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Abstract

Microfluidics enables a miniaturization of laboratory-scale biochemical analysis into a single chip. It
has been actively developed and utilized in various biomedical diagnostic devices. Especially, lab-on-
a-disc (LOD) and paper microfluidic system can serve as excellent candidates for point-of-care testing
(POCT) because of several advantages including relatively simple fluid transfer mechanism, portable
size of the device, fast analysis time, reduced cost, automated analysis steps and low consumption of
test samples and reagents. In this thesis, electrochemical detection method has been implemented in
two kinds of diagnostic devices. First, lab-on-a-disc integrated with screen-printed carbon electrodes
(SPCEs) was developed for electrochemical detection of protein biomarkers, C-reactive protein.
Compared to conventional optical detection, the electrochemical detection could provide enhanced
sensitivity as well as significant cost reduction because it is not necessary to use optical grade plastic
materials for the fabrication of the disc. In addition, we have developed electrochemical sensors for
the measurement of the local fluid velocity based upon the fact that the electrochemical signal is
proportional to the flow rate. As a proof of the concept experiment, we have used the electrochemical
sensors for real time monitoring of the flow through porous materials, which can provide a practical
tool to quantify the fluid velocity on the paper-based microfluidics. Based on chronoamperometric
signals measurement using SPCEs, fluid transfer phenomena through various kinds of porous
materials, geometries, absorption pads, and flow modifiers were evaluated. In conclusion, we have
developed a cost-effective SPCEs-based electrochemical detection method and utilized not only for
the immunoassays fully integrated on a disc but also to characterize fluid transfer behavior through
the porous materials. The SPCEs can be utilized as a cost-effective sensor not only for the highly
sensitive electrochemical detection for bioassays but also for the flow measurements in porous

materials.
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1 Introduction

1.1 Microfluidic Devices

1.1.1 Microfluidics for Point-of-Care Testing

Microfluidics enables a miniaturization of laboratory-scale analysis technologies onto a small sized
device.** Also known as lab-on-a-chip (LOC), the system can integrate several laboratory tests into
a single chip.'* * Recently, there are increased number microfluidics devices that utilize microfluidics
technologies in various platforms such as lab-on-a-disc and lateral flow strip sensors, which can be

categorized depending on pumping system.®” %%

Lab-on-a-disc is a branch of LOC which is unique
in a sense that it uses centrifugal force to propel liquids.** Paper based lateral flow strip sensor is one
of the commonly used platforms for point-of-care testing (POCT) devices due to the capillary
pumping force derived by porous structure, which makes liquid propulsion without external pumping

hardware.*

These days, there are a number of commercialized POCT devices based on microfluidics system.*
Lab-on-a-disc based POCT devices are actively under development.* LabGeo IB10 from Samsung
(Figure 1A, p.12) is the successful example of commercialized product of lab-on-a-disc based POCT
diagnostic tool.* Only by injecting whole blood sample, all the immune analysis processes are
automatically run within 30 minutes. With high accuracy and fast analysis time, it evaluates the
complicated analyzing process into automated POCT tool. Paper based lateral flow strip sensor is one

of the most widely used microfluidics based POCT tool.* Pregnancy test kit is the representative

Figure 1. Examples of commercialized POCT type diagnostic devices based on microfluidic system. (A)
LabGeo IB10 immune system testing lab-on-a-disc device and its analyzer. * (B) Lateral flow strip sensor
type pregnancy test kit.** 1
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example of lateral flow strip sensor as shown in Figure 1B." Once user loads urine sample to the test
kit, liquid is absorbed by capillary force of porous membrane which is the composition of the strip
sensor. The test zone will show a band type result by applying antigen-antibody immune reaction. It is
the cost-effective, easy to use, and portable diagnostic device that could be used not only for common

market but also for the third world countries.**

As it can be seen from above examples, lab-on-a-disc and paper-based lateral flow strip sensor can
serve as an excellent candidate for POCT because of several advantages including portable size of the
device, fast analysis time, reduced cost, automated analysis steps and low consumption of samples.

Detailed operation mechanisms of each system will be introduced in the next chapters.

1.1.2 Lab-on-a-Disc

Theory

“Lab-on-a-disc” requires a single motor to generate fluid propulsion in the system. Therefore, the total
system can be more compact and simple.** For lab-on-a-disc system, centrifugal force drives fluid
dynamics, which is influenced by rotation speed, channel and reservoir’s location, geometry of the
channels, and fluid properties. The average velocity of liquid in channels under centrifugal pumping
system, U is given as (Figure 2)

_ Dipw?TAr

Eq.1
32L (Eq.1)

where Dy, is the hydraulic diameter of the channel, p is the density of the liquid, « is the angular
velocity, u is the viscosity of solution, L is the length of the liquid in the channel, 7 is the average
distance of liquid in the channels (¥ = (; + (rp — H))/2), and Ar is the radial extent of the fluid
(Ar =1, — (ry — H)). As show in equation (1), spin speed plays a critical role in the lab-on-a-disc

operation.'®

Unit operation

Strengths of Lab-on-a-disc system are the integration of valve, mixing, metering into the system much
more easily than LOC system. To control the fluid transference on a rotating disc, various kinds of
valves have been developed using capillary geometry, hydrophobic surface treatment, siphoning
channel, and sacrificial materials.** Capillary, hydrophobic, or siphoning valves are examples of
passive valve, which does not require external energy source but only depends on the rotation speed
of the disc. The required frequency can be calculated via force balance between the surface tension

and the centrifugal force. The valve is closed-state when the disc spins at the frequencies lower than
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the burst frequency.™ It is easy to control because the valve changes to an open state only by adjusting
the spin speed. On the other hand, laser irradiated ferrowax microvalve (LIFM) is a representative
example of active valves using sacrificial material. It is composed with magnetic nanoparticles and

paraffin wax, which can control by laser light source.

In lab-on-a-disc system, there is an unique volume control function; metering put its basis on
overflowing of fluid. After sample injection on the disc, rotating makes overflow of excessive portion
of sample to the connected channel or chamber. Through this technique, it is possible to meter volume,
which is essential operation for many kinds of diagnostic assay.”** Another great characteristic of
centrifugal microfluidics system is mixing. Although uniform mixing of reagents is important in
many bio-analytical processes, it is difficult to mix several components in lab-on-a-chip system
because of the laminar flow without convection.”® “¢ However, an efficient mixing can be easily
achieved in the disc via repeating rotation in clockwise and counter-clock wise direction.?
Furthermore, addition of precursors such as magnetic particles in a mixing chamber improves
effective mixing.™ * Overall, lab-on-a-disc is very useful for POCT system due to the simple

operation, fluid storage capability, easy mixing and metering.

Centrifugal force

Figure 2. Scheme of the centrifugal pumping of liquid on a rotating disc. r, and r; are the inner and outer
radii of the flowing fluid; H is the “head” of the liquid in the feed reservoir; Dy, is the hydraulic diameter of
the channel; L is the length of the channel; w is the rate of rotation.*® **
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1.1.3 Paper based Microfluidics

Paper microfluidics device is composed with porous materials such as paper. Typically, porous
materials absorb liquid due to capillary force and it serves as a driving force in the paper based
microfluidics system without the needs of external pumping hardware.”® This system is usually
applied to lateral flow strip sensor containing porous material such as cellulose. It is one of the most
commonly used microfluidics based POCT device used in real medical diagnostic area.* It is often
used for simple and quick diagnosis to figure out the existence of targeted bio-markers in the

sample.* %05

The capillary action means the fluid flow phenomena occurred inside the micro-channel or through
the pores of porous material not because of interaction via external force but because of
intermolecular force between surfaces of fluid and substrate.”> *? In general, flow that exhibits
capillary driven-flow, takes place in two phases: wet-out flow and fully-wetted flow (Figure 3).> Wet-
out flow means that the flow begins front in the dried paper with the first contact to liquid
immediately. In this part, flow goes faster than fully-wetted flow and it has inversely proportional
speed to the strip length as shown in Washburn equation.*® It is given as
_yDt

LZ
4p

(Eq.2)
where, L is the distance moved by fluid front, t is time, D is the average pore diameter, y is the
effective surface tension, and u is viscosity. When the paper has been wetted enough by the wet-out
flow, fully wetted flow is generated by the capillary action with a downstream feature. It is governed

by Darcy’s law, given as

= KWHAP Eq.3
Q= L (Eq.3)

where, Q is volumetric flow rate, x is the permeability of paper, W is the width, H is the height,
AP is the pressure difference along direction of flow, and L is the length. In the majority of cases,
flow rate of paper materials has direct relation to detection sensitivity of strip sensor offering
clearness of band and reproducible results from batch to batch.** To conclude, paper based
microfluidics has capillary action as a driving force, which is very important factor as a POCT tool

not only for pumping source but also for detection sensitivity.
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Figure 3. Schematic illustrations of capillary absorption in a porous material strip. 2 (A) Wet-out flow state
that begins with the first contact to liquid phase. (B) Fully wetted flow state followed after wet-out state
flow, governing by Darcy’s law.
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1.2  Immunoassays in Point-of-Care Testing

