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Summary
The goal of this research is studies of surface modifications and
bioconjugations for a plastic microfluidic device and to explore how these
enhance the sensitive and specificity of the device in flow-through ELISA.
The protein/poly-(dimethylsiloxane) (PDMS) interaction was studied. A new
molecular level approach was developed using AFM to study the conformation
and kinetics of the adsorption of protein A on a PDMS surface through
investigations of the effects of pH values, protein concentrations, and contact
times on the adsorption.
To covalently immobilize protein on PDMS surface, (3-aminopropyl)–
triethoxy silane (APTES) was used to add amino groups onto PDMS. Amino
groups in the APTES were converted into carboxyl groups by reaction with
succinic acid anhydride (SAA), then captured the protein through
1-ethyl-3-(3-dimethylaminopropyl)

carbodiimide

hydrochloride

(EDC).

Immunoglobulins (IgGs) were covalently immobilized onto the PDMS using
the SAA/EDC surface treatments and examined through a well-organized
competitive inhibition ELISA.
Poly (vinyl alcohol) or PVA is one of the most hydrophilic polymers with
stable chemical properties and good dissolution. A simple but effective technique
was investigated to prepare a PVA-functionalized PDMS for suppressing
non-specific adsorption of protein. Proteins were covalently immobilized on the
PVA- functionalized PDMS surface for the development of a solid surface for
immunoassays. A PVA-functionalized PDMS microfluidic ELISA device was
fabricated and employed to detect important biomarkers, including HBsAg,
HBeAg and α-FP, via a flow-through process. The methodology established in
this research can provide a simple, fast and sensitive hepatitis B virus infection
diagnoses tool.
Dextran was investigated as a biocompatible polymer for cell repelling
biomaterial coatings. PDMS was modified with a dextran solution to enhance
PDMS surface hydrophilicity and furthermore to achieve high immobilization
efficiency of proteins through dextran’s abundant hydroxyl groups. A dextran
modified PDMS microfluidic ELISA device was fabricated with unique
architecture for eliminating crossover interference. This microfluidic device was
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used to simultaneously detect multiple important biomarkers, which included
IL-5, HBsAg, and IgG. Moreover, the fabricated dextran-modified PDMS device
demonstrated its capability for colorimetric detection of proteins and results
could be observed clearly by the naked eye.
Immunoassay devices including microarrays and microfluidic systems were
fabricated with an UV-curable resin by a new economic approach, which can
simply produce a 3-D patterned structure, but also simultaneously introduce
functional epoxide groups for efficient protein immobilization. The epoxy resin
formulation was optimized and the protein immobilization kinetics was studied.
The performance of the epoxy resin-based microarray was improved by
optimization of printing buffer, probe concentration, and immobilization time.
The dynamic range and limit of detection (LOD) of protein microarrays
fabricated on the epoxy resin film was characterized by using direct
immunoassay with goat IgG and anti-goat IgG as model proteins. In addition,
detection of IL-5 and IgG was conducted in the epoxy resin-based microfluidic
devices. The device was explored to colorimetrically detect proteins via naked
human eyes for point-of-care service and/or high throughput screening of
infectious diseases.
In general, our research not only provides engineering solutions to important
biomedical applications, but also has significance in the surface chemistry
science of bioconjugation and probe immobilization for enhanced sensitivity of
solid phase immunoassays. This hybrid of an engineering platform and surface
chemistry science gave birth to a bioconjugation enhanced microfluidic ELISA
for biomedical analytical applications.
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Chapter 1 Introduction
1.1. Introduction
Immunoassay, which is the reliance on the immunological detection of
organisms, is one of the most sensitive and reliable methods used in diagnostic
and drug discovery applications1. In recent years, its research and development
continues to be fuelled by the high demand placed by society on high quality
health care, assessment of food quality, monitoring of environmental pollution
and biological security. The growing interest in the design of immunosensors
aims at fast, economical, portable and sensitive technologies. ELISA has been
the mainstay of diagnostic tests used for the detection of organisms, especially
that of infectious diseases1, for more than twenty-five years. Although ELISA
analysis is considered part of mainstream clinical diagnostic methods due to its
sensitivity and specificity over other analytical methods, there is a need to create
new ELISA array platforms which costs less and are environmentally friendly
(pollution free).
Over the past decades, many micro-electro-mechanical systems (MEMS) have
been developed for a diverse range of applications2-5. Recently, miniaturization
techniques have been migrated from the semiconductor field to the biomedical
science fields. Miniaturization is one of the crucial approaches for the
development of more efficient research and diagnostic tools. By integrating large
parallel arrays of miniaturized fluidic components and sensors into the smallest
possible space, such strategies offer faster analysis, smaller sample volumes, and
reduced reagent costs, as well as internal referencing mechanisms that lead to
more accurate results6-8. The research topics in this area are enormous and clearly
hold much promise for both technology developers and users.
The biochip is a hybrid device that contains both mechanical and biological
components. Success of a lab-on-chip system greatly relies on the use of new
materials, novel architecture, economical fabrication processes and efficient
immobilization of biomolecule probes. With the current progress in the
development

of

versatile,

inexpensive,

and

reliable

techniques

for

microfabrication and protein immobilization/stabilization, ELISA continues to
represent a significant portion of the biosensor and shows the potential to
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produce commercial products in a number of areas. Therefore, this research is
motivated by the need to build up microsystems as platforms which are
strengthened by surface chemistry innovations to achieve fast, high-throughput
and environmentally friendly ELISA.
1.2. Motivations
It is possible to accomplish a simplified methodology to fabricate high
performance immunoassay devices, particularly flow-through ELISA (a
multi-step

assay)

devices

for

fast,

high-throughput,

real-time

and

environmentally friendly diagnoses. The main motivation of this thesis project
was to study the fundamentals involved in ELISA microfluidics, such as surface
science, bioconjugations, material science and microfabrication, and then to
construct highly sensitive and high throughput polymeric microfluidic ELISA
devices with the guidance obtained from the scientific investigations.
It is important to fabricate low cost microfluidic devices for practical
applications. Most of the early devices were made using silicon and glass as the
substrates with technologies directly borrowed from the semiconductor industry2.
However, for applications, particularly in the biomedical field requiring
disposable device or batch production, silicon wafer and its MEMS
manufacturing process are too expensive. Polymer substrate was studied to
fabricate the microfluidic device by simple molding instead of the expensive
patterning process9, 10. In this work, new and economical approaches are explored
to fabrication a low cost polymeric microfluidic ELISA device.
The major concern in fabrication of a sensitive immunoassay lab-on-a-chip is
to efficiently immobilize capture proteins (probes) on a solid surface, since the
surface concentration of binding sites and bioactivity of the capture proteins have
great impact on the sensitivity of the immunoassay. A surface with adequate
homogeneity, specificity and biocompatibility could enhance efficient protein
immobilization for high sensitivity of plastic microfluidic ELISA devices.
It is highly desirable to fabricate a portable microfluidic device for
point-of-care service. Microfluidic devices will lose their advantages if large and
heavy desk equipment is required. Various detection strategies are currently
being applied for microfluidic immunoassays, such as fluorescence11,
chemiluminescence12 and thermal lens microscopy13. These methods require
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large and expensive equipment, although they are sensitive and accurate for
clinical diagnoses. Bulkiness would be the obstacle to their applications,
especially in health point-of-care and high throughput pathogen screening. Thus,
it is of great importance for exploring a portable microfluidic ELISA device, such
as a lab-on-chip system with a detection mechanism that is visible to the naked
eye.
1.3. Objective of study
The objective of this research is to investigate novel surface modifications and
bioconjugations in the design and construction of a microfluidic ELISA device.
The work not only explores fundamental and scientific insights of the plastic
microfluidic system in chemistry and biology to obtain knowledge necessary to
improve the device performance. A number of characteristics are important in the
evaluation of the suitability of the designed system for a particular application,
namely high sensitivity, low-cost and point-of-care detection. These
characteristics include properties of the bio-affinity element, sensing surface
material, method of immobilization, assay format and mechanism of signal
transduction. From the system design, device fabrication, and system integration
to the material surface modification, each step embraces innovative
characteristics of a next generation immunoassay which will be performed in a
fast, sensitive, portable and environmentally-friendly scheme.
1.3.1. Microfluidic ELISA devices
Microfluidic devices are designed and fabricated to conduct ELISA; they are
used as biological reaction chambers, as well as serving as a flow pathway. To
prepare polymer based microfluidic devices, the fabrication methods were
identified according to the properties of the polymeric materials chosen.
PDMS is particularly popular in the fabrication of a microfluidic device since it
can be cast in a mold with high fidelity, and exhibit good mechanical and optical
properties14. A delicate PDMS microfluidic device which can automatically and
efficiently conduct sampling, incubation, washing and detection within the
plurality of test sites for multiple screening immunoassays is fabricated. The
novel microfluidic system allows inflow from the inlet and overflow of the fluid
to the outlet while maintaining the fluid level in the detection well, thus
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eliminating crossover reaction among different detection wells caused by back
flow or back diffusion from one channel to another channel.
It is of significance to find a new, simple and economical method for one-step
fabrication of microfluidic devices. In this thesis project, a UV-curable epoxy
resin is described for simple one-step fabrication of a microfluidic ELISA device
using UV-embossing technology.
1.3.2. Polymer surface functionalization
In spite of the prestigious advantages of the PDMS for replication application,
its principal limitation in flow-through applications is due to its hydrophobic
surface properties. Proteins and other molecules thus tend to adsorb to a pristine
PDMS surface; the surface is poorly wetted and prone to forming bubbles in
aqueous systems. These limitations can be reduced or eliminated through
chemical means, plasma treatment of the surface, or surface modification by the
addition of hydrophilic polymers. To enhance the flow-through ELISA
performance, a scientific study of innovative bioconjugations to functionalize the
PDMS was conducted. Novel methods were used to import functional groups
onto the PDMS surface; to make the surface more hydrophilic and to add
functional groups to the surface to covalently immobilize probe antibodies
or/and antigens.
1.3.3. Efficient immobilization of biomolecule
In a miniaturized immunoassay system, the immuno-sorbent solid surface
preparation is of major importance for achieving a high sensitivity, considering
the significant shrinkage in sample volumes.
The fundamental mechanism of a protein’s passive adsorption on PDMS was
investigated by atomic force microscopy (AFM), expanding our knowledge of
protein adsorption processes at the molecular level. Although adsorption is
ostensibly a simple and convenient method to immobilize biomolecules, covalent
immobilization often results in higher biological activity and enhanced stability15,
16

. The application of covalent binding needs a polymer surface with reactive

groups, such as NH2 or COOH. Thus, there is a need to import appropriate
reactive groups to the pristine PDMS. Furthermore, the sensitivity and specificity
of the immunosensor are expected to be improved through the modification
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brought by functional groups which can be used to efficiently immobilize the
biomolecules specifically and increase the hydrophilicity of PDMS.
1.3.4. Colorimetric detection scheme
A miniaturized microfluidic device will lose its advantages if the use of large
and heavy desk equipment is required. To fabricate a portable microfluidic
immunoassay device, a colorimetrical detection scheme was established to
construct a lab-on-a-chip system that has a detection mechanism that is visible to
the naked eye. The colorimetric detection should be accurate and is expected to
be used to assess the positive or negative nature of the detected biomarker (with
the naked human eye). The colorimetrical microfluidic ELISA device thus offers
a great potential to fabricate an economical and sensitive lab-on-chip system for
applications in screening assays, and also provides an excellent opportunity to
develop a portable microfluidic ELISA device that requires only human eye
observation of results for point-of-care services.
1.3.5. Biomedical applications of sensitive microfluidic ELISA devices
Infectious diseases can be caused by various pathogenic microorganisms, such
as bacteria, viruses, parasites or fungi. The clinical diagnoses of an infectious
disease often requires different and tedious, labor-intensive immunoassays to
screen various possibilities; some of the common immunoassays are ELISA17,
immunofluorescence18, Western blot19 and immunodiffusion20, of which ELISA
is the most important method. Advances in microfluidics and MEMS
technologies could be used to design an economical, high throughput and
real-time diagnostic ELISA tool21. Due to our endeavors in the surface
functionalization and covalent probe immobilization, significant improvements
in the detection of pathogens or disease related biomarkers are expected
comparing to the conventional micro-plate based ELISA. To demonstrate its
capabilities, the functionalized plastic microfluidic ELISA device has been
applied to diagnostic applications.
The hepatitis B virus (HBV) infection is a serious global health problem
infecting a billion people worldwide; of these, 350 million are suffering from
chronic HBV infection. The most widely used Hepatitis B virus surface antigen
(HBsAg) screening tests are ELISAs. In general, it costs 30 to 50 Singapore
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dollars per set of blood tests. The patients will have to wait 6-8 hours to obtain the
test results. IL-5 is predominantly produced by CD4+ T cells22; it regulates
growth, differentiation, activation, and survival of eosinophils23, and is a marker
of disease activity and treatment efficacy in bronchial asthma24. IgG can serve as
a specific marker for neuromyelitis optica, an inflammatory demyelinating
disease25. The commercially available ELISA kit requires six different reagents
and a total of 4.5-hours to conduct a single test. Therefore, a low-cost, simple,
instrument and electricity-free screening tests for HBV biomarkers, IL-5 and IgG
detection is highly desirable, especially for individual tests, since many blood
transfusion services in countries with limited resources can only process a
limited number of specimens.
1.4. Organization
This dissertation is devoted to the study of hydrophilic polymer functionalized
microfluidic ELISA devices for detection of proteins with high sensitivity and
specificity. This dissertation is organized in the following manner:
In Chapter 1, an introduction and overview of the motivation and objective of
this PhD research is made.
Chapter 2 reviews the issues pertinent to the microfluidic systems in
bio-analytical

applications,

microfluidic

immunoassay,

polymer

based

microfabrication, and polymer surface modification methods, especially the
modification of the surface hydrophilic property.
In Chapter 3, the experimental approaches used in this study are described in
detail. The modification and characterization methods of the polymer surface and
the fabrication process of polymeric microfluidic devices are introduced.
Chemicals and instruments used in this study are also listed.
Chapter 4 discusses the adsorption of protein A on a PDMS surface which is
quantitatively studied by AFM. The surface protein A concentration was
quantified at the molecular level to evaluate the effects of bulk solution
concentration, pH, and immobilization time.
Chapter 5 presents a simple method for assembling a silanol layer onto the
PDMS surface. The APTES adsorption kinetic was studied. The APTES
functionalized PDMS was characterized by FTIR, AFM force curve and
fluorescamine measurements. Protein was covalently immobilized on
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APTES-PDMS for immunoassays. The competitive ELISA with probe
immobilization through EDC had a detection limit of pg mL-1 level. The method
was proved to be applicable for immobilization of different proteins.
Chapter 6 introduces an effective technique to suppress non-specific
adsorption in the development of a solid surface for immunoassays. The
hydrophilic polymer, PVA, was covalently immobilized on the PDMS. A
PVA-functionalized

PDMS

was

activated with aldehyde groups via

glutaraldehyde treatment. Biomolecules can be covalently immobilized to the
PVA-functionalized PDMS surface for ELISA applications. A sandwich ELISA
on the PVA-functionalized PDMS microfluidic device was demonstrated for the
detection of hepatitis B virus related biomarkers, HBsAg, HBeAg, and α-FP.
In chapter 7, the fabrication of a dextran modified PDMS microfluidic ELISA
device is described. The dextran functionalization of PDMS was conducted in a
simple, economical and fast flow-through process and demonstrated great
enhancement of the hydrophilicity and efficient covalent immobilization of
proteins on the PDMS microchannel surface. The microfluidic device was used
to simultaneously detect multiple important biomarkers, which include IL-5,
HBsAg and IgG.
Chapter 8 presents an economical and one-step approach to fabricate protein
microarray and microfluidic ELISA device using UV-curable resin. The protein
immobilization kinetics on the UV-cured epoxy film was studied. The analytical
dynamic range and detection limit of the epoxy-based protein microarray was
characterized. The UV-curable epoxy resin was used for simple one-step
fabrication of a microfluidic ELISA device by UV-embossing technology. The
epoxy-based microfluidic device was explored to flow-through sandwich ELISA
for IL-5 and IgG detections.
Finally, in chapter 9, a general conclusion is given and some perspectives on
possible future research is summarized and proposed.

7
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Chapter 2 Literature review
This chapter reviews the background information about micro-Total Analysis
Systems (µTAS), microfluidic immunoassay, polymer-based microfabrication,
and polymer surface modification methods. The concept, history, advantages
and developing trends of micro-total analytical systems as well as the
scaling-down effects on the miniaturization of a total analysis system,
especially on the performance of a µTAS, are overviewed in section 2.1.
Nowadays, more and more established biological and analytical assays have
been translated into miniaturized microdevices considering the superior
advantages of µTAS. Immunoassay (IA) is one of the analytical biochemistry
tests which have been miniaturized into a small device. In recent years, the
growing interest in the design of immunosensors aims at fast, economical,
portable and sensitive technologies. Section 2.2 reviews the current progress in
the development of versatile microfluidic immunoassays. The methods and
techniques developed for fabricating plastic microfluidic immunoassay
platforms are introduced in this section. Section 2.3 focuses on the surface
properties of PDMS and the approaches used to enhance its hydrophilicity for
microfluidic applications.
2.1. Overview of miniaturization
µTAS is an abbreviation for micro-Total Analysis System7. It describes a
chemical system that automates all necessary analytical steps (e.g. sampling,
transport, filtration, dilution, chemical reactions, separation and detection).
Such a system can shrink a whole laboratory into the size of a chip; they are
therefore also known as lab-on-a-chip. Table 2.1 lists the definition of terms in
the configuration possible in this field.
Table2.1. Terminology used in this section
Terminology
Micro total analysis
system (µTAS)
Microfabricated
devices
Microfluidic
Lab-on-a-chip

Miniaturization of an overall analytical process from sample
preparation through reaction and separation to detection
Microstructures fabricated by methods basically applied in
microelectronics, such as micromachining, microlithography,
injection modeling and embossing
Transporting and manipulating minute amounts of fluid through
microchannels on the chips
A microfabricated device, integrating several laboratory processes
on a single chip
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Since 1990, many advantages in Micro-Electro-Mechanical Systems (MEMS)
technologies are helping the envisioned µTAS come to fruition. Advancements
in MEMS fabrication schemes enable the integration of physical sensors,
mechanical structures, and wireless communication capabilities on a simple
chip. Complete microfluidic systems and control electronics can feasibly be
fabricated on a single chip, consequently decreasing overall system cost and
incorporating complex microfluidic system capability and control. The
miniaturized devices are useful in multi-disciplinary fields, from biomedical, to
environmental, and to agricultural communities. One of the main applications
of microfabricated devices is in biomedical analytical chemistry26,

27

. This

branch of chemistry is concerned with gathering qualitative or quantitative
information on different kinds of samples, often with only a small amount of
sample to work with or with the analytes of interest present in very low
concentrations28,

