the principle that the pressure drop across the channels is
small compared to the pressure drop across the passive microvalves. This allows the
microvalves to serve as primary regulators of the flow sequence.

2.2 Micro Passive Valve for Microfluidic Control

The structure passive microfluidic control system is based on the investigation and
development of micro passive valve theory, which describes a method of regulating fluid
flow by introducing an abrupt dimension change in a microchannel. Figure 111-24 shows the
most basic configuration of a micro passive valve.

".
N3

(a) ib)
Figure 111-24. Abrupt transition passive microvalve (a) 3D view and (b) 2D view.

As shown in Figure I11- 24(b), the liquid travels from the left wide channel (w1)

into the right narrow channel (w2). The liquid experiences a dimension change at the
interface of the two channels (point A). The pressure gradients required to push the fluid
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traveling in the left side channel (preceding the passive valve) can be calculated from
equation (I11-1) (Hagen-Poiseuille expression for a rectangular channel):

12LuQ

AP 3

) (111-1)

wh

where L is the length of the microchannel, x is the viscosity of the fluid, Q is the
flow rate, w is the width and h is the height of the microchannel. Once the liquid reaches
point A, it suddenly encounters an abrupt change in the width of the microchannel (height
remains same). The abrupt decrease in width results in a pressure gradient increase in order
to move the liquid farther. The required pressure to push the liquid into the narrow channel
can be derived from the principle of virtual work.

In case of very low flow rates, the surface tension effects are dominant in
controlling the flow characteristics. Since the fluid entering the narrow channel would
experience a higher surface-area to volume ratio, the surface energy of the system would
increase accordingly. This can be used to derive the expression for pressure needed to
overcome the passive valve as:

e, -2ocoso) [ Lot L (-2
1 1 2 2

where wi, h;, wp, and h, are width and height of the left and right channels
respectively, o) is the surface tension, and @& is the contact angle of water with the
hydrophobic substrate.

For most surface micromachining processes, a transition in width is easily
achievable whereas variable depth is more difficult to implement. Hence, setting h; = hy,
equation (I11-2) is simplified to

AP, =20, cos(Hc)[Wi - wi} (11-3)

The passive valve shown in Figure 111-23 is not an optimum geometry for the
biochip application. When the advancing front reaches the passive valve, it is held there
until a high pressure, enough to overcome the passive valve, is applied. The fluid then
shoots out of the passive valve at a fairly high velocity. This is expected because once the
passive valve is “broken,” very little pressure is required to maintain flow through the
narrow channel. However, Figure I11-25(a) and (b) illustrates the problem with this design.
This geometry leads to flow separation at the 90° corners and as a result, a significant
amount of fluid is trapped in these corners when the receding front passes through the valve.
On the other hand, when a plug of fluid is passed through the geometry shown in Figure
[11-25(c) and (d), the receding front exits cleanly without leaving behind any evident
residue. Thus it would seem that the abrupt geometry is not very well suited for our
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applications. As a result we have investigated other geometries that can act as effective
passive valves without generating any dead volume.

oW mmp FLOW mmmp

{a) (b} (c) (d)
Figure 111-25. Flow profile and resultant dead volumes at: (a), (b) abrupt geometry
passive valve and (c), (d) round geometry passive valve.

Based on Equation (111-3) it may seem that the taper and round geometries would
not act as effective passive valves since in the width-transition zone the relative difference
between W1 and W2 is very small. However, both these geometries can act as effective
passive valves because of the so-called “pseudo-hydrophilic” effect. Figure 111-26 shows
the flow profile through a taper geometry and round geometry respectively. As shown in
Figure 111-26, the shape of the meniscus initially resembles the hydrophobic meniscus as
expected. However, when the liquid passes through the tapered region (or curved region),
the meniscus is forced to assume a hydrophilic shape in order to maintain the contact angle
with the channel wall. Hence, the liquid is sucked in via capillary forces through the
transition region. Since the inlet pressure at this stage is just enough to overcome the
surface tension drop (of the entrance channel) and the laminar flow drop, the liquid stops
once it reaches the passive valve. At this point to cause further displacement, the meniscus
would have to be forced back it hydrophobic shape and then overcome the surface tension
drop of the narrow channel. Thus these geometries can also act as effective passive valves.
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Figure 111-26. Pseudo-hydrophilic effect for: (a) taper and (b) round geometry passive
valves. The inserts show magnified views of the liquid meniscus as it is passing through the
transition region.

The pseudo-hydrophilic effect is also seen to a smaller extent in the abrupt
geometry passive valve. In this case, the meniscus does not attain a fully-concave shape but
it straightens out to a flat shape as it approaches the passive valve. The taper and round
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geometry passive valves were simulated using the same inlet conditions as the abrupt
geometry and the performance of the three is compared in Figure 111-27. Note that the
pressure traces have been offset on the time scale to permit easy comparison of the three
curves. Figure 111-27 shows that the taper and round geometries can also act as effective
passive valves. In fact, the threshold pressure required to push the liquid beyond the taper
and round geometries of the passive valves is actually higher than the pressure for the
abrupt geometry valve, indicating these geometries are more effective passive valves.
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Figure 111-27. Pressure response of the abrupt, round and taper geometries for constant
flow rate condition at inlet.

In this section extensive design and simulation information is provided for the
passive microvalves. Initially, an approximate analytical expression is presented. Since the
analytical expression fails to capture all the performance details of the passive valve,
extensive simulations were conducted to analyze the effect of various parameters on
passive microvalve performance. Since the abrupt geometry passive valve exhibits
significant dead volumes, alternate valve geometries are also studied. Exhaustive
experimental data was gathered for the passive valves to verify the simulation and
analytical results. Finally as a proof-of-concept for SPROMs, a microfluidic multiplexer
was designed and successfully tested for sequential liquid delivery.
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2.3 Microfluidic Multiplexer with Integrated Microdispenser

The microdispenser module forms a key microfluidic component of the disposable
biochip. The sampled fluid volume is loaded into the fixed-volume metering
microdispenser, which in turn dispenses an exact volume of liquid for further biochemical
analysis.

Figure 111-28 shows a schematic sketch of the microdispenser module. The
microdispenser operates on the principle of graduated volume measurement where the
geometry of the reservoir determines the volume of the microdispenser. The sampled fluid
is introduced through the fluid inlet at a low flow rate. The fluid passes through passive
valve 1 and the following narrow channel to enter the reservoir. The air inlet is designed to
be much smaller than the fluid path between passive valve 1 and the reservoir. This ensures
that the fluid does not enter the air inlet. Passive valve 2 at the end of the reservoir prevents
the fluid from leaving the reservoir. As long as the applied fluid driving pressure is less
than the pressure required to overcome passive valve 2, the fluid will be contained
completely within the reservoir.

Passive valve 3

sive valvel ’V

: w ! oy

Ajrinlet Graduating resensoir On-chip scale

Measurement
chann el

Figure 111-28. Schematic sketch of the fixed-volume metering microdispenser.

Then air pressure, higher than the resistance of passive valve 2, is applied via the air
inlet line. This causes a split in the liquid column in the narrow section following passive
valve 1. At this stage the volume of the fluid contained within the reservoir is isolated
within the dispenser. At higher air pressures, the fluid within the reservoir is pushed out
toward the right. The fluid is ejected from the reservoir and enters the measurement channel.
The measurement channel is designed to accommodate a slightly larger volume than
dispensed from the reservoir. Passive valve 3 at the end of the measurement channel stops
the ejected fluid from flowing past it unless a higher pressure is applied. An on-chip scale is
fabricated in close proximity of the measuring channel to record the position of the rear end
of the fluid column. Using the on-chip scale, we can measure the exact length of the fluid
column and use that to calculate the dispensed volume.
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Figure I111-29. Microphotographs showing actual operation sequence of the
microdispenser: (a) reservoir filling; (b) reservoir filled; (c) start dispensing; and (d)
dispensing complete and liquid transferred to measurement channel.

Figure 111-29 shows an actual operation sequence of the microdispenser. Figure 111-29 (b)
shows that the liquid injected is held by passive valve 2 and Figure 111-29 (c) shows that
once air-pressure is applied via the air inlet, a split is caused in the liquid column and the
fluid is ejected towards the right. Figure 111-29 (d) shows the dispensed volume is held by
passive valve 3 and at this stage the length (and hence volume) can be calculated using the
on-chip scale. In experiments, only the region in the immediate vicinity of the scale was
viewed using a stereomicroscope for measuring the length of the fluid column.

The on-chip scale has 25 um wide scale bars separated by a distance of 25 pum. The
measurement channel for all the fabricated devices is 100 um wide. Thus, we can measure
fluid volumes with resolution of 50 pL (assuming a height of 100 pum). This corresponds to
a measurement uncertainty of 0.05% for a measured volume of 100 nL, which is well
within the acceptable measurement error range.

Figure 111-30 shows the precision measurement results obtained using the on-chip
scale. These results are measured for 15 consecutive dispensing cycles for each of the
designed dispensers. As Figure 111-30 clearly shows all three devices have excellent
repeatability characteristics. The variation (standard deviation) was 0.3% for the 50 nL
dispenser, 0.45% for the 100 nL dispenser and 0.3% for the 150 nL dispenser.
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Figure 111-31 shows the long-term performance characteristics of the microdispenser.
A set of 25 readings was recorded once every week over a period of six weeks. As shown
in Figure 111-31, the dispensed volume is very stable over a period of many weeks.
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Figure I111-30. Precision measurement results of the microdispenser.
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Figure I11-31. Long-term reliability analysis results of the microdispenser.
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The basic principle of operation of the fluidic multiplexer is the same as micro
passive valves. Figure 111-32 shows a schematic sketch of the microfluidic multiplexer with
integrated microdispenser. Figure I11-32 highlights one of the advantages of the SPROMs
approach. The microdispenser and the multiplexer can be designed and optimized as
separate devices and then simply combined through an appropriately designed connecting
channel to develop a more functional microfluidic device.

«— Microdispenser —;....(_ Multiplexer —— 5

Connecting
Air inlet channel
—_

[———ry

Liquid
inlet

Graduated
reservoir

FPazsive
valve

(280 nL) —

Cutlet
resenvoirs
(4X 70 nL)

Figure 111-32. Microfluidic multiplexer with integrated dispenser used to demonstrate the
SPROMs concept.

This highlights an advantage of the sPROMSs technique where individual
microfluidic devices can be designed and characterized and can also be easily integrated
with one another. The addition of the microfluidic multiplexer allows for complex fluid
handling where the dispensed volume is divided into four equal volumes and delivered
sequentially to each outlet. If the only requirement from the multiplexer is exact fluid
division (not necessarily in a sequential fashion) then a much simpler non-sequential
multiplexer can also be used. This is accomplished by removing the passive valves in
Figure 111-32.

36



{a) (b) (c)

I
of

5
~
(]
~

e e
w

1Y (.\

(d) (e if)
Figure 111-33. Microphotographs showing actual operation of a sequential, equal volume
multiplexer with integrated dispenser: (a) fill dispenser; (b) dispenser precise liquid
volume; (c) first level sequential division; (d) begin second level division; (e) continued
second level division; and (f) complete sequential multiplexing sequence.

Figure 111-33 shows the actual operation of the non-sequential multiplexer with
integrated dispenser. As Figure 111-33 clearly shows, the designed dispense volume is
successfully ejected without leaving any residues in the dispenser. Furthermore, as the
liquid travels down the multiplexer, it is divided equally without any loss in volume. The
multiplexer with integrated dispenser was characterized using the same techniques
described in the microdispenser section. The accuracy of the integrated device was
characterized at 99.2 % and the variation between 25 dispensing cycles was less than 0.5 %
at each outlet.