1.2.1 Enzyme Linked Immunosorbent Assays

Immunoassay is a kind of biochemical testing technique to determine the concentration of target
macromolecules such as protein in biological samples including blood serum via immune-reaction by
utilizing target specific antibody. Antigen-antibody interaction is a reaction that uses a small amount
of target species can generate stable signals. It is possible that quantitative and qualitative analysis by
applying labelled antigen or labelled antibody. Immunoassay can be categorized according to the
labelling method: radioactive label for radioimmunoassay (RIA), an enzyme label for enzyme
immunoassay (EIA), and fluorescent label for fluorescence immunoassay (FIA).** % Especially,
enzyme-linked immunosorbent assay (ELISA), a type of EIA, has been widely used over four decades
as a clinical analysis method because of its good specificity, sensitivity, high-throughput analysis

capability, and wide range of target analytes.*” *®

ELISA is categorized as direct, indirect and sandwich ELISA depending on the orders of antigen and
antibody reaction. For direct ELISA detection (Figure 4A), the target antigen is coated onto the
immobilization substrate such as polystyrene 96-well plate. After the coating, the target specific
enzyme conjugated primary antibody is loaded to the target antigen coated onto substrate directly. It is
a simple and fast analysis technique among ELISA techniques with the few process steps. However, it
has relatively low sensitivity due to the minimized signal amplification. Besides, this technique has
only a limited number of the usable primary antibody labels because it is required the specific

responsiveness to the antigen and the enzyme at once.

For indirect ELISA detection (Figure 4B), the target specific primary antibody is loaded to the plate
pre-coated with the target antigen. After the reaction between the target antigen and primary antibody,
enzyme-conjugated secondary antibody is loaded to the plate. Then, secondary antibody is bound to
primary antibody. It is advantageous in terms of the better sensitivity than direct ELISA. Options for
the secondary antibody increase because it, which requires only the reactivity to the primary antibody.
In addition, unlimited choices for primary antibody are possible, which require only the reaction with
enzyme-conjugated secondary antibody. However, a critical drawback is the non-specific binding

from cross reactivity of secondary antibody resulting with false positive signals.

The “sandwich-ELISA” or “two-site ELISA” assay (Figure 4C), which is a highly sensitive and
efficient detection technique, needs the antigen containing at least two sites for antibodies. It is the

most sensitive ELISA technique so far, overcoming non-specific binding through the primary
19



antibody on substrate to capture target antigen. To run the sandwich ELISA, the plate is coated with
primary antibody (or capturing antibodies) that can capture target antigen as a preliminary step, and
then antigen is loaded to the plate. Finally, enzyme-linked secondary antibodies are bound to antigens.
Excess or unbound antigen and secondary antibody are washed away by rinsing with washing buffer.
To evaluate the concentration of target species, label active substrate is loaded to the plate. It is the
most widely used ELISA method for diagnosis due to its clinical significances with great sensitivity
and specificity. It is very useful and famous bio-analytical technique; nevertheless long assay time and

complicated handling processes are the shortcomings.

A B C D'
J Substrate color
Substrate color HRP change
HRP change = ——
D . .
Substrate color Secondary antibody Secondary antibody

HRP change

Antigen

Primary antibody Primary antibody
Primary antibody

Antigen Antigen
Substrate Substrate ~ Substrate

Figure 4. Schematic diagrams of various ELISA types characterized by the reaction order of antigen or
antibody. (A) Direct ELISA, which makes the direct coating of target antigen onto substrate and direct
reaction with HRP conjugated primary antibody. (B) Indirect ELISA, which has HRP conjugated secondary
antibody to react with primary antibody. (C) Sandwich ELISA, which is composed with three reaction
steps: primary antibody coating onto substrate, antigen reaction with primary antibody, and HRP conjugated
secondary antibody bonding to antigen.
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1.2.2 Microfluidics based Immunoassay

Microfluidics has continuously developed especially for medical diagnostic tools with a number of
advantages. It has become popular and specialized, facilitating a broad range of quantifiable analytical
technologies. ** ¥ “* 9 Despite such improvements, the ELISA, which has great advantages for
clinical diagnosis is still suffering from some difficulties to integrate into the microfluidic system as
POCT tool: complicated steps, time consuming procedures, proper detection technique for micro-
scale system, and requirement of diverse fluid dynamics like mixing and metering. To overcome these

problems, various studies are introduced.

Early studies about ELISA on lab-on-a-chip can be represented in terms of technical integration into
micro-scale system with reduced reagent consumption and assay time. In 2000, for example, Sato et
al. demonstrated the chip based immunoassay with polystyrene beads embedded microfluidic channel
inside.®® Respectable sensitivity for human secretory immunoglobulin A (s-IgA) could be offered in 1
hour, thereby using the micro-scale beads with high surface area compared to the size of beads.
However, not only these studies ® % % © 8 Kyt also these chip based studies had some
inconveniences caused by additional handling for washing and mixing and it is a critical disadvantage
as a POCT tool. So that, several studies were demonstrated to carry out the automated ELISA via
sequential reagents transferring.* Linder et al. demonstrated an automated immunoassay chip through
negative pressure (Figure 5A).° In this study, all reagents were sequentially displaced at the specific
locations at channel inside, and then passive flow delivered the solution in the order of assay process.
Gervais et al. introduced an one-step immunoassay microfluidic chip based on capillary force.®®
Herein, they used human serum sample containing detection antibody. With this chip, the LOD of C-
reactive protein was 10ng/mL with fluorescent detection and total assay time was less than 3minutes.
Though these developments achieved ELISA assay chip with sensitive, fast and affordably reduced
reagents consumption, it is essentially required additional pumping machines, complicated tubing
networks altogether inlets and outlets, and detection hardware resulting in the massive whole
system.®” Also, micro-scale size channel makes laminar flow propulsion, which has limitations for
effective washing, mixing and reacting across the whole assay.* That is the reason why lab-on-a-chip
based ELISA devices are hard to be established as POCT tools even it has been developed

continuously.

Lab-on-a-disc technology offers fluid transferring and other dynamics control by simply applying
centrifugation.* Using centrifugal force, lab-on-a-disc takes easy operation and automation,
becoming a good candidate for immunoassay POCT tool. Early examples of disc-based ELISA

devices are focused on whole assay processes with a serial of controlled rotations by using geometric
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structured valves such as siphon channel or capillary valve.®> ?° Lai et al., demonstrated the
immunoassay disc fabricated in PMMA (Figure 5B).% In this disc, there were passive valves to
control fluid propulsion under sequentially increasing rotational speed. The diagnostic performance of
Immunoglobulin G (IgG) from hybridoma was comparable to traditional 96-well plate-based assay
results, while accepting less volume of solution and shorter operating time. Moreover, 24 sets of assay
test units were integrated on a disc. This study showed good approaches of ELISA disc, which is
operated by serial rotation. Lee et al. presented an advanced study. To detect Hepatitis B virus (HBV)
from whole blood, the fully-automated immunoassay disc was invented for the first time. The only
required manual handling is sample injection among whole assay steps (Figure 5C).?* Based on this
study, commercialized immunoassay POCT product from Samsung was introduced.® It is a portable

system that can be use easily without any additional sample pretreatment processes.

Paper-based microfluidics has recently garnered significant interest because the materials cost is low
and it does not require expensive hardware to control fluid flows.> Due to this characters, a number
of researches have been evaluated paper based POCT sensors.” Fu et al. demonstrated two-
dimensional paper network format immunoassay card. Lateral flow strip type sensor is coated with the
dried reagents and embedded on the card (Figure 5D).* Furthermore, paper lengths derived
sequential reagent loading, via different flowing time. Through this technique, automatic performance
on paper microfluidic system was evaluated. The result is revealed by the matter of visual band, as
common strip sensor does, which is easy to check. However, optical detection has a critical issue due
to the poor sensitivity so that a number of approaches have been studied to enhance that.®” In 2013,
Apilux and his colleagues developed an automated paper based sandwich ELISA sensor (Figure
5E).*° By applying dipropylene glycol methyl ether acetate containing 20% acrylic polymer onto the
membrane, patterned channels were fabricated. Following the designed channel, the assay was
performed automatically after sample loading. In this study, remarkable consequence about close
relationship between fluid flowing time and detection sensitivity was evaluated. More complicated
designed channel drew longer duration time and more clear detection results. This study revealed that
driven flow rate in porous material is one of the important parameter for performance.> It means that
the paper has relatively fast flow rate, it suggests low sensitive sensor, while relatively slow flow rate
suggests high sensitive sensor.®® Because of this, material selection is very important for paper based

microfluidic sensor.
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Figure 5. Examples of microfluidics based immunoassay (A) Schematic representation of lab-on-a-chip

based immunoassay with prefilled sample in the channel.® (B) ELISA device design with 24sets of assay on
one disc.®® (C) Fully-automated immunoassay using lab-on-a-disc.”® (D) Paper based immunoassay
cartridge with two dimensional paper networks for serial sample loading.™ (E) Images of different patterned
paper based devices and the color intensity of ELISA results from each patterns.*°
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1.3 Electrochemical Measurement

131 Chronoamperometry

Electrochemical detection method is a promising technique for POCT system. Since electrochemical
detection is not dependent on the optical properties or the turbidity of the biological sample, the
device can be made from a wide variety of plastics that are cheaper than cyclic olefin copolymer
(COC).* ® |n addition, optical density measurement requires a minimal path length to achieve a
desired sensitivity.67 However, electrochemical detection measurements can be made on a solution of
any size in any sort of vessel. Consequently, electrochemical detection affords smaller assays and,
therefore, smaller diagnostic devices. With simple peripheral equipment with low power requirements,
it is a great tool for sensitive POCT system.