29

. Experimentally, there are usually multiple steps to be

performed in each assay. It is challenging because in between these steps, much
handling and transporting of untreated and treated samples occur, greatly
increasing the risk of contamination and therefore the possibility of a less than
trustworthy analytical results. It is of interest to miniaturize the overall
analytical process, from sample preparation, reaction, and separation to
detection. The potential applications almost cover every aspect of bio-analytical
science. They have been developed for use in studies of genome to protenome30,
on-chip PCR31, capillary electrophoresis32, 33, immunoassay34, 35, and affinity
chromatography. More and more analytical tests are being translated into
miniaturized device form.
2.1.1. Advantages of miniaturization/μ-TAS
It should be noted that miniaturization inherently contributes many analytical
benefits26. Prominently, by reducing the length and dimension of a reaction
vessel by one order of magnitude, fewer amounts of sample would be used in
the assay. Reduced sample volumes mean that original sample volumes can be
divided for multiple analysis protocols, optionally providing more accurate
information regarding the analytes, e.g. statistically more “correct” data.
Secondly, because the surface area-to-volume ratio increases, the influence of
surfaces becomes large and consequently surface-bound chemistry, e.g.
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immobilization chemistry, is favored in the micro/nano domain as compared to
bulk solution-based reactions. Reaction kinetics and thus the analytical
throughput may be increased due to shorter distances for analytes diffusion. In
the case of immobilization chemistry, for e.g., an enzymatic digestion of a
protein in a microchannel with the protease immobilized on the channel wall,
the time for substrate diffusion from the solution in the channel to the catalytic
site is reduced by two orders of magnitude as the dimension of the channel is
reduced by one order of magnitude. Thirdly, the overall cost of the assay is
reduced by minimizing the reagent consumption, since samples and reagents are
either expensive or hard to obtain.
2.1.2. Trends in µTAS
The microstructure design, miniaturized assay scheme, mode of operation and
materials used for the fabrication of µTAS are largely dependent on the
application and the intended life-time of the devices. Several trends that
emerged in the last decade have an important impact on the design and
operation of µTAS devices. First, the miniaturized devices are increasingly
utilizing microfluidic systems for applications36. Using microfluidic devices,
the sample usage can be scaled down from µL to nL. This is another inherent
point of a microfluidic system since decreasing the sample size has several
advantages such as reduced times for mixing by diffusion, decreased transport
time, smaller sample and reagent volumes netting a reduced cost, and others.
Secondly, the cost pressures have led to the increasing attractiveness of
“disposable” devices, which in turn led to increasing attention being paid to
new materials, such as polymers37, as fabrication materials as opposed to
“traditionally” used silicon and glass4.
2.2. Miniaturized immunoassay
Immunoassay (IA) is one of the core tests of analytical biochemistry - its
specific binding abilities of antibodies and antigens are widely used in selective
and sensitive measurement of biomolecule analytes in complex samples. In
medicine, immunoassays are used in two categories of diagnostic applications:
1) the diagnoses of a disease state or identification of the organism responsible
for a disease state, and 2) the management of treatment for a disease, either
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through monitoring of the disease state or of the drugs used for therapy. These
are vital activities in human health management, as shown in table 2.2.
Table2.2. The EIA application in clinical field
Application
Share
Analytes type
Drug testing
26%
Small molecules
Therapeutic
20%
Drugs of abuse
6%
Infectious diseases
21%
Bacteria, viruses, large
STDs
13%
molecules, antibodies
Non STDs
8%
and metabolites
Endocrinology/hormones
33%
Small molecules, large
Thyroid
20%
molecules
including
Non-thyroid
13%
Abs
(70% <5 kDa)
Immunology
7%
Antibodies
Allergy
3%
Autoimmunity
3%
Other
1%
Cancer
5%
Large molecules,
antibodies
Other
8%

Concentration
10 nM - mM

low

pM - nM

pM - nM

pM - nM
> nM

Different types of immunoassays have been developed over the last decades.
Homogeneous immunoassays work in homogeneous phases (in solution or gels),
which do not require separation of unbound complexes from the bound. The
distinguish feature of heterogeneous immunoassays is that they require
separation of bound and free antibody/antigen. Because the heterogeneous
immunoassay has the ability to concentrate molecules from solutions of low
concentration onto a surface, the sensitivity and specificity of heterogeneous
assays are higher than that of homogeneous immunoassay. Thus heterogeneous
immunoassay is widely used for clinical disease diagnoses, environment
monitoring.
Conventional

heterogeneous

immunoassay

test

is

a

multistage,

labor-intensive process. With the rapid development of lab-on-chip technology
since the 1990s, miniaturization of immunoassay has become an area of interest
to improve reaction kinetics, reduce expensive reagent consumption and
realized automation process38. Towards the miniaturization of immunoassay
platforms, there are two approaches, namely, antibody microarray39 and
microfluidic immunosensors34, 40 (figure 2.1).
Since a report in 2000 established that gene microscopy technologies could be
applied to arraying and assaying proteins in a microscopy format, protein chips
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have been followed with considerable interest41,

42

. Antibody/antigen

microarrays are becoming an important tool in proteomics, drug discovery
programs, and diagnostics43, 44. The performance of antibody/antigen microarray
is dependent on various factors, one of which is the use of an appropriate
microarray surface for the immobilization of either antigen or antibody samples.
At the first generation protein microarray, the supporting materials used to
fabricate antibody/antigen microarrays can be divided into major categories:
poly-L-Lysine coated slides adapted from DNA chip technology, glass slides
surfaces grafted with functional silane, and slides coated with gels, such as
polyacrylamide and agarose. The functionalization of glass surfaces is rooted in
the development of silanization chemistry, in which silane with different
functional groups has been used. However, the functionalization process is
tedious and multi-step chemistry modification process can not guaranty the
uniformity of the surface. For the gel-based protein microarray45, the density of
the printed spots is sacrificed. Later, concepts for slides coatings such as
dendrimer and PEG-epoxy were introduced and improved. New supporting
materials, such as nano-structured metal plate46 and functionalized polymeric
materials47, 48, also attracted research attention.
The other type of miniaturized immunoassay, microfluidic immunosensors,
has attracted interest since the introduction of microfluidic technology in the
early 1990s. Microfluidic technology in general seeks to improve analytical
performance by reducing the consumption of reagents, decreasing the analysis
time, increasing reliability and sensitivity through automation, and integrating
multiple processes in a single device. These features are particularly suitable for
immunoassay applications. Enormous amount of effort has been expanded
towards the development of microfluidic immunosensors that combine the
analytical power of microfluidic devices with the high specificity of
antibody-antigen interactions38, 49-51.
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Figure2.1 A. Images of the spotting seal and resultant protein microarray41. (a) The spotting
seal, comprising a 25 mm ×55 mm polyvinyl chloride sheet perforated with 48 small holes (2
mm diameter). (b) Images of a protein microarray used for sandwich immunoassay of IL-8.
B. Schematic of a rapid diffusion immunoassay in a T-sensor52. Reagents are pumped
separately through device inlets and meet at the junction. For a competitive binding assay,
sample containing antigen to be measured spiked with a fixed concentration of labeled
antigen is pumped through one inlet and a fixed concentration of antibody (Ab) through the
other. The diffusive transport of antigen is altered depending on the fraction that binds to Ab
and is the basis for determination of sample antigen concentration.

In general, a successful construction of a miniaturized immunoassay includes
several basic aspects, such as detection scheme, probe protein immobilization
and materials and relevant microfabrication methods to fabricate the assay
platform. The research progress towards miniaturized immunoassay is reviewed
in the following sections.
2.2.1. Detection scheme of miniaturized immunoassay
There

are

diverse

signal

transduction

pathways

to

recognize

an

antibody/antigen binding event. Based on the reaction scheme, the assay can be
defined as label-based sensing or label-less sensing. For the label-less scheme,
there is no need to label the biomolecule. The presenting techniques are surface
plasma resonance53, quartz crystal microbalance54, impedance spectroscopy55,
et al. In this part, topic is limited to the label-based sensing. In most of the
existing immunoassay, a label is used to increase the sensitivity of detection.
Current labels include metals, redox labels, optical labels and enzymes. Among
the different labels that have been applied for the development of
immunoassays, enzyme is one of the most frequently used species because of
its capability to efficiently catalyze the conversion of a substrate into a
detectable product. The catalytic turnover by the enzyme amplifies the signal
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and increases the sensitivity of the assay because the number of detectable
molecules can be exponentially higher than the number of antigens.
Optical immunosensors can employ many different types of measurement
techniques including absorption, fluorescence, phosphorescence, refraction,
dispersion spectrometry, and so on, for detections in which chemiluminescence,
light absorbance, fluorescence, phosphorescence, light polarization, or rotation
are measured.
The most commonly observed form of detection is fluorescence which is
based on fluorophore dyes that emit light at specific wavelengths; the presence
and enhancement or reduction in the optical signal can indicate a binding
reaction56, 57. To detect the fluorescent signal, several different setups have to be
used, of which the most common involves a microscope focused on the
microchannel and connected to a charge coupled device (CCD) camera or
photomultiplier tube. Chabinyc M.L. described a prototype of an integrated
fluorescence detection system that uses a microavalanche photodiode (µAPD)
as the photodetector for microfluidic devices fabricated in PDMS58 (figure
2.2A). The prototype device consisted of a reusable detection system and a
disposable microfluidic system. The photodetector, a solid-state µAPD array,
was embedded in a thick PDMS slab and placed below the microchannel and
orientated orthogonally to the axis of the optical fiber which was used to couple
light into the microchannel for the excitation of fluorescent analytes59. However,
the fluorescence detection generally depends on the properties of the dye label,
and so the detection scheme is much susceptible to photobleaching and pH
changes60. A new type of fluorescence detection that hold promise for
microfluidic applications is fluorescence polarization, which detects the
changes of anisotropy caused by the slower rotation of a bound vs. free label.
Therefore, this detection scheme is less susceptible to the properties of the dye
label61.
One of the most cited paper is the pioneering work presented by Sato13. In
their work, polystyrene beads pre-coated with anti-CEA antibody were
introduced into a microchannel, and then a serum sample containing CEA, the
first antibody, and the second antibody conjugated with colloidal gold were
reacted successively13. They developed a laser-induced thermal lens microscopy
(TLM) that was especially useful for ultra sensitive determination in a
14
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micro-space (figure 2.2B). Since the colloidal gold particles have strong
absorbance at ~500 nm, the resulting antigen-antibodies complex, fixed on the
bead surface, could be detected using thermal lens microscopy (TLM). Through
this approach, a highly selective and sensitive determination of the amount of
CEA in human serum was made possible using a sandwich immunoassay
system. The sample containing 0.1 ng mL-1 CEA showed an obvious TLM
signal and the determination limit was ~0.03 ng mL-1, whereas the cutoff value
for serum diagnoses of colon cancer is normally around 5 ng mL-1.
Chemiluminescence is another type of signal which generates light by the
release of energy as a result of a chemical reaction. Chemical reactions using
synthetic compounds and usually involving a highly oxidized species, such as
peroxide, are commonly termed chemicluminescent reaction. The advantages of
chemiluminescence detection are similar to those of fluorescence, with the
added benefit that there is no requirement for an external light source. Prototype
device based on chemiluminescence have been reported by Richard
Davidsson12.
A colorimetric signal is attractive since it can be read either by eye to assess
whether tests have worked28. Colorimetric detection alleviates many of the
autofluorescence, photobleaching and other complexities generally associated
with fluorescence detection schemes and is especially favorable for low cost,
on-spot detection and home screening applications. Jaisree Moorthy introduced
a microfluidic prototype for detecting botulinum neurotoxins directly from
whole blood62. For detection of the toxoid, biotinylated antibodies were
immobilized on streptavidin-functionalized agarose gel beads. The gel beads
were introduced into the device and were used as readouts. Enzymatic reaction
between alkaline phosphatase and BCIP/NBT produced an insoluble, colored
precipitate that coated the beads thus making the readout visible to the naked
eye. However, the capability to quantify the amount of antigen is limited by
availability of imaging and analysis tools. Frank Y.H. Lin reported a method to
quantify the color product63. They transformed the red-green-blue values of
color digital images to a perceptually uniform color space. Background pixel
values were determined by using two narrow strips each of five-pixel width,
one on the top and the other one on the bottom of the images. The difference
between the value of each pixel within the channel and the background was
15
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then calculated. The average difference was computed across the whole channel,
which was normalized against channel length. This algorithm was subsequently
adopted for calculating the color difference of the circular dots in the
conventional dot-blot ELISA.
Besides optical signals, electrochemistry is the second most commonly used
detection method. Electrochemical detection techniques are well suited for
miniaturized devices since electrochemical techniques measure the results of
the biological recognition in terms of electrical parameters64-66. They can be
directly interfaced to an electronic computational system for further signal
processing as well as to an integrated microfluidic biochemical detection and
analysis system67. The inherent good sensitivity may be improved by using an
amplified electrochemical transduction with systems that allow enzyme
substrate regeneration or by modifying electrodes for an effectively enzymatic
product accumulation68. The three main types of electrochemical signals usually
used to indicate the antigen-antibody interaction are potentiometric,
amperometric and conductometric signals.
One of the examples is presented by Jong Soo Ko69. In their polymer-based
microfluidic device, gold electrodes for electrochemical bio-sensing were
patterned onto the PMMA bottom substrate. A PDMS top substrate patterned
with micro-channels was firmed bonded with the PMMA and hermetically
sealed. As model immuno-sensing tests for the microfluidic device,
functionalization of ferritin and biotin to the sensing surfaces on gold electrodes
and their bio-specific interactions with anti-ferritin antiserum and streptavidin
have been investigated. An electrochemical detection method, voltammetric,
which tracks the precipitation of insoluble products onto the sensing surface
and their subsequent decrement in the electrode area, was chosen for signal
registration. Changming Li developed a novel method with dual-ring electrodes
and a sensing cavity for electrochemical enzyme immunoassay70. The method is
suitable for miniaturization and integration with microfluidic devices. The
enzyme conversion from home-synthetic PAPP to p-aminophenol (PAP) was
examined by differential pulse voltammetry. A competitive inhibition ELISA
resulted in a very promising detection limit of 118 fg mL-1 of goat IgG and a
dynamic range of 118 fg mL-1 to 1.18 ng mL-1. The other screening printed EC
immunosensor reported by Dr. Li is shown in figure 2.2C.
16
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Figure2.2. A. An integrated fluorescence detection system in PDMS for microfluidic
applications58. (a) The light from a blue LED was coupled into the optical fiber to excite
fluorophores in the channel. The isotropically emitted photons were detected by the actively
quenched µAPD. The photocounts from the quenching circuit were counted with an HP
universal counter interfaced with a personal computer. B. Glass microchip for
immunosorbent assay13: (a) overview, (b) cross section, (c) photography of the microchip
and microscopy photography of the beads in the microchannel. C. Thick-film fabrication of
microfluidic biochip71. (a) Section view of reaction portion. (b) Section view of contact pad

2.2.2. Microfluidic immunoassay
Microfluidic immunoassay device possesses remarkable features such as high
surface-to-volume ratio and nano-liter volume of microchannel. This
microchannel can serve as immuno-reactor chamber that leads to significant
decrease in analysis time from hours to minutes and with minimal
sample/reagent utilization as compared to micro-well technology72. In the
following section, platforms preparations in the development of microfluidic
immunoassays were summarized.
2.2.2.1. Microfluidic immunoassay platforms
Silicon
Much of the early microfluidic work was done using silicon as a substrate
since the technology was developed in the electronics industry and other
MEMS fields8. Apart from the fabrication aspect, the surface chemistry of
silicon, or rather the microscopic layer of silicon dioxide that forms upon
contact with air has been studied extensively and many techniques exist to
covalently attach molecules to the reactive silanol groups. Therefore, successful
research has demonstrated the immunoassay on the silicon fabricated channels.
Julia Yakovleva covalently immobilized affinity proteins, protein A and protein
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G, on silicon microchips with overall dimensions of 13.1× 3.2 mm, comprising
42 porous flow channels of 235 µm depth and 25 µm width to develop
microfluidic immunosensors. Different hydrophilic polymers with long flexible
chains, such as polyethylenimine, dextran, polyvinyl alcohol, and aminodextran,
were employed to modify silicon substrate to achieve a more sensitive and
specific immunoassay73.
However, despite these advantages, silicon has been gradually replaced by
glass and polymers for many applications in the biomedical field. These
materials and the associated production methods are too expensive, or their
material properties often induce problems, such as lack of optimal clarity, low
impact strength and poor bio-compatibility.
Glass
For many immunoassay applications, particularly those involving optical
detection, glass is the standard material. Glass remain the material of choice for
some applications and commercial devices despite higher cost due to better
optical clarity, well-understood surface chemistry, and advanced fabrication
technologies adapted from the microelectronics industry. Recently, Peter Åsberg
reported an elegant micro-contact printing (µCP) approach to functionalize
glass surface. This novel patterning method can anchor biomolecule and
noncovalent assemble conjugated polyelectrolyte/biomolecule complexes to a
chip surface74. Poly (vinyl alcohol) is another hydrophilic polymer most used to
functionalize glass solid phase75, 76. Most recently, Shaurya Prakash developed
one very interesting technique named “click” chemistry on silica surface77. In
this work, microfluidic channels fabricated in glass were explored using a
chemical surface modification method for covalent attachment of various
polymers by using silane-based “click” chemistry which is defined as a class of
robust and selective chemical reactions with high yields, and are tolerant to a
variety of solvents, functional groups and air. This method relies on silane
chemistry as the starting step and follows with terminally functionalized liner
and dendritic polymers covalent attachment. To control the reaction, an
alkyltrichlorosilane is used to set up the modular reaction by providing a site for
nucleophilic

substitution.