Integration of the microfluidic multiplexer with the microdispenser allows for
controlled division of the dispensed volume that can be -either sequentially or
simultaneously delivered. The multiplexer design was optimized based on the guidelines
explained in previous chapters and successful multiplexing action was achieved for equal
and non-equal volume division. The fabricated devices have been characterized to verify
that the multiplexers are capable of high accuracy sample division using simple pressure
control at the air inlet. In use the microfluidic multiplexer expands the potential
applications for the microdispenser; for example, in the unequal volume multiplexer, a
dispensed volume of 250 nL was divided into four volume of 100, 75, 50 and 25 nL
respectively with an accuracy of ~ 99 %. This method of fluid division is particularly
appealing for combinatorial chemistry applications where multiple concentration (obtained
by mixing the unequally divided sample volumes with equally divided buffer volumes)
analysis can be performed using very simple control techniques. Other designs of the
multiplexers can be applied for a variety of uTAS applications such as clinical chemistry
analysis, DNA analysis, and protein chips.
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2.4 Functional On-chip Pressure Generators for Delivering Fluid on Biochips

Micropumps are by far the most common microfluidic devices used to produce and
control pressure for microfluidic systems. There have been a number of different
approaches towards realizing active micropumps with diaphragms, rotary microturbines,
and nozzle-diffuser structures using electrostatic, electromagnetic, thermo-pneumatic,
electrohydrodynamic or magnetohydrodynamic actuations. However, the active
micropumps usually require an on-line electrical power or off-line batteries. For disposable
microfluidic biochips or systems the active micropumps should be integrated with
disposable batteries. This approach would increase the cost of the biochip and also
involves many technical difficulties. So, an alternative power source is desirable for the
disposable biochips or lab-on-a-chip devices, to power passive-type microfluidic
components.

Air Bursting Detonators

We have developed a novel concept for an alternative on-chip power source to
address the problems with the disposable microfluidic biochips and bioanalysis systems.
Pressurized gas in a microreservior can be utilized as an energy source to control fluidic
sequencing on a disposable biochip. The gas can be compressed and stored for subsequent
usage and this pressurized gas can be released upon “triggering” by a short electrical pulse
as shown in Figure 111-34.

Pressurized gas Thermoplastic membrane

Air
bursting
detonator

Localized microheater

Gas bursting after trigger Liquid sample on biochip

Disposable
biochip
/o

Figure 111-34. Schematic drawing of the disposable air-bursting detonator as an
alternative on-chip power source.

Figure 111-34 shows a schematic illustration of the novel disposable air-bursting
detonator as an alternative on-chip power source. Pressurized gas, which is compressed
and stored in the chamber, produces pressure to drive fluid samples in microchannel upon
“triggering” by a so-called detonator (microheater). Once an electric power pulse is sent to
the microheater, thermal stress of the membrane will be increased until the membrane is
broken (or the thermoplastic membrane will completely melt).  After the membrane is
broken, the pressurized gas pushes the fluid sample into the microchannel through a broken
hole on the membrane. Low power consumption is guaranteed since only one pulsed
power is used to burst the pressurized gas.
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Figure 111-35. Consumed electrical power in driving fluids for: (a) conventional
micropump and (b) air-bursting detonator.

In the device shown in Figure I11-35, the detonator will have its own “pressure
discharge” characteristics due to the gas flow resistance of the hole and the microfluidic
channel. The characteristics of this microfluidic “battery” can be easily adjusted by
changing the conditions of the microheater having different sizes of the hole, which
produces different gas flow resistances and pressure drops.

(C) (b) (©

Figure 111-36. Dynamic thermo-mechanical simulation using CFD-ACE+ package: (a)
temperature profile on the top surface at 10 ms; (b) temperature profile on the top surface
at 100 ms; and (c) temperature profile on the bottom surface at 100 ms.

Dynamic thermo-mechanical simulation was first conducted by CFD-ACE+ to
investigate the temperature profile and thermal stress on the microheater and membrane.
Constant material properties (conductivity, resistivity, and specific heat) were reasonably
assumed for simulation and the external convection boundary conditions were applied to all
boundary surfaces considering heat dissipation by air convection. Figure 111-36 shows the
thermal profile on the membrane as a function of time.
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Figure 111-37. Dynamic thermo-mechanical simulations of the heater. Trigger point A is
the glass transition temperature of the membrane.

Figure 111-37(a) shows a plot of the temperature profile versus time as simulated in
the case of Figure 111-37(b). A lower power input has slower response due to heat capacity
of the materials and heat dissipation to air by convection. Pulsed electric current starts to
trigger the detonator around 350 ms for the detonator with plastic membrane (the glass
transition temperature for the plastic membrane is around 140°C) with 100 mW of applied
power. Dynamic flow simulation was also performed to investigate the flow response
when the air-bursting detonator is integrated with meander-type long microchannel as
shown in Figure 111-37(b).

Figure I11-38. Fabricated device: (a) air-bursting detonator integrated with microchannel;
(b) the detonator membrane before bursting; and (c) the detonator after bursting.

A variety of different fabrication techniques were explored for the fabrication of the
membrane of the air-bursting detonators. We have fabricated the membrane structure using
(a) mechanical machining, (b) injection molding and (c) embossing techniques. The
embossing technique leads to very good membrane structure. For the injection molded and
embossed membrane, an annealing step was required to reduce the local buckling on the
membrane formed due to thermal stresses during the fabrication process. The microheater

40



pattern was formed by electroplating a nickel pattern onto the membrane structure.
Figure 111-38(a) shows a fabricated device. Figure 111-38(b) and (c) show the
membrane with the heater pattern before and after thermal actuation.
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Figure 111-39. Dynamic pressure measurement of the air-bursting detonator with
serpentine micro- channel. With fluid in the microchannel, dynamic pressure drop makes
pressure difference ( P) and time delay ( t).

The device shown in Figure 111-38(a) was coupled to a microfluidic channel to
monitor the dynamic pressure response of the air-bursting detonators. Figure 111-39 shows
the dynamic pressure response of the air-bursting detonators. Comparison with Figure 28
shows that the response of the air-bursting detonators matches the simulation results
closely. As shown in Figure 111-39, the addition of a liquid in the microchannel causes an
increase in the time as well as magnitude of the peak pressure. The additional time
difference can be easily attributed to the delay caused by the liquid motion. The increase in
pressure may seem counter-intuitive. When one considers a liquid plug within a
microchannel, there exists a finite pressure drop across the advancing and the receding
meniscus of the liquid front. The additional pressure drop seen in Figure I11-39 can be
attributed to this pressure differential across the liquid meniscus that is superimposed on the
pressure delivered by the air-bursting detonator.

AIBN Based Solid Chemical Propellant

Figure 111-40 shows a schematic drawing of the novel functional on-chip pressure
generator using AIBN (azobis-isobutyronitrile) as solid propellant. The new device does
not require either bursting membranes or pre-stored pressurized air, so the device
guarantees a simpler structure with easier fabrication steps. Compared with a conventional
pumping system, it will not have a valve leakage problem, complex micropump structures,
or complex control circuits. In addition, solid chemical propellants such as AIBN generate
nitrogen gas with a low ignition temperature, which is extremely suitable for biochip or lab-
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on-a-chip applications as a power source for driving fluid. The pressure for driving liquid
samples in a microfluidic system can be functionally generated on demand by applying
thermal energy, which is controlled by electrical power, to a solid propellant. It results in
converting chemical energy to mechanical work. Among several solid propellants, AIBN
has been adopted in this work due to its low operating temperature and nitrogen gas
generation with nontoxic by-products such as free-radicals.

Low ignition temperature
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g Fluid sample
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Figure 111-40. Schematic illustration of the functional on-chip pressure generator using
AIBN as solid propellant.
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Figure 111-41. AIBN decomposition mechanism.

As described in Figure 111-41, upon application of a specific temperature, AIBN
decomposes and produces nitrogen gas and free-radicals. The thermal dissociation of
AIBN at various temperatures has been investigated using a TGA (thermogravimetric
analyzer). The TGA works under the principle of the heat response of the materials under
investigation. The AIBN was heated under an inert atmosphere (N;) at a controlled heating
rate of 20 °C/min. Upon heating AIBN, two stages of decomposition were observed. The
preliminary dissociation, which occurred at around 65-67 °C, led to the controlled release
of only nitrogen gas and the second dissociation temperature was around the melting point
of AIBN (105 °C), shown in Figure I11-42. According to the chemical equation, the
remaining weight of AIBN was reduced to 87% of its original weight after all the nitrogen
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gas was released. In Figure 111-42, it is shown that the temperature is around 100 °C when
the remaining weight of AIBN becomes 87%. It provides an optimized design of
microheater whose working temperature on the AIBN to release nitrogen gas should be
between 70 °C and 100 °C.
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Figure 111-42. Dissociation characteristics of AIBN. The graph shows decomposition of
AIBN.

AIBN takes the form of a fine white powder, so a matrix is required to keep the
powder on the microheater under a shock or vibration environment. The matrix for
immobilizing AIBN powder should have a good adhesion with both metal and AIBN. The
matrix must cure rapidly at a low temperature, and low mechanical strength, so that the
generated nitrogen gas can easily break and pass through the matrix during bursting.
Teflon was chosen as the matrix material. When 9% Teflon is mixed with solvent, after
spin-coating, the solvent evaporates at room temperature under the fume hood.

An electrothermal simulation package (from Coventor) was used to investigate the
temperature profile of the microheater on different substrates and with different power
inputs. The thermal conductivity of the COC (Cyclic Olefin Copolymer) plastic substrate
is 0.13 W/mK. According to the thermal measurement, the thermal conductivity of AIBN
in the Teflon matrix in the ratio of 1:3 is 0.12 W/mK. These material properties were
applied to the simulation model. The natural convection was applied to the top and bottom
surfaces as boundary conditions. The simulation results as in Figure 111-43 showed that the
temperature difference between the top and bottom layers of AIBN shows less than
approximately 0.8 °C. The temperature difference over the whole area of the heater is less
than 10 °C. In the heater design, the center of the heater will reach the highest temperature,
whereas the lowest temperature will be at the edge of the heater. According to the material
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characterization of AIBN, the working temperature should be controlled between 70°C and
100°C. From the simulation, the heater can meet the desired operation condition for AIBN,
since the center of the heater is still lower than 100°C, while the edge of the heater reaches

70°C.
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Figure 111-43. Electrothermal simulation results: (a) the heater structure; (b) the
temperature distribution of AIBN on a plastic substrate; (c) the temperature distribution
along the line A-A’; and (d) the temperature distribution on the cross-section of the device.