The basic components of electrochemical sensors are a working electrode, a counter electrode, and a
reference electrode that is often combined with the counter electrode to make a two-electrode system.
In electrochemical sensors, the reference electrode provides a reference potential to the working
electrode to enable the electrochemical cell to operate in a controllable manner. Working and
reference electrodes are used to establish a baseline potential, and the counter electrode is used to
complete the electrical circuit. In amperometric sensing mode, the current on the working electrode,

due to oxidation or reduction of a target species, is measured to detect and quantify the target species.

Amperometry is the measurement of current at a fixed applied voltage. It is performed by applying a
step potential to a working electrode in solution and measuring the current generated by electroactive
species. When the current is measured over a period of time, this technique is known as
chronoamperometry.” To the balanced electrodes, plenty large enough stepped voltage is induced
while generating the transition of current. If the (-) stepped voltage is applied to the electrodes staying
(+) state, reduction reaction dominates the current signals. Also the current is affected by diffusion
velocity from the solution to the surface of electrodes. In the case of two different stepped voltage
signals are applied to the electrodes following predetermined time respectively, it is called “double
potential step chronoamperometry”. Ultimately, the current i, measured between working and counter
electrodes, is a function of the concentration of the target in solution and decreases exponentially with
time as described by the Cottrell equation:

~ nFADY?¢C
/2412 (Eq.4)
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where n is the number of electrode, F is the Faraday’s constant, A is the surface area of the
electrode, D is the diffusion coefficient of the analyte, C is the concentration of the analyte and t is
time.” When a large enough voltage is applied to the working electrode, the measured current is
directly proportional to the concentration of the target species in the solution.

1.3.2 Chronoamperometric Detection

In terms of the significance of electrochemical detection for medical diagnostics, it makes a more
sensitive diagnostic device. More specifically, increasing the sensitivity means that smaller
concentration changes of the target will result in larger output signals from the sensor. Furthermore, as
the limit-of-detection (LOD) is a function of the sensitivity and the signal stability, increasing the
sensitivity improves the LOD.

Electrochemical detection for immunoassay, the species to be quantified electro-activity such that it is
able to switch from oxidized to reduced states by losing or gaining electrons. However, compounds

that are not electro-active such as proteins can be quantified indirectly when they are coupled with an
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Figure 6. Schematic diagrams of electrochemical measured chronoamperometric signal. (A) The
mechanism of electro-active TMB reaction and electrochemical signal reading on the working electrode.
(RY Chronamanerometric current sianal amnlification via fluid flow rate.
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ELISA reaction in which the final product such as TMB (e.g., 3,3,5,5’-Tetramethylbenzidined). It can
be detected electrochemically in a solution, confirming the presence of the protein. In the ELISA
scheme, the enzyme horseradish peroxidase (HRP) enzyme catalyzes the oxidation reaction of the
choromogenic substrate, TMB. In the traditional optical ELISA, the absorbance of the oxidation
product is measured to determine the concentration of the captured analyte. In case of electrochemical
detection, reduction and oxidation reaction of substrate should be coupled. TMB is oxidized during
the enzymatic degradation of H,O, by HRP and the oxidized product of TMB has blue color. It is
detected by amperometric operation. Both forms of oxidation and reduction of TMB are
simultaneously present in the solution. By applying voltage on the electrode, oxidized TMB is
selected on the working electrodes, occurring reduction (Figure 6A). Theoretically, the measured
current on the working electrode is directly proportional to the concentration of enzyme (HRP)

immobilized.”

In the case that the solution is flowing over an electrode, the current is a function of the concentration
of the analyte and the flow rate, as flow brings more electro-active species to the working electrode’s
surface, resulting in an increase in the measured current (Figure 6B). The limiting current, i, for a
planar electrode that is placed parallel to the direction of fluid flow in a channel is proportional to the

flow rate in the channel, v, as:
i = 1L47nFC(2)?/3v /3 (Eq.5)

where n is the number of electrode involved in the reaction, F is Faraday’s constant, C is the
concentration of the analyte in the solution, D is the diffusion coefficient of the analyte, A is the

surface area of the electrode, and B is the channel height.70

1.3.3 Electrochemical Detection based Microfluidics System

In lab-on-a-chip system, Civit et al demonstrated a DNA gene detecting device using 16 gold working
electrodes array with a silver pseudo reference electrode and a gold counter electrode on a glass slide
substrate (Figure 7A)." For the simultaneous detection of two high risk human papillomavirus DNA
sequences, TMB-based assay is used to analyze DNA hybridization. Through this, electrochemical
measurements for DNA sequences HPV16E7p and HPV445E6 were able to measure to pico-molar
scale. Liang et al. developed a microfluidic immunoassay system to detect amino terminal pro-brain
natriuretic peptides (NT-proBNP) with platinum/Prussian blue nanomaterial (PPN) labeled detection
antibodies (Figure 7B).” After sample incubation, working buffer was loaded to the detection area,

where inner removable permanent magnet provided a stable magnetic field. It immobilized magnetic
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nanoparticles onto the gold tablet working electrode. Proposed chip has a respectable linearity with
thechemiluminescence detection results.

In lab-on-a-disc system blood analysis for glucose lactate or uric acid was studied (Figure 7C).”® In
this study, gold working electrode, silver/silver chloride reference electrode, and gold counter
electrode was used. Especially multi layered carbon nanotubes were integrated on working electrode

to improve the accomplishment.

It is clear that electrochemical analysis techniques become popular for immune sensor. Usually, gold
material based electrodes are utilized to gain stable signal and high throughput results. However, it
has high-cost problem and difficult manufacturing process. It is difficult to develop a general-purpose
electrochemical detection based POCT devices with complex fabrication procedures such as
photolithography. At this point, advanced technologies with simple fabrication process, low cost

material are needed to make commercially available sensitive immune sensor.
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Figure 7. Electrochemical detection on microfluidic system (A) 16 gold working electrodes array to DNA
sequencing.™ (B) NT-proBNP targeting immunoassay chip with gold tablet working electrode.?® (C) blood
analysis disc using gold working electrode, gold counter electrode and silver/silver chloride reference
electrode.®
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1.4  Research Objective

Microfluidic devices could be categorized as lab-on-a-chip system, lab-on-a-disc system and paper-
based microfluidics system. Each of them has individual advantages and using that development as
real medical diagnostic tools have been actively progressed. Especially, immunoassay system has
been widely researched. Based on lab-on-a-disc and paper microfluidics system, there are some
commercially available POCT products already. However, to realize an ideal POCT immunosensor, a
number of factors must be considered: fully automated, highly sensitive, cost effective, and
miniaturized system. Depending on those points, this study suggests two concepts based on lab-on-a-

disc and paper microfluidics system.

In chapter 2 “Lab-on-a-disc integrated with screen printed carbon electrodes for electrochemical
detection of protein biomarkers” cost effective, high sensitive, and fully automated lab-on-a-disc
immunosensor is proposed.
® |t demonstrated cost effective and easy fabrication process for Screen-printed carbon
electrodes.
® |t suggested the enhanced amperometric signals by fluid flowing facilitate highly sensitive
and stable electrochemical sensor.

® |t offered the fully automated ELISA disc integrated with the electrochemical sensor.

In chapter 3 “Electrochemical velocimetry for real time flow measurement for paper-based
mcirofludic” fluid flow of porous-material is monitored. Through this fundamental study about
porous material driven flow rate, proper material selection not only for sensitive lateral flow strip
sensor but also for other paper based microfluidic devices will be feasible.
® |t provided the possibilities of quality control of strip sensor with the information about
endemic flow rate of the porous material.
® |t evaluated the primary quality of the endemic flow rate depending on the different products,
geometric effects, and flow duration with absorption pads.
® |t suggested the flow rate modification techniques by applying additional treatment such as

oxygen plasma or dextran coating onto papers are studied.
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2 Lab-on-a-Disc Integrated with Screen-Printed Carbon Electrodes for

Electrochemical Detection of Protein Biomarkers

2.1 Introduction

As mentioned briefly in chapter 1.2.2, early examples of lab-on-a- disc based immunoassay devices
demonstrated multiple assays sets on a single disc and most of them utilized passive valves such as
siphon channel or capillary valve. Siphon channel performs not only fluid blocking but also liquid
supplying through rotational speed control. The low RPM generates capillary priming through
siphoning channel providing liquid propulsion, while high RPM blocks the flow (Figure 8A).
Capillary valve is a type of passive valve utilizing pressure balance between surface tension and
centrifugal force.”® For example, centrifugo-pneumatic valve is one of capillary valves. It includes air
compression effect to enhance closed-valve performance (Figure 8B)."” Through this, closed-valve

works well even if the low surface tensional liquid characteristic is filled in channel.