The

“click”

functionality to the glass surface.
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Polymer/PDMS
The microfluidic devices have been developed on standard polymeric
materials

such

as

polyethylene

terephthalate

(PET),

polycarbonate,

polyethylene (PE), polystyrene and polyimide. These polymers allow getting
microstructures with various surface properties such as hydrophobicity,
conductivity, reflectability, roughness or crystallinity67. One particular polymer
of interest is poly (demethylsiloxane) or PDMS which is a transparent,
elastomeric polymer that can be fabricated rapidly with features having
dimensions as small as 10 nm. The elastomeric nature of PDMS makes it seal
well, and often the adhesion due to conformal surface contact with a smooth,
flat surface is enough to seal microchannels for low pressure applications.
Pristine PDMS is a hydrophobic material78. Researchers would like to directly
immobilize proteins since it has high avidity for proteins, even better than
polystyrene which is the most popular material used to build ELISA
micro-plates. One microfluidic immunoassay for the detection of Helicobacter
pylori infection was reported by Frank Y.H. Lin. In this work, bacterial lysate
antigens were passively adsorbed on PDMS and the H. pylori antibody detected
H. pylori antigens in quantities as low as 10 ng mL-1.
Currently, various surface chemistry approaches are developed to modify
PDMS for microfluidic applications, in that proteins and other molecules tend
to adsorb to a pristine PDMS surface. Furthermore, this surface is poorly wetted
and prone to forming bubbles in aqueous systems. A number of methods for
surface modification have been reported to generate a hydrophilic surface. The
methods include polymer grafting79, chemical fictionalization80, polyelectrolyte
coating, and plasma oxidation81. Apart from those approaches, adsorption of
polymers82, 83 or biomolecules84, 85 on the PMDS surface, followed by covalent
immobilization of desired biomolecules on the adsorbed material, such as
three-layer biotin-neutravidin sandwich coating, polyelectrolyte multilayer have
been reported (detailed in section 2.3).
Table 2.3 summarizes the characteristics of the materials used in microfluidic
immunoassays. For bioanalytical microdevice application, polymers are better
suited for fabricating µTAS than silicon69 because many types of polymers
show better biocompatibility. Furthermore, polymer microstructures can be
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mass produced at significantly lower cost than silicon and glass
microstructures14. Thirdly, plastics come in various forms and shapes. It is often
possible to find a polymer that has the optical qualities desired for a given
application. For example, some polymers, such as PDMS, are transparent in the
ultraviolet region of the electromagnetic spectrum, and most thermoplastic
polymers, such as PMMA and PC, are transparent in the visible region.
Table2.3. Summary of the materials used in miniaturized immunoassay platforms
Materials
Silicon
Glass
Polymers
less expensive (20
cheap (~1cent/cm2)
cost of raw
expensive (~1
2
2
~40 cents/cm )
materials
dollar/ cm )
ease in
clean-room,
clean-room,
high processibility
fabrication
involves series of
involves wet
(replication,
processes and chemicals chemical etching
laser etching,
geometry limitation
embossing et al.)
due to isotropicity
no need clean-room
mass
yes, slow process,
yes, slow process.
yes ( not well-developed
fast process, low cost
production
High cost
high cost
optical
opaque
transparent
transparent
biocompatibility usually need surface
Ok
depends on polymers
modification
application

2.2.2.2. Plastic microfluidic immunoassay device
Plastics are classed into three major groups: elastomers, thermoplastics, and
thermosetting plastics. All three types can be used in fabricating µTAS. The
properties and fabrication methods of this polymer will be specifically
addressed in the following section.
Plastic microfluidic platform fabrication
The two major ways of machining polymers are via replication from a master
and direct machining. Direct machining methods remove small amounts of
polymer in places where microstructures such as microchannels or micro wells
should be located. Replication produces a microstructure by allowing a polymer
workpiece to form from an inverse copy of a mold86.
Laser micromachining is a direct machining method. It is based on the
removal of polymer material using intense UV or infrared radiation generated
by a laser. The radiation wavelength used affects the removal mechanism87-89. If
infrared lasers are used, the irradiated material is heated and decomposed,
leaving a void in the polymer materials. If UV radiation is used, the irradiated
polymer decomposes, presumably by a mixture of two mechanisms: thermal

20

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

and direct bond breaking90. In general, laser micromachining is a localized,
non-contact machining technique. Industrial applications of laser machining
include drilling, cutting engraving, marking and texturing. Most significantly,
laser machining can remove materials in small amounts with a small
heat-affected zone91. Micromachining with controlled accuracy can be achieved.
When the laser beam driven by stepper motors moves across the substrate
surface, it engraves a microchannel into the substrate and the cross section of
the microchannel depends on the shape of the laser beam, its moving speed, the
laser power and the thermal diffusivity of the substrate material. A further
attractive advantage of laser machining compared to other micromachining
techniques is the possibility of low-cost rapid prototyping. In most cases, laser
micromachining is used in fast prototyping of devices.
There are at least three different replication methods that can be used to make
a polymeric device: hot and UV embossing, injection molding, and casting.
These methods are common in that a very soft or even liquid form of polymer is
poured or pressed into a mold, after which the material is hardened and
removed from the mold.
Casting is one of the most used techniques in research laboratories for fast
production of moderate numbers of prototypes. It is a rather straightforward
process which rapidly yields microstructures. The smallest feature size depends
mainly on the quality of the mold which can be made at the nanoscale. Casting
uses chemical processes to harden the polymer. Two components, a base and a
hardener or cure, are mixed just prior to use. The chemical curing process starts
immediately upon mixing and, after a certain amount of time, results in
hardening of the polymer. In the case of hot embossing and injection molding,
these two methods both use heating and cooling cycles to soften and structure
the polymer on a mold.
Challenges of polymer materials
Currently, an important research direction in microfabrication is the
manufacture of plastic microchips, which are easier to manufacture at lower
cost than glass or silicon-glass chips and, additionally, may provide greater
flexibility in design. However, polymer microdevice fabrication methods are not
well established and most devices are developed by trial-and-error. To prepare
21

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

polymer based microdevices, fabrication methods have to be identified according
to the physical and chemical properties of the polymeric materials in use. As a
result, there is a considerable potential for establishing fabrication procedures
and improving existing processes through further technical understanding and
innovation.
The other concern for polymeric materials in most biomedical devices
applications is their low biocompatibility. The term ‘biocompatible surfaces’ is
used to define surfaces that are introduced in the human body without causing
any allergic or rejective reactions. For example, blood-compatible materials are
required to eliminate, or largely reduce, the adsorption of blood proteins, to
avoid surface-induced thrombosis. In the molecular level, the bio-adhesion all
begins with the rapid adsorption of proteins to the device surface therefore
makes the surface for the subsequent adhesion of other molecules and cells92-94.
Factors that affect protein adsorption include surface energy/tension, surface
roughness, surface charge, and so on

95

. Therefore, surface modification is

generally considered as an applicable method to improve the biocompatibility
of a substrate surface through proper procedures96.
2. 3. PDMS surface modification
In spite of the advantages for replication application, the principal limitation
of PDMS for flow through applications is due to its hydrophobic surface
properties. Thus, proteins and other molecules tend to adsorb to an untreated
PDMS surface and result in strong non-specific bindings for bio-fouling78, 97.
Tethering of polymers to solid surfaces via chemical bonding provides
interesting ways to modify the surface properties and, therefore, is of significant
interest in several applications, such as wettability, nonfouling surface
technology, and biomedical science98. Various approaches have been developed
to improve the hydrophilicity of PDMS for various applications. The methods
are summarized below.
2.3.1. Exposure to energy sources
Energy sources such as plasma99,

100

, ultraviolet light101, and corona

discharges have been used to create chemical groups on polymer surfaces by
oxidation. When a corona or plasma is applied to a polymer surface, the surface
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is simultaneously subjected to many high-energy species which includes
electrons, ozone, radiation, and ions. In the case of PDMS, the current
knowledge of the effects of the corona or plasma exposure are: 1) the formation
of an SiOx silica like layer with higher oxygen content than that of bulk PDMS,
and 2) the disappearance of the silica like structure which is replaced by low
molecular mass and medium-sized PDMS groups. However, the surfaces of
oxidized PDMS are known to recover its hydrophobicity after oxidation102, 103.
Owen’s group gave a summary of the possible causes of hydrophobicity
recovery104: 1) reorientation of surface silanol groups into the bulk polymer, 2)
cracking of the SiOx structure, which create voids for the movement of free
PDMS chains from the bulk phase to the surface, 3) condensation of silanol
groups at the surface, and 4) changes in surface roughness. The positive aspect
of the energy treatment, especially oxygen plasma treatment, is that various
functional methods can be developed on this oxidized surface, such as the
silanization process discussed below.
However, energy sources that are commonly used to create chemical groups
on polymer surfaces by oxidation tend to roughen the surface and this leads to
physical damage to the surface of the PDMS producing “cracks” or other
undesirable microstructures on the surface105, 106.

Figure2.3. A. AFM images of O2-plasma treated PDMS surfaces in a RIE reactor after being
exposed to different radiation doses105 (a)-(d). For (a) and (b) images a 1 ×1μm2 scan area
was used, while in (c) and (d) a scan area of 5 × 5μm2 is shown. B. SEM images of PDMS106.
(a) SEM of pristine PDMS at lower resolution. (b) SEM of pristine PDMS at high resolution.
(c)SEM of oxygen plasma treated PDMS at lower resolution. (d)SEM of oxygen plasma
treated PDMS at high resolution.
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2.3.2. Silanization
Surface modification by a silanization reaction is established in numerous
fields of bionanotechnology, especially in the field of biomaterials, where
cellular adhesion and proliferation often need to be promoted for better
biocompatibility107, 108. Thin films of APTES are commonly used to promote
adhesion between silica substrates and organic or metallic materials with
applications

ranging

micro-devices109,

110

from

advanced

composite

to

biomolecular

. To date, silanization studies are focused on glass and

silicon111. Usually, devices fabricated in glass, fused silica or silicon (Si/SiO2)
are conveniently used for exploring silane-based surface modification
chemistries. In the case of APTES modified glass, the reaction is self-catalyzed
by the amine group of APTES112. For this case, rapid hydrolysis of APTES
produces ethanol and trisilanols. The Si-C bond is hydrolytically stable and the
aminopropyl group will not be cleaved, while the transient silanol groups will
condense with other silanols to yield aminopropyl-functional resins. Recently,
polymer surface was modified with APTES113. Because there is limited silanol
on pristine PDMS, following the trend of APTES deposition on glass or silicon,
special treatment (such as oxygen plasma or UV irradiation) would be done to
generate silanol groups on the PDMS. For example, irradiation in air with UV
light at 184 and 254 nm leads to in-situ generation of ozone and oxygen atoms
that oxidizes the PDMS to produce a short-lived, highly hydrophilic glasslike
surface114. A similar approach involves the generation of ozone using a corona
discharge followed by UV photolysis at 254 nm100. Probably one of the most
successful approaches involves the generation of hydroxyl groups on the
surface using oxygen plasma treatments, followed by reaction with
trialkoxy-based silane reagents. However, energy sources such as plasma,
ultraviolet light, and corona discharges that are commonly used to create
chemical groups on the polymer surface by oxidation tend to roughen the
surface and lead to physical damage to the surface of PDMS, producing
“cracks” or other undesirable microstructures on the surface. Moreover, those
methods are very difficult to modify the surfaces of microfluidic channels in an
assembled device due to its deeply embedding in PDMS slabs. Therefore,
ambient methods are highly desired. Gerardo A. etc. demonstrated a simple and
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economical method to functionalize PDMS with APTES after exposure to
ozone without the need for photolysis115. It is suitable for more homogeneous
oxidation of three-dimensional structures of PDMS without the need to irradiate
from different angles to achieve a homogeneous oxidation.
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Figure2.4. A. APTES modifies glass/silicon surface111 (a) glass surface, (b) H2O2-H2SO4
treatment brings Si-OH groups onto glass surface, (c) silane covalently bound to the oxide
surface, and (d) thermal curing of the film, which, in cross-linking the free silanol groups.
B.APTES modifies polymer surface113. (e) initial adsorption via hydrogen bonding. (f)
subsequent lateral bond formation to the nearest neighbors, and (g) multilayer formation.

2.3.3. Polyelectrolyte multi-layers
As a comparatively milder method, layer-by-layer technique was quickly
developed to assemble biocompatible or other functional surfaces. For polymer
surface modification, some performed layer-by-layer electrostatic self-assembly
of polyelectrolyte with chemical cross-linking on the PDMS surface as a way of
imparting lasting hydrophilicity to the surface116. Polyelectrolyte multilayers
(PEMs) are thin composite films that are fabricated by alternately exposing a
surface to cationic and anionic polyelectrolyte in solution. An important
requirement in the fabrication of PEMs is that the sign of the surface charge
must be reversed after each exposure to a polyelectrolyte, which is called
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charge overcompensation. In principle, charge overcompensation has two
important consequences: (i) the adsorbed polyelectrolyte repels equally charged
molecules from the surface, which allows self-regulation of the adsorption
process and restriction to a monolayer, and (ii) an oppositely charged
polyelectrolyte can be adsorbed in the subsequent step. Researchers in
separation sciences have adopted PEM coating for modifying surfaces of
microchannels. Although the formation of PEMs is simple, the internal structure,
which has been probed using various techniques such as neutron reflectometry,
AFM, and solid state NMR, reveals considerable complexity. The layer
deposited consists of stratified structures in which polyanions and polycations
of individual layers interpenetrate each other. One layer may be dispersed three
or four layers from its original location. In addition to layer interpenetrations,
surface roughness and morphology have been shown to be influenced by salt
concentrations117.

SiO

SiO

SiO

SiO

SiO

SiO

SiO

SiO

SiO

SiO

C apillary w all, silanol groups
H ypothetical cationic polym er
H ypothetical anionic polym er

Figure2.5. Scheme of typical PEM-coated capillary using a cationic polymer and an
anionic polymer (or an anionic polymeric surfactant)117

2.3.4. Biomolecule coating
Cremer’s group applied a phospholipids bilayer coated on PDMS
microchannels to perform heterogeneous immunoassays. Coating of the
microchannels was performed by injecting a solution of small unilamellar
vesicles (SUVs) in 10mM phosphate buffer at pH 7.2 into each channel.
Coating was performed 3–4 minutes after plasma oxidation to ensure that the
PDMS was still hydrophilic enough to allow filling of the channels with
aqueous solutions by capillary action. The coating efficiency was checked by
epifluorescence. Using fluorescence measurements, protein adsorption to the
bilayer coated channels was seen to be suppressed by at least two orders of
magnitude when compared to the uncoated channels. The bilayer proved to be
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stable for several weeks85, 118.

Figure2.6. Diagram of the sample preparation microsystem used as demonstration model
for heparin coating evaluation. The device consists of a lid and a bottom chip, both
fabricated in PDMS elastomer. A polymeric membrane filter is incorporated into the lid
before bonding. The microchannels underneath the filter collect the filtrate and lead it into
a collection funnel85.

Modifications of PDMS microchannels with proteins have mainly been used
for heterogeneous immunoassays. In the research done by Thormann’s group,
proteins were immobilized on PDMS/AF45-glass channels, with the aim of
reducing adsorption of nonpolar molecules on the channels and carrying out
immunoassays. In this work, channels were modified with a three-layer
biotin-neutravidin sandwich, which was made by successively depositing
biotinylated immunoglobulin G (IgG), neutravidin and biotinylated dextran.
Similarly, Eteshola and Leckband developed a heterogeneous sandwich
enzyme-linked immunosorbent assay (ELISA) by depositing the proteins A on
the PDMS microfluidic channel119.
2.3.5. Others
Radiation induced graft polymerization is a method used for surface
modification of polymers for various purposes. If the polymer surface has no
chemically reactive functional groups, irradiation would be needed to induce
chemical reactions on the surface. The basic aim of irradiation is to generate
free radicals; these act as sites for graft polymerization120. Hu S demonstrated a
one-step procedure to covalently link polymers to the surface of PDMS
microchannels by ultraviolet graft polymerization121. The grafted microchannels
generally higher electroosmotic flow (EOF) than native PDMS and lower EOF
than oxidized PDMS. The EOF of the grafted channels was stable for only up to
30 hours in air or water, which is not good for long-term quantitative analysis
since peak areas vary with migration times, which in turn depend on the EOF
magnitude. The limited stability of the grafted coating could still be of concern
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in long term applications122.
The other trend in polymer surface modification benefits from developments
in sol-gel science. Roman, G.T etc. claimed that surfaces modified via sol-gel
chemistry could suffer less from hydrophobicity recovery since the silica
particles produced are homogeneously distributed throughout the PDMS matrix.
Based on the reported data, however, the increase of hydrophilicity through
sol-gel modifications is relatively small since the contact angle was reduced by
only 17%. Moreover, the resistance to protein adsorption for PDMS-SiO2
material could still be poor due to the silica-like surface123.
The use of vapor-deposited polymer coatings provides an appealing
alternative to the currently employed arsenal of surface modification methods
which consist mainly of wet-chemical approaches. Chen, H.Y etc. demonstrated
the usefulness of chemical vapor deposition polymerization for surface
modification in confined micro geometries with both nonfunctionalized and
functionalized poly (p-xylylenes)80. For a diverse group of polymer coatings,
homogeneous surface coverage of different micro geometries featuring aspect
ratios as high as 37 has been demonstrated based on optical microscopy and
imaging X-ray photoelectron spectroscopy. The fact that reactive coatings can
be deposited within confined microenvironments is an important factor toward
the design of new device architectures, with potential relevance to bioanalytical,
medical, or “BioMEMS” applications.
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Chapter 3 Experimental
3.1. Methodology
Various experimental methodologies were used or developed. The success of a
miniaturized lab-on-chip system greatly relies on the correct use of new materials,
novel

architectures,

economical

fabrication

processes

and

efficient

immobilization of biomolecule probes. These unique methodologies are
developed as they are related to the applications.
3.1.1. Polymer substrate preparation
Glass dishes were thoroughly cleaned with ethanol and subsequent DI water
washing. A curing agent and PDMS monomer were thoroughly mixed in a 1:10
weight ratio. To remove air bubbles from the precursor mixture, a vacuum was
applied for 1 hour. The PDMS precursor was then put in the cleaned glass dishes
and cured for 2 hours at 80 ℃ or overnight at room temperature. After curing, the
solid PDMS slab was cut into small pieces, cleaned with ethanol and nitrogen
flow dried. The PDMS specimens were used in the following experiments.
A cleaned Polyethylene terephthalate (PET) film was cut into the desired size
(75 mm×25 mm). The prepared epoxy/acrylate resin discussed above was
dropped on the surface of the PET substrate to form a thin layer of film by
spin-coating, followed by UV irradiation under a nitrogen atmosphere with a UV
exposure system equipped with an Hg lamp for 5 seconds (UV system, 400W).
The cured epoxy film was washed in ethanol and subsequently in DI water for 3
minutes each time to remove any uncured polymer, and was ready to be used for
the fabrication of the protein microarray and microfluidic device.
3.1.2. Characterization of polymer and its functionalized surfaces
Polymer (such as PDMS, functionalized PDMS surface, and cured epoxy film)
surface characteristics were studied. Surface functional groups were examined
with Fourier transform infrared spectroscopy (FTIR), Raman and AFM force
measurements. Surface hydrophilicity was studied with contact angle
measurements. The morphology of the polymer surface was recorded by AFM.
The concentrations of different surface functional groups were measured using
different chemical titration methods. The detailed experimental conditions are
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also discussed in this text.
3.1.2.1. FTIR
FTIR is specifically used to measure the absorption of various infrared light
wavelengths by the material being studied. These infrared absorption bands
identify specific molecular components and structures. In this study, FTIR was
used to survey the functional groups on polymer surfaces. FTIR spectra were
recorded in a range of 400-4000 cm-1 (using a Nicolet Magna IR 560 ESP
spectrophotometer, Thermo Nicolet, USA). A minimum of 64 scans was
averaged using a signal resolution of 0.5 cm-1.
To study PDMS and its functionalized surface, PDMS samples were cut into
identical sizes. Figure 3.1 shows the characteristic IR feature of pristine PDMS.
Spectra recorded on the functionalized samples were always compared to spectra
obtained from pristine PDMS, in which the peaks at 2964, 1259, and 1015 cm-1
should be assigned to -methyl CH, -CH3, and Si-O-Si124.

Figure3.1.FTIR spectra of pristine PDMS

In epoxy resin study, a thin layer of resin was coated on a potassium bromide
disc. The FTIR spectrum of the coated resin was recorded before and after
UV-polymerization. Attention was focused on the unsaturated double bands of
the acrylate group at 1637 cm-1 and 810 cm-1

125

and the characteristic bands of

epoxide groups: the epoxide ring breathing mode at 1258cm−1, the antisymmetric
ring deformation band at 917 cm−1, and the symmetric epoxide ring deformation
at 866 cm−1 126.
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3.1.2.2. Raman spectroscopy
Raman spectroscopy is used in chemistry in order to provide a fingerprint by
which the molecule can be identified. In this study, a Raman microscope
CRM2000 (Witek, Germany) equipped with a 488nm laser was used to study the
PDMS conformation status in a chemical modification process. Figure 3.2 shows
the characteristic Raman peaks of pristine PDMS. Spectra recorded on the
functionalized samples were always compared to spectra obtained from pristine
PDMS. Peaks of interest include the methyl group appearing at 2965 and 2907
cm-1, the methyl bending vibrations appearing at 1412 and 1262 cm-1, the Si-CH3
rocking vibrations appearing at 862, 787, and 687 cm-1, and the Si-O-Si
stretching vibrations appearing at 488 cm-1127.