A plastic material such as cyclic olefin copolymer (COC) was chosen as the
substrate to reduce the power consumption of the whole device due to its low thermal
conductivity. Since Au shows good adhesion with this plastic substrate, a 5000 A of Au as
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the material of the igniter was deposited directly on the plastic substrate using an electron
beam evaporator. Then a negative photoresist (e.g. SU-8/2005) was spun on the substrate
wafer and patterned to make the microheater structure. Finally, the remaining photoresist
was removed with SU-8 removal after etching Au. To realize a new functional on-chip
pressure generator at a low-cost, screen-printing techniques have been adopted to deposit
AIBN over the igniter. So, AIBN with a matrix needs a proper viscosity to attain good
control of the shape of printed patterns. After several printing tests, AIBN was mixed with
spin-on Teflon in a ratio of 1:3 to form an AIBN matrix. An 8 inch x 10 inch steel stencil
frame with designed patterns was used as the mask for screen-printing. This matrix was
deposited at a thickness of 75 um over the Au microheater structure on a plastic substrate
using a screen-printer. The matrix was cured at room temperature in the fume hood of a
clean room for 16 hr after the screen-printing. Then, the device was integrated with a
plastic microfluidic system using UV curable epoxy bonding as shown in Figure I11-44.
The microfluidic system, which was made by plastic injection molding techniques, has the
long meander-type channel of 70 mm. The cross section of the microfluidic channel is 50
um x 100 um.

500 um

A functional on-chip pressure generalor

L

Microflukdic channel

-Microheater

(a) (b)
Figure 111-44. Integration of the device with microfluidic channel: (a) magnified view of
AIBN on the microheater and (b) photograph of the packaged device.

In the experiments, a pressure sensor was attached directly to the liquid inlet of the
microfluidic channel to minimize the measurement error after injecting dyed D.l. water in
the microreservoir. Then a programmable DC power supply and digital multimeter were
controlled by PC-based interface software to apply constant current to the microheater
while the voltage signals from the pressure sensor were recorded. The power supply was
turned off once the fluid samples flowed out of the outlet of the microchannel. The
dynamic flow response of the fluid sample driven by this functional on-chip pressure
generator depends on the geometry of the microfluidic channel and the surface conditions
between the liquid and the channel. The experiment shows that the output pressure from
the AIBN can be functionally produced by controlling applied power as shown in Figure
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I11-45. The total energy consumption of this novel functional on-chip pressure generator
was around 189 mJ at a current of 145 mA.

In addition, the controllable pressure generation was characterized with 150 um
thick AIBN over a 3.2 mm x 3.2 mm microheater. The on-chip pressure generator was
glued with a pressure sensor, which has an 8 ul cavity inside. After applying the specified
current for 5 s, the on-chip pressure room temperature. The generated pressure after
cooling for different applied currents is shown in Figure 111-46. The generated pressure can
be controlled by applying different values of current. Also different amounts of AIBN with
constant 150 um thickness and different surface areas were characterized. The on-chip
pressure generator with the pressure sensor was placed inside an oven at 100 °C until the
maximum pressure was reached. After cooling the on-chip pressure generator with the
pressure sensor in D.l. water at room temperature, the relationship between maximum
pressure generation and different amounts of AIBN was obtained and the plot is shown in

Figure 111-47. Based on the flow resistance of a microfluidic-based varying the amount of
AIBN.
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Figure 111-45. Generated gas pressure vs. time for different applied currents in the open
microfluidic channel.
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3. Structural and CFD Analysis

The computational fluid dynamics (CFD) analysis was focused on speeding up the
liquid filling and emptying simulations by making the underlying algorithm that computes
the motion of the liquid-air interface more efficient, and then applying the enhanced code
for further studying the flow characteristics & performance of the metering and liquid
dispensing chamber. We also made significant progress on the numerical design analysis
and optimization of the biosensor.

3.1 Enhancement to Computational Speed of Filling/Emptying Simulations

The computational speed of the liquid filling and emptying simulations had earlier
been very slow due to the generation of artificially high air flow velocities near the liquid-
air interface, which forced the computational algorithm to set the time steps used in the
transient simulations to an extremely small value (microseconds range). This would
necessitate the use of almost 1 million time steps to compute filling processes over a 1
second time period, which would slow down the entire simulation significantly (1.5-2.5
weeks for each filling simulation). Please note that these numerical artifacts did not have
any appreciable affect on the accuracy of the solutions (due to the large difference in the
densities of the air and liquid phases). However, computing speed was a serious technical
challenge, which we needed to overcome.

We overcame this challenge by using some novel numerical techniques to damp out
the large air velocities near the interface. This procedure resulted in a significant speed-up
in the simulation time from weeks to a few hours (or at most a few days when the
simulation domain was quite large). The results described in this report are based on the
enhanced software code.

3.2 Incorporation of Dynamic Contact Angles in Filling/Emptying Simulations

In all of the previous simulations reported in the last report, we used a 120 degrees
contact angle based on the input data provided by U.C. However, upon review of
experimental video images of the liquid dispensing process, it became quite clear that
although the advancing front had a contact angle close to 120 °, the receding interface had a
much smaller contact angle.

Based on an extensive literature search, we were able to find experimental data that
listed the receding contact angles for water in different PDMS polymer grafts (DeSimone et
al., Macromolecules, 24:5330, 1991). Based on this information, we redid all of the
simulations involving the receding front by choosing a 40 ° contact angle. To assess the
sensitivity of the results to this input data, we repeated some simulations with a 60 ° contact
angle.

3.3 Numerical Design Studies on the Microdispenser

Model Parameters
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The volume-of-fluid (VOF) methodology in CFD-ACE+ was used in the design
simulations. The material properties and boundary conditions used in the simulations were
as follows:

Liguid parameters  Viscosity 1.78e-3 kg/m.s
Density 1000 kg/m3
Liquid Surface tension 0.073 N/m

Boundary conditions Either fixed inlet velocity or fixed inlet pressure
Exit boundary fixed pressure

The reason we used fixed inlet pressures and inlet velocities in some of the
simulations was for the following reason.  Experimental data clearly indicated that
although a precision syringe pump capable of pumping low volumetric flow rates is used in
the studies, there is a build-up of back-pressure in the pump at times when a burst pressure
has to be overcome in the microfluidic system. This back-pressure results in a flow rate
that is initially much higher than that of the prescribed flow rate (e.g. the 50 nanoliter
reservoir unloads in less than 1 sec with an initial delay of a few seconds when the syringe
pump is turned on with a prescribed air flow rate of 2 ul/min. Theoretically speaking, it
should start to empty out as soon as the pump is turned on and should take approximately
1.5 seconds to do so.) Upon dissipation of this back-pressure, the flow rate tends to
stabilize at the lower “dialed-in” flow rate.

Figure 111-48 shows an asymmetric filling process in the reservoir for the 3kPa inlet

pressure case. The 4 kPa filling case exhibits symmetry. This seems to indicate that surface
tension effects may be more important when the filling pressure is lower, which tends to
pull the liquid interface in a certain direction. The slight asymmetry imparted to the liquid
front while it moves through the inlet line due to the presence of the pneumatic channel
may be one of the reasons why the liquid interface tends to pull in that direction. When the
inlet pressure head is increased by 33 %, apparently the higher flow momentum seems to
overcome the surface tension forces, and hence the interface motion is relatively more
symmetric along the direction of the filling (horizontal direction).
The mass flow rate plot shows the increased resistance to the motion of the liquid front
when the front tries to overcome the burst pressure needed to break through into the
reservoir, which slows down flow into the reservoir. Once this obstacle is overcome, the
flow rate picks up and stabilizes at a relatively constant value (see 4 kPa curve) until it
reaches the reservoir exit where flow stops due to the presence of the passive valve with a
burst pressure higher than 4 kPa.

Effect of Conditions Downstream of Reservoir

We examined the effects of conditions downstream of the reservoir on the air
splitting process in the liquid inlet channel. Two scenarios were simulated: (a) The
dispenser reservoir is filled with liquid only till the location of the downstream passive
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valve, with the rest of the measurement channel being filled with air (see Figure 111-48 (a)
and (b)). There is a large column of liquid downstream of the reservoir which offers
negligible resistance during the dispensing process (Figure 4b). Here the air inlet is located
close to the junction between the conical region and the liquid inlet channel. The air flow
rate is maintained at 2 ul/minute. In Figure 111-48, the effect of downstream conditions on
air splitting process at 2 ul/Min air flow rate, where (a) shows no liquid in the exit channel
of the reservoir, while (b) shows liquid.
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Figure 111-48. Effect of downstream conditions on air splitting process at 2 ul/min air flow
rate: (a) shows no liquid in the exit channel of the reservoir, while (b) shows liquid.

Figure 111-48 shows that by using a 40° contact angle for the receding liquid front,
the manner in which the air splitting occurs is a little different from that reported earlier.
Here, the air bubble starts to grow in a circular manner (unlike the semicircular growth
mode predicted earlier for the 120 ° contact angle) almost symmetrically until the bubble
almost reaches the opposite wall of the channel. Beyond this point, one can clearly observe
the differences between the two cases.

In case (a), because the reservoir liquid has to first overcome the burst pressure at
the exit due to the presence of the passive valve, the air bubble gets anchored at the right-
hand corner of the pneumatic inlet and starts pushing out liquid towards the left through the
conical region. This will be expected to continue until the outgoing liquid reaches a region
where it encounters flow resistance greater than that posed by the passive valve at the
reservoir exit. At that point, the air will start dispensing the reservoir liquid towards the
multiplexer and biosensor. In case (b), because the liquid exiting the reservoir does not
encounter any flow resistance, the air bubble gets anchored at the junction between liquid
inlet channel and the conical region on the left. Here, liquid dispensing first occurs on the
right-hand side through the reservoir.
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4. Novel Biochemical Sensors and Assays for Blood Analysis

Our goal for the biosensor development is to develop a fully integrated plastic
disposable biochip for metabolic parameters monitoring in human blood. Considerable
efforts have been spent in the fabrication and integration of micro-biosensors, which can
greatly reduce the sensing cost and make biosensors portable and easy to use. One of the
most fundamental sensor designs is the oxygen sensor, which is the basic sensing structure
for many other metabolic products such as glucose and lactate. The concept of an oxygen
sensor was originally proposed by Clark based on an amperometric detection principle,
which is also the most common principle used for current commercially available oxygen
Sensors.
4.1 Principle of Oxygen, Glucose and Lactate Sensors

The principle of the oxygen sensing is based on amperometric detection. Figure Il1-
49 shows the structure and principle representation of an oxygen sensor. As soon as the
diffusion profile for oxygen from the sample to electrode surface is saturated, a constant
oxygen gradient profile is generated, which suggests a constant current generation. Under
these circumstances the detection current is only determined by oxygen concentration in the
sample solution. The function of electrolyte is to provide enough ion strength for the
reactions at the electrodes of the electrochemical cell. The oxygen semi-permeable
membrane allows mainly oxygen molecules to permeate through this layer and enclose the
electrode from other ions. In our design, a silicone layer was utilized as the oxygen semi-
permeable membrane because of its high oxygen permeability and low signal-noise ratio.
Water molecules also pass through the silicone membrane and reconstitute the gel-based
electrolyte so that the CI- ions can move near to the anode to coalesce with Ag+. Such
reaction rate is limited by the reduction rate of oxygen molecules at the cathode surface.
The number of electrons in this reaction is counted by the measuring system.
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Figure 111-49. Electrochemical and analytical principle of the developed biosensor for
partial oxygen concentration sensing.
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The electrochemistry for macro scale gives the relationship between current and
analyte concentration as:

i= nFADozA[dLZ] (I11-4)

where i is the signal measured by the amplifying circuit, n is the number of
electrons that are exchanged during reaction (four electrons for oxygen sensing), F
represents the Faraday constant, A represents the area of the cathode, Do, is the diffusion
constant that varies according to the semi-permeable material, A[O,] represents the
difference of oxygen concentration between sample and electrode surfaces, and d is defined
as total thickness of the membrane and gel-based electrolyte layer. In actual experiments,
Do, is taken as the mean of the semi-permeable membrane and electrolyte layer. In the
saturation case, the oxygen concentration near the electrode surface can be assumed to be
zero so that A[O;] can be directly assumed as the oxygen concentration in the sample.
Using equation (I11-4), we can calculate the currents for different experimental conditions.
Such parameters include membrane material, thickness of membrane and solid electrolyte
layer, area of electrodes, distance between electrodes and the shape of electrodes.