Using these passive vlaves, various types of lab-on-a-disc systems were developed. In 1999, Duffy et
al.evaluated a multiple assay disc (Figure 8C)." To control the serial transferring of solution through
the passive valve, the disc must be rotated with continuously increased speed from 60 to 3000 rpm
providing 5nL/s to 0.1mL/s flow rates. Using a single disc, it is possible that simultaneous operation
of 48 enzymatic assay sets, which is composed with 3uL of 1.0 mg/mL alkaline phosphatase mixture
with various concentrations of 3uL of theophylline. Likewise, Honda et al. developed a column
packed simultaneous immunoassay disc (Figure 8D).** The column was filled with streptavidin-
coated particles for protein modification. A single set of the disc contained 8 connected zigzag-shaped
structures. Total 104 sets were integrated in a disc. Using nano-scale sample volume and 50 minutes
operation time, carcinoembryonic antigen (CEA) detected as 0.15 pmol/L level. Besides, Morais and
his colleagues introduced an indirect micro immune analysis disc by utilizing a sensitive microarray
detector (Figure 8E).*® The disc consisted of only 1.2 mm thickness of polycarbonate layer coated
with aluminum, silver, or gold. For assay, reagents were directly dispensed onto the disc surface. Low
reflect (reflection/ transmission: 30/70%) analytical specification allowed a sensitive detection via CD
reader laser beam (A =780nm). However, the valve operation, which is related with the burst
frequency, is strongly depending on liquids properties and channel geometries. Therefore, reactions
with multiple steps are difficult to be integrated and sequentially increased spin speed is required.

Furthermore, it is hard to prevent vaporization of liquid via passive valves.
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Laser irradiated ferrowax microvalve (LIFM) (Figure 9A)" actuated the development of fully
automated ELISA on a disc. Automation is an essentially required specification to be a POCT
device. The LIFM is a representative example of sacrificial valve, composed with 10nm-sized
magnetic nanoparticles in paraffin wax. The valve is controlled by simply applying a laser light for a
short time (2~10 seconds) to melt the wax at determined position. With biocompatibility and accurate
operation, it is suitable to diverse bio-related applications. After the first presentation of the fully
automated immunoassay disc from whole blood in 2009,% Lee et al. introduced a simultaneous
analysis disc: blood chemistry and immunoassay (Figure 9B)."* For immunoassay, 1mm diameter
silica beads coated with 3-aminopropy! trithoxy silane (APTES) were integrated. By applying 3,600
rpm circumvolution for 3min, plasma layer was separated from whole blood and then each metered
plasma sample was utilized for blood chemistry and immunoassay respectively. With 350 uL volume
of whole blood, whole processes from sample separation to detection were demonstrated within 22
minutes. The level of performance was equivalent to conventional blood chemistry and immunoassay
analysis techniques performance. Additionally, Park et al. modified a fully integrated multiplex
immunoassay disc (Figure 9C).”” In 20 minutes, three analytes (high sensitive C-reactive protein
(hsCRP), cardiac troponin | (cTnl), and N-terminal B-type natriuretic peptide (NT-proBNP) were
detected from whole saliva sample. It was the first demonstration of the automated and multiplexed
immunoassay disc. Through these studies, disc based ELISA technologies developed on the level of
fully automated procedures. Most of them, optical detection (OD) is used as a sensing method due to
the simple and easy operation. However, it has shortcomings to be POCT devices because of intricate

total measurement system and relatively low sensitivity.

Electrochemical detection on a disc garnered an interest recently. It is a high sensitive and selective
sensing method, even providing the simple operation. Moreover, electrochemical sensors can be
easily miniaturized, facilitating micro-and nano- scale integration. Based on electrochemical method,
there are various studies. In 2011, Noroozi et al. presented an electrolysis-induced pneumatic pressure
pump integrated in a disc system (Figure 10A).° Electrolysis was utilized for the pneumatic pressure
from aqueous solution and then it caused the propulsion of sample in an upstream direction was
generated, against a rotating disc. By using planar gold electrodes, electrochemical based pumping,
gating and metering of liquids in a disc were evaluated. In 2013, Abi-Samra and his colleagues
evaluated an electrochemical velocimetry effect (Figure 10B).? To measure electrochemical signals
on a rotating disc, an electrical slip-ring was mounted onto the spin motor and it was connected to a
peripheral potentiostat. By using the printed circuit board (PCB), electrical contact was stably
generated between the slip-ring and the gold electrodes. As the flow rate increases, the

chronoamperometric current signal was increased. Based on this study, Kim et al. developed a fully
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integrated ELISA disc with electrochemical detection under rotating state (Figure 10C).*° The
miniaturized gold electrodes on a glass substrate were embedded into the disc. With flowing state
measurement, amperometric current was enhanced. Due to the amplified current, much enhanced

sensitivity was gained.

Though the electrochemical detection makes the highly sensitive immunoassay devices, most of
electrochemical sensing based studies are depending on the gold electrodes. To make miniaturized
gold electrodes, optimized MEMs process is necessary and it requires the manageable substrate such
as glass for gold printing, which is hard to integration into micro system due to the fragile
characteristic. However, for POCT tool, inexpensive components and easy fabrication procedures are
very important to be widely used and manufactured. Therefore, in this study, research objective is
focused on the development of chip, easy to make and high sensitive ELISA device. Via screen-

printed carbon electrodes and flow-enhanced signaling effect, fully-integrated ELISA disc is evaluated.
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2.2 Materials and Methods

2.2.1 Reagents

Immunoassay

As capturing antibodies, monoclonal mouse anti-human hs C-reactive proteins (clone # C5, Hytest
Ltd., Finland) in a coating buffer (20ug/ml in 100 mM Bicarbonate/carbonate, pH 9.6; Junsei
Chemicals Co., Ltd., Japan) were used. Horseradish peroxidase (HRP) conjugated goat polyclonal
anti-high sensitive C-reactive proteins (hsCRP; 200ng/ml; Abcam plc., MA) were utilized as detection
antibody to detect hsCRP (Abcam plc., USA) in PBS. 1 % BSA/1X PBS (99 % purified Bovine
Albumin, Bio Basic Inc., Canada) was used as blocking solution, and 0.1 % BSA/1XPBS buffer was
accepted as washing buffer. The TMB solution (AbD serotec, UK) was managed as substrate without
additional modification. The stop solution dissolved in 0.2 M sulphuric acid (Matsunoen Chemicals
Ltd., Japan) was prepared.

Electrolyte solution

For electrochemical performance evaluation, electrolyte solutions of 5 mM ([Fe(CN)e]*) (Sigma-
Aldrich) with 250 mM KCI (Junsei Chemical Co., Ltd., Japan) in PBS was prepared and used to test
the electrodes. Chronoamperometric recordings were generated using its proprietary software (EC-
Lab Software v.10.02 BioLogic, France).

2.2.2 Fabrication of Screen-Printed Carbon Electrodes

Materials

Carbon screen-printed electrodes (SPCEs) were printed on the 0.125mm thickness of polycarbonate
(PC) sheet. As shown in Figure 11A, the miniaturized electrode fitted onto an 11mm by 14.5mm PC
sheets. The electrode had an effective surface area of the working electrode to be around 8 mm®. The
designed projected mask was designed on polyimide tape (AM00000068, 3M™ with DuPont™
Kapton ® , USA). Whole electrode body including working and counter electrode parts was composed
with carbon paste (C2000902P2, Gwent Inc., UK). For reference electrode part, silver/silver chloride
(Ag/AgCI) paste (011464, BAS Inc., Japan) was applied.

Fabrication
SPCEs were consisted with working electrode, counter electrode, and reference electrode. A negative
mask was created according to a desired design cut by the plotter (Graphtec CE 3000-60 MK2,

Graphtec, USA). To print the electrodes, the mask was applied to a clean substrate at first. Since it
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was important to have a good contact between the mask and the substrate, a single-sided adhesive for
the mask was securely attached to the substrate. Carbon paste was simply applied through the mask by
pushing the paste into all of the features of the mask, and the excess was removed. After that, carbon
paste was allowed to dry. Ag/AgCI paste was dropped onto the reference electrode part. Then, the

mask was peeled or removed off from the substrate (Figure 11B).

2.2.3  Fabrication of lab-on-a-Disc

Milling of polycarbonate layers

The top layer was made of 1mm thickness of polycarbonate (PC) and the bottom layer is made of
5mm thickness of PC layer, separately. Computer Numerical Control (CNC) micromachining (3D
modeling machine; M&I CNC Lab, Osan, Korea) fabricated microstructure on both PC plates by
milling. The top layer had inlet holes and dispensing holes for ferrowax valve, while the bottom layer

had storage chambers and channels (Figure 12).

Ferrowax valve
The dispensing holes on the top plate were filled with injected ferrowax. Ferrowax was composed
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Figure 11. Fabrication of screen printed carbon electrodes (SPCEs). (A) Detailed design of SPCEs and the
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with 50% of paraffin wax (T, 50-52°C, Fulka Chemine, GmbH) and 50% of ferrofluid (APG 314,
Ferrotec Inc, CA, USA). By using a wax dispensing machine (Hanra Precision Eng. Co. LTD.,
Incheon, Korea), spontaneously controlled volume of molten ferrowax was dispensed to determined

position on heated top plate automatically.