Figure3.2.Raman spectra of pristine PDMS127

3.1.2.3. Atomic force microscopy
Atomic force microscopy (AFM), a high resolution type of scanning probe
microscope, was used to study polymer surface morphology and the protein
immobilization process.
Imaging mode
The primary operation mode is tapping AFM, which scans a sharp probe over a
surface to image extremely small surface structure. In tapping mode AFM, a
cantilever is driven to oscillate up and down at near its resonance frequency by a
small piezoelectric element mounted in the AFM tip holder. In this study, AFM
images of polymer surfaces were measured in air by AFM (Nanoscopy III,
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Digital Instruments, USA). The samples were scanned with a standard Si tip
(10-15 nm in diameter) supplied by the microscope manufacturer. Five randomly
selected sites on each PDMS sample were imaged to determine the uniformity of
the surfaces.
Force-distance measurement
In addition to topographic measurements, AFM force mode was conducted to
measure the force-distance curves of polymer surfaces. AFM can record the
amount of force felt by the cantilever as the probe tip is brought close to - and
even indented into - a sample surface and then pulled away. This can be used to
measure the long range attractive or repulsive forces between the probe tip and
the sample surface, elucidating local chemical and mechanical properties like
adhesion and elasticity, and even thickness of adsorbed molecular layers or bond
rupture lengths128, 129. A typical force-distance curve is shown in figure 3.3.

Figure3.3. AFM force curve measurement

In force curve experiments, the AFM tip was made to approach towards and
retract from the surface, and the static deflection of the cantilever was monitored
as a function of the piezo displacement. The force curve clearly shows the
relationship between the set-point and the deflection of the cantilever. Because
the set-point defines the value of the deflection signal maintained by the feedback
loop, the force curve can be used to calculate the contact force of the tip on the
sample if the spring-constant of the cantilever is known. The contact force is
defined by the following equation130:
F = k×d
[3.1]
where k is the cantilever spring constant, and d is the deflection measured from

the set-point to VCSmin in nanometers.
Image analysis
The obtained AFM images were processed to be analyzed for surface
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roughness, section and bearing using the DI software Version 5.12 (Vecco, USA).
A third-order polynomial plane fit was used to account for the sample tilt as well
as the slight curvature resulting from the coupling between the Z and X-Y
piezoelectric positioners.
Generally, section analysis proves most useful for making direct depth
measurements of surface features, for example, when measuring vertical distance
(depth), horizontal distance and angle between two or more points.
The roughness analysis generates a wide variety of statistics for surfaces. In
this study, the roughness analysis gives Rms, the standard deviation of the
surface roughness for all Zij (surface heights) according to the equation:128
Rms =

N

N

j =1

i =1

∑ ∑

( Zave − Zij ) 2
2

N

[3.2]

where Zave and N are the average value and the number (512) of Zij, respectively.
Clearly, Rms can be used to represent the roughness of scanned surfaces.
3.1.2.4. Contact angle measurement
The sessile drop method is a measurement by a contact angle goniometer using
an optical subsystem to capture the profile of pure liquids on a solid substrate.
The surface hydrophobicity is evaluated from the water contact angle data. In the
test, a droplet of 5 µL liquid was automatically dispensed onto the substrate
surface, and a CCD camera revealed the profile of the droplet. The angle formed
between the liquid/solid interface and liquid/vapor interface is the contact angle.
Software calculates the tangent to the droplet shape and the contact angle (FTÅ
200, First Ten Angstroms, USA). Each data point calculated was based on 6
contact angle measurements at different positions on each specimen.
3.1.2.5. Surface functional group quantification
Procedures for evaluating dyes as biological stains were developed to quantify
biomolecules of interest, such as nitrogen compounds. In principle, dye methods
express the color characteristics of a sample by a simple ratio of color densities at
two selected wavelengths; stains are characterized by their complete absorption
spectra and by the exact location of their absorption maxima. In this study,
surface amino groups, and carboxylic groups were quantified using
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fluorescaimine assay and toluidine blue O, respectively. The detailed
experimental conditions are listed in the following sections.
Fluorescamine assay
A synthetic compound, fluorescamine (4-phenylspiro [furan-2 (3H, 1 phthalan)
- 3, 3’dione]) reacts with primary amines, producing fluorophor which can be
assayed at 480 nm (395 nm excitation). At room temperature, the reaction of
fluorescamine is almost instantaneous, with a half-life of milliseconds. The
products are highly fluorescent whereas the reagent and its degradation products
are non-fluorescent131 (figure 3.4). Thus, the intensity of the fluorophor is
proportional to the amount of the amine groups in the measured sample.
O

R N
O O

O
fluorescam ine

R

O
OH
COOH

NH2

am ine
com pound

fluorophor

Figure3.4. Fluorescamine assay

In following chapters, fluorescamine method was employed to quantify the
density of NH2 groups on polymer surfaces132. In experiments, a 200 µL
fluorescamine/acetone solution (1 mg mL-1) was loaded in triplicate onto testing
surfaces for 5 minutes. The reacted solution was loaded into a 96-well micro
plate for fluorescence intensity measurement (excitation wavelength 395 nm,
maximum emission wavelength 480 nm) on a micro plate reader, Genios plus
(Tecan, USA). A calibration curve was obtained with a serials concentration of
APTES on PDMS surface reacting with the same fluorescamine/acetone solution
(figure 3.5). The surface NH2 concentration is expressed in mol/cm2.

Figure3.5. Calibration curve of Fluorescamine assay of APTES on PDMS surface
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Toluidine Blue O assay
Toluidine blue has positively charged amine groups which can adsorb to the
negatively charged carboxyl groups. In principle, the density of COO― groups on
the testing surface is estimated under the assumption that every COO― binds
with a single toluidine blue molecule.
H3C

N

H2N

S

Cl
CH3
N
CH3

Figure3.6. Toluidine blue O structure

The density of carboxylate groups on the functionalized polymer surface was
determined using the toluidine blue method133. In experiments, testing samples
were immersed in an aqueous solution of toluidine blue (5×10-4 M, adjusted to
pH 10 with NaOH). The formation of ionic complexes between the COOH group
and cationic dye was carried out for 5 hours at room temperature. The excess dye
was removed by rinsing with a pH 10 0.01M NaOH solution. The toluidine blue
was then desorbed from the surface by incubating the stained surface in 1 mL of
50 wt% acetic acid solution for 5 minutes. The optical adsorption (633 nm) of 1
mL of the desorbed toluidine blue solution was measured using a UV-vis
spectrophotometer. The amount of toluidine blue originally bound to the testing
sample was then calculated from the optical density. The density of COO―
groups on the testing surface was expressed in mol/cm2. Measurements were
performed on five separate samples to obtain an average surface COO― density.
A calibration UV adsorption curve was obtained with a serials concentration of
toluidine blue O dissolved in 50 wt% acetic acid (figure 3.7).
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Figure3.7. Calibration curve of TBO COOH assay

Ninhydrin assay
Solid-phase ninhydrin assay was used to assess the free primary amines on the
polymer surface because ninhydrin (triketokydrindane hydrate) is a chemical
widely used to detect ammonia or primary and secondary amines134. In order to
generate the ninhydrin chromophore (Ruhemann’s purple complex), the amine is
condensed with a molecule of ninhydrin to give a Schiff base. Thus only
ammonia and primary amines can proceed past this step (figure 3.8). This
reaction is simple and straightforward. The assay result can be directly observed
using the human eye and quantified by UV absorbance. This assay was
conducted routinely to check the existence of amine groups in the polymer
modification experiments (figure 3.9).

O
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Figure3.8. Ninhydrin assay

Figure3.9. Images of ninhydrin assay on different solid surfaces
a. pristine PDMS, and b. APTES-PDMS

3.1.3. Protein immobilization on polymer surfaces
Protein passive adsorption and covalent immobilization via chemical groups,
e.g., -NH2, -COOH, -epoxy, were studied with the objective of providing
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uniformly protein coated surfaces that exhibit increased assay sensitivity and
improved assay precision in immunoassays. In the following sections, protein
immobilization experimental procedures are presented. Protein immobilized
surfaces were characterized by AFM, direct ELISA or sandwich ELISA.
3.1.3.1. Protein passive adsorption on polymer surface
Adsorption is the simplest way to immobilize biological molecules on the
surface. In this study, proteins were diluted in coating buffers (0.05 M pH8.0
Tris-HCl, 0.01 M pH 7.4 PBS, 0.05 M pH 9.6 carbonate–bicarbonate buffer, or
0.05 M citrate- phosphate buffer) of the appropriate concentrations. Protein
solutions were directly transferred onto the testing substrate for appropriate time
incubation. The un-adsorbed proteins were removed with a washing buffer (TBS
plus 0.05% Tween 20, TBST).
3.1.3.2. Covalent immobilization protein on polymer surface
Covalent binding is a superior method for immobilization of biological
molecules on the hydrophilic polymer surface. The covalently immobilized
antibodies could maintain better immuno-activity than that of adsorption-based
attached ones due to minimal denaturation on the surface from elimination of
the desorptions during continuous measurements 135, 136. In addition, hydrophilic
surfaces may have a lower level of non-specific interactions than hydrophobic
surfaces135. In this study, different covalent bioconjugation approaches were
explored according to the polymer surface functional groups, such as amino
groups, epoxy groups and carboxylic groups.
Aldehyde-group
Schiff base interactions between aldehyde and amines typically are not stable
enough to form irreversible linkages. These bonds may be reduced with sodium
cyanoborohydride to form permanent secondary amine bonds (figure 3.10).
However,

proteins

cross-linked

by

glutaraldehyde,

without

reduction

nevertheless show stabilities unexplained by a simple Schiff based formation.
The stability of such unreduced glutaraldehyde conjugates has been postulated to
be due to the vinyl addition mechanism, which does not depend on the reaction of
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Schiff bases137.
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Figure3.10. Protein immobilization on aldehyde functionalized surface

In experiment, amino groups on a PDMS surface were activated by 2.5%
glutaraldehyde (GA) (pH 9.6) for 1 hour at room temperature. The GA treated
surface was carefully rinsed with 0.01 M pH 8.0 Tris-HCl buffer and dried by
nitrogen flow. Proteins were dissolved in 0.01 M pH 8.0 Tris-HCl with the
desired concentrations and then transferred onto aldehyde-activated surfaces for
1 hour’s incubation at room temperature. The surfaces were washed 3 times for 3
minutes each with TBST to remove unbound proteins. The protein immobilized
surfaces were used in the following AFM, direct, or sandwich ELISA studies.
EDC-NHS
1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC) is a
zero-length crosslinking agent used to couple carboxyl groups to primary amines.
EDC reacts with a carboxyl to form an amine-reactive O-acylisourea
intermediate. This active species can react with a nucleophile such as a primary
amine to form an amide bond. If this intermediate does not encounter an amine, it
will hydrolyze and regenerate the carboxyl group. In the presence of
N-hydroxysulfosuccinimide (Sulfo-NHS), EDC can be used to convert carboxyl
groups to amine-reactive Sulfo-NHS esters. This is accomplished by mixing the
EDC with a carboxyl containing molecule and adding Sulfo-NHS138 (figure
3.11.). EDC/NHS bridged carboxylic-amine crosslinking was used to covalently
immobilize proteins on carboxylic groups functionalized solid surfaces.
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Figure3.11.EDC/NHS-mediated carboxylic-amine conjugation

In the experiment, a mixture of 2 mM EDC and 5 mM NHS (0.05 M pH 5.0
citrate-phosphate buffer) was added on the carboxylic groups- functionalized
polymer surface for 1 hour’s incubation. The polymer surfaces were then washed
with PBS three times for 2 minutes each. Thereafter, proteins dissolved in 0.01 M
pH

7.4

PBS

with

different

concentrations

were

added

onto

the

EDC/NHS-activated surfaces for 1 hour’s incubation at room temperature. After
protein immobilization, the unbounded proteins were removed by tris buffered
saline, 0.01M pH 8.0 containing 0.05% detergent Tween 20 (TBST) washing (3
times for 3 minutes each). The protein immobilized surfaces were used in the
following AFM, direct or sandwich ELISA experiments.
Epoxy
An epoxy can react with nucleophiles in a ring-opening process. The reaction
can take place with primary amines, sulfhydryls or hydroxyl groups to create
secondary amines, thioether, or ether bonds, respectively. During the coupling
process, ring opening forms a β-hydroxy group on the epoxy compound137
(figure 3.12).

39

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

OH
H
N

R
P' NH2
O

P'
secondary
amine bond
OH

P' SH

epoxide group

S

R

R

P'

thioether bond

P' OH

OH
O

R

P'

ether bond

Figure3.12.Epoxy groups-mediated multiple conjugation

In microarray study, proteins were diluted in 0.01 M PBS, pH7.4 plus 2.5%
glycerol and 0.003% triton X-100 for microarray preparation. Nanoliter volumes
of protein per spot were delivered to the epoxy-polymer surface. Following
microarray printing, printed proteins were incubated overnight at room
temperature. The epoxy-polymer surface was then washed three times for 2
minutes each in a solution of TBS (containing Tris buffer, 0.5% Tween 20) to
remove any unbound probes.
3.1.3.3 Characterization of proteins on polymer surface
To evaluate the different protein immobilization methods, the protein
immobilized surfaces were characterized. The morphologies of the immobilized
protein were recorded using AFM (see section 3.1.2.3.). The adsorbed protein
volumes were analyzed by using the bearing analysis command. The amount of
the protein immobilized was indirectly evaluated by direct ELISA, of which the
enzyme labeled antibody reacted with the immobilized protein. The reacted
enzyme catalyzed the substrate to develop a measurable signal. The higher the
signal was, the more the enzyme was immobilized, and the more protein was
attached on the solid surface (see section 3.1.5.1).
3.1.4. Polymer microfluidic devices fabrication
3.1.4.1. PDMS microfluidic devices
Structure design
Figure.3.13a and b show the top and section views of the fabricated PDMS
microfluidic ELISA device, respectively. The device comprises a plurality of
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microchannels in the substrate for guiding a fluid flow from the inlet channel
into detection well, and then to the outlet channel. Figure.3.13 b shows the
detail structure of the detection well and its related connections, in which a flow
is introduced through the inlet manifold microchannel into the detection well
and then drains out to the waste outlet manifold microchannel by overflow. The
overflow outlet of the detection well was designed in such a way (Figure.3.13 b)
that its flow level is lower than the inlet but significantly higher than waste
outlet microchannel, thus totally eliminating backflow of the reacted fluid and
inhibiting cross-contaminations by the reacted fluid from one detection well to
another one due to extremely high fluidic resistances in such a structure. This
unique feature can also allow enough contact time for interactions of target and
capture proteins in the detection well. The device in more details was
previously described in our filed patent139. This simple but delicate design can
automatically and efficiently conduct sampling, incubation, washing and
detection within the plurality of test sites for multiple immunoassay screening.
To fabricate the three-dimensional architectured microfluidic device, a
lithography process involving multiple-step deep reaction ion etch (DRIE) steps
was carried out to make the master mold, which could be used to manufacture
the device in Figure.3.13a and b through soft lithography. In the fabrication, the
silicon wafer was thermally oxidized to form a 1 μm oxide layer on its surface
as the sacrificial layer in the DRIE process and photoresist AZ7220 was applied
for the patterning.

Figure3.13. PDMS microfluidic device: a. top view of the microfluidic system, b.
cross-sectional view of the microchannel
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PDMS based microfluidic device fabrication
For PDMS casting, the PDMS precursor, made by mixing the PDMS elastomer
with a curing agent from the Sylgard 184 kit in a weight ratio of 10:1 (w/w), was
poured onto the DRIE fabricated silicon mold and cured at 80℃ for 2 hours.
After the PDMS replica was peeled from the mold, holes were made using a drill
at the inlet and outlet portions of the channel for connection to the sample
micropump. A flat PDMS slab, which was used to cover the top of the replicated
PDMS microstructure, was obtained by casting and curing the precursor PDMS
on a clean glass dish. The replicated PDMS microstructure and flat PDMS cover
were washed with ethanol and subsequently, DI water; this was followed by
baking at 70℃ for 1 hour. They were then treated by oxygen plasma for 17
seconds in a plasma generator (Oxford Instruments, Bristol, UK). After the
plasma treatment, the flat PDMS cover was put on top of the replicated PDMS
microstructure followed by baking at 70℃ for 30 minutes. Silicon tubes were
employed to connect the main inlet with a syringe pump to finally make a sealed,
flow-through, multi-channel microfluidic device for ELISA applications.

Scheme3.1. Micro-channel prepared through PDMS replication. a. PDMS precursor is
poured on silicon mold and degas for 20 min, b. PDMS is cured at 80℃ for 2 h, c. carefully
peel off the cured PDMS micro-structure, and d. replicated PDMS microchannels

The character of the fabricated wafer is shown in figure 3.14 (a), (b). The
PDMS replica was generated from the silicon mold. The structures of the
microfluidic system in the PDMS slab can be seen in figure 3.14 (c) and (d).
From the SEM pictures (e) and (f), the channel structure (width× depth× length:
250μm×300μm×2.5mm) can be seen more clearly.
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Figure3.14. PDMS microfluidic system a., b.: microstructures on the silicon master, c., d.:
PDMS replica made from the silicon master, e., f.: SEM images of the PDMS
microstructures

Coomassie blue dye was injected into the system from the inlet reservoir.
Under the pressure driving force, the blue liquid divided into different portions
and simultaneously flowed through the multi-channels. The flow through
character was videotaped using a CCD camera (figure 3.15). Figure 3.15 shows
the liquid filled the inlet main channel before then splitting into the parallel
channels with a positive pressure drive applied.

Figure3.15. The flow-through characters of PDMS microfluidic device

3.1.4.2. UV-embossed microfluidic device with epoxy resin
Fabrication of epoxy microfluidic device
A multi-channel epoxy microfluidic device was made for ELISA experiments.
To fabricate the epoxy microfluidic system, a SU-8 photoresist patterned master
mold was fabricated via photolithography. The precursor PDMS, prepared by
mixing PDMS elastomer with a curing agent in a ratio of 10:1(w/w), was poured
onto the master and cured at room temperature for 24 hours to produce a
replicated PDMS mold. The prepared liquid UV resin was poured onto the
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PDMS mold. After the resin had uniformly filled the pattern of the mold, the
prepared polyethylene terephthalate (PET) film with a coated cured-epoxy thin
layer was laminated on top of the epoxy resin-filled mold. A glass slide was
placed on the PET film and four clamps were used to fix the whole assembly as
well as to apply pressure. The assembly was then UV irradiated for 5 seconds
followed by demolding; this entailed peeling the soft PDMS mold from the
embossed polymeric microstructure including the microchannels (width× depth×
length: 200μm×100μm×10mm) on the PET film. The cured structure was
washed successively with ethanol and DI water. After blow-drying, a drill was
used to make holes at the inlet and outlet channels to connect to a syringe pump
using a silicon tube; the connections were sealed with a HY-9 hydrophilic
(adhesive material) coated plastic film.

(e)
Scheme3.2. micro-channel prepared through UV embossing. a. UV curable epoxy resin is
poured on PDMS mold, b. polyester film is laminated over the epoxy resin, c. epoxy resin is
cured by UV irradiation, and d. carefully peel off the cured micro-structure; e. embossed
microchannel

3.1.5. Immunoassay
In this thesis, three types of immunoassay platforms, namely, i) micro-plate
based ELISA; ii) microfluidic devices based flow-through ELISA; and iii)
antigen/antibody microarray, were studied. A key feature of the flexibility of
ELISA is that more than one system can be used to measure the same thing.
This allows some scope in adapting assays to suit available reagents as well as
to note areas of potential improvement. The following experimental details of
the various reaction schemes, direct ELISA, sandwich ELISA, and competitive
ELISA, were used in this study.
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3.1.5.1. Micro-plate ELISA
Direct ELISA
Direct ELISA can be regarded as the simplest form of the ELISA, and is
illustrated in scheme 3.3. In a direct ELISA, 100 µL of different concentration
antigens (PBS, pH 7.4) were loaded into micro-plates. The antigen coated plate
was covered with paraffin film and incubated for 1 hour at 37℃. After the
antigen incubation, any excess antigen was removed by flooding and emptying
the wells thrice with 150 µL TBST for 2 minutes each time. Unoccupied
surfaces were blocked with 150 µL blocker (1% BSA or BlockerTM) for 2 hours
at 37℃. The plate was then emptied and washed again (3 minutes, thrice) with
TBST. The enzyme-labeled antibody was diluted in TBST with the appropriate
concentrations and added to each well (100 µL /well) for a 30 minute
incubation at 37℃. The plate was emptied and washed again (3 minutes, 4
times). A 100 µL TMB solution was then added into the wells for the
appropriate incubation. The absorbance of the peroxidase catalyzed substrate
was quantified by ELISA reader (GENios plus, Tecan, USA).