The glucose and lactate sensors are constructed by adding two layers on top of the
oxygen sensor. In a glucose sensor for example, the glucose molecules are converted to
gluconic acid; thereby hydrogen peroxide is generated in the presence of glucose oxidase
enzyme. This reaction proceeds as shown below:

Glucose -8lcos§, Glyconic acid + H,0, (111-5)

At the applied voltage crossing the electrodes, 700mV, the following reaction

proceeds at the surface of working electrode
H,O0, —— 2H"+2e + 0,
(111-6)

The generated electrons will be recorded by the detection circuit and utilized to
calculate the glucose concentration. The glucose oxidase must be entrapped in a matrix
material to prevent enzyme loss during testing. During fabrication, the process temperature
has to be limited to ensure that the enzyme will not be denatured. A similar reaction will
occur for lactate molecules in the presence of the lactate oxidase enzyme.

The rate of enzyme reaction is designed to overwhelm the glucose diffusion rate so
that every glucose molecule that passes through glucose semi-permeable membrane will be
oxidized and generate one hydrogen peroxide molecule, which will be detected as
described above.

4.2 Sensor Fabrication

A significant challenge in developing fully integrated chip-based biosensors is the
inability to store liquid electrolytes on-chip. This incompatibility of liquid solution with
modern micro-machining technology is a big obstacle for disposable and cheap sensing
systems. Our approach is to introduce a low melting point solid electrolyte during biosensor
fabrication, so that a portable and low cost detection system can be achieved. The
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electrolyte can be reconstituted just before biochemical detection. This technique is also
compatible with mass-manufacturing approaches such as spin coating and screen-printing
allowing us to maintain the low cost requirement for the disposable biochip.

The fabrication sequence for the biosensor array (oxygen, glucose and lactate
sensors) is described below. 1000 A thick gold was deposited on 3-inch COC wafer with
300 A thick titanium as an adhesion layer. The gold layer was patterned using positive
photoresist-based lithography. 2 um thick silver was electroplated on the gold patterns to
form a gold-silver electrode pair.

After patterning the electrodes, the various layers were deposited by spin coating
and screen-printing. The gel-based electrolyte was heated to 65°C under continuous
stirring. The liquefied electrolyte was spin-coated over the electrode area to achieve a 3 um
thick electrolyte. The gel-based electrolyte was cured at room temperature. After the gel-
based electrolyte layer dried at room temperature (30 minutes), the silicone layer was spin-
coated and cured for 8 hours before enzyme coating. Glucose oxidase was immobilized
onto the top of the constructed microelectrodes by using a Polyacrylamide solution, which
is prepared by dissolving acrylamide power in deionized water (final concentration 40 %
acrylamide and 0.5 % crosslinker) in an Eppendorf tube. The enzyme was added into the
solution at ratio of 1:1 and mixed on a vortex shaker (total volume at 70 uL). Different
enzyme concentrations can be achieved by varying the mixing ratios. Immediately before
screen-printing, 15 uL of 2 % ammonium persulfate (AP) and 15 uL of 0.5 % tera-ethyl-
methylenediamine (TEMED) were mixed in. After screen-printing, the above mixture
cured as a water insoluble matrix and served as the glucose oxidizing layer. A
polyurethane layer was screen-printed on top as a glucose semi-permeable membrane, and
cured in air at room temperature for 8 hours before sensor testing.
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Figure 111-50. Microphotograph of the biosensor array showing the different biosensors.
Note that a border has been added around the patterned areas for easy visualization.

Figure 111-50 shows a microphotograph of the fabricated biosensor array with an
oxygen, glucose and lactate sensor. The fabrication sequence is based on a similar
principle and/or fabrication process and can be batch processed, thereby reducing the
fabrication complexity and the cost of the device. The materials involved in the biosensor
assembly, specifically the solid electrolyte and the enzyme layers, are sensitive to
temperature variations. For example, the heat involved in fusion bonding would definitely
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denature the enzymes and render the sensors useless. Hence, a room temperature UV
bonding technique was implemented to assemble the biosensor layer to the fluidic layers.

4.3 Biosensor Characterization and Design Optimization

We have investigated numerous parameters to optimize the biosensor design and to
evaluate the performance of the biosensors. The parameters investigated include the effect
of electrode area on sensor performance, dynamic response of the sensor, sensor linearity
and effects of environmental conditions such as temperature on sensor performance.
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Figure I11-51. Linearity characterization results of biosensor array.
As Figure I11-51 shows, all three developed sensors have fairly linear response

characteristics and hence a linear relationship of output current versus concentration can be
assumed. This information is analyzed and applied to the design of the detection circuit.
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Figure 111-52. Characterization results of biosensor: (a) dynamic response and (b) effect of
electrode area.

Figure 111-52 shows the characterization results of the sensor array in terms of the
dynamic response and effect of electrode area. Figure I11-52(a) shows that the response
time of the oxygen sensor is less than a minute, reaching saturation values in ~50 s. The
sensor response times are amongst the fastest reported and can be further improved by
optimization of membrane/electrolyte thickness. The results of Figure 111-52(b) are in
agreement with equation (I11-4), which predicts and increased area would lead to higher
signals.

Point-of-care testing is usually performed in outdoor environments, where the
temperature may vary from —30.0°C to 45.0°C. Many parameters that determine the sensor
performance, such as electrochemical reaction rate, chemical species diffusion rate,
electron mobility, etc. are highly temperature dependent. The glucose sensor performance
under different temperatures is recorded and plotted in Figure 111-53, in which a significant
temperature dependency is observed. Although the sensor array has a good performance at
room temperature, such dependency predicts that a large measurement error will occur in
real environments. However, the linearity of the graph suggests that a calibration buffer
with known analyte concentrations can be used to cancel out the temperature dependence.
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Figure 111-53. Effect of temperature variation on glucose sensor output.

An approach to minimize the temperature effect is shown in Figure I11-54. A
calibration solution was injected before the sample solution and the sensor response is then
recorded and plotted. Since the sensor has linear responses at various temperatures, the
plotted curve can be extracted and used to cancel out the temperature effect.

The calibration process is performed in three steps (shown in Figure 111-54).
Before the buffer solution arrives at the sensor surface, the background offset of electronic
circuit is measured and stored as lp. The signal from the calibration buffer is then measured
(11) to plot the current versus concentration curve (solid line as shown in Figure 111-54).
After loading the sample solution, the actual signal is recorded as ..
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Figure I11-54. Principles of using calibration buffer to adjust for temperature variation: (1)
measure background offset (10); (2) measure signal from buffer solution (11), which
contains known analyte concentration; and (3) measure the sample signal (12) to calculate
the concentration.
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Figure 111-55. Results for the sensor response with and without calibration technique.

Figure 111-55 shows the measured signal with and without the calibration method.
In case of no calibration method, the sensor exhibits large deviations when the temperature
various from 9 °C to 40 °C.  Such deviation predicts failures in actual point-of-care
measurements. The introduction of calibration method greatly removes the temperature
and therefore, the metabolic monitoring by using the biosensor array are extended from
laboratory measurements to point-of-care diagnostics

5. Development of IC Circuits and Analyzer

The disposable biochip is designed is to work with a portable analyzer module that
supplies the control signals for the microfluidic sequencing and also has the detection and
display units for analyzing the biochemical input.

5.1 System Components with Surface Mount Technology

The control and detection circuitry were implemented on a multilayer PCB using
SMT (surface mount technology) IC’s to minimize the size of the device. The LCD used
for displaying the concentration of fluid analytes was a 3-1/2 digit static duty, elastomer
version LCD that met the low power consumption and small size specifications. The
overall board dimensions were 2.5” x 2.5” x 1.5” including the batteries. The total power
consumption of the board was estimated to be 0.4 W. Figure 111-56 shows the SMT board
with a biochip mounted in the cartridge holder.
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Figure 111-56. Biochip cartridge inserted into analyzer module for multi-parameter
detection.
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Figure 111-57. Block diagram of the detection and display circuit used in the handheld
analyzer.

The circuit can be broadly divided into two subsections: the detection and display
unit and the pulse driver circuit for providing detonation pulses to the air-bursting
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detonators. Figure I11-57 shows a block diagram of the detection and display circuit
implemented for the biosensor control. The subsystems of this unit are further described
below.

Detection System: The detection system consists of a voltage reference to provide
the power supplies to the electrodes in the biosensor and a detection circuit to convert the
output signal from the biosensors to a voltage signal. This signal is then amplified; the
peak value is detected and displayed. The power supply to the electrodes needs to be a
constant voltage that would not drop below 550 mV, which is required to initiate the
electrochemical reaction at the biosensor. Biasing the electrodes to an excess voltage
would cause excess thermal dissipation and would disrupt the biosensor performance.
When a bias signal is provided to the anode, the reaction starts and current from the
electrodes rises linearly and saturates at a peak value in the range of 100 nA-20 uA
(depending on the type of sensor). An operational amplifier with a very low offset voltage
and current was used in a current to voltage (I-V) converter configuration to amplify the
current signal to an equivalent voltage signal.

Control Logic Circuitry: The control logic circuit is basically an analog to digital
converter that converts the peak value of the output signal from the detection system into a
digital value. The sampling interval is adjusted such that the analog value is acquired when
the biosensor signal has saturated at its peak value. This value is stored in an eight-bit
register. The output signals for each of the three sensors are sequentially multiplexed using
an analog multiplexer. Each input channel is selected by external control signals and is
directed to the display where the data is displayed after being reconverted to an analog
format. The display is conducted in a cyclic fashion, where one analyte concentration is
displayed at a time in a sequential fashion.

Display Driver Circuitry: This is an interface between the detection/control logic
circuitry and the LCD display. A display driver is required to generate appropriate front
plane and backplane waveforms and, hence, switch on the corresponding segments so that
the analog value is displayed on the LCD. A square wave is supplied to the backplane
electrodes of the LCD display and to the driver IC. The driver IC modifies the phase input
depending on the input data.

Pulse Driver Circuit: The driver circuit is designed to sequentially “detonate”
multiple membranes with a fixed time delay where each membrane detonation requires a
280-mA current pulse for 800-ms duration. A set of delay elements is constructed using
monostable multivibrators with 555 timers. A start pulse is applied to the first timer, which
introduces a delay of 2.5 s and activates the driver element. The start pulse is also
propagated to the next timer element and after a further delay of 2.5 sec, the second driver
element is activated. A total of four delay timers and driver elements have been
implemented on the SMT boards allowing for sequential control over four air-bursting
detonators. The duration of the delay timers is externally adjustable. The driver element is
a Darlington pair configuration of bipolar junction transistors to supply a constant current
to the detonator heaters. The designed Darlington pair driver element can provide a
continuous current of up to 2 A if required and is more than sufficient to provide the
specified current pulse for the air-bursting detonators. The designed SMT boards have
been fully tested and characterized. Extensive biosensor testing has been conducted using
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the developed SMT boards.