Capturing antibody immobilization

Ten polystyrene beads (2mm diameter, Hoover, USA) were coated with primary antibody on its
surface and then the beads were integrated into the bottom layer’s reaction chamber on disc. To
compare conventional assay performances, 96 well-plate (96 Well Clear Flat Bottom Polystyrene
High Bind Microplate, Corning Inc., USA) was prepared.

Lab-on-a-disc assembling

SPECs were embedded onto bottom layer within a 0.1mm height of detection chamber of the disc.
There were two double-sided pressure sensitive adhesive tapes (Flexmount DFM 200 Clear V-95 150
Graphtec, USA) for SPECs integration and channel fabrication between the top and bottom PC parts
(Figure 12). One adhesive layer covered the SPECs to isolate on bottom layer. After then, the
circumferentially-orientated microfluidic channel designed adhesive layer was entrenched. This
channel design enables the electrodes to be fully covered by liquid solution without any bubbles or air
pockets when liquid was transferred from the reaction chamber.? Finally, all of the 2 adhesive layers
and two PC layers were pressed through pressing machine to assemble (Mechanical Power Vise AVQ-
160GHYV, Auto Well Enter Co., LTD., Taiwan).

— o Bottom plate
%W@/ with SPCEs

Figure 12. Schematic design of lab-on-a-disc for electrochemical detection integrated with SPCEs and the
exploded illustration of the disc.

37



2.2.4  Measurement System

Motion and visualization system

The motion system was composed with rotor, laser stage, magnet stage and controller. The rotor was
purchased by Yaskawa Electric (SGMIV-02A 200W servomotor, Japan) and it was possible to rotate
up to 6000 rpm. With charge coupled device camera (CCD digital color camera; IK-TF5C, Toshiba,
America, Inc., USA), sequential images during disc operation were taken as programmed speed and
intervals. From Opto Electronics (Chongging Co., China), laser (808nm High-Power Laser Diode
AL808T3000) was bought. It could move by X-Y axis stage and it had 3W power to control

open/close the valve.

Electrochemical measurement system

As shown in Figure 13, printed circuit board (PCB) was a component for the electrical connection
between the electrodes embedded within the microfluidic disc to the electrical slip-ring. A single sided
copper PCB layer was a 1.5mm thickness and 124 diameter board. It had two kinds of pins for
connection. One was dowel pin for electrical slip-ring, which was composed with copper (McMaster
Carr, USA, 97325A121). The other was gold contact pins for electrodes, which was purchased from
Mouser Electronics (USA, Mouser Part, 575-906115). Electrical slip-ring was composed with a spin
chuck and an electrical slip-ring. The spin chuck was mounted onto the spinning motor and holds the
whole system. It was composed with the 3D CNC milled aluminum part and plastic insulator parts.
The plastic insulator supported the microfluidic disc mechanically and isolates electrically from the
conductive spin chuck with the rest of the system. Electrical slip-ring part (Fabricast, inc, 2511
Seaman Ave. South EI Monte, CA 91733) transfered electrical connection to the rotating systems. It
had 6 channels and contact pins (Mouser Electronics, USA, 818-100804-002). By using the peripheral
potentiostat (Model: VSP, BioLogic, France), it was possible to make continuous electrical contact
during rotation. Chronoamperometric recordings were generated using its proprietary software (EC-
Lab Software v.10.02 BioLogic, France).
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transfer stationary electrical connection to rotating system.
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2.3 Results and Discussion

2.3.1 Electrodes Performance

Optimization for screen-printed carbon electrodes

Screen-printed carbon electrodes (SPCEs) are commonly used in industry (e.g. glucose test strip)
since they are relatively easy to fabricate and low in cost. The technology is straightforward. Through
a mask, carbon paste is deposited onto a substrate and dried to form solid electrodes. For fabrication,
substrate can be a variety of insulting materials. To evaluate the feasibility using SPCEs on various
substrates, some substrates are tested with carbon paste. The results from the evaluation of screen-
printing the carbon paste onto these substrates are briefly summarized in tablel (p.41).
Polyvinylidene fluoride (PVDF) membrane, polycarbonate (PC), and paraffin wax blocked cellulose
(paper) have been identified as suitable substrates for screen-printing carbon electrodes in terms of
penetration. Because the reproducibility of electrode fabrication is important if the electrode volume
(or surface area) varies from device to device, then the diagnostic result will also vary. Among various
substrates, PVDF membrane and PC have been identified as the best substrates as the carbon paste do
not bleed on or through the material after application. Through this experiment, the electrodes can be
screen-printed directly onto the PC microfluidic disc material that is easy to integrate. Also, the
surfaces of air dried carbon electrode at room temperature and 60°C oven dried carbon electrode are
observed by scanning electron microscope (SEM) photograph and through this, 60°C for 30minuets

oven drying condition is accepted (Figure 14).

After optimizing the drying conditions for the carbon paste fabrication, signal stabilization is
evaluated. The oxidation and reduction peaks shift along the applied voltages depending on the
electrochemical oxidation and reduction rates at the interface of the working electrode, which are
determined by many factors, such as electrode material, surface conditions, and solution pH.
Therefore, cyclic voltammetry is an indispensable step to evaluate the optimal operational condition
for electrode. By applying Ag/AgClI paste for the reference electrode, signals become much stable. In
Figure 15A and B, the electrodes without reference part show unsteady results. Those figures show
very different graph profiles despite all electrodes have same design, fabrication technique, and
measurement condition. It is evident of inconsistent sensing performance. On the other hand, in
Figure 15C and D, the reference electrode is added to the carbon electrode, resulting in much
enhanced stability and reproducibility of signal. Even the electrodes fabricated separately, they show
quiet same signal profiles, which means greatly consistent performance from electrode to electrode.
With the optimized conditions for carbon electrodes, the coefficient of variance (CV) of 10 electrodes

is less than 5% from the cyclic voltammogram of 10 electrodes with very similar performances
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overlapping curves. As a result, included an Ag/AgCI reference electrode improves signal stability
drastically.

Electrochemical performance

In order to demonstrate the sensing performance, chronoamperometric signals are measured relying
on a range of different concentrations of electro-active solution: potassium ferrocyanide ([Fe(CN)e]*)
of 10, 5, 1, 0.2, 0.1, 0.01, and 0 mM. To figure out the electrodes’ accomplishment, the commercially
ordered products by a supplier (KTPtech, Korea), which has same geometric structure, are tested with
same method and condition. Overall, the lab-made SPCEs and the commercially fabricated electrodes
are tested correspondingly across the concentration rages. The black line shows the current derived by
lab-made SPCEs and red line shows the results of commercially ordered product’s signals. Both
electrode types have a coefficient of variation (CV) less than 4 percent. As shown in Figure 16A, lab-
made SPCEs have higher results in current values than commercially ordered one via whole
concentrations. The limit of detection (LOD) in 3times standard derivations (3SD) is 2.67uM and
0.371uM for lab-made and commercial product, respectively. In conclusion, both lab-made and
commercially fabricated electrodes are very reproducible.
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Table 1. Summary of the results from the evaluation of screen-printing carbon paste onto various substrates:
definition of printing and penetration into material.

Result of Carbon Paste on Substrate
Substrate
Definition Penetration
Polyvynylidene fluoride membrane Excellent* No
Nitrocellulose membrane Okay* Yes
Cellulose Okay Yes
Cellulose blocked with paraffin wax Okay No
Polycarbonate Excellent No

*Excellent = Paste stayed within defined mask region
*QOkay = Paste bled on the substrate by approximately 0.1 ~ 0.5mm because of wicking.

Figure 14. SEM photographs of the surface of a carbon electrode. (A) The surface of air dried carbon
electrode at room temperature. (B) The surface of oven dried carbon electrode at 60 C.
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Figure 15. Reference electrode addition results with cyclic voltammograms. (A, B) When there is no real
reference electrode, the signal is very unstable, evident by the shifting cyclic voltammograms, furthermore,
there is no reproducibility from batch to batch. (C, D) Reference electrodes (Ag/AgCl) are added to the
electrode set, significantly stabilizing the signal and thus the cyclic voltammogram. Electrode stability is

also revealed from batch to batch.
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2.3.2 Disc Operation

Immunoassay

The disc is composed with sample loading chamber, detection antibody chamber, reaction chamber,
washing chamber, TMB substrate storage chamber, waste chamber, detection chamber, and
connecting channels. In addition, there are 7 normally-closed valves and 1 normally-open valve.
Numbers on valve position means the operation order (Figure 17). The C-reactive protein (CRP)
spiked in PBS sample (150 pL) is loaded into the sample collection chamber. After separation and
metering, 75 uL of supernatant solution is brought to the detection antibody chamber by opening the
valve #1 (Figure 18B). After the mixing step of the transferred sample with 75 pL of the detecting
antibody solution (200 ng/mL) for 10 seconds under acceleration of the disc shaking, valve #2 is open
by laser emitting to move the mixed solution to the reaction chamber, which has primary antibody-
coated polystyrene beads. For incubation of antigen/secondary antibody, the disc is shook for 10 min
(Figure 18C). By opening valve #3, the extra solution is washed out to the waste chamber. Serial
washing steps to wash away excessive reagents is followed twice. Then, through open the valve #4
and #5, each washing step has shaking for 20 seconds (Figure 18D). After then, normally open valve
#6 is closed to control the flowing direction of substrate to the detection area. Valve # 7 is open to
transfer TMB solution to the reaction chamber, and then, incubate for 5 min with shaking (Figure
18E). Finally, the reacted-substrate mixture is moved to the electrodes by opening valve #8. Table 2
shows the detailed spin operation that programmed.