Scheme3.3. Micro-plate direct ELISA process: a. Protein coated solid surface. b. After
washing, blocker protein was use to block the unoccupied surface. Enzyme labeled
antibody was added in and reacted with the immobilized protein. c. Enzyme labeled
antibody reacted with the immobilized protein; free protein and labeled antibody were
washed off. d. Immobilized enzyme catalyzed substrate developed color. The higher the
absorbance was, the more the enzyme was immobilized, and the more protein was
immobilized on the solid surface.

Sandwich ELISA
In sandwich ELISA (scheme 3.4), a 100 µL probe antibody, diluted in 0.01 M
pH 7.4 PBS with the desired concentrations, was added to the wells for a 1 hour
incubation at 37℃. The wells were then emptied and the unoccupied surface of
the wells was blocked with a 150 µL of blocking buffer for 2 hours at 37℃. The
wells were emptied and washed three times with TBST. The antigens diluted in
TBST with different concentrations were added into the wells (100 µL antigen
per well) for an appropriate time incubation at 37℃. The wells were then
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emptied again and washed three times with a wash buffer. The procedure of the
reactions of enzyme-labeled antibodies and TMB were the same as those for
direct ELISA.

Scheme3.4. Micro-plate sandwich ELISA process. a. Antibody coated solid surface. b. After
washing, blocker protein was used to block the unoccupied surface. Sample (antigen) was
added in c. Enzyme labeled antibodies reacted with the captured antigen; free labeled
antibody was washed off. d. Immobilized enzyme catalyzed substrate developed color. The
higher the absorbance was, the more the enzyme was immobilized, and the more protein in
the sample on the solid surface.

Competitive inhibition ELISA
In competitive ELISAs (scheme 3.5), probe proteins on the pre-coated
micro-plate were used to capture a specific protein in a complex, which consisted
of target proteins which were the same as the coated protein, and enzyme
conjugated antibodies. The immobilized protein and the target protein in the
mixture is a competitive pair for the antigen binding sites of the enzyme-linked
antibody. Therefore, as the concentration of the competitive protein increases, the
amount of antibodies which could be captured by the immobilized protein
decreases. With the addition of the enzyme substrate reagent solution, the amount
of captured enzyme conjugated antibodies is detected, resulting in an inverse
relationship between absorbance and target protein concentration: the higher the
absorbance, the lesser the amount of target protein in the sample.

Scheme3.5. Competitive inhibition ELISA a. Protein coated solid surface, b. The reaction
mixture of enzyme labeled antibody and protein. The protein here competes with the
immobilized protein for the antigen-binding site, c. Enzyme labeled antibody reacted with
the immobilized protein; free protein and labeled antibody were washed off, d. Immobilized
enzyme catalyzed substrate developed color. The high the absorbance was, the more the
enzyme was immobilized, the lesser the protein in the reaction mixture.
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Micro-plate ELISA data analysis
For a given assay and set of reagents, the optimization of the assay sensitivity is
a compromise (or balance) between the ratios of the reagent concentrations and
the errors associated with signal measurement. In this study, all immunoassays
were characterized in terms of their detection range and their lower limits of
detection.
Absorbance curves were obtained by plotting absorbance against the logarithm
of analytes concentrations using Origin 7.0. In an ELISA, sensitivity may be
defined as the limit of detection or quantification. The lower limit of detection
(LOD) is defined as the smallest concentration of an analyte that is able to
produce a signal that can be distinguished from the signal obtained in the absence
of that analyte1.
Statistically, since all the ELISAs in this study were performed in at least
triplicate, the LOD can be defined as the concentration that gave a signal (SLOD),
eq.3.4:
S LOD = S 0 + 3 s

[3.4]

where S0 is the signal obtained in absence of analytes (negative control), and s
is the standard deviation of the signal S0.
The working range is defined as the concentrations from the LOD to the
concentration at which a plateau is reached on the dose-response curve.
In competitive ELISAs, the inhibition degrees were measured by the inhibition
percentage, which was derived from the absorbance against the logarithm of
analytes concentration. The inhibition rate can be expressed as
Inhibition percentage (%) = [(S 0 − Sx ) / S 0 ] × 100%
[3.6]
where S0 is the absorbance of the negative control, in which there is no
competitive protein in the reaction system and Sχ is the absorbance value of the
tested spots which correspond to the different competitive protein concentration.
3.1.5.2. Flow-through ELISA
Flow-testing experimental setup
Silicon tubes were employed to connect the main inlet with a syringe pump to
make a flow-through, multi-channel microfluidic device for ELISA experiments.
During the flow-through ELISA, reagents were pumped step-by-step into the
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microfluidic device. Scheme 3.6 illustrates the experimental setup which was
used to detect and capture the enzymatic converted signal from the microfluidic
devices. Oblique Coherent Contrast (OCC) illumination system and
charge-coupled device (CCD) camera were used as the detection equipment for
the signal. The captured images were analyzed by image software, Nikon
ACT-2U.

Scheme3.6. Flow-testing experimental setup

Direct ELISA on microfluidic device
In flow-through direct ELISA, antigens were diluted in 0.01 M pH 7.4 PBS
with the desired concentrations and pumped into the microfluidic device for the
appropriate time incubation. After protein immobilization, the excess antigen
was removed with a 3 minute flow washing process. A casein solution was then
pumped into the microchannels for the desired incubation time followed by
flow-through washing with TBST for 3 minutes. The peroxidase conjugated
antibody was pumped into the fluidic devices and incubated for the appropriate
time followed by flow-through washing for 5 minutes. Finally, the enzyme
substrate, TMB, was pumped into the microfluidic devices to react with the
captured enzyme. The oxidized substrates were pumped out and collected in the
384-well ELISA-plates. The absorbance of the substrate was quantified using the
ELISA reader. The images of the enzyme-catalyzed colored TMB filled
microchannels were captured with CCD camera. The images were quantified
based on their RGB (red-green-blue) brightness intensity (Nikon ACT-2U
version 1.3)140.
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Scheme3.7. Flow-through direct ELISA process. a. Protein was coated on the surface of the
ELISA reaction portion. b. After washing, BSA was used to block the unoccupied surface. c.
enzyme-labeled protein was added. d. the free enzyme labeled protein was washed off. The
enzyme reacted with the substrate and chromatics enzyme converted substrate was
developed.

Sandwich ELISA on functionalized microfluidic device
In flow-through sandwich ELISA (scheme 3.8.), antibodies (probes)
dissolved in a 0.01 M pH 7.4 PBS in the desired concentration was pumped into
the channels and incubated for the proper time period. After protein
immobilization, the unbounded antibodies were removed by a flow washing
process for 3 minutes. The same blocking and flow-through washing were
performed similar to that done in the studies for flow-through direct ELISA. The
analytes, antigens diluted in human serum or tris buffered saline, 0.01M pH 8.0
containing 0.05% detergent Tween 20 (TBST), were transported into the fluidic
devices and incubated for the desired time, followed by flow-through washing
with TBST for 4 minutes. The enzyme- labeled antibodies were then pumped into
the channels for the appropriate time incubation followed by 5 minutes of flow
through washing. Finally, the enzyme substrate, sodium metaperiodate and 3, 3’,
5, 5’-tetramethyl benzidine, TMB, (1.25 mM TMB, 2.21 mM H2O2, pH 3.1), was
pumped into the channels. The peroxidase converted color-substrate TMB was
quantified similarly to that done in the flow-through direct ELISA study.
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Scheme3.8. Flow-through sandwich ELISA at functionalized microfluidic device. a. section
view of the intact microchannel, b. polymer functionalized microchannel, c. probe
immobilized microchannel, d. analytes were injected into the microchannel, e. enzyme
labeled antibodies were pump into the microchannel, f. substrates are enzymatically
converted into colorimetric product

Flow-through ELISA data analysis
Absorbance data
The enzymatic converted substrates can be recorded as absorbance for
quantitative analysis. In this case, the enzymatic converted substrates were
pumped out and collected in the ELISA-plates. The absorbance of the substrate
was quantified using the ELISA reader. The absorbance data was plotted against
the assayed protein concentrations to obtain the dose-response curve. The
working range and lower limit of detection are defined similarly to that in the
microplate ELISA study (section 3.1.5.1).
RGB data
One of the advantages of the ELISA is that the colored end-product can be read
by eye to assess whether tests have worked (avoiding waiting for results where
machine reading is essential, such as in radioimmunoassay)141,

142

. For this

purpose, the channels filled with enzymatic converted substrates were imaged
using CCD camera. The color changes in each channel can be quantified via an
imaging process. An image analysis software, Nikon ACT-2U, was used to
quantify the RGB brightness. The brightness is based on the RGB colors of red,
green, and blue, where brightness based on SRGB color = 0.229× red + 0.587×
green + 0.114× blue140. The RGB brightness was plotted against the assayed
protein concentrations to obtain the dose-response curve (figure 3.16).
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Figure3.16. Characteristic CCD image of the micro-channels and RGB brightness

3.2. Materials and equipments
3.2.1. Reagents and chemicals
Proteins
Protein A, goat immunoglobulin G (Cy3 labeled), goat IgG, rabbit IgG, rat IgG,
human IgA, Anti-rabbit IgG peroxidase conjugate, monoclonal anti-goat IgG
alkaline phosphatase conjugate, monoclonal anti-human IgA (α-Chain specific),
anti-Rat IgG peroxidase conjugate, anti-human HLA-I antibody, anti-Human
HLA-A2 antibody, anti-HLA-DR antibody and anti-β2-microglobulin antibody,
anti-mouse IgG peroxidase conjugate, bovine serum albumin (BSA), human
serum albumin, chicken serum albumin, were purchased from Sigma, USA
BlockerTM Casein in PBS was purchased from Pierce, Germany. IL-5 and
monoclonal anti-IL-5 antibodies were kindly provide by BD Bioscience, USA.
Chemicals
Poly (demethylsiloxane) elastomer kits (Sylgard 184) were purchase from
Dow Corning, USA Poly (vinyl alcohol) (PVA, MW 89 000-98 000, 99%
hydrolyzed), dextran, alkaline phosphatase yellow (pNPP) liquid substrate were
purchased from Sigma-Aldrich, USA. 96% ethanol, sodium metaperiodate and 3,
3’, 5, 5’- tetramethyl benzidine (TMB), hydrochloric acid and hydrogen
peroxide

were

purchased

from

Merck

KGaA,

Germany).

3-amino-

propyltriethoxysilane (APTES), succinic acid anhydride (SAA), glutaraldehyde
(GA), BlockerTM Casein in PBS and 1-ethyl-3-(3-dimethylaminopropyl)
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carbodiimide hydrochloride (EDC) were purchased from Pierce, Germany. All
other used chemicals were of analytical grades and obtained from common
commercial supplies.
Trimethylolpropane tricarylate (TMPTA, SR-351), dipropylene glycol
diacrylate (DPGD, SR-508) are supplied by Satomer Company Exton, USA
Ebecryl 3605 (Trade Mark) is a partially-acrylated bisphenol A epoxy resin
available from UCB SA Company, Belgium. The UV curing for patterning the
structure

was

initiated

with

the

photoinitiator

2,2-dimethoxy-2-

phenylacetophenone supplied as Irgacure 651 by Ciba Speciality Chemicals,
Switzerland.
Photoresist AZ7220 and their developer PGMEA (propylene glycol methyl
ether acetate) were purchased from MicroChem Corp, USA The PMMA array
was made by mechanical processing (Bace Engineering, Singapore).
Buffers
Citrate-phosphate buffer ( 0.05 M, pH 5.0), Tris-HCl, phosphate buffered
saline (PBS, 0.01 M pH 7.4), Carbonate-bicarbonate buffer capsules (CCB, 0.05
M, pH 9.6), Tris buffered saline with 0.5% tween 20 (pH 8.0, TBS washing
buffer) were obtained from Sigma, USA. The deionized water used in all
experiments was produced by a water purification system, Q-Grad ®1, from
Millipore Corporation, USA.
3.2.2. Equipment
Field emission scanning electron microscopy (FESEM) (JSM-6700F JOEL,
Japan) provided the SEM photos.
Atomic force microscopy (AFM) (SPM 3100, Veeco Instruments Inc., USA)
was used to characterize the morphology of our samples.
Fourier transform infrared (ATR-FT-IR) spectroscopy was performed by using
the Nicolet Magna IR 560 ESP spectrophotometer (Thermo Nicolet, USA)
incorporated with a “Golden Gate” ATR module (Graseby Specac, USA).
X-ray photoelectron spectroscopy (XPS, Kratos AXIS, ) fitted with an
aluminium anode (1486.6 eV) and a 4 keV Ar+ ion sputter gun was used to
characterize the sample formation.
ELISA absorbance measurement was carried out by using Genios plus (Tecan,
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USA) at 450 nm.
A Raman microscope CRM2000 (Witek, Germany) equipped with a 488nm
laser was used for Raman spectrum measurements.
UV-VIS was measured on HITACHI U-2800 double beam system.
Contact angle measurement was carried out on FTÅ 200, First Ten Angstroms,
USA
VersArray chip writerTM contact system (Bio-Rad, USA) was used to array
probes onto the substrate for fabrication microarray. Microarrays were scanned at
530 nm using a scanning laser confocal fluorescence microscopy (ScanArray
system, PerkinElmer, USA) at a 5-µm resolution. The images were analyzed by
quantifying the pixel density (intensity) of each spot by Scan Array Express
software (PerkinElmer, USA).
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Chapter 4 Conformative and quantitative studies of adsorption
of protein A on PDMS surface by AFM
4.1. Introduction
This chapter studies the protein adsorption on PDMS by AFM not only to
examine the conformation of the absorbed molecule at nanoscale, but also to
quantitatively characterize the adsorption on the solid surface at a molecular
level.
Proteins play critical roles in biological processes. Protein analysis is essential
in molecular biology and many biomedical applications. It is known that ELISA,
a mainstream assay used in clinical diagnostics for infectious diseases, and
protein

microarray/microfluidic

devices,

an

advanced

technology

for

high-throughput analysis, greatly rely on surface chemistry for efficiently
immobilizing proteins on a solid support while retaining their native
conformation and bioactivity15,

143-147

. Thus, the study of protein surface

modification can provide not only deep fundamental insights into surface
chemistry, but also optimal approaches for the enhancement of protein assays.
Currently the advanced analytical technologies are related to the miniaturization
and integration of an assay system such as microarrays and microfluidic chips for
economical and high-throughput analysis. This is mainly enabled by
microfabrication and has been rooted in polymer science to reduce the
complexity and the manufacturing cost by usage of plastic substrates33, of which
PDMS is of particular importance86 due to their excellent mold characteristics
with high fidelity. PDMS strongly interacts with apolar and partly apolar analytes
through its hydrophobicity148. The PDMS/aqueous interface behavior is
described like the octane/water system, in which small molecules such as toluene
can diffuse into PDMS by adsorption mechanisms, while larger molecules
containing apolar domains adsorb onto the surface. Spontaneous protein
adsorption on surfaces is often caused by hydrophobic or hydrophilic interactions
of their functional groups. Intrinsic hydrophobicity of a protein is determined by
the relative number of hydrophobic and hydrophilic amino acids in its
molecule149, and therefore the property of the solid substrate would probably
dominate the protein adsorption process. Recently, it is reported that the surface
functional groups such as –CH3, －POh, and －CF3 on a solid surface determines
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the surface hydrophobicity and this affects the protein adsorption on the surface95.
As a surface rich in methyl group, PDMS has a strong tendency to entrap proteins
from the PDMS/aqueous interface. It is interesting and significant to further
investigate the surface chemistry of protein adsorption on PDMS in a solid phase
immunoassay (SPI) for improvement of PDMS based protein assays and
lab-on-chips. Although various synthetic solid phases are used to immobilize the
probe protein in modern immunoassays150-152, the designs are mainly dependant
on empirical data, without clear understanding of the protein/surface interaction
at a molecular level.
Currently, investigations on protein adsorptions on a solid surface are
conducted with surface tensiometry153, ellipsometry154, infrared spectroscopy155,
immunoassay97 and surface plasmon resonance53, 156. These methods may be
sensitive to the amount of adsorption, but they are very difficult to provide the
conformation state of the absorbed proteins on the surface. As one of the
recognized label-less methods, the SPR method is almost completely insensitive
to a refractive index variation of a film greater than 300 nm on silver or gold
surfaces157 since the evanescent field created on the surface decays exponentially
and falls to one third of its maximum intensity at approximately 300 nm from the
surface. However, many polymeric films used for fabricating microdevices may
be too thick for SPR analysis. In fluorescence-based methods, the labeled dye
could affect the affinity of the protein and may alter the conformation of the
protein. Besides, different dye-to-protein ratios after labeling bring complexity to
the quantitative interpretation of the fluorescent intensity. As a probe method
suitable for “soft” biological samples, AFM has been used to study
protein-surface

and

protein-protein

interaction,

particularly

conformation and spreading of the surface-bound proteins.158,

to
159

depict
. More

interestingly, the tensiometric and depletion measurements normally only detect
ten15 or more molecules, whereas AFM can examine surface changes induced by
a few proteins160. The accuracy and sensitivity of the adsorption information
provided by AFM is over several orders of magnitude higher than that often used,
and thus can potentially be used to study surface adsorption kinetics and
dynamics at a molecular level. Currently, AFM is reported to provide a valid
estimation of adsorption density of the absorbed proteins on a solid surface but
there is a large margin of error due to the assumptions involved11, and not at a
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molecular scale.
Protein A, a cell wall constituent of staphylococcus aureus from most
mammalian species, is highly stable in the presence of denaturing agents over a
wide range of temperatures and pH values161 and is a well recognized function
protein used in IgG (Immunoglobulin G) associated assays162-164. The N-terminal
part of protein A exhibits five highly homogenous IgG binding domains, namely
E, D, A, B and C, of which domain B and E possesses 19 hydrophobic amino acid
residues with a cylinder-like structure having a diameter of 3nm and a length of ~
4.5 nm along the β-sheet, resulting in a molecule length of about 20-30 nm165.
Because of its unique structure and properties, protein A can be an excellent
template molecule for the study of protein adsorptions on a solid surface. To date,
most of the research work on protein A adsorption are focused on substrates like
silicon wafer, mica and glass165-167.
There is a possibility to directly examine how the conformation state of the
adsorbed protein A is affected by different adsorption conditions while
quantitatively determining the amount of adsorption at the molecular scale by
using the AFM approach.
4.2. Protein A adsorption and characterization
The AFM images of the surfaces with and without adsorbed proteins were
measured in open air by AFM. The samples were scanned with a standard Si tip
supplied by the microscope manufacturer. During scanning, the applied force
was always minimized to avoid deforming the soft proteins layer. Five randomly
selected sites on each PDMS sample were imaged to determine the uniformity of
the protein A adsorption and its reproducibility. The measured AFM images were
analyzed for surface roughness, section and bearing. The section analysis can be
used to depict the sectional profile of the adsorbed protein molecules. The
roughness analysis gives Rms, the standard deviation of the surface roughness for
all Zij (surface heights) (eq. [4.1]) as follows:128
Rms =