Figure 111-58 shows the developed SMT electronics system packaged into a portable,
handheld analyzer. The packaged analyzer includes the SMT electronics board, batteries
and the biochip cartridge holder. The entire packaged system is only 5.25” x 3.25” x 1.25”
in size.

Biochip socket - Biochip
-
Display
Power/Reset
switches [is i
SMT board -
e Batteries

Figure 111-58. Handheld analyzer: (a) open view and (b) packaged aaIyr with biochip.
Packaged analyzer is approximately 5.25” X 3.25” X 1.25”.

5.2 ASIC Design and Testing

Scaling the SMT components onto application-specific IC (ASIC) chips can
significantly reduce the size of the electronic system. With this goal, we have designed and
tested two ASIC chips:

Analog ASIC: consisting of I-V circuits for electrochemical detection, voltage
reference, comparator circuitry, and compensation circuitry for the op-amp.

Mixed-Signal ASIC: consisting of analog-to-digital converter, digital-to-analog
converter, Clock Generator, and the Control Circuitry for the display driver.

The designed ASIC chips (single channel) were successfully tested to obtain a
reliable signal from the biosensors. We are currently developing advanced versions of the
ASIC design that are capable of acquiring data from a biosensor array. The second-
generation ASIC chips would also have the delay control elements for the detonator
activation. The start signal from the ASIC chips would then be amplified by using discrete
power components and the resultant current pulse can be used to melt the detonator
membrane.
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Figure 111-59. ASIC designs : (a) BCD to seven segment display driver in ABN AMI 1.5um
technology, (b) AIBN pulse driver in ABN AMI 1.5 um technology.

6. Fully Integrated Smart Disposable Lab-on-a-Chip

The fabricated disposable smart polymer lab-on-a-chip is only 1” x 1” x 0.25” in
dimension. The topmost layer has the biosensor patterns, the next two layers constitute the
microfluidic control system with and the last two layers are used for the membrane and
reservoirs of the on-chip pressure generator. The calibration solution is contained within an
on-chip metallic pouch.

UV Bonding Technique for Biochip Assembly

We have optimized the various aspects of plastic micromachining that are integral
to the biochip fabrication. Previous chapters presented a detailed overview of the
development of the plastic micromachining techniques including mold fabrication,
embossing, injection molding and thermoplastic fusion bonding. The biosensor array used
for the disposable biochip includes temperature sensitive layers such as the solid electrolyte
and the enzyme layer. These layers prohibit the use of high-temperature fusion bonding
techniques. In order to assemble biosensors at low-temperature we have optimized the UV
bonding technique. We have selected a biocompatible UV adhesive (Loctite 3211™) for
developing a room temperature bonding process. Table I111-2 shows the biocompatibility
characteristics of the selected UV-adhesive.
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I1SO test Criteria Satisfied?
10993-4 Hemocompatibility/in vitro hemocompatibility assay Yes
10993-5 Cytotoxicity Yes
10993-6 Implantation test Yes
10993-10 Intracutaneous injection Yes
10993-11 Acute systemic injection Yes

TABLE 111-2. 1SO-10993 BIOCOMPATIBILITY CRITERIA OF SELECTED UV ADHESIVE LOCTITE
3211™

The UV-epoxy is screen-printed in order to maintain the low-cost and easy
manufacturability objectives of the biochip. After screen-printing the UV-epoxy, the
sealing substrate is bought in contact and the assembly is exposed to UV light. Exposure to
UV leads to cross-linking of the epoxy and yields high bond strength.

One of the factors that could potentially affect the bond strength is the surface
condition of the plastic substrates. To implement the SPROMs-based microfluidic devices,
a strongly hydrophobic substrate is required. Hence we have also analyzed the effect of
surface modification on the bond strength of the UV epoxy. Figure I11-60 shows that the
bond strength is strongly dependent on the surface condition of the COC substrate and at
strongly hydrophobic condition; very poor bonding or no bonding is achieved. These
results are similar to the trend observed for thermoplastic fusion bonding. We have already
developed techniques for selective surface modification and these are applied to treat only
the microfluidic channels to desired hydrophobic state.
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Figure 111-60. Bond strength of UV adhesive after surface modification of COC substrate.
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On-Chip Pouch for Calibration Solution Storage

As mentioned previously, a significant addition to the biochip design involves the
incorporation of a metallic pouch for on-chip storage of the calibration buffer. Figure Il1-
61 shows a schematic sequence of the pouch fabrication.

() (b)
e e
(c) (d)

Figure I11-61. Fabrication sequence of the metallic pouch: (a); (b) forming of aluminum
foil over molding cavity; (c) filling of calibration solution; (d) sealing with medical grade
adhesive lined metal tape; and (e) fabricated device.

A casting mold is made out of a rigid plastic substrate with a cavity of a defined
volume. A thin aluminum foil (thickness ~ 50 um) is then spread and formed over this
cavity as shown in Figures I11-62(a) and (b). Then, the calibration buffer solution is filled
into the open cavity. Finally, the pouch is sealed with a metallic tape with a medical grade
adhesive lining. The fabricated pouch volume is approximately 60 uL.

The cartridge holder has a spring-loaded ball that can be deflected downwards when
a flat biochip is introduced in the socket. The biochip contains a flexible adhesive
membrane at the bottom that holds the pouch in position and also allows the deflection
necessary for breaking the pouch. As the biochip is being inserted, the ball is pushed
downwards. When the chip is completely inserted, the ball is pushed back up by the spring
below. The ball then deflects the thin membrane and crushes the pouch to release the
calibration buffer solution. The pressure generated due to this deflection is enough to push
the buffer solution to the desired location.

“(b) ()

Figure 111-62. Actual demonstration of on-chip calibration solution storage pouch: (a)
mechanical pressure is applied to pouch; (b); (c); and (d) calibration solutions flows out of
the pouch and fills the biosensor reservoirs.
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Operation of a Fully Integrated Smart Biochip

At the start of the operation sequence, a blood sample is loaded via the inlet. The
sample will fill up to the microdispenser reservoir. The passive valve at the end of the
dispenser prevents further motion of the sample. At this stage, air pressure is applied by
“detonating” the air-bursting detonators. The liquid then travels down the winding
channels, where the eject velocity is reduced and then it enters the multiplexer stage. The
multiplexer non-sequentially divides the sample into four equal volumes and each volume
is delivered to a biosensor reservoir. The biosensors are mounted on top of this reservoir.
When the sample is loaded into the sensor reservoir, the measurement cycle is initiated and
the concentrations of the desired analytes are measured.

Biosensor

Sampled Calibration array
| blood === pouch ——
e R Od_ S e
il ~ Waste

reservoir

@ (b) (d)
Figure 111-63. Operation sequence: (a) sample blood using microneedle (biochip is then
loaded into analyzer); (b) load calibration in sensor chamber; (c) measure signal; (d) fire
air-bursting detonators; and (e) load blood to sensor chambers and measure analytes.

Figure 111-63 shows a schematic of the operation sequence. Initially, the sample is
drawn using the integrated microneedle. Then the biochip is inserted into the handheld
analyzer with a custom-designed holder for the biochip shown in Figure I11-58(b). Upon
insertion into the holder, a mechanical arrangement breaks the on-chip calibration pouch
and delivers the solution to the biosensors as shown in Figure I11-63(b). The calibration
solution contains known analyte concentrations and is used to calibrate the sensors at the
operating temperature. After calibration, the air-bursting detonators are actuated releasing
pressurized air. The potential energy stored in the detonators is used to drive the sample
solution to the sensors. As shown in Figure 111-63(d) and (e), the incoming sample solution
displaces the calibration solution which is flushed to a waste reservoir. An air-plug
between the two avoids cross-contamination. Figure 111-64 shows a microphotograph of
the fully-integrated biochip with the integrated microneedle and the on-chip calibration
pouch.
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Figure I11-64. Fully Integrated disposable biochip. Dimension of the biochip is 1”7 x 17" x
0.25”.

The microfluidic test results for the microneedle and the on-chip calibration pouch
have already been presented in previous sections. Figure I11-65 shows a sequence of
images showing the results of the microfluidic testing of the designed biochip. As shown
in Figure 111-65(b) when air pressure is applied from the detonator inlet, a split is caused in
the sample liquid column and the dispensed volume is pushed out towards the sensor
reservoirs. As Figure 111-65(c) and (d) clearly show, the liquid is then divided and
delivered for sensing. After the detection cycle is completed, the biochip is discarded and a
fresh biochip is used for the next test. Figure 111-65 clearly shows that the expected
microfluidic sequence is perfectly achieved and the developed biochip can thus be
successfully applied for analyte detection in a field environment.
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Figure 111-65. Microphotographs showing microfluidic operation of disposable biochip: (a)
load sample solution; (b) fire air-bursting detonators to push sample; (c) start fluidic
multiplexing; and (d) sample solution delivered to sensor reservoir.
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IV. Problems Encountered

Various expected/unexpected problems were encountered during the project
development. Most encountered problems were solved except a few specific problems.
System specifications were modified to solve those problems.

1. Plastic Microfluidic Components
Blood Separation through thin passive valves

Major problems came from our lack of knowledge of human blood performance in
microfluidic channels as expected. From the concept of SPROMs, narrower passive valves
require higher pressure to allow fluid passing and provide wider pressure manipulating
ranges. In the initial biochip layout, we fabricated 20 um wide micro channels and
operated successfully with water based samples. However, human blood sample, which is
a complex liquid of cells, platelets, plasma, and a variety of biological molecules, exhibits
large differences in microfluidic performance compared with water tests. From the
entrance of the 20-um-wide passive valve, the bloods sample starts to separate into plasma
and blood cells. The plasma part passes the passive valve region faster than the cells. We
observed the front half of blood came into lighter color and the rear section of blood
showed darker and darker color, where the slow moving blood cells got more and more
concentrated. In the modified biochip design, we selected a wider passive valve
configuration (150 pum) to minimize these phenomena. In the real blood microfluidic
testing, there is no blood separation observed any more.

Alignment of different microfluidic layers

The biochip contains 5 layers of microfluidic structures. During the assembly of
these layers, we continuously encountered problems in aligning the structures. The
misalignment of interconnects between each layer can evolve many uncertainties such as
higher pressure drop, bubble generation, bonding leakage. This problem was solved by the
application of double side injection molding techniques, in which two Ni molds are used
for each microfluidic layer. One Ni mold contains the microfluidic structure pattern and
the other Ni mold has 8 pins for the alignment holds. Before the injection molding, the two
Ni molds were carefully aligned to each other within the maximum displacement less than
50 um. By using this method, each plastic microfluidic layer obtains 8 through-holes with
satisfactory accuracy. During the assembly, metal pins penetrate all these holes so that all
the layers are aligned automatically. This approach greatly improved the assembly
accuracy and reduced the fabrication time.

Thickness variation of the microfluidic structures

This is an inherited problem in electroplating of Ni over large area containing various
aspect ratios. In the design, the total thickness of the microfluidic is fixed at 130 um, while
the width of channels varies from 150 um to 2 mm. The fact that a narrower region has
higher current density ends up with the problem of different electroplated thicknesses. We
have thoroughly explored this phenomena and investigated the relationship between current
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density and thickness non-uniformity. The optimized electroplating conditions present a
fairly uniform structure with the maximum thickness variation less than 10 um.