Electrochemical detection

For the electrochemical detection, -0.2 voltage is applied to measure chronoamperometry. There are
two different detection modes: stationary and rotation. Stationary detection mode operates at 0 RPM,
while flowing mode operates on rotational disc at 400 RPM (Table 2) resulting in flowing-enhanced

|30

amperometric signal.™ Electrochemical detection is measured for 35 seconds at the stationary mode,

and for 15 seconds at the flowing mode to maintain the fixed volume of substrate.
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Table 2. Operation programs of lab-a-disc device for fully automated immunoassay with electrochemical
detection.

Spin No. | Valve No. Time () Operation
1 Sample loading
9 1 10 Sa}m_ple transfers to detection antibody chamber and
mixing

3 5 600 Lré%LéZation with antibody-immobilized polystyrene
4 3 Remove extra solution
5 4,5 40 Washing 2 times
6 6 Close the valve
7 7,8 5 Priming to detection part
Stationary detection 0 RPM
Flowing detection 400 RPM

Detection ]

ant’ibodyv Washing TMB substrate

Sample :

loading

Reaction

@® Normally closed LIFM
@ Normally open LIFM

Figure 17. Detailed illustration of SPCEs integrated microfluidic disc with valves. It is composed with
smaple loading, detection antibody, reaction, washing, TMB, and waste chambers. There are 7 normally
closed LIFM valves and 1 normally opened LIFM valve.

46



Figure 18. Operation of centrifugal microfluidic disc with color dyed water. (A) Loading CRP spiked
sample and separation. (B) Metering of sample to transfer onto detection antibody chamber and mixing for
10s. (C) Mixed sample with detection secondary antibody is moved to reaction chamber, which is integrated
to capturing antibody coated 10 polystyrene beads. And then, the sample is incubated for 10 minutes with
shaking. (D) Excess sample is washed away to waste chamber, and then twice of serial washing is operated
for 40 s each. (E) Substrate, TMB, is loaded to reaction chamber, and incubated for 5 minutes. (F) Reacted
TMB solution is primed to SPCEs detection part. No rotation is occurred for stationary detection, while
flowing detection takes place with rotation at 400rpm.
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2.3.3 Diagnostic Performance

Stationary mode detection

One of the critical concerning when switching from gold electrodes to carbon paste electrodes is the
diagnostic performance regarding to the limit of detection and sensitivity, which is the most important
point to make useful POCT device. Typically, gold has a lower resistance with higher charge transfer
rate and acts as a more sensitive sensor in comparisons to a carbon-based electrode which has a lower
charge transfer rate. To evaluate the diagnostic performance of SPCEs based electrochemical
detection, a range of concentrations of CRP in PBS is demonstrated; the concentrations tested are 0, 1,
2.5, 5, 12, 25 ng/mL of CRP and detection via chronoamperometry with -200mV. Electrochemically
guantified a full automated ELISA assay results are detected using gold electrodes and carbon
electrodes and the signals are compared as shown in Figure 19A. Overall, it is clear that the gold
electrodes give higher signals for all the concentrations of CRP at stationary station. However, carbon
electrode shows relatively good performance even with the great differences of price and fabrication
process. The limit of detection is corresponding to 3 times the standard deviation (3SD). The mean
value of the blank sample for the experiments quantified with carbon electrodes and gold electrodes
are determined as 263.6 pg/mL and 202.1 pg/mL respectively. It is caused by the increased surface
area of SPCEs, which is 30 percentages bigger than the gold electrodes. Briefly, the limit of detection
(LOD) for both sensor types (gold and carbon) is turned out to be fairly similar even with stationary

mode measurement as shown in Table 3.

Flowing mode detection

As flow brings more species to the electrode’s surface, the detection performance become better,
while providing increased sensitivity and ultimately improved LOD. The fluid flowing is generated by
centrifugal spinning at 400 RPM. Overall, the LOD measured as 59.24 pg/mL in SPCEs, which is a
4.5 times improvement over the LOD for stationary measurements via SPCEs (Figure 19B). As
shown in table 3, flowing mode carbon electrode has a favorable reproducibility. In addition, carbon
electrodes showed much enhanced sensitivity even higher than gold electrodes under flowing mode

detection.

Optical detection

To do the comparison of the diagnostic performance between electrochemical measurement and
quantified ELISA assay measured by optical density (OD) detection is gained simultaneously (Table
3). Assay process is operated as exactly same as on-disc assay experiments, only except the final

detection method. To check the OD results, the reacted TMB is transferred to the conventional 96-
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wellplate. The LOD (3SD) for the OD is determined to be 115.66 pg/mL, which is certainly higher
than SPCEs based measurement.

As a result, flow generated by rotation gives a great advantage for diagnostic performance even with
cost effective SPCEs, which have worse characteristics for electrochemical sensor than gold material
based electrodes. So SPCEs with flowing measurement show 3.41 times better sensitivity than
stationary gold electrodes. Also, Ag/AgCI reference electrode effectively works producing stable
signaling, which is resulted in the lowest average coefficient of variance value around 4 percentages
(Table 3).

Table 3. Results of ELISA by electrochemical detection with different detection methods: carbon electrodes
at stationary mode, carbon electrodes at flowing mode, gold electrodes at stationary mode, optical detection.

Average Coefficient of
Detection LOD (3SD) Signal to Noise -rag Variance at
: - Coefficient of
method [pg/ml] ratio (S/N ratio) . 1ng/mL CRP
Variance (%) %)
Carbon 263.6 9.8 9.75 5.4
Stationary
Carbon Flowing 59.24 16.9 4.02 6.2
Gold Stationary 202.1 12.9 7.53 7.1
dOp“C.a' 115.66 345 6.01 6.64
etection
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Figure 19. On-disc electrochemical immunoassay’s calibration curved obtained by different detection
methods. (A) Assay results with carbon electrodes and gold electrodes at stationary mode. (B) Evaluation of
flow-enhanced signaling effect with carbon electrodes. (C) Assay results with carbon electrodes at
stationary mode, carbon electrodes at flowing mode and gold electrodes at stationary mode.
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2.4  Conclusion

After the demonstration of ELISA technique on microfluidic system, there are evolutional
developments in this field. From the simultaneous multiple assay disc to fully automated assay disc,
various researches are studied. Furthermore, the way to overcome some limitations of previous optical
detection method, electrochemical measurement is introduced recently; however, gold material and
MEMs fabrication process have expensive cost problem and complicated manufacturing product. It
gives a difficulty of integration of electrochemical detection into the real POCT system.

In this study, cost effective, easy to fabricate and high sensitive screen-printed carbon electrodes
(SPCEs) based fully-automated immunoassay disc is invented. The reproducibility of lab-made
SPCEs is compared to commercially ordered product, and the results show very comparable
performance of lab-made SPCEs. Even the carbon based electrodes have generally less sensitive due
to the material characteristic than gold electrodes as an electrochemical sensor, fluid flowing enhances
the amperometric current signals and then it is possible that cheap and high throughput detection
sensor development. Through this, SPCEs based immunoassay disc has lower limit of detection than

the stationary state gold electrode’s measurement.
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3 Electrochemical Velocimetry for Real Time Flow Measurement for

Paper-Based Microfluidics

3.1 Introduction

After the first advent in late 1940°s,” " paper-based microfluidics has recently garnered significant
interest in POCT societies due to some advantages of paper: affordable, robust, and equipment free
operation. Most of all, paper is a very low cost material so that it could offer diagnostic devices at an
unprecedentedly low price compared to other microfluidic based POCT tools.** Furthermore, porous
structure of paper determines capillary-driven passive transferring of fluid without any external
pumping source and it could be an answer of portable POCT devices applying compatibility with

chemical, biochemical, and medical applications to the resources limited countries.*® *°

Practically speaking, paper based immunoassay sensor is widely used as POCT tool in these days.*
As shown in Figure 20, there are a number of examples of commercially available paper-based
immunoassay sensor products. The most popular and familiar lateral flow strip sensor is human
chorionic gonadotropin (HGC) pregnancy test kit. Figure 20A is one example of HCG test Kit. It
provides the early detection of pregnancy by visual band within 5 minutes using urine sample.?
Alerery, developed a human immunodeficiency virus (HIV) test kit (Figure 20B)." Inside the cover,
strip sensor is embedded. Through whole blood sample and chase buffer loading, both the HIV-1 p24
antigen and HIV-1/2 antibodies are detectable in 20 minutes. Another ensample is malaria test kit.
Malaria is one of the difficult diseases to diagnose due to the misjudgment with typical flu-like
symptoms. However, immunoassay based lateral flow strip sensor can support the malaria diagnosis
accurately (Figure 20C).*? Especially, malaria is popular in the developing countries so cost effective
paper based POCT devices is very helpful. Also, influenza A+B test kit, which requies three handling
steps to test, is developed as strip sensor type.” Furthermore, not only diseases diagnosis but also
beta-agonist drugs test is available by using paper based immunoassay sensor in these days.?* Overall,
paper based microfluidic devices has capillary force as the only driving source and there is an inverse
proportional relationship between flow rate and detection sensitivity of strip sensor.>* Therefore, the

intrinsic flow rate of each paper materials is the most critical parameter for assay performance.