N

N

j =1

i =1

∑ ∑

( Zave − Zij ) 2

[4.1]

2

N

where Zave and N are the average values and the number (512) of Zij,
respectively. Clearly, Rms can represent the roughness introduced by the protein
adsorption. The theoretical molecular volume (VM.V.) was calculated from the
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protein molecular weight using eq.4.2 168
V MV = (M 0 N 0 )(V1 + dV 2 )

[4.2]

where M0 is the molecular weight, N0 is Avogadro’s number, V1 and V2 are the
partial specific volumes of the individual protein (0.74cm3.g-1) and water (1
cm3.g-1), respectively, and d is the extent of protein hydration (0.4 M of H2O per
mole of protein). The bearing absorbed volume V0 and Vi, before and after the
protein molecule adsorption were measured by using the bearing analysis
command. Thus the adsorbed protein A molecular number can be calculated by
ΓM . N =

Vi − V0
VMV * As

[4.3]

where As is the surface area measured by AFM, which is 25 μm2 in this
study.
Protein A was diluted with different pH citrate-phosphate buffers. In the
adsorption experiment, 400 µL of the protein solution was loaded into a small
beaker, and a 5 mm×5mm PDMS slab was mounted on the protein solution. The
beaker was hermetically sealed with parafilm which allows a negligible
evaporation of the solution during the adsorption process. The PDMS surface
was then thoroughly rinsed with TBS and deionized water respectively, followed
by nitrogen flow dry and kept in a dry box before AFM measurement.
4.3. Results and Discussion
4.3.1. pH Effect on adsorption
The effects of solution pH on protein A adsorption were examined using 1 μg
mL-1 protein A and the adsorption time was 30 min. Figure 4.1 shows the AFM
images (5×5 µm, 15 nm gray scale; inset: 1×1 µm, 15 nm gray scale) before and
after the protein adsorption on the PDMS. The PDMS surface exhibits a smooth
surface (figure 4.1a) before adsorption while distinguished conformations of the
adsorbed protein A can be seen after adsorptions at different pH conditions. The
adsorbed protein A displays a tortuose line-like conformation at pH 2.0 (figure
4.1b), but has two architectures at pH 3.0: tortuose line and dendrites with 2 or 3
tails (figure 4.1c). At pH 5.0, it mainly forms dendritic structures with 3 or 4 tails
(figure 4.1d). The section analysis of each AFM top view numerically shows that
the expanding areas of the adsorbed protein A at pH 2.0 and 3.0 are larger than
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those at pH 5.0. Likewise, the space between the protein clusters is larger at pH
2.0 and pH 3.0 than at pH 5.0. This indicates that protein A adsorbed at pH 5.0
has a denser distribution on the PDMS surface. Since the isoelectric point of
protein A is 5.0, the adsorption in pH 5.0 solution has an environment close to the
IP of the protein, resulting in an almost neutral form of the protein in the solution.
Theoretical modeling based on the adsorption quantity and solution viscometry
reveals that the protein conformation is very compact at the zero-point of charge
(ZPC)169. Thus, the dendritic structure formed at pH 5.0 is due to the compactly
folded domains of protein A, resulting in a higher distribution density to increase
the amount of the adsorbed proteins. The linearly stretching structure of protein
A at pH 2.0 and 3.0 is most likely the result of charged protein molecules that
could induce the intramolecular lateral electrical repulsion to reduce the amount
of the protein adsorption. The adsorption of protein A at pH 6.0 and 8.0 were also
studied (figure 4.1 e, f ), indicating the conformation of the dendritic structure
formed in pH 5 solution changes back to the tortuose line structure as observed in
pH 2.0 and 3.0 solutions. These results reveal that the conformation of the
absorbed protein is simply dependant on the amount of charges, irrespective of
whether they are positive or negative charges.
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Figure4.1. AFM images for 1 µg mL-1 protein A adsorption under different pH solution. a.
bare PDMS, b.pH2.0, c. pH3.0, d.pH5.0.e. pH6.0, and f. pH8.0 The section analysis shows
the protein A layer thickness and density.

4.3.2. Effect of protein concentration on the adsorption
The effect of protein concentration on the adsorption on the PDMS surface was
investigated at pH 5.0 over a range of 10 to 1000 ng mL-1 with adsorption time of
30 minutes. The results are shown in figure 4.2a-c (5×5 µm, 15 nm gray scale;
inset figures: 1×1 µm, 15 nm gray scale). Visible protein clusters were observed
after adsorption in a 10 ng mL-1 protein A solution (figure 4.2a), while the
characteristic dendritic structure occurred with adsorption in the 100 ng mL-1
solution (figure.4.2b) and became denser with adsorption in the 1000 ng mL-1
solution (figure.4.2c). Rms changes introduced by protein adsorptions are plotted
in figure.4.2d, showing 0.7 and 1.29 of Rms after adsorptions in 10 and 100 ng
mL-1 solutions, respectively, before achieving a plateau value of ~1.45 of Rms for
adsorptions in the protein solutions with a concentration of equal to or higher
than 1000 ng mL-1. The thickness of the adsorbed protein layers produced by
different protein concentrations is depicted in the section profile below for every
top view image. Interestingly, the thickness of the adsorbed protein layer via
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adsorption in the 10 ng mL-1 protein solution is ~ 1 nm, which is smaller than the
mean size of 3 nm for protein A in solution, whereas the thickness of the same
protein layer via adsorption in protein solutions equal to or higher than 100 ng
mL-1 increases to 2.5-3.5 nm, which is the same size as that of the protein A in
solution. The result may indicate that the adsorption in a dilute protein solution
for a short time only has partial coverage of protein molecules on the PDMS
surface and could stretch the protein molecule to deform its native conformation
due to its strong interaction with the solid surface. This is supported by the AFM
images in figure 4.2, which shows that the adsorbed proteins from the 10 ng mL-1
(figure.4.2a) solution has less tails and are more stretched than proteins from the
100 and 1000 ng mL-1 solutions. However, the adsorption in higher protein
concentrations had strong protein-protein interactions to inhibit the stretching
effect caused by the interaction with the solid surface, thus tending to keep the
native conformation of the proteins and resulting in the sizes of the adsorbed
status to be the same as their sizes in the solution. This may indicate that the
native conformation of the adsorbed protein could be obtained by an adsorption
in a relatively full coverage of adsorbed protein molecules. In addition, the fact
that the thickness of the adsorbed layer is equal to the protein size in the solution
at the adsorption plateau region may strongly suggest that the adsorbed protein A
could only form a monolayer.
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Figure4.2. AFM images of the deposition solution concentration the at pH5 a. 10ng mL-1, b.
100ng mL-1, c. 1 µg mL-1 and d. Rms plots protein A solution concentration

In this work, a method is employed to quantitatively analyze the adsorption of
protein A on a PDMS surface. The bearing volume of a bare PDMS (V0) and a
protein adsorbed PDMS (Vi) in eq. 4.3 can be obtained from the bearing
analysis35 to represent the protein adsorption by their difference (ΔV= Vi - V0). To
calculate the adsorbed molecule number on the PDMS from eq. 4.3, the volume
of a single molecule (VMV) is needed. It has been proved that VMV of a protein
measured by AFM is in good agreement with that calculated from its molecular
weight based on eq.4.2168,

170

. The VMV of protein A as calculated from its

molecular weight of 45,000 is 85 nm3. The relationship of the adsorbed molecule
number on the PDMS surface (ГM.N.), calculated in terms of eq. 4.3, versus
protein concentration is shown in figure.4.3, demonstrating that ГM.N increases
with the increase of the protein concentration until a saturation value of ~
1.20×104 molecule.μm-2 forms a plateau at the protein concentrations equal to or
larger than 1000 ng mL-1, which is very similar to the relationship of Rms vs.
protein concentrations in the adsorption process, and this indicates that the
maximum adsorption is ~ 1.20×104 molecule.μm-2. The effects of the protein

61

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

concentration on the adsorptions were also examined at pH 3.0 and 7.0, and
similar trends were observed. The characterization of the protein adsorptions
using other methods such as attenuated total reflection 171, solution-depletion160,
and resonant elastomeric surface-tension 172 were conducted in very high protein
concentrations of 0.57-3.04 mg mL-1

171

, 0.1-0.5 mg mL-1 160, and 0.05-0.2 mg

mL-1 172, significantly higher than the range of 1 ng mL-1 to 100 μg.mL-1 used in
this work. It is difficult to use these methods to study the adsorption process in
relatively dilute protein solutions, particularly in very fast adsorption cases. Thus,
the main advantage of AFM measurement for quantitative study of protein
adsorption introduced in this work is its ability to study the adsorption process in
low protein concentrations of the solution and can be used directly to estimate the
absorbed molecule number on a solid surface, obviously due to the high
sensitivity of AFM for the surface characterization.

Figure4.3. Surface molecular concentration vs. protein A bulk solution concentration.

4.3.3. Effect of adsorption time
The effects of protein adsorption times were studied in a 10 μg mL-1 protein A
solution at pH 5.0 for 0.08, 0.25, 0.50, 0.75, 1, 3, 5, 8, 10, 15, 20, 25, 30 and 60
minutes, respectively, and the measured AFM images (5×2.5 µm, 15 nm gray
scale) and AFM section analysis (y-axis: 4.5 nm, x-axis: 800 nm) are shown in
figure.4.4, illustrating a relatively stretched and non-molecule networked
conformation structure (figure.4.4a) for 0.08 minute adsorption. However, as
adsorption times increased, more protein molecules were absorbed, and stronger
molecule-molecule interactions made more networked protein molecules

62

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

(Figure.4. 4b-h). In the measured section profiles, as shown in the insets below
each topography view image in figure.4.4, the peak separation indicates the
distance between adsorbed single or networked molecules for different
adsorption times while the width of the peak (x-dimension) represents the size of
the absorbed species. The large peak separation in figure.4.4a and b indicates less
absorbed protein molecules on the PDMS surface, while it decreases in
figure.4.4c-e due to more adsorbed molecules. Very interestingly, the peak
separation in figure 4.4g, h becomes large again, which is likely due to the
protein-protein interactions at a high adsorbed surface concentration to form a
network. In fact, the AFM images in figure 4.4g and h clearly show the
networked protein molecules like a large “molecule” and then strongly support
the proposed mechanism. The widths of the peaks in the section profiles of figure
4.4 g and h significantly increase in comparison to the others, further
demonstrating that highly concentrated adsorbed protein molecules can interact
with each other for a networked, large “molecule”.

Figure4.4. AFM top view of 10 µg mL-1 at different time a. 5 second, b. 30second, c.1 minute,
d. 5 minute, e.10 minute, f.20 minute, g. 30 minute, and h. 60minute

ГM.N. calculated from eq.4.3 vs. adsorption times is shown in figure.4.5, in
which ГM.N. increased with the adsorption time until a maximum adsorption of
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1.22 ×104 molecule.μm-2 is reached at 10 minutes, which is in agreement with
that obtained by measuring the relationship of adsorption vs. protein
concentration. Dubrovsky et al. developed a Langmuir film of recombinant
protein A which was obtained on a poly-organosiloxane-activated silicon and
quartz substrate surface173, in which the thickness of the adsorbed protein A
monolayer was 4 nm, a value very well in agreement with that measured by
AFM in this work. The protein surface density of the monolayer measured by
microgravimetric measurement41 is 3.67×104 molecule.μm-2, which is larger than
that on the PDMS surface measured by the AFM approach developed in our work.
The difference between the two methods is understandable. Dubrovsky et al. uses
a carboxyl terminus truncated protein A ( M.W.32,000) and a thin film is formed
by covalent immobilization rather than physical adsorption, which should be
larger than that of the adsorbed amount on the PDMS in this work with a larger
protein A ( M.W.45,000) and using a physical adsorption process. In addition, the
use of different substrate surfaces could introduce the different adsorbed amount
of the molecules.

Figure4.5. Surface molecular concentration vs. adsorption time

4.4. Conclusion
This work developed a new approach by using AFM to study the conformation
and kinetics of the adsorption of protein A on the PDMS surface at a molecular
level. Through investigations of the effects of pH, protein concentrations, and
contact times on the adsorption, the results show that the conformation of protein
A is significantly affected by the pH and adsorbed surface concentrations. Protein
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A shows tortuous line shape with adsorption at pH away from isoelectric point
(pI) point of protein A (5.0), while displaying dendrite conformation at pH equal
to pI of the protein (5.0), which is ascribed to the electrical repulsion effect of
charged protein molecules in the solution with pH away from pI. High adsorbed
surface concentration of protein A is found to form networks like a large
“molecule” from a number of single molecules. The results also reveal that the
protein A produces a monolayer film with a maximum adsorption of 1.22 ×104
molecules.µm-2. This work demonstrates that AFM is able to study the kinetics of
an adsorption process in relatively low concentrations of proteins due to its high
sensitivity.
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Chapter 5 Efficient probe immobilization on PDMS for sensitive
detection of protein
5.1. Introduction
Surface modification by a silanization reaction has been established in
numerous fields of bionanotechnology, especially in the field of biomaterials,
where cellular adhesion and proliferation often need to be promoted for better
biocompatibility107, 174. To date, the silanization studies have been focused on
glass and silicon73, 175. There are a wide range of reaction conditions used to
deposit APTES films. Usually, devices fabricated in either glass, fused silica, or
silicon (Si/SiO2) can be conveniently used to explore silane-based surface
modification chemistries. In the case of APTES modified glass, the reaction is
self-catalyzed by the amine group of APTES. For this case, rapid hydrolysis of
APTES produces ethanol and trisilanols. The Si-C bond is hydrolytically stable
and the aminopropyl group will not be cleaved, while the transient silanol
groups will condense with other silanols to yield aminopropyl-functional resins.
Following the trend of APTES deposition on glass or silicon, special treatment
could be done on PDMS, such as oxygen plasma, or UV irradiation to generate
silanol groups on the PDMS100. However, energy sources such as plasma99,
ultraviolet light101, and corona discharges tend to roughen the surface and leads
to physical damage to the surface of the PDMS, producing “cracks” or other
microstructures on the surface. Therefore, ambient methods are highly desirable.
In this study, a simple surface functionalization approach was developed. The
surface of the PDMS was functionalized with amine groups by APTES
adsorption.
The covalent immobilization of proteins on PDMS has not been carefully
investigated for ELISA applications. In this work, the amino-groups grafted on
PDMS can be activated by succinic anhydride to import carboxylic groups on
the PDMS. The activated PDMS surfaces were explored as solid support for the
inhibition competitive ELISA method and the sandwich ELISA method. The
topographies of the solid PDMS surfaces with different immobilization
approaches were studied by AFM to further characterize the bioconjugation
effects. Finally, an APTES-PDMS surface was employed for HLA molecule
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detection in two groups, namely, healthy peripheral blood mononuclear cell
(PBMC) and malignant dermatoid carcinoma cell.
5.2. Preparation and measurement
5.2.1. PDMS functionalization
Amino-group functionalized PDMS
APTES was used to modify the PDMS in order to introduce amino-groups onto
the PDMS. Experimentally, the PDMS surface was exposed to APTES solutions
of 75%, 50%, 25%, 10%, and 5% (V/V, APTES/ethanol). The reaction times
tested were 1, 5, 10, 15, 30, 45, 60, and 120 minutes. After reaction, the APTES
solutions were emptied and the free APTES was washed off by ethanol twice, for
3 minutes each time. After ethanol washing, the APTES treated PDMS was
washed by DI water twice, for 2 minutes each time. The PDMS sample was then
dried under a nitrogen flow and baked at 100℃ in a vacuum oven for 2-4 hours.
The APTES treated PDMS was characterized using FTIR (chapter3, section
3.1.2.1) and AFM force measurement. Ninhydrin test and fluorescamine assay
(chapter3, section 3.1.2.5) were conducted to quantify the amino groups on the
APTES treated PDMS. In the following sections of this text, the APTES
functionalized PDMS is named as NH2-PDMS.
Carboxylic groups functionalized PDMS
To implant carboxylic groups on the PDMS surface, the APTES modified
PDMS was further treated using succinic acid anhydride (SAA). On nucleophilic
attack, the anhydride yields one carboxylic acid for every acrylated product. For
SAA, a dicarboxylic acid, on reaction with a nucleophile, the ring structure of the
anhydride opens, forming the acrylated product modified to contain a newly
formed carboxylate group. In the experiment, the PDMS/APTES patches were
placed into a 50 mg mL-1 SAA solution, while using 3 M NaOH to keep the
solution stable at pH 6.0. The reaction was allowed to take place for 2 hours at
room temperature. The patches were then rinsed with a 0.05 M pH 5.0
phosphate-citrate buffer and dried under a nitrogen flow. The SAA treated PDMS
was characterized using FTIR and AFM force measurement (chapter3, section
3.1.2.1). The surface carboxylic groups were quantified using the toluidine blue
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O test (chapter3, section 3.1.2.5). In the following sections of this text, the SAA
activated APTES-PDMS is named as COOH-PDMS.