Vertical plastic micro-needle array

Our initial plan for blood sampling was to use a vertical plastic micro-needle array.
We have extensively studied a high aspect ratio plastic structure with a 600 um height and
100 um tip diameter. The through-hole in the micro-needle is achieved by laser drilling.
Such structure meets all our proposed requirements in micro-needle dimensions. However,
the fabricated plastic micro-needle encountered great difficulties in penetrating the skin and
sampling the blood. One reason is due to the lack of data in human test. On the other hand,
the plastic needle did not exhibit enough rigidity and sharpness to penetrate the skin. All of
the trials helped a lot but were not perfect. Hence, we substituted the plastic micro-needle
with a parallel metallic needle, which proved to meet all the minimum invasive sampling
requirements.

From air-bursting detonator to AIBN propellant

In order to drive fluidics in micro channels, an on-chip power source is highly
needed. The initial design was to store compressed air on-chip by fabricating a thin
membrane sealing a micro-cavity. The thin membrane is later destroyed by the heat from
the attached metallic heater. We have optimized the entire air-bursting detonator and
performed numerous tests. The slight problem that we encountered is the difficulty in how
to slowly release the compressed air, since the melted membrane always opened the micro-
cavity rapidly and freed all the compressed air. Such an abrupt air release made the fluidic
movement in the microchannel too fast to be controlled and left liquid residue on the
channel sidewall. While we tried all the methods to slowly control the air release, there are
still some difficulties in optimizing the entire process. As a substitution, we constructed an
AIBN based actuator, in which the heated AIBN gradually dissociates and generates N, gas.
The release of N, gas can be well controlled by providing a different heating procedure,
such as a controlled current amplitude and heating time. In the final biochip layout, the
AIBN propellant shows a powerful capability to accurately manipulate the microfluidics.

2. Biosensor Array
Membrane biocompatibility with human blood sample

Major problems came from the lack of membrane and blood properties as expected.
Conventional blood gas analyzers utilizes Teflon™ as the oxygen permeable membrane,
which was a good reference at the starting stage. The Teflon™ worked perfectly with water
samples while it introduced many problems in blood samples. Based on our research,
proteins and cells have a huge affinity to attach to the Teflon™ membrane surface. Such
properties make the blood easily stick to the Teflon membrane and reluctant to
continuously travel in the microchannel. Also, in a short period of time (<1 min), the blood
sample starts to coagulate and blocks the microchannel entirely. We tried various materials
candidates and tested their biocompatibility with the human blood sample. Based on these
results, the silicone membrane shows satisfactory properties in that the human blood
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sample neither sticks to the membrane surface nor coagulates inside the microchannel.
This study greatly broadens our knowledge of the membrane biocompatibilities.

Membrane pattern precision

The biosensor array consists of four membrane layers stacked one on another. Thus,
the alignment precision between each layer rose to be an important issue in the biosensor
fabrication, especially for the top-most two layers (enzyme layer and protection layer). The
basic patterning technology that we applied is the screen-printing process, in which 50 um
is the typical mechanical alignment margin. Such margin accumulated during each
membrane patterning and may end up with an error larger than 150 um. Such errors greatly
affected the sensor performance and reduced the fabrication yield. We initially tried to
optimize the screen-printing technique to minimize the misalignment. However, we could
not significantly improve the mechanical properties. After some failures, we added a SU-8
alignment frame surrounding the biosensor electrode to eliminate the alignment difficulties.
During screen-printing, all the materials completely filled inside the frame without any
outflow. Thus, the membrane is precisely confined on top of the sensor electrode and the
yield of entire sensor fabrication process has been greatly improved.

Integration of Biosensor array to the microchannel

Since the enzyme layer is heat sensitive, the fusion bonding technique becomes
inappropriate to the assembly of the biosensor to the entire biochip. UV-curable adhesive
becomes an immediate solution. The UV curable adhesive was first applied around the
microchannel and cured under pressure and UV exposure. However, the UV adhesive
expands during pressure and shrinks during curing. The expansion of UV adhesive may
clog the microchannel and the shrinking of the UV adhesive brings the possibility of failure
in bonding. We thoroughly studied the UV curable adhesive properties including the
viscosity, the expansion and the shrinking issues. Our optimized solution is to screen-print
the UV adhesive with a 700 um margin to the edge of the microchannel. Such distance is
the best condition for a successful bonding without any leakage.

Interconnecting biosensor array to detection circuit

The biosensor array is designed to detect the biological analytes in human blood and
the signals are required to be transferred to the detection circuit for processing. We started
with a pin-type double-side connector, which holds the biochip and secures the connection
by the mechanical stiffness between the pins. Such connector performed perfectly in the
first couple of tests. In the later test, the pins become worn and we gradually encounter the
electrical connection problem. After 50 times of usage, the connectors could not hold the
biochip and transfer the sensor signal to the detection circuit. This was a critical issue and
an unexpected problem in the design. We had to re-design the entire biochip configuration
for a much more reliable analyzer. In the current design, the connecting pads are exposed
on the biochip and aligned to the spring-loaded connector pin. During the operation, the
biochip is pressed to the analyzer with all the pads facing to the corresponding pins. The
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force on the lid holds the biochip and secures the electrical connections. This spring-loaded
pin design is perfect for thousands of analyzer use without any chance of failure.

3. Detection Circuit

Problems encountered in designing an SMT based prototype system are (a) high
requirement of supply current from the battery source due to high quiescent current
requirement of individual components used in SMT based circuit and (b) sampling and
display times are not easily adjustable. Problems encountered in designing the ASIC are
(@) unavailability of a large number of pins in the ABN AMI 1.5 um technology mixed
signal fabrication process and (b) extreme high cost for prototype ASIC design in a package
with a large number of pins.

V. Lessons Learned

The most valuable experience gained in this project was to successfully achieve the
project goals through the collaboration with the multidisciplinary research groups. In
performing a multidisciplinary biochip project, the work required knowledge from various
research fields, such as electrical engineering, mechanical engineering, material science,
biochemistry, electrochemistry and medical science. Every group was learning from each
of the other groups. Without the extensive discussion and cooperation, the development of
entire biochip would have been impossible. Experiences obtained from this project can be
expanded for developing and optimizing an improved microfluidic based analysis systems,
for various applications in biotechnologies and diagnostics as well as bio-warfare
detections.

1. Plastic Microfluidic Components

The most important lesson that we learned is a better understanding of blood sample
performance in microfluidic systems. Being a typical non-Newtonian fluid, the behavior of
blood in micro channels is absolutely different from its water counterpart. Such unique
behaviors include blood coagulation in the microchannel, blood separation at passive valve
regions, non specific bonding of blood ingredients on the channel side wall, etc. Such
effects are of significant concern in the total system performance. Many of the system
modifications are due to the measurement of human blood samples.

We experienced not only fabrication and development challenges of each individual
microfluidic component but also enormous challenges from the assembly process.
Numerous bonding techniques had been investigated, studied and developed such as
double-side injection molding and UV-adhesive room temperature bonding. The better
understanding of these bonding techniques allowed us to pursue a new boding technique in
developing plastic microfluidic lab-on-a-chip devices. Conventional silicon or glass-based
MEMS fabrication technologies were inadequate for this project. So, the study of the
polymer based microstructure opened our eyes to see that polymer MEMS must be a
promising approach for the inexpensive lab-on-a-chips or biochips.
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2. Biosensor Array

Our two most important experiences are: (a) development and fabrication of
biosensor array over a plastic substrate and (b) integration of biosensor array with other
biochip components. With the use of newly developed microfabrication techniques, the
biosensor array could be successfully constructed on a plastic substrate and compatible with
mass-production requirements. Most of our past experience in electrochemical detection
was based on room temperature tests, in which calibration was not a critical issue.
However, in the field test of our initial version of biochip, we observed a significant
temperature dependency. Thus, we modified the entire biochip design and detection circuit
logic to eliminate the temperature effect. This was a very helpful experience for the
development of all types of stand-alone biochip for field applications. The other lesson was
learned during the integration of the biosensor array with microfluidic components. Such
experiences include the development of room-temperature bonding techniques, patterning
each biosensor membrane, and the alignment during integration, etc.

The blood biocompatibility of membrane material was another valuable experience.
The unexpected blood sticking on membrane surface occurred in many of our initial
developed biosensors. We realized that the biocompatibility was the most critical
difference between a whole blood analyzer and a well-known plasma analyzer. Blood
physical and chemical properties became a general concern in every aspect of biochip
developments.

3. Electrical Detection System

An important lesson learned through this project is how to work closely with inter-
related researchers. We learned to define problems more accurately and solve them as a
team with good communication among the research members. We have also learned to
manage time more efficiently and accomplish tasks within the scheduled period of time.
Being creative and innovative in the design stage was essential for the success of the
development of desired system. In addition to the excellent achievements through the
interdisciplinary team work, we have been well educated on how to efficiently coordinate
with team leaders and team members.
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V1. Results

All the biochip components were tested and characterized individually for both
microfluidic performance and bio-electrochemical detection capabilities. The microfluidic
component is able to deliver a calibration solution to the biosensor first and then transport
human blood sample into the sensing reservoir. In the electrochemical biosensor array test,
the actual experiment was performed in the Ohio State University Hospital by the usage of
human blood. The analyte concentrations were first tested by the biochip. Then, the
reading was compared with the results from a conventional blood analyzer. All the
processes/results were video-recorded for future analysis.

1. sSPROMs Based Microfluidic System

The sPROMs based microfluidic system is the main biochip component for the
handling of calibration solutions and human blood samples. An AIBN based air-bursting
actuator was developed as the on chip power source. Each biochip component was
integrated together and inserted into the handheld type analyzer. All the microfluidic
structures were made by cyclic olefin copolymer (COC) micromachining techniques, which
included surface plasma treatment, injection molding, thermal casting, fusion bonding, and
UV-adhesive bonding. By using the plastic substrate and by applying all these
technologies, the entire fabrication cost can be greatly reduced so that the mass-production
of disposable biochip becomes feasible. All the microfluidic layers were assembled by
using the fusion bonding as discussed in section I11. Since the biosensor contains
glucose/lactate oxidase, which can not survive high temperature, the UV curable adhesive
bonding technique was investigated and used for assembling the biosensor array into the
microfluidic layers. The aluminum pouch, which was developed for storing the calibration
solution, was assembled into the biochip to accomplish the disposable biochip for clinical
analysis. Figure VI-1 shows a microphotograph of the fully-integrated biochip with the
integrated microneedle and the on-chip calibration pouch.

Metallic microneedle for
sPROMs based
microfluidics

Biosensor
array

AIBN based on-chip
power source

Aluminum pouch for storing
calibration solution

Figure VI-1. Fully integrated disposable biochip. Dimension of the biochip is 1 x 1”” x
0.25”.
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Initially, the human blood sample enters the biochip microchannel through the
micro-needle. We used a flexible plastic tube to store the blood sample. When the micro-
needle penetrates the side wall of the plastic tube, a small pressure (2~3 psi, similar to
human vein blood pressure) was applied outside the tube so that the blood injection was
smooth and easy to control, as shown in Figure VI-2(a). A passive valve was used to
prevent the blood sample from flowing into the biosensor region. In the biochip layout, we
fabricated a 3 mm wide channel near to the passive valve to allow the excessive blood flow.
The channel also functions as an indicator: as soon as the blood fills half-way inside the
wide channel, the blood injection should be stopped, as shown in Figure VI-2(b). The
biochip was then inserted into the analyzer and the lid was closed to reinforce the electrode
contact. Immediately after the analyzer detects the metal contact, the detection circuit starts
to measure the background noise and the value was stored for future calculation. A metal
bump was located on the analyzer lid, so that when the lid was closed, the pouch would be
broken and the inside solution was driven into the sensing reservoir, as shown in Figure VI-
2(c). At this moment, the biosensor array starts to acquire measurement data from the
calibration solution and the data was stored in the detection circuit also. It takes 30 seconds
for the biosensor array to reach the saturation status. Then, the analyzer begins to provide
130 mA through the AIBN heater for 12 seconds. The generated N, gas was compressed in
the chamber before it started to drive the blood sample. After the compressed N, pressure
becomes larger than the necessary value to overcome the passive valve, the blood begins to
migrate inside the channel until it fills the sensing reservoir for the biosensor array to
measure the value, as shown in Figure VI-2(d).