It is a powerful tool for health care disease screening® as well as for other applications:

29:3% or drug test.*

environmental analysis, food quality test,” portable solar cell,” fuel cell or battery,
For example, there is a study about paper fluidics depending on dimensional properties.’ As shown in

Figure 21A, three-dimensional (3D) paper system was demonstrated. By applying the programmed
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fluid dynamics on paper, it was able to evaluate the chemical signal amplification with simultaneous
sample flowing, and automated biological assay. This concept was based on capillary driven flow of
paper and the flow rate is an important variation. Weaver et al. demonstrated a fast paper screening
analytical devices (PADs) for pharmaceutical quality test using paper microfluidic system (Figure
21B).2! Utilizing the capillary action of paper, pharmaceutical components were brought to the
hydrophilic test line. The reaction in each lane generated color bar code, which can easily recognize in
visual. To indicate the best intensity signals, the optimization of flow rate was the most critical issue
due to the different reaction time among the samples. For example, the starch and iodine showed rapid
decaying rate, while the talc and eosin red showed slow appearance speed. In 2013, meanwhile,
Fraiwan and his colleagues introduced a paper based microbial fuel cell (Figure 21C).% This device
was composed with a paper based proton exchange membrane (PEM), patterned paper with
hydrophobic wax to generate a reservoir, anode layer, and sample input layer. Once a sample was
dispensed into the device, current was generated immediately. However, the signal decreased in 10
and 15 minutes due to the permeation time and flow duration time. Likewise, indium-doped tin oxide
(ITO) electrodes integrated paper-based electrochemical sensor (Figure 21D) to analyze glucose had
a decreased signal after 5 minutes as same reason.** These portable power supplier systems in paper

microfluidics have significant parameters from porous material’s flow rate and duration time.

So studies for flow rate measurement on porous material, which exhibits capillary-driven flow
such as paper of fabric, has been exploded. Typical flow rate monitoring technique, particle image
velocimetry (uPIV), is shown in Figure 22A." In this method, particles in fluidic are captured by laser
and it became visualized. It is useful to monitor the continuous state fluid by using a lattice scale. But,
it has complicated detection system, which is not enough to integrate micro- or nano- scale devices.
Recently, some researches have introduced to monitor and measure the flow rate of paper through
visual observation via camera images. In these kinds of studies, perceivably distinguishable color
dyed water is absorbed by a porous materials to monitor the flow mechanisms. In 2011, geometric
effect of paper to flow rate was observed.' The tracer species were loaded to three varying widths of
strips as shown in Figure 22B. In detail, a phenol red in phosphate-buffered saline generated color
change to fuchsia as a band shape under pH control by using electrode. The relative transferring time
of tracer species are evaluated depending on the widths of the strip. Fu et al. developed the two-
dimensional paper networks system and they demonstrated the programmed flow by analyzing optical
images (Figure 22C).*”® To trace fluid flow mechanism and the distance proceeded by fluid, color
dyed water was loaded into paper. Through this technique, the effect of paper width and the delaying
time are revealed by using dissolvable barrier. Kauffman el al. suggested a technique to measure the

flow rate via small volume of liquid by applying either photo-activation or electrochemical activation
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(Figure 22D). A certain portion of the solution was decorated with dye, and the displacement of the
dyed solution was monitored over time of paper wicking. The photograph showed a remarkable band
of liquid flowing in the paper and the information was determined by consecutive framed images.

Overall, visual observation to modify paper-fluidics has been widely used, while there are some
drawbacks due to the separated analysis process: duration time, image anlaysis, and the flowed
distance measurement upon nonhomogeneous curvature structured flowing profile. Also, the poor
resolution derived by concomitant effects of dye solution’s diffusion offers inaccurate results. It
means there is yet a velocimetry monitoring technique for paper that is both easy to use and provides
detailed flow information. Therefore, in this study, research objective is a development of paper

fluidics monitoring system via electrochemical sensor, which is easy, cheap and highly accurate.
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Figure 20. Paper or porous material based commercially available diagnostic lateral flow strip sensors. (A)
HCG pregnancy rapid test kit.> (B) Alere Determine™ HIV-1/2 Ag/Ab combokKit.° (C) Malaria rapid test
kit."? (D) The QuickVue Influenza A+B tests kit.”® (E) Beta-Agonist (Clenbuterol) rapid test kit.**
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technique using the change of optical property of small volume of liquid by applying either photo-activation
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3.2 Materials and Methods

3.2.1 Reagents & Materials

Paper samples

Paper strips were obtained from Pall Corporation (Absorbent Pad 111 & 133, Vivid 170 Nitrocellulose;
Pall Corporation, USA), and Whatman TM (Filter paper 4; Whatman TM, UK). Those samples were
cut to size with a paper-cutter (Smart Cut A445; Rexel, England). The dimensions of the paper were
verified by a digital caliper (Vernier calipers, Nanoto) and all paper samples had a tolerance of + 0.1
mm. Nitrocellulose was modified either by oxygen plasma treatment or dextran solution (DEX).
Oxygen plasma was performed on Nitrocellulose strips by a vacuum plasma system (Model: Cute-MP,
FEMTO Science, South Korea). It was treated with 50 sscm condition for 1 minute Solutions of DEX
were prepared separately by addition 12%w/v DEX T500(MW: 500,000, Pharmascosmos, Denmark)
to buffer solutions. The DEX solutions were applied on the NC strips via a fine brush and allowed to

dry at ambient temperature for min prior to the experiment.

Electrolyte solution

For experimentation, electrolyte solutions of 10 mM [Fe(CN)e]* (Sigma-Aldrich) with 250 mM KClI
(Junsei Chemical Co., Ltd., Japan) in PBS were prepared and used within several hours after
preparing. The electrodes embedded in the device were consociated to a potentiostat (Model: VSP,
BioLogic, France) and chronoamperometriy was performed via proprietary software (EC-Lab

Software v.10.02 BioLogic, France).

3.2.2 Device Fabrication

Screen-printed carbon electrodes

SPCEs were consisted with working electrode, counter electrode, and reference electrode. A negative
mask was created according to a desired design by cutting plotter (Graphtec CE 3000-60 MK2,
Graphtec, USA). A single-sided adhesive (AM00000068, 3M™ with DuPont™ Kapton ® , USA) for
the mask was securely attached to the substrate. Carbon paste was simply applied through the mask by
pushing the paste into all of the features of the mask, and the excess was removed. After the drying,
Ag/AgCI paste was dropped. After the second drying as same condition as carbon paste was dried, the

mask was peeled or removed off from the substrate.

Microfluidic device
The device was fabricated using top-down techniques by Conputer Numerical Control (CNC)

micromachining (3D modeling machine; M&l CNC Lab, Osan, Korea). The device wa composed
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with polycarbonate (PC) layers milled by CNC micromachining and double-sided pressure sensitive
adhesive layers (DFM 200 clear 150 POLY H-9V-95, FLEXcon, USA) cut by tape-cutting plotter
(Graphtec CE 3000-60 MK2, Graphtec, USA) automatically (Figure 23A). In detail, Imm thickness
of PC for device sustention, 0.125mm thickness of PC for electrode printing, and 5Smm thickness of
PC for reservoirs were used. All of separated parts were assembled by a pressing machine
(Mechanical Power Vise AVQ-160GHYV, Auto Well Enter Co., LTD., Taiwan) (Figure 23B).

3.2.3 Measurement System
Neglecting the gravity effect, pressure depending on Darcy’s law in porous media with Newtonian
liquids was the only driving force of this system:

KA

3
Q = flow rate <mT>,

K = permeability coef ficient (m?),

L = thickness of test sample (m),

A = area of cross — sectional area to flow (m?),

n = fluid viscosity (Pa - s)

When the surface tension from the outlet portion of channel is considered as a resistance of flowing,
the net driving pressure by media insertion is given by

1 1
AP = AP. — y(— + — Eq.
7 )/(R +Ry) (Eq.7)
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Figure 23. Schematic illustration of device. (A) Exploded view of device, which is composed with
polycarbonate layers and pressure-sensitive adhesive layers. (B) Fabricated device with two input and
output reservoirs, and SPCEs accommodated connecting channel between two reservoirs.
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where y is the surface tension of the fluid and R, and R, are radii of curvature in each of the axes
parallel to the surface. If the channel width and thickness are W and H, R, and R, could be

expressed

R, = w dR, = H Eq.8
* = T oc0s0 MY T T 30050 (Eq.8)

By applying water solution properties and the initial flow rate approximately 100ul/min, which was

driven by nitrocellulose membrane; it is possible to calculate the degree of surface tension curvature.