R

NH 2

O

O

O

R

H
N

O
O-

O
aminde
bond
and COOH forming
succinic
anhydride
amine surface
Figure5.1. PDMS functionalized by carboxylic groups

5.2.2. Competitive ELISA on PDMS
Carboxylic groups functionalized PDMS were used to prepare the
immune-solid phase for competitive ELISA application. To demonstrate
competitive ELISA on the COOH functionalized PDMS surface, a covalent
probe immobilization approach was used. The experimental conditions are
summarized in table 5.1. The competitive ELISA experimental procedure is
described in chapter3, section 3.1.5.1. The reaction conditions were optimized in
terms of probe and enzyme-linked antibody solution concentration, blocking
reagent, and competitive reaction time.
Table5.1. Parameters of competitive ELISAs on PDMS surfaces
probe
probe
competitive
enzyme-linked
solution
immobilization
analytes
antibody
concentration
5.6µg mL-1
pristine PDMS
11.2µg mL-1
passive adsorption
-1
NH2-PDMS
11.2µg mL
to 5.6pg mL1:20.000
1
COOH-PDMS covalent immobilizatin 10 fold
1.1µg mL-1
ion EDC/NHS
dilution

solid
surfaces

5.2.3. Sandwich ELSIA for gp120 detection
Sandwich ELISA (chapter3, scheme 3.5) was conducted to measure gp120 in
human serum. To construct the sandwich ELISA system as illustrated in scheme
3.5, the immobilized probe was rabbit anti-gp120 antibody, the analyte was the
gp120 diluted in human serum, and the enzyme labeled antibody was biotin
conjugated goat anti-gp120 antibody. In immune-sorbent phase preparation,
pristine PDMS, NH2-PDMS and COOH-PDMS were exposed to probe solutions.
The probe immobilization conditions are listed in table 5.2. Probes were
passively adsorbed on pristine PDMS and NH2-PDMS surfaces. EDC/NHS
medicated protein immobilization approach was used to covalently immobilize
probes on COOH-PDMS. The analytes, gp120 diluted in human serum ranging
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from 1 pg mL-1 to 100 µg mL-1, were added on the probe-immobilized surfaces to
incubate for an hour. To detect the probe captured gp120, biotin conjugated
anti-gp120 antibody was added with the concentration of 2 µg mL-1. Finally,
HRP labeled streptavidin (5 µg mL-1 in TBST) was used to detect biotin
conjugated anti-gp120 antibody. As described in chapter 3, section 3.1.5.1, the
HRP substrate TMB was introduced into the reaction system and the TMB signal
was quantified as A450 by the ELISA reader.
Table5.2. Parameters of sandwich ELISAs for gp120 detection
solid
probe
anti-gp120
gp120
bition-anti
surfaces
immobilization
antibody
gp120
pristine PDMS
10µg mL-1
from 100µg
passive adsorption
NH2-PDMS
mL-1 to 1
10µg mL-1
2 µg mL-1
pg mL-1, 10
COOH-PDMS
covalent immobili
-1
fold
10µg mL
zation EDC/NHS
dilution

5.2.4. HLA-molecules detection on COOH-PDMS
Dermatoid carcinoma cell
Dermatoid carcinoma cells were cultured in Eagles’ medium. After harvesting
and washing in sterile PBS, the cell density was adjusted to 1×107 mL-1.
Sulfo-NHS-S-S Biotin was added to the cell suspension at a concentration of
1mg mL-1. Cells were incubated at 4℃ for 60 minutes for surface protein
biotinylation. The cells were then washed three times with cold Tris-HCl, pH 7.4
to quench the reaction and remove the excess NHS. The biotin-labeling cells
were lysed at 4 ℃ in PBS with 1% Triton X-100. Lysed cell suspensions were
incubated on ice for 15 minutes and then centrifuged at 1000 rpm for 5 minutes at
4 ℃ to remove the intact nuclei. The supernatant was collected for direct ELISA
test.
Peripheral blood mononuclear cell isolation
The blood samples from healthy people were centrifuged at 20 ℃ in a
horizontal rotor for 25 minutes at 2000 rpm. After centrifugation, mononuclear
cells and plates were formed in a whitish layer just under the plasma layer. The
cell layer was collected with a pipette and transferred into a 15 mL size centrifuge
tube. PBS was used to bring the final volume to 10 mL. After centrifugation for
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15 minutes at 1000 rpm, the supernatant was collected by careful aspiration. The
cell pellet was then re-suspended by PBS and the wash steps were repeated. The
harvested PBMC was put through the biotinylation process to labeling the
surface protein, as described in the sections above. The harvested supernatant
was collected for ELISA experiments.
ELISA on COOH-PDMS
First, the COOH-PDMS was activated by EDC/NHS mixture as described in
chapter 3. Four kinds of protein probes, namely anti-human HLA-I antibody,
anti-Human

HLA-A2

antibody,

anti-HLA-DR

antibody

and

anti-β2-microglobulin antibody were then added on the EDC/NHS activated
COOH-PDMS. The concentrations of the probes are listed in table 5.3. The
cross-linking process was kept for 1 hour at room temperature, and stopped by
Tris-HCl buffer washing. The probes coated surfaces were then immersed in a
1% BSA solution to incubate for 2 hours at 37℃ to block unoccupied surfaces.
The prepared probes immobilized PDMS solid phases were exposed to the
collected biotinylated PBMC and dermatoid carcinoma cell supernatants. The
captured biotinylation HLA-I molecules reacted with the HRP-labeled
streptavidin. Finally, the HRP enzymatically catalyzed the TMB to develop a
blue color. The absorbance of the enzymatic substrate retrospectively evaluates
the quantity of the HLA-I associated molecules.
Table5.3. Parameters for HLA-molecular detection
HLA-molecular
HLA-I
HLA-A2
HLA-DR
probe concentrations
anti-HLA-A2
anti-HLA-DR
anti-HLA-I:
-1
100µg mL-1
100µg mL-1 100µg mL
Supernatant of PBMC
1:100
Supernatant of DCC
1:100

β2m
anti-β2m
100µg mL-1

5.3. Results and discussion
5.3.1. Surface characterization of modified PDMS
The PDMS surfaces were characterized using FTIR, contact angle and AFM
force curve measurement. The surface density of the functional groups was
quantified by fluorescaimine assay and a toluidine blue O test.
First, the FTIR spectra of the APTES adsorbed PDMS was recorded (figure
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5.2). The spectra recorded on the modified solid surface were always compared
to spectra obtained from pristine PMDS (figure 5.2a), in which the peaks at 2964,
1259, 1015, and 851 cm-1 should be assigned to -methyl CH, -CH3, Si-O-Si and
Si-C124 respectively. The APTES treatment resulted in the presence of a peak at
1650-1560 cm-1 which is assigned to -NH. The presence of nitrogen on the
surface of APTES-treated PDMS suggests successful chemical grafting of
aminosilane to the PDMS surface. Figure 5.2c represents the IR spectra of the
SAA activated surface where a significant change appears at 1640-1580 cm-1
which indicates the –C=O group. IR spectra also show that SAA activation is
characterized by a broad band at 3650-3300cm-1 which is assigned to the
carboxyl group.

Figure5.2. FTIR spectra from different solid surfaces

Table5.4. Comparison of FTIR spectral in each of the modification steps
Peak assig
SAA-activated
APTES-PDMS
pristine PDMS
nment
APTES-PDMS
NH2
1563,
―
carboxylic
3450
―
―
acid -OH
methyl CH
2970
2973
2973
carboxylic
1690-1580
―
―
acid –C=O
1265
1259
1259
CH3
Si-O-Si
1015
1015
1015

AFM force measurement was conducted to probe the surfaces chemical groups
by measuring the AFM tip-surface interaction in different pH buffers. In the
experiments, triangular silicon nitride cantilevers were used with a force constant
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of 0.05 N/m. Force measurements were obtained in an open liquid AFM cell
(Vecco Instruments, USA).
First, force measurements were conducted on pristine PDMS in aqueous
solutions at pH 2.2, 5.0, 7.0, and 9.6 (0.01 M NaCl). For each solution, force
measurements were conducted at five randomly selected spots, with 16 curves
for each spot. The characteristic retrace curves for each pH condition are
presented in figure 5.3a. The force curves in figure 5.3a have similar shapes; they
differ in the factor of deflection distance, d, which decreases along with the
increase of the solutions’ pH value. In the case of the NH2-PDMS surface, the
deflection distance at pH 5.0 is the largest one (figure 5.3b). For the
COOH-PDMS surface, the maximum d is at pH 2.2 (figure 5.3c).

Figure5.3. Force curves for different PDMS surfaces, a. pristine PDMS, b. NH2-PDMS, and
c. COOH-PDMS

The adhesive forces between AFM tips and different PDMS surfaces were
calculated based on eq. 3.1 (chapter 3. section 3.1.2.3). Figure 5.4 shows the
adhesive force between the tip and surfaces under different pH conditions. The
adhesive force decreases continuously along increasing pH values for the pristine
PDMS surface. The decreasing trend can also be observed for the COOH-PDMS
and the change tendency is much more significant. However, the force-pH plot
shows a volcano-like curve and peaks at pH 5.0. Considering the isoelectrical
point of Si3N4 tip is pH 5-6, thus at different pH the tip keeps a different charge; it
is positively charged when pH is lower than 5.0 and negatively charged when pH
is higher than 6.0. However, the NH2-PDMS is characterized with IP of NH2
which is positive at all the measurement pH conditions. Meanwhile,
COOH-PDMS is negatively charged at pH values higher than 2.2. The charge
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status of the tip and the surfaces affect the electrostatic force between them. It
was noticed that the change of adhesive forces for the pristine PDMS is similar to
that for the COOH-PDMS. Therefore, groups other than the neutral CH3 group
may exist that display characteristics of the carboxylic group on the pristine
PDMS surface. It has been proved, by MS study, that there are Si-OH groups on
the pristine PDMS which are helpful in explaining the decrease of adhesive
forces in figure 5.4. Therefore, the AFM force measurement provides
supplementary chemical information for functionalized surfaces.

Figure5.4. Force curve on APTES-PDMS surface: (□) pristine PDMS, (○) COOH-PDMS,
and(Δ) NH2-PDMS

To optimize the APTES adsorption conditions, the APTES concentration and
APTES/PDMS reaction time were studied. In the experiments, different
concentrations of the APTES solution were prepared by diluting the APTES with
ethanol (APTES/ethanol v/v: 75%, 50%, 25%, 10%, and 5%). The
APTES/PDMS reaction times were for 120, 60, 50, 40, 30, 20, 10, and 5 minutes.
Based on the calibration curve of fluorescamine assay which was presented in
chapter3, figure3.5, the surface NH2 are expressed as the surface NH2
concentration (ГNH2, mol cm-2). The ГNH2 of the PDMS, modified with different
reaction conditions, is shown in figure 5.5. It was observed that ГNH2 increases
sharply during the first 30 minutes of the reaction for all APTES concentrations.
The ГNH2 keeps increasing at APTES concentrations of 5% and 10%, and does
not reach a maximum value after 2 hours of reaction. The ГNH2 increases slowly
for 30-60 minutes of the reaction time and no increase are observed after 60
minutes of reaction at APTES concentrations of 25% and 50%. For APTES
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concentration of 75% APTES, ГNH2 reaches a maximum value after a 60 minute
reaction and decreases slightly for reaction times longer than 60 minutes. In the
following experiments to prepare the NH2-PDMS, 50% APTES was used to treat
the PDMS for 30 minutes.

Figure5.5. NH2 surface concentration of PDMS with different APTES adsorption conditions

Based on the results shown in figure 5.5, 5%, 10% and 25% APTES were
chosen to investigate APTES adsorption kinetics, since these represent different
stages of immobilization versus concentration; further results are shown in figure
5.6. For APTES adsorption on the PDMS surface, a simple and reversible
process is proposed:

A+ B

ka

AB
kd
where A is the APTES in solution, B is the PDMS surface, AB is the adsorbed
APTES, ka is the association rate constant, and kd is the dissociation rate
constant, The AB formation rate can be expressed as follows53, 156:

d [ AB] / dt = k a [ A][ B]t − k d [ AB]
because
[ B]t = [ B]0 − [ AB]
thus,

d [ AB] / dt = k a [ A]([ B]0 − [ AB]) − k d [ AB]
[5.1]
where [AB] and [A] are the concentrations of AB and A, respectively, and [B]0
represents the concentration of B at time zero. Let fluorescence intensity
represents the concentration of complex AB on the film surface and denote as R;
therefore,
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E* = k a [ A]Rmax /(k a [ A] + k d )
and

k s = k a [ A] + k d
Equation 5.1 can be further transformed into
Rt = E * (1 − e − k st ) + R0
where R0 is the response at t=0, E* is activation energy.

[5.2]

[5.3]

On the basis of eq.5.3, the values of ks, E*, and R0 were calculated by fitting the
binding curves of a set of concentrations of the APTES (figure 5.6). The values of
ka and kd calculated from the fitting equation are 4.45×10-4 M-1s-1 and 2.19×10-5
s-1, respectively.

Figure5.6. APTES adsorption curves: (□) 25% APTES, (○) 10% APTES, and (Δ) 5%
APTES

For SAA activation of the NH2-PDMS, the SAA concentration and reaction
time were optimized. In the experiments, different concentrations of SAA were
tested while the activation times were varied. The density of COOH on the
functionalized PDMS surface was determined using the toluidine blue method.
Based on the calibration curve of toluidine blue method which was presented in
chapter3, figure3.7, the COOH are expressed as surface COOH concentration
(ГCOOH, mol cm-2). The ГNH2 of SAA activated APTES-PDMS surface was
quantified by fluorescamine assay. Figure 5.7a shows the ГNH2 and ГCOOH of SAA
activated 50 % APTES adsorbed PDMS. The figure shows that ГCOOH increases
from ~2.5 ×10-8 mol cm-2 to ~5.0 ×10-8 mol cm-2 when the SAA concentration
increases from 10 mg mL-1 to 50 mg mL-1. There is no significant ГCOOH variation
for SAA concentrations higher than 50 mg mL-1 (from 50mg mL-1 to 100mg
mL-1). Interestingly, the ГNH2 on SAA activated PDMS shows a decreasing trend:
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the ГNH2 is ~1.35 ×10-7 mol cm-2 for the 10 mg mL-1 SAA treated surface, and
~1.10 ×10-7 mol cm-2 for the 50 mg mL-1 SAA treated surface. In the following
experiments to prepare the COOH-PDMS, 50 mg mL-1 SAA was used to treat
APTES-PDMS for 2 hours.

Figure5.7. ГNH2 and ГCOOH of SAA activated APTES-PDMS: (□) surface COOH, (○) surface
NH2

5.3.2. Competitive ELISA on PDMS surfaces

The functionalized PDMS was applied to immunoassays. First, the reaction
conditions of the ELISA, such as the blocking reagent conditions, reaction time,
probe concentration and enzyme tracer concentration, were optimized. Based on
the optimized experiment, a competitive ELISA was successfully conducted for
rabbit IgG detection.
Blocking reagent effect

Blocking is one of the important strategies in ELISA and is employed to avoid
false positive results by reducing non-specific binding on the un-related proteins.
To find out the best blocking effect experimentally, six blocking reagents, 1%
BSA, 1% human serum albumin, 1% chicken serum albumin, 0.5% BSA + 0.5 %
casein, 3% BSA, and 1% casein were screened by direct ELISA. Experimental
results demonstrate that the best blocking capability on a PDMS solid-surface is
given by 1% BSA in TBS. It is known that high temperatures accelerate
biological interactions, and is often used to reduce the reaction time of biological
or chemical reactions. Incubation times for all blocking reagents were tested for 2
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hours at 37 ℃ or overnight at 4 ℃ respectively. Experimental results
demonstrate that both conditions have similar blocking performance. Thus, for
reduction of the assay time, the blocking conditions used in all other
immunoassay experiments were 1% BSA at 37 ℃ for 2 hours.

blocke
r
37℃, 2h
4℃overnight

T

Table5.5. A450 at different blocker prepared direct ELSIA
1%BSA
1%HSA
1%CSA
1%casein 3%BSA
0.10±0.01
0.09±0.01

0.16±0.05
0.15±0.03

0.21±0.03
0.20±0.04

0.13±0.04
0.12±0.02

0.10±0.02
0.09±0.03

0.5%
BSA/casein
0.14±0.03
0.13±0.01

Antibody and enzyme tracer concentration

In competitive assays, the lower the concentrations of the antibody and the
tracer, the better the sensitivity since the analyte ‘competes’ more effectively
when reagent concentrations are low. However, low reagent concentrations give
low signals with high variability. Thus the concentrations of the antibody and the
tracer should be optimized. The saturating conditions were first determined via a
non-competitive chessboard titration method over a wide range of protein
concentrations. From the results of the chessboard titration (table 5.4), it can be
read that the signal is decreasing along with the decrease in the immobilized
antigen concentration. The enzyme labeled antibody concentration is also related
to the signal. The optimal antigen immobilization concentration is 11.2 µg mL-1,
while the enzyme labeled antibody titration is 1:5000.

*

Ab
Ag
112μg mL-1
11.2μg mL1.12μg mL-1
112ng mL-1
11.2ng mL-1
1.12ng mL-1
112pg mL-1
0

Table5.6. A450 of chessboard titration
1:2500
1:5000
1:10,000
1:20,000
1.89±0.54 1.94±0.82
1.34±0.21
0.82±0.35
1.63±0.86 1.74±0.25
1.37±0.45
1.03±0.85
1.50±0.63 1.30±0.15
0.95±0.85
0.75±0.18
0.37±0.41 0.33±0.10
0.26±0.58
0.24±0.11
0.11±0.53 0.11±0.05
0.10±0.07
0.10±0.05
0.09±0.06 0.09±0.05
0.08±0.05
0.10±0.03
0.08±0.08 0.08±0.04
0.08±0.01
0.08±0.02
0.07±0.02 0.07±0.01
0.07±0.01
0.07±0.02

1:40,000
0.52±0.21
0.73±0.34
0.56±0.18
0.23±0.09
0.09±0.05
0.08±0.02
0.08±0.03
0.08±0.02

Optimized concentrations in a narrow range were then combined and examined
by competitive assays. In all cases, the minimum absorbance (background signal)
obtained with excess of analytes was approximately zero. The parameters of the
inhibition competitive ELISA are shown in table5.1.
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Reaction time

In the competitive ELISA, the influence of the off-spot incubation time of the
competitive mixture was first investigated for incubation time effects. The
competitive mixtures were incubated for different off-spot times of 0, 10, and 30
minutes, before being added onto the PDMS surfaces. The experimental results
show that off-spot incubation times had insignificant effects on the assay results
(table 5.7). This indicates that the competition degree is mainly determined by
the amount of the competitive protein, and not by the off-spot incubation time.
Table5.7. A450 of different off-spot incubation time
T
0in
10min
30min
Ag
-1
56μg mL
0.51±0.04
0.47±0.04
0.40±0.02
5.6μg mL-1
0.57±0.03
0.51±0.02
0.45±0.02
0.69±0.05
0.56±0.03
0.56±0.03
560ng mL-1
-1
56ng mL
0.77±0.04
0.71±0.03
0.67±0.02
5.6ng mL-1
0.80±0.05
0.81±0.05
0.76±0.03
0.85±0.03
0.86±0.03
0.86±0.04
560pg mL-1
56pg mL-1
0.87±0.03
0.90±0.04
0.92±0.04
0
0.94±0.03
1.11±0.03
1.00±0.03
c

The second time factor investigated was the time the competitive mixture
reacted with the immobilized probes. Reaction times of 15, 30, 45, 60, and 120
minutes were tested. Experimental results show that a 45 minute reaction time
had the best performance (table 5.8.).

c

T
Ag
56μg mL-1
5.6μg mL-1
560ng mL-1
56ng mL-1
5.6ng mL-1
560pg mL-1
56pg mL-1
0

Table5.8. A450 of different Ag-Ab incubation time
15min
30min
45min
60min
0.51±0.04
0.47±0.04
0.40±0.02
0.34±0.03
0.57±0.03
0.51±0.02
0.45±0.02
0.44±0.03
0.69±0.05
0.56±0.03
0.56±0.03
0.55±0.02
0.77±0.04
0.71±0.03
0.67±0.02
0.69±0.03
0.80±0.05
0.81±0.05
0.76±0.03
0.81±0.02
0.85±0.03
0.86±0.03
0.86±0.04
0.85±0.03
0.87±0.03
0.90±0.04
0.92±0.04
0.94±0.03
0.94±0.03
1.11±0.03
1.00±0.03
1.10±0.02

120min
0.37±0.02
0.39±0.03
0.50±0.02
0.65±0.02
0.70±0.02
0.87±0.03
0.89±0.03
0.93±0.02

Competitive ELISA results

Towards construction of the ELISA, covalent methods were used to
immobilize the probes on the functionalized PDMS surfaces. In experiments,
the EDC/NHS approach was conducted to immobilized probes on
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COOH-PDMS; the immobilization reaction is illustrated in chapter 3. Using the
optimized immunoassay reaction conditions discussed above, competitive
ELISA were carried out to detect rabbit IgG, rat IgG, goat IgG, and human IgA.
Figure 5.8 shows the typical dose-response curve obtained from the competitive
immunoassay for rabbit IgG detection. In figure 5.8, the curve (a) represents the
absorbance changes measured with the rabbit IgG immobilized on pristine
PDMS, and curve (b) shows the absorbance changes on NH2-PDMS. They
show that the absorbance values obtained from the immobilization via passive
adsorption methods (a, b) are lower than those obtained from bioconjugation
via the covalent immobilization method (c), where the immobilization protein
concentration employed in the experiments was 1.12 µg mL-1, which was 10 fold
lower than the concentration used in the passive adsorption method
immobilization. The lowest protein that can be distinguished from the test is 5.6
pg mL-1 with 27% inhibition.