From the video, the entire system is proven to have an effective capability for
successfully handling the calibration solution and human blood sample. The blood sample
travels smoothly in the micro-channels by the power from AIBN firing. The power supply
to the AIBN heater was controlled precisely so that the blood sample stops moving after
filling the sensing reservoir. Although the blood sample passes four microfluidic layers
and travels through various microchannels of all kinds of dimensions, there is actually no
bubble generation observed. In other words, the microfluidic component of this biochip is
highly compatible for the human blood handling.
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Figure VI-2. Whole blood test for evaluating operation of the disposable biochip and
analyzer system: (a) sampling whole blood using a microneedle; (b) loading calibration in
the biosensor reservoir; (c) delivering blood sample to the biosensor reservoir using on-
chip pressure generator; and (d) measuring analyte.

2. Biosensor Array for Multi Metabolic Parameters Monitoring

The biosensor array is the key component of the entire biochip. All the
electrochemical reactions occur on the sensor surface and the measurement is processed
immediately. Coupling with the detection circuit, the biosensor sensor detection can be
separated into three steps: (1) measure the open circuit noise; (2) measure the signal from
calibration solution and use it as the compensation of temperature and biosensor-to-
biosensor deviation; and (3) measure the actual signal from human blood sample. The data
are then collected and processed by the detection circuit.  After calculation, the
temperature-adjusted results are translated into concentration value and shown in the
display. In order to minimize the total system size, only one display is used to demonstrate
the three metabolic parameter concentrations: partial oxygen concentration, blood glucose
level and blood lactate concentration. Each value is displayed for 10 seconds before
transferring to the next value. Two batteries are used in the system and can perform 200
times of measurements. The results of human blood sample are shown in Figure (VI-3).
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VI1I. Conclusion

A smart disposable polymer lab-on-a-chip for clinical diagnostics and point-of-care
testing, which has the sampling/identifying capability of fast and reliable measurements of
metabolic parameters for human blood, has developed and characterized using the
innovative, fully integrated, polymer lab-on-a-chip technologies developed from this
project. Through this project, four progressive versions of the smart disposable polymer
lab-on-a-chip cartridge have been designed and developed, since the problems encountered
during the project require the improvement of the developed lab-on-a-chip. The final
version of smart disposable polymer lab-on-a-chip has been successfully characterized by
Bissell’s Physiology Laboratory (Dr. Bissell (MD) is a Co-PI of this project) in the Ohio
State University. The blood sample consumed for a test was approximately 7 ul, and its
total analysis time was around 100 seconds for both sample injection and sensing steps.

The microfluidic systems played a key role in the project. Major aspects of the
microfluidic systems were to control the fluidics delivery from sampling/storing location to
sensing chambers. To realize these microfluidic functions, all microfluidic components
such as passive microvalves, microchannels, reservoirs and SPROMSs have been realized on
polymer substrates and fully characterized. In addition, related microfluidic technologies
also have been developed such as wafer-to-wafer or device-to-wafer bonding techniques
and microfluidic interconnection techniques. Several prototype microfluidic devices have
been designed and developed to verify their capabilities. Consideration on integration
issues and biochemical compatibility issues has been extensively explored to achieve the
project goal.

Another critical element of the biochip is the on-chip air-bursting or nitrogen
propellant detonator. The air-bursting detonator uses pressurized gas, which is compressed
and stored in a chamber capped with a thin membrane. On the other hand, chemical
propellants, such as AIBN has been screen-printed on the microheater. The applied current
heated up the material to a certain temperature and nitrogen gas was released during the
disassociation of the chemical propellants. Low power consumption is guaranteed, since
only pulsed power is used to burst the pressurized gas. This eliminates the use of complex
micropumps as well as bulky batteries required to provide energy in pump manipulation.
The use of a smart passive microfluidic control system with an on-chip power source
allows for the development of fully integrated, yet low-cost disposable biochips.

The basic concept of the biosensors was based on the amperometric detection
principle. Partial oxygen level (PO,), glucose and lactate concentrations were measured in
human blood sample. Compared with commercial available biosensors in clinical usage,
the developed biosensor array exhibits many advantages such as disposable material,
compact size, rapid detection, temperature insensitivity, etc. Many micromachining
techniques have been developed or modified in order to realize the fabrication of the
biosensor array. Those new techniques include spray-coating, screen-printing, UV-
adhesive bonding, etc. The sensitivity of the biosensor has been enhanced with specially
designed a microelectrodes configuration and electronic control.
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The integrated blood analyzer system combines a smart biochip cartridge, interface
socket, and ASIC electronic/control circuit. The entire custom-designed analyzing system
is capable for simultaneously measuring multiple analytes in human blood. In the
meantime, each acquired data is processed by the system and translated into concentrations.
Such a device is ideal for clinical diagnostics and point-of-care testing tasks, since the
complete system was finalized at a size of potable hand-held type.

The disposable smart biochip platform, which has been developed in this project,
can be expanded to various applications of biotechnologies and clinical diagnostics.
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VIiIl. APPENDICES

Over 50 proceeding and journal papers were published from the project. They are
listed in Appendix A.

5 Ph.D and 5 Master degrees have been awarded for the topics related to the project,
and most of them had been fully or partially supported from the project. They are listed in
Appendix B and all abstracts from doctoral theses are attached.
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Chein-Chong Hong, (Committee Chair: Chong H. Ahn), “On-chip passive fluidic
micromixer and pressure generator for disposable Lab-on-a-Chips,” Ph.D. Thesis,
University of Cincinnati, 2004.

Abstract

Microfluidics and polymer MEMS are one of the most promising technologies to realize
biochemical analysis systems on a chip with low cost, tiny fluid sample, fast
chemical/biochemical reaction, and high detection accuracy capabilities.  Sample
processing, chemical/biochemical reaction, and sample detection are considered as the three
major tasks required for lab-on-a-chips. Micropumps, microvalves and micromixers are
also considered as key components in handling microfluidics in the lab-on-a-chips. There
have been numerous efforts to develop on-chip active micropumps and microvalves.
However, the realization of active microfluidic components in an on-chip disposable
platform has been considered as one of the most difficult tasks in terms of fabrication,
system integration, reliability, and cost. Consequently, the development of passive
microfluidic components is a good alternative to the active components if they can provide
the same level of functionality.

The objective of this research is to develop a smart in-plane passive microfluidic mixer and
on-chip pressure sources (e.g., air-bursting detonator or functional pressure generator using
solid propellant), which are important components in realizing lab-on-a chips in a
disposable platform. All of the developed microfluidic components in this field are
fabricated on plastic substrates using polymer MEMS technologies. In this thesis, an
innovative in-plane passive micromixer using the “Coanda effect” has been designed,
simulated, fabricated and then fully characterized. Due to the simple in-plane structure of
the novel micromixer explored in this work, the mixer can be easily realized and integrated
with on-chip microfluidic devices or micro total analysis systems (microTAS). In addition,
as alternative ways to the active micropump for generating pressure, on-chip disposable
pressure generators using either micro pneumatic energy (disposable on-chip air-bursting
detonator) or thermal-chemical energy (functional on-chip pressure generator) have been
designed, simulated, fabricated and fully characterized. Due to their low cost, compact
structure, and functional response, they are useful alternative power sources to drive fluid
samples in disposable lab-on-a-chip devices, biochips, and point-of-care systems.

Finally, the microfluidic approaches and devices developed in this work have been applied
to the development of a smart disposable polymer lab-on-a-chip for clinical diagnostics,
which has sampling and analysis capabilities for human whole blood.

In this thesis, new on-chip passive fluidic micromixer and pressure generator for lab-on-a-
chips have been successfully realized in a disposable platform and then applied to the smart
disposable polymer lab-on-a-chips for clinical diagnostics.
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Aniruddha Puntambekar, (Committee Chair: Chong H. Ahn), “Microfluidic dispensers
based on structurally programmable microfluidic systems (SPROMSs) and their applications
for uTAS,” Ph.D. Thesis, University of Cincinnati, 2003

Abstract

In this work, a smart passive microfluidic control system for microflow management has
been designed and implemented using the "Structurally Programmable Microfluidic
Systems” (SPROMs) technology. An innovative fixed-volume metering microdispenser
based on SPROMs technology has been proposed and developed for highly accurate and
precise dispensing in the nanoliter regime. The primary research task associated with
microdispenser development is a detailed study of passive microfluidics. Various passive
valve configurations were developed using simulation and experimental tools. Fluidic
parameters such as dynamic contact angle were also investigated to optimize the
microdispenser performance. In addition, relevant plastic micromachining techniques such
as fusion bonding and plasma surface modification were developed to implement SPROMs
on plastic substrates. The use of SPROMSs technology allows for the development of
versatile passive microfluidic manipulation systems. This is demonstrated by integrating
the microdispenser and microfluidic multiplexer, where the dispensed liquid volume can be
further sub-divided into equal or unequal volumes and these fluid fractions can be delivered
to their intended destinations either sequentially or simultaneously. An off-chip dispenser
array and microfluidic systems for disposable biochips have also been developed as
applications for this technology. The off-chip dispenser, based on the same high-accuracy
dispensing principles, is suitable for massively parallel dispensing, using very few actuation
sources as compared to the number of dispensing channels. The SPROMs technology has
also been applied for the development of a disposable, smart plastic Lab-on-a-Chip, which
has the sampling and analysis capabilities of blood. Most of the liquid handling on the
biochip is based on the principles of SPROMs. In summary, a novel SPROMs technology
has been proposed and realized for smart control of liquid position in a Lab-on-a-Chip.
Then, a novel microdispenser using the SPROMSs technology has been designed, fabricated
and successfully characterized. This technology is well-suited to dispensing of ultra-small
fluid volumes with very high accuracy. The dispensed liquid volume can then be further
manipulated using microfluidic multiplexers allowing for great flexibility in microfluidic
design. An array of off-chip dispensers and a low-cost, disposable biochip have been
successfully developed and characterized to demonstrate practical applications of SPROMs
technology.
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Suresh Murugesan, (Committee Chair: Gregory Beaucage), “In situ preparation and
structure - property studies of filler particles in poly(dimethysiloxane) elastomers,” Ph.D.
Thesis. University of Cincinnati, 2003.