The permeability coefficient of Vivid nitrocellulose membrane was studied.”” The end point value of
positive delta pressure condition, occurring capillary-driven flow toward the device, informed
applicable channel geometry; with the fixed length as 20mm, the height of channel must be bigger
than 0.25mm. Withal experimental evaluation, 1mm for channel height was adapted due to differences

between reality and assumption of liquid properties with electrolytes, gravity effect, and mass of fluid.

Overall, each reservoirs of the device had 1.5mL volume capacity. Geometry of connecting channel
was 2 mm width, 1 mm height and 20 mm length. The inserted electrochemical sensor contacting
channel was fabricated by screen-printing carbon paste (Gwent Group, UK, Product: C2000802P2)
and silver/silver chloride (Ag/AgCl) paste (ALS, Japan, Product: 011464) onto a 0.125mm thickness
PC substrate.

3.2.4 Electrochemical Velocimetry Converting Method

Whole device was filled with electrolyte solution: inlet, outlet reservoirs, and connecting channel.
Through the potentionstat attached electrodes integrated channel inside, chronoamperometric
electrochemical detection was occurred as base line at first. After the signal becoming stable, a strip
was introduced to the outlet reservoir, resulting in the fluid flow; when the strip was dipped into liquid
filled reservoir, solution was sucked up via capillary force, generating fluid flow in the connecting
channel (Figure 24). By using the peripheral potentiostat, chronoamperometric recordings were

generated using its proprietary software.

Flow rate driven by porous material could be calculated from electrochemically measured results
using a theoretical equation. The limiting current, i, measured by the electrode is related to the

average volumetric flow rate, v, as:

DA 2 1
i= 1.47nFC(?)3v3 (Eq.9)
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where n is the number of electrodes, F is Faraday’s constant, C is the concentration of the analyte, D
is the diffusion coefficient, A is the area of the electrode, and B is the channel height.”” The device
presented in this study has properties of n =1,F = 96,485.3365%, C =10mM,A = 4mm?,B =

1075
1.5mm and D¢errocyaniaze = 0.65 -

cm2s~1

Electrolyte Solution

Electrodes

: ——— Paper Sample

Figure 24. Schematic illustrations of flow operation, induced by a paper sample in the device system; paper
sample is loaded to the electrolyte filled device’s reservoir then fluid flow is induced channel inside, then
electrochemical signal reading will be follow according to the flow rate.
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3.3 Results and Discussion

331 Flow Measurement

Flow mechanism

As shown in Figure 25A, a plot of current versus time is measured electrochemically from the
moment of dipping the paper into the device. The red line means current over time, which is gained by
electrochemical detection. The black line means flow rate over time, which is calculated via
theoretical equation from measured current. Generally, these two curves have the same mechanisms
appearances; after the introduction of paper to the electrolyte solution filled device, there is a wet-out
state rely on surface tension effect as formalized by Washburn equation. After then, capillary force
based fully-wetted out state flow is followed. Finally, after absorption as much as the paper does,
saturation is occurred and it is revealed by decreased current. To characterize the fully-wetted flow
state from the whole flowing mechanisms, derivatives of the flow rate is analyzed (Figure 25B).

From a local minimum time (x=t; to t,), where y=0, fully-wetted flow is defined.

Calibration

To evaluate the performance of device, a syringe pump is connected to the outlet reservoir of the
device and it is utilized to induce a range of flow rate: 5, 10, 20, and 30 ulL/sec. Each flow rate
continues for 15 seconds, respectively. During the gradually increased flow generation,
electrochemical measurement is taken constantly (Figure 26A). In the Figure 26B, the red dashed
line represents a linear fitting curve with the average value of 4 times of experimentally measured
flow rate: y = 15.990x + 2.5117 (R? = 0.99883). The black line is a theoretically calculated curve.
Through the comparison of the calibration data and theoretical basis, the suitability of the proposed

device is confirmed.
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3.3.2 Characterization of Flow Rate
There are three different characteristic analyses of porous material using the device: different
geometric effect with same material strips, flow duration time analysis by different size of absorbance

pads, and different products test with same geometric structure (Figure 27 to 29).

Geometric effect

The different geometric paper is distinguished: 3, 6, and 12mm width (Figure 27A). Even though all
of tested strips have the same material compositions and the same length; the particular width makes a
significant change to the porous material’s flow rate. As expected from the Darcy’s law, the strip with
3mm width has the slowest flow rate than others in this experiment, while the strip with 12mm width
has the fastest flow rate among the three samples. The width of the paper has proportional relation
with the flow rate Furthermore, volume absorbed by each paper has a linear enhancement as width of
papers become wider (Figure 27B). To calculate this, flow rated is accepted by fully-wetted state flow
as shown in Figure 25B. A black dotted line is a linear fitting curve of the absorbed volume to the
strip, which is displaced by integration of experimental results and the red dotted line shows the
absorbed volume to the strip, which is the measured mass by a scale. As results, these two graphs are
relatively overlapped, which gives evidence of suitability of the device. The flow rate magnitudes
proportional relation between paper width and flow rate (Figure 27C).

Duration time

In figure 28A, paper fluidics is demonstrated with a distinguishing duration time depending on the
size of absorbance pads. All strips are cut in the dimension of 3mmx5cm. The square shaped
additionally patched pads are connected to the end point of the strips: 1x1, 2x2, and 3x3 pads.
Through this, flowing duration time of fully wetted flow stays longer and the total absorbed volume
become bigger depending on the pad’s size (Figure 28B). Absorption capacity of the different papers
is dramatically enhanced from approximately 20 seconds for no pad to 40, 105, and 208 seconds for,
respectively. However, the averaged fully wetted flow rates of each pad are maintained as a constant

value, which is determined parameter by the paper material or size (Figure 28C).

Product analysis

Maintaining similar dimensions (3mmx5cm), different types of papers have various hydrodynamic
capabilities due to diverse reasons such as porosity, density or surface coating. In Figure 29A, two
kinds of absorbance pads (Pall 111 and Pall 133), filter paper (whatman), and nitrocellulose
membrane have evaluated in terms of flow rate. It is clear that the different product of paper generates

a unique flow behavior. Typically, absorbance pad has less dense property than filter paper or
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nitrocellulose membrane, resulting in faster flow rate than other types of paper. Statistical analysis of
the fully wetted phase shows the NC or whatman paper strips in extending the flow while minimizing
the flow rate magnitude (Figure 29B).

Flow modification

Flow modification techniques are tested using water soluble DEX valve and oxygen plasma pump. It
is evaluated in the comparison with normal nitrocellulose membrane, and all of strips geometries are
same as 6mmx6cm size by observing color dyed water profiles visually. The oxygen plasma treated
strip takes around 3 minutes to saturate, while DEX valve treated strip takes around 10 minutes to
saturate because, fluid flow is permanently blocked at position of DEX band. The quantitative
analysis of the flow modifiers are obtained by visual monitoring of dye decorated aqueous solution
transport (Figure 30). The quantitative analysis of the fluid flow modifiers using the device with
chronoamperometric measurement matched the results obtained by visual monitoring of dye
decorated aqueous solution transport. The flow rate signature for plasma treated NC paper strips
showed high magnitude than non-treated paper strips (Figure 31A). Also, the performance of water-
soluble valves using 8, 12 and 20%,,, DEX shows the significant reduction of the flow rate (Figure
31B).
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3.4  Conclusion

In this study, a novel non-invasive flow monitoring system for the fluid flow through the strip sensors
and porous materials is presented. Based on the electrochemical velocimetry method, which evaluate
the capillary mediated flow rate of a liquid through a porous sample, it is able to measure wetting
behavior with accurate and straightforward technique. It does not require the modification or
alteration of the sample and allows any type of porous media to be tested. The sensitivity of the flow
measurement technique is confirmed by the characterization of different geometry or composition
derived flow. Also, flow control by applying different type of modifiers suggests the potential of
diverse applications.

Monitoring hydrodynamic behaviors derived by paper based microfluidic devices allows the
evaluation of wetting capabilities of the system. Via this study, it can be used in quality control test for
the flow monitoring and/or the quality control of other porous materials. Overall, this technique is

successfully recorded capillary-drive flow generated by paper based system.
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4 Concluding Remarks

Overall, electrochemical measurement in microfluidic system is developed as an alternative for the
optical detection which requires optically transparent materials. As an electrochemical detection is not
dependent on the optical properties, it is possible that the device can be made of any materials,
eliminating the need to make devices out of costly plastics, such as COC or PMMA. Through this, not
only a microfluidic disc with embedded miniaturized electrochemical sensors, but also flow rate
monitoring technique is developed in this study. Cost effective, high sensitive and fully automated
lab-on-a-disc immunosensor is successfully developed and it has comparable sensitivity with gold
electrode via flow enhanced signal. Also, simple, noninvasive and straightforward fluid flow

monitoring technique is introduced.
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