Abstract

Poly(dimethylsiloxane) (PDMS) is a versatile silicone polymer studied very extensively for
various applications. However, because of its mechanical weakness, it is filled with many
different filler particles including SiO2, TiO2 and ZrO2. In the present research work, some
specialty filler particles were generated by in-situ sol-gel method in PDMS networks. These
composites were studied for their structure-property effects in relevance to their
transparency, magnetic, electrical and mechanical properties. Structure-property and kinetic
studies were performed on TiO2 and ZrO2 filled PDMS composites. Hydrolysis and
condensation process was controlled by selecting alkoxides, with longer chain length and
bulky side groups (titanium-2-ethyl hexoxide and zirconium butoxide). SAXS, SEM,
Instron was used for characterizing these composites. Fe203 particles with different shapes
and sizes were generated in-situ in PDMS networks using aqueous solutions of FeCI3 and
HCI. Non-aqueous method and ferric acetylacetonate [Fe(acac)] however yielded higher
amounts of filler. Magnetic and mechanical properties were studied using vibrating
sampling magnetometer (VSM) and Instron respectively. Attenuated Total Reflectance
(ATR), SEM and EDS. was used to determine the structure, shape and composition of the
composite. Polyaniline (PANI) was generated in-situ from monomer aniline, by chemical
oxidation in PDMS networks. The effects of temperature, dopant and oxidant were also
studied. The structures of the PANIs were studied using ATR. Conductivity was measured
using a four-point probe. Conductivity of this composite depends on the degree of
oxidation and doping of the generated PANI. A novel approach along with a structure-
property study for ZrO2 and TiO2 filled PDMS was performed. A small amount of a
stannous compound mixed in alkoxide, dramatically reduced the time for particle
generation. The composites were transparent, with ZrO2 filled having higher transparency
than TiO2. SAXS data showed a correlation between the particles. Surface of an injection
molded microfluidic component made from cyclic olefinic copolymers (COC) was
modified in order to change the surface properties applicable to bio-fluidic devices. Plasma
treatments and ASG (aerosol gel) coating were used to achieve the surface modifications.
Structural changes after the plasma treatments were examined by ATR spectroscopy.
Contact angle measurements with water were used as a measure of hydrophobicity.
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Kabseog Kim, (Committee Chair: Jeong-Bong Lee), “High aspect ratio microstructures and
their applications to MEMS,” Ph.D., University of Texas, Dallas, 2004.

Abstract

High aspect ratio microstructures (HARMS) fabrication techniques are of interest to the
MEMS and nanofabrication research community since they have a potential to provide
MEMS devices with increased structural rigidity, lower driving voltage, higher actuation
force, and larger displacement in electrostatic actuator systems by increasing the change of
overlapped electrode area, higher sensitivity for MEMS sensors by virtue of large mass,
especially in inertial sensor applications, and larger magnetic forces for magnetic MEMS
due to the increase in volume.

In this thesis, two of the most common HARMs fabrication techniques, the LIGA and UV-
LIGA processes, have been further optimized and used to develop the novel fabrication
processes and applied to develop the demonstrating MEMS devices. A novel polymeric
and metallic HARMs replication and reproduction process has been developed. A hollow
metallic microneedle array based on a novel fabrication process was fabricated and
characterized. Various types of metallic microgrippers were also designed, fabricated, and
characterized.
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Jin-Woo Choi (Committee Chair: Chong H. Ahn), “Magnetic Particle Separators and
Integrated Biofilters for Magnetic Bead-Based Biochemical Detection System,” Ph.D.
Thesis, University of Cincinnati, 2000.

Abstract

In this work, new micromachined magnetic particle separators and integrated biofilters

have been proposed, developed, and successfully characterized for integrated magnetic
bead-based biochemical detection system. Physical behavior of magnetic particles has been
investigated to understand dynamic monitoring of magnetic bead separation. In addition,
magnetic separation force on the magnetic beads has been simulated by analytical and
numerical method to maximize performances. Developed magnetic particle separators and
biofilters have been fully characterized for both dynamic monitoring capability of magnetic
bead separation and biofiltering performance.

The developed biofilters and biosensors have been integrated with microfluidic system to
realize an integrated microfluidic biochemical detection system for fast and small volume
Immunoassays using magnetic beads, which are used for both immobilization surfaces and
bio-molecule carriers. Magnetic bead-based immunoassay, as a typical example of
biochemical detection and analysis, has been performed on the integrated microfluidic
biochemical detection system that includes a surface-mountable biofilter and
immunosensor. From the immunoassay performed with the biochemical detection system,
50 ng/ml of sample concentration (e.g., mouse 1gG) has been successfully detected and
analyzed. Total analysis time required for the full immunoassay was less than 20 minutes
including sample incubation time and sample volume wasted was less than 10 | during
one immunoassay. Protein sampling capability has been also demonstrated by capturing
target antigens.

The methodology and system, which has been developed in this work, can be also
applied to generic bio-molecule detection and analysis systems by replacing
antibody/antigen with appropriate bio receptors/reagents such as DNA fragments or
oligonucleotides, which will be useful for DNA analysis and high throughput protein
analysis.
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Phalgun Myneni, (Committee Chair: Chong H. Ahn), “Infrared based thermocycling
system for microfluidic PCR biochips,” M.S. Thesis University of Cincinnati, 2004.

Abstract

A portable thermocycler for polymerase chain reaction (PCR) using an infrared-based
heating method has been developed and applied for the DNA amplification in polymer
biochips. In the thermocycler, an infrared lamp as a heating source and a thermocouple as a
temperature sensor have been adopted. This experiment has evolved a precise temperature
control system without the use of an on-chip integrated temperature sensor or heater, which
allows us further flexible design of lab-on-a-chips in low cost. A plastic microchip has
added advantage of low cost batch fabrication techniques, but its PCR has been considered
as one of the difficult tasks due to its low heat transfer coefficient. The microchip is
fabricated using Cyclic-Olefin Copolymer (COC) and Polycarbonate (PC) material. To
prevent protein adsorption in the channels, Bovine Serum Albumin (BSA) is used in the
reaction mixture. This method for DNA amplification shows reasonably good results for
PCR in PC chips.
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Alok Jain, (Committee Chair: Chong H. Ahn), “A bioparticle separation technique through
microchannels using sequential pressure,” M.S. Thesis, University of Cincinnati, 2004.

Abstract

In this work, an on-chip magnetic bead separator in an aqueous solution has been
implemented on a plastic substrate. The technique has been successfully characterized in
separating magnetic microspheres of 4.1 &m diameter from a suspension solution in DI
water. uTAS (Micro Total Analysis System) frequently need to deal with bioparticle
suspensions in solution. Separation of certain bioparticles is often desirable. Traditionally,
methods like physical filtration have been used to separate biomolecules from suspension
solutions. These methods, though well-established are not suited for integration on to mass-
fabricated plastic lab-on-a-chip devices. The method developed in this work relies on the
differential force exerted by application of high amplitude, short duration pressure pulses
on a suspension solution, resulting in separation of suspended particles. From a dispensed
volume of 500 nl of the suspension solution, up to 300 nl, or 60 % of volume has been
cleared of particles.
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Shilpa Thati, (Committee Chair: Chong H. Ahn), “Rapid detection of prostate specific
antigen (PSA) on a polymer lab-on-a-Chip”, M.S. Thesis, University of Cincinnati, 2004.

Abstract

In this work, a disposable protein biochip on a Cyclic-Olefin Copolymer (COC), which can
be used for fast and easy detection of prostate specific antigen (PSA), has been designed
and fabricated, and the method of detection of PSA varying within the concentration range
of 4 ng to 200 ng has been successfully characterized with the help of this biochip.
Traditionally prostate cancer is diagnosed by performing Digital Rectal Examination (DRE)
or testing the PSA level in blood. The PSA levels in blood can be tested by various
methods. But sample volume, time taken to get the results and contaminations are various
problems in these methods. Numerous efforts have been made to detect the level of PSA at
a micro scale, but most devices reported take 3 to 4 hours to give results and are very
difficult to fabricate. So, in this research, a new approach with lab-on-a-chip has been
developed which deals with all the above problems.

The method developed in this work relies on the specificity of antibody-antigen interaction
on polymer lab-on-a-chip. Sandwich immunoassay technique has been used, where the
antigen to be detected is sandwiched between a primary and secondary antibody. This
complex is then detected with the help of chemiluminescence. So a contamination free
(due to the specificity of binding between an antigen and antibody), faster and cheaper
detection of PSA has been successfully achieved. Disposable polymer lab-on-a-chips and
low sample volume are added advantages in this method.
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Ramachandran K. Trichur, (Committee Chair: Chong H. Ahn), “Development of polymer
MEMS structures for Lab-On-a-Chips using UV-LIGA and injection molding techniques,”
M.S, Thesis, University of Cincinnati, 2003

Abstract

In this work, new polymer MEMS technology has been developed and characterized for the
development of disposable microfluidic devices and lab-on-a-chips on plastic substrates.
The developed technology will allow numerous applications for disposable biochips and
polymer microstructures at low cost. Microfluidics has been applied for drug discovery,
genomics, proteomics, clinical diagnostics, etc. So far, silicon and glass have been the two
major substrate materials for the fabrication of lab-on-a-chips and microfluidic devices. The
disadvantages of these substrate materials are relatively high cost compared with plastic
substrates, and difficulty of mass manufacturable approaches in low-cost for the fabrication
of the microfluidic devices. But for the development of low cost disposable lab-on-a-chips,
novel microfabrication methods for microfluidic devices on substrates other than silicon
and glass are highly desirable. Commercialization of microfluidics technology also requires
low-cost and high volume fabrication methods of these microfluidic devices. Polymers are
one of the good alternative substrates at low cost and their mass fabrication methods have
already been established for macro polymer structures. Nickel electroplating technique has
been developed for the fabrication of the master mold structure for replication of the plastic
microfluidic devices. Injection molding and hot embossing techniques have been explored
and optimized for high fidelity replication of the microstructures. UV LIGA technology
(UV based lithography, electroplating and replication) has been adopted for manufacturing
the microfluidic devices. UV lithography was done using thick photoresist (SU 8 2000
series), and the process was optimized for production of thick structures with aspect ratios
of up to 10. A new polymer, cyclic olefin copolymer (COC) was extensively characterized
in this work for the development of plastic microstructures using injection molding and hot
embossing. Polycarbonate (PC) and polymethyl methacrylate (PMMA) were also
characterized using the replication techniques. Plastic micro needles and micro capillary
electrophoresis chips were fabricated and characterized using the developed polymer
MEMS technologies. In this work, new polymer MEMS technologies for the development
of polymer microstructures have been successfully developed and characterized, which will
allow the realization of disposable BioMEMS and lab-on-a-chips on polymer or plastic
substrates.
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Madhulika Dutta, (Committee Chair: Chong H. Ahn), “Design of an integrated detection
system for the characterization of a biosensor array,” M.S. Thesis, University of Cincinnati,
2003

Abstract

The need for immediate health monitoring, arising in situations like war or emergency call
for the development of devices that do instant clinical screening to determine the levels of
metabolic parameters in human blood. The University of Cincinnati-DARPA team has been
working on the development of such a system, a wrist-watch type blood analyzer for
clinical analysis. The key specification of such a system would be its portability apart from
high precision, low power consumption and low noise. A multi-layered surface mount
technology board was developed and tested with a biosensor array. However, to attain the
goal of wristéwatch size analyzer Application Specific Integrated Circuits (ASIC) were
developed so as to take advantage of chip-scale integrable technologies that could be used
to decrease the size of the board even further. This work focuses on development of
specialized detection systems for the analyzer. The systems use the principle of
amperometric measurement to detect these parameters in a sample fluid. This detection
system has been designed into an analog ASIC. This ASIC has been realized in an AMI-
ABN 1.5&em Bi-CMOS process using MOSIS Foundry service. The ASIC has been
simulated and tested for relevant environmental conditions and the design information and
the results presented.

95