Figure5.8. Inhibition competitive ELISA results obtained from protein immobilized
(□) pristine PDMS, (○)NH2-PDMS, and(Δ)COOH-PDMS

As an indicator of the quantity of the immobilized protein on the solid-surface
and the enzyme-linked antibody, the absorbance can be used as the factor to
evaluate the efficiency of the immobilization product. Covalent immobilization
method, EDC/NHS, surpasses the passive adsorption in inhibition percentage
and absorbance aspects. The results obtained with the immunoassay are well in
agreement with that observed from AFM topographies for protein
immobilization on different PDMS solid surfaces. In the AFM experiment, the
samples for characterization were prepared according to the method described in
chapter 3.5. 11.2 µg mL-1 rabbit IgG solution was used for protein
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immobilization on solid surfaces. Figures 5.9 (a) and (b) are the AFM images of
protein passively adsorbed onto the pristine PDMS and NH2-PDMS surfaces,
respectively, while figure 5.9 (c) is the AFM image of protein covalently
immobilized onto COOH-PDMS. Figure 5.9 (a) shows the surface after
incubation in 11.2 µg mL-1 rabbit IgG solution for 1 hour at room temperature.
Although protein can be observed on the solid surface, significant
conglomeration dominates the whole surface morphology. This is mainly due to
the highly hydrophobic PDMS surface that was ready to interact with the
hydrophobic groups of the protein. The agglutination of the proteins could either
denature or impair the function of the PDMS based structure. Figure 5.9 (b) is the
result of protein passive adsorption onto a NH2-PDMS surface. Apparently, there
is no significant protein immobilization observed, indicating poor protein
immobilization capability in the direct passive protein adsorption on the
APTES-PDMS substrate. In figure 5.9 (c), the morphology characteristics are
obviously different from (a) and (b). More protein immobilization can be
observed on the solid surfaces in (c), in which case the protein was covalently
immobilized on the SAA activated APTES-PDMS surface. Figure 5.9 (c) shows
that the immobilized protein is uniformly distributed on the PDMS solid surface.
The AFM morphology demonstrates that SAA generated sufficient carboxyl
groups to react with the heterobifunctional cross-linker EDC, which could bridge
the amino groups of the protein and carboxyl groups on the solid surface for
higher and more uniform probe immobilization. AFM based experimental results
demonstrate that AFM is a powerful tool for directly investigating biomolecular
interactions at the molecular scale.

Figure5.9. AFM images (5×5 μm, 15 nm gray scale) of PDMS (a) protein passively
adsorbed on to pristine PDMS surface, (b) protein passively adsorbed onto PDMS-APTES
surface, and (c) SAA/EDC immobilized protein (rabbit IgG).
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5.3.3. gp120 ELSIA detection

The gp120 is a glycoprotein exposed on the surface of an HIV envelope. The
human immunodeficiency virus (HIV) can mutate frequently to stay ahead of the
human immune system. Fortunately, there is a highly conserved region in the
virus genome near its receptor binding site. The glycoprotein gp120 is anchored
to the viral membrane through non-covalent bonds along with gp41, both coming
from a cleaved protein, gp160176. It infects any target cell with a CD4 receptor,
particularly the TH cell, by binding to that receptor. Gp120 analysis is important
because immune escape mechanisms have been assigned to the extensive
glycosylation of HIV-1 envelope gp120177. For detection and quantification of
gp120, any specific anti-gp120 antibody can be used, provided that it is able to
recognize the particular gp120 protein under evaluation and has a high enough
affinity. The bound antibody is then detected using an enzyme-labeled
anti-antibody of appropriate specificity178, 179.
Towards the construction of a sandwich ELISA for gp120 detection, a
covalent method (EDC/NHS) was used to immobilize the probes (anti-gp120
antibody) on a COOH-PDMS surface. For comparison purposes, probes were
passively adsorbed on pristine PDMS and NH2-PDMS (table 5.2). A chessboard
titration procedure, similar to that described for competitive ELISA in the
previous section, was conducted to find the optimal probe and enzyme-linked
antibody solution concentrations. The typical dose-response curve obtained
from the sandwich immunoassay for gp120 detection is shown in figure 5.10,
where the curve (a) represents the absorbance changes measured with
anti-gp120 antibody immobilized on a pristine PDMS, and curve (b) is the
absorbance changes on the NH2-PDMS. They show that the absorbance values
obtained from the immobilization by the passive adsorption methods (a, b) are
lower than those obtained from bioconjugation via the covalent immobilization
method (c). More importantly, the slope of the dose-response curve (c) is
significantly larger than the slopes of curves (a) and (b), which means that the
sensitivity of the ELISA on the COOH-PDMS is higher than that of passive
adsorption based assays on either a pristine PDMS or on the NH2-PDMS. The
lowest detection limit of the assay based on the EDC mediated probe
immobilization is 100 pg mL-1; the detection range is over 4 orders of magnitude,
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from 100 pg mL-1 to 100 ng mL-1.

Figure5.10. Sandwich ELISA results for gp120 detection Linear fit: (□) pristine PDMS:
(○)NH2-PDMS:
y = −0.1 + 0.162 x, R = 0.986
y = −0.623 + 0.208 x, R = 0.999
(Δ)COOH-PDMS: y = 0.019 + 0.0.109 x, R = 0.993

5.3.4. HLAs detection on COOH-PDMS

The major histocompatibility complex (MHC) is a large genomic region or
gene family found in most vertebrates. It plays an important role in the
immunosystem, autoimmunity, and reproductive success180,

181

. The human

leukocyte antigen (HLA) system is the name of the human MHC182. The
immune system uses the HLAs to differentiate self cells and non-self cells183, 184.
Studies with a broad panel of monoclonal antibodies (mAbs) in cryopreserved
tissue sections indicate that a high frequency of HLA down regulation occurs in
human cancer185. Cervical carcinomas show a 70% reduction in HLA molecules
and the loss of HLA-B44 in premalignant lesions is associated with tumor
progression186, 187. These data seem to indicate that HLA changes occur early in
tumor development, and the selection of HLA-defective tumor clones confers an
advantage that is preserved throughout the life of the tumor cells. The assessment
of the frequency of HLA class I antigen loss or down regulation in various types
of malignancies has biomedical significances for immunological events in their
pathogenesis and in their clinical course. In this experiment, four antibodies
(anti-human HLA-I antibody, anti-Human HLA-A2 antibody, anti-HLA-DR
antibody

and

anti-β2-microglobulin

antibody)

were

immobilized

on

SAA-activated APTES-PDMS. The absorbance data in figure 5.16 clearly shows
that healthy PBMC has a stronger signal compared to malignant dermatoid
carcinoma cells.
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Figure5.11. HLA protein detection on SAA-activated PDMS: the left column of each group
represents the data from the healthy PBMC, the right column of each group represents the
data from dermatoid carcinoma cell.

5.4. Conclusion

A simple adsorption approach was developed to graft APTES onto the PDMS
surface. FTIR and AFM force curves proved that APTES adsorption can
immobilize amino groups onto PDMS surfaces. SAA was employed to import
COOH groups on the APTES-PDMS. The COOH-PDMS surfaces were
explored as solid support for inhibition competitive ELISA method and
sandwich ELISA. The optimization of immobilized probe concentration and
incubation time for sensitive immunoassay was conducted. The detection limit
using a simple and efficient protein immobilization method was reached at 5.6 pg
mL-1. This detection limit is sensitive and could have wide applications in
clinical diagnostics. The topographies of the solid PDMS surfaces under different
immobilization approaches were studied by AFM to further characterize the
bioconjugation effects. Finally, the APTES-PDMS surface was successfully
employed as the solid substrate for HLA molecule detection in two groups,
namely healthy PBMC and malignant dermatoid carcinoma cell. The surface
immobilization methods reported here could provide a great potential approach
to building a PDMS based ELISA lab-on-chip system for clinical diagnostic
applications.
However, the APTES functionalized PDMS surface is characterized by a
contact angle of 84.7º, which means that the surface is not hydrophilic. The
research work should aim to improve the hydrophilicity of the PDMS.

83

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 6 Poly (vinyl alcohol) functionalized poly
(dimethylsiloxane) solid surface for immunoassay
6.1. Introduction

This chapter developed an approach to covalently immobilize poly (vinyl
alcohol) (PVA) on PDMS surface to suppress non-specific adsorption. The PVA
functionalized PDMS was used towards the development of a solid phase
material for sandwich ELISA. In addition, flow-through immunoassays were
successfully demonstrated with the detection of HBsAg, HBeAg and α-FP in the
PVA-functionalized PDMS microfluidic devices.
Surface modification is generally considered as an applicable method to
improve the biocompatibility of a substrate surface96. Tethering of polymers to
solid surfaces via chemical bonding provides an interesting way to modify the
surface properties and is therefore of significant interest in applications such as
wettability, nonfouling surface technology, and biomedical science98. Polymer
coatings designed to reduce protein adsorption have been used to modify a
variety of polymeric substrates. Among them, long flexible hydrophilic
polymers can provide a beneficial microenvironment for the immobilization of
various biological macromolecules. Hydrophilic matrices have been put in use
to improve the performance of batch immunoassays like ELISA188. Poly (vinyl
alcohol) or PVA is one of the most hydrophilic polymers with stable chemical
properties, good dissolution and strong adhesion power. PVA surface coatings
have attracted much interest in recent years. For example, although numerous
hydrophilic capillary coatings have been developed for microchip capillary
electrophoresis, those based on PVA have proven to exhibit particularly good
performance189-191.

Although

some

research

have

been

successfully

demonstrated on various hydrophobic polymer surfaces, such as poly- (styrene)
and hydrophobic self-assembled monolayer surfaces prepared on silicon, it has
been reported that PVA has no obvious adsorption on an original PDMS surface.
In addition, it is very difficult to produce homogeneous PVA films on a
hydrophobic surface via adsorption. Nevertheless, PVA can be adsorbed on
oxygen plasma treated PDMS since the resulting surface possesses a highly
hydrophilic layer with hydroxyls, silanols, and carboxylic acids. Hydrogen
bonding, instead of hydrophobic interaction, is probably the dominant driving
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force for PVA adsorption on such treated PDMS surfaces191.
Hepatitis B virus (HBV) infection is a serious global health problem, with a
billion people infected worldwide, and 350 million people suffering from chronic
HBV infection. In Asia and most of Africa, chronic HBV infection is common
and usually acquired perinatally or in childhood192. Thus, making a correct
diagnosis of HBV infection will be important for hepatitis B therapy and
hepatocellular carcinoma prevention. HBV markers which can be used
diagnostically to monitor an HBV infection include HBs Ag, HBeAg, IgM
anti-HBc, total anti-HBc, anti-HBe and anti HBs. In general, it costs 30-50
Singapore dollars for a set of blood tests. The patients have to wait 6-8 hours to
obtain the test results. Thus, it is desirable for microchip-based immunoassays to
do the screening test with the faster analysis times, smaller amounts of required
samples, and good portability.
The PVA-functionalized PDMS surface was prepared and characterized by
AFM and contact angle. Effects of the PVA in ELISA were characterized in terms
of protein specific immobilization, non specific bonding and ELISA sensitivity.
PVA-functionalized

PDMS

microfluidic

devices

were

fabricated

and

characterized for the detection of HBsAg, HBeAg and α-FP in human serum.
6.2. PVA-PDMS preparation and applications
6.2.1. Preparation of PDMS-PVA Solid Substrate

Amino groups on APTES immobilized PDMS solid surface may be reacted
with the bis-aldehyde compound glutaraldehyde to form activated derivatives
that are able to cross-link with PVA. The reaction process for this modification is
shown at figure 6.1.
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Figure6.1. PDMS functionalized by aldehyde groups
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The PVA conjugation process is illustrated in scheme 6.1. The APTES-PDMS
surface were immersed in a 2.5% v/v GA in sodium carbonate buffer (CB) for 1
hour at room temperature to introduce aldehyde groups on the surface, followed
by rinsing with DI water. A 10 mg mL-1 aqueous solution of PVA was prepared
according to Yakovleva et al73. In brief, 0.3 g PVA was suspended in Milli-Q
water and allowed to wet sufficiently. The suspension was heated in a water bath
until it became transparent and then the pH was adjusted to 1.0. Finally, the PVA
concentration was adjusted to 10 mg mL-1. The 2.5 % GA activated
APTES-PDMS was immersed in the PVA solution for 30 minutes at room
temperature. The PDMS was rinsed with PBS and dried under a nitrogen flow. In
the following sections, the PVA modified PDMS is named as PVA-PDMS.

Scheme6.1. PVA modify PDMS

6.2.2. Protein passive adsorption

In protein passive adsorption experiments, pristine PDMS and PVA-PDMS
were exposed to a 10 mg mL-1 BSA protein solution. After 1 hour passive
adsorption at room temperature, the free proteins were removed by careful
rinsing. The surface morphology of the protein adsorbed pristine PDMS and
PVA-PDMS were imaged by AFM.
In direct ELISA, rabbit IgG in Tris-HCl was directly added to the surface,
followed by 1 hour incubation at room temperature. After careful rinsing with
Tris-HCl, the solid surface was then incubated with a blocking solution
consisting of 1% BSA, 0.5% Tween 20 for 1 hour at room temperature. HRP
conjugated anti-rabbit IgG antibody was added for 30 minutes incubation (table
6.1). The antibody-antigen reaction intensity can be quantified by adding in TMB.
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The same procedure was conducted on the unmodified PDMS surface as a
control experiment.

solid surfaces

Table6.1.direct ELISA on PDMS and PVA-PDMS
probe immobilization
proteins
antibody*

pristine PDMS
PVA-PDMS

rabbit IgG
11.8µg mL-1

passive adsorption

HRP-anti-rabbit
IgG:5µg mL-1

6.2.3. Protein covalent immobilization

PVA-PDMS (described in section 6.2.1) was treated with 5% GA (pH 1.0) for
30 minutes to cross-link the PVA polymer matrix layer and introduce
aldehyde-groups on the surface. This will be called aldehyde-PVA-PDMS in the
following sections of this text. After rinsing with a Tris-HCl buffer, a pH 8, 10
mg mL-1 BSA protein solution was added onto the aldehyde-PVA-PDMS surface.
The protein immobilization took place at room temperature for 1 hour. Unbound
protein was removed from the surface upon tris buffered saline, 0.01M pH 8.0,
containing 0.05% detergent Tween 20 (TBST) washing. The protein coated
surfaces were dried under nitrogen flow and keep in a dry box before AFM
measurement.
6.2.4. Sandwich ELISA Assay

Sandwich ELISA for rabbit IgG detection was conducted on pristine PDMS and
aldehyde-PVA-PDMS. To construct the sandwich ELISA system as described in
chapter 3, section 3.1.5.1, the immobilized probe was goat anti-rabbit IgG
antibody, the analyte was a serials concentration of rabbit IgG diluted in TBST,
and the enzyme labeled antibody was HRP conjugated anti-goat IgG antibody.
Pristine PDMS and aldehyde-PVA-PDMS were exposed to probe solutions. The
probe immobilization methods are listed in table 6.2. During the experiment, the
target protein, rabbit IgG was gradually diluted ten-fold to produce different
concentrations ranging from 0.112 pg mL-1 to 11.2 µg mL-1. The
antigen-antibody reaction time was 1 hour at room temperature. To detect the
probe captured rabbit IgG, HRP conjugated anti-rabbit IgG antibody was added
with a dilution of 1:5000. As described in chapter 3, section 3.1.5.1, the HRP
substrate TMB was introduced into the reaction system and the TMB signal was
quantified as A450 by the ELISA reader.
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Table6.2. Parameters of sandwich ELISAs on PDMS and PVA-PDMS
solid
probe immobilization
probes
analyte
antibody*
surfaces
pristine
11.2µg mL-1 to
1:2000
passive adsorption
PDMS
diluted
1:5000
0.112pg mL-1
PVA10 fold dilution
covalent immobilization in Tris-HCl
PDMS
Probes: anti-rabbit IgG, analyte: rabbit IgG, antibody*: HRP-linked anti-rabbit IgG

6.2.5. PVA functionalized channel preparation

A silicon master with parallel microchannels was fabricated (chapter 3).
PDMS microchannels were replicated from the silicon master and packaged as
described in chapter 3, section 3.1.4.1. The modification process of the PDMS is
summarized in table 6.3. The functional microfluidic device preparation process
starts from the APTES treatment. Initially, APTES (50%) was pumped into the
micro-channels for 30 minutes incubation before being washed by ethanol, DI
water and dry air. The APTES treated microfluidic device was then baked in an
oven for 2 hours at 100℃. After rinsing with DI water followed by drying under
an air flow, the amino groups of APTES-activated PDMS were reacted in 2.5%
v/v GA in a sodium carbonate buffer (CB, pH 9.6) for 1 hour at room temperature
to introduce aldehyde groups on the surface. This was followed by rinsing with
CB. A 10 mg mL-1 aqueous solution of PVA was injected into the 2.5% GA
treated microchannels at room temperature for 30 minutes. The microchannels
were then washed by flushing with DI water and dried under an air flow. The
PVA modified PDMS surface was treated with 5% GA as described previously
(section 6.2.1).
Table6.3. Parameters of the PVA functionalized PDMS microfluidic device
50%APTES
2.5% GA
PVA
5.0% GA
probes

PDMS
microchannel

30 min,
bake 2h.

60 min

10 mg mL-1
30 min

30 min

antibodies
in PBS

6.2.6. Flow-through ELISA: HBV-biomarkers detection

The flow-through ELISA was conducted on the PVA-PDMS microfluidic
devices which were treated with 5% GA as described at section 6.2.3. The effect
of incubation times on probe immobilization and antigen-antibody interaction on
the PVA-functionalized microfluidic device was examined by pumping a 10 µg
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mL-1 HRP-labeled IgG into the channels and then incubating for different time
periods. After probe immobilization, the unbounded protein was removed by a
flow washing process for 3 minutes. The enzyme substrate, TMB was then
pumped into the channels. The peroxidase converted color-substrate TMB was
quantified as described in chapter3, section 3.1.5.1. To determine the optimal
antibody-antigen interaction time, the microchannels were immobilized by IgG
using a 10 μg mL-1 IgG / 0.01 M PBS, followed by blocking with casein for 15
minutes, and the device was then used to detect the absorbance responses after
flowing-in of 5 μg mL-1 anti-IgG into different micro-channels for different
incubations times.
The flow-through sandwich ELISA procedure is illustrated in scheme 3.5. The
optimal incubation time identified in the probe-immobilization studies was
applied to attach the antibodies. First, the immobilized probes were diluted with a
PBS (pH 7.4, 0.01 M) to produce different concentrations (table 6.4.) The probes
were pumped into the microfluidic device to incubate for 20 minutes. After probe
immobilization, the unbounded probes were removed by a flow washing process
for 3 minutes, while the blocking was performed in the microchannels with
casein for a 15 minute incubation period. The analytes (table 6.4) diluted in
human serum were pumped into the PVA-PDMS microfluidic device and
incubated for 15 minutes followed by a flow-through washing with TBS for 4
minutes. The biotin-labeled antibodies were pumped into the channel for another
15 minutes incubation period followed by a 5 minute flow-through washing
process. Then 2 μg mL-1 HRP-avidin/TBST was pumped into the channels for a
15 minutes reaction followed by a 5 minute flow washing. Finally, TMB was
pumped into the microfluidic devices. The peroxidase converted substrates were
pumped out into the ELISA plates for absorbance measurement. The data
collection and processing procedures are described in chapter3, section 3.1.5.2.
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Table6.4. Parameters of sandwich ELISAs on PVA functionalized PDMS microfluidic
device
probes
analytes
antibody*

channels for
HBsAg
channels for
HBeAg
channels for
α-fetal protein
channels for
control

anti-HBsAg IgG
2μg mL-1
anti-HBcAg IgG
5μg mL-1
anti-α-FP IgG
12μg mL-1

HBsAg 10μg mL-1
to 10pg m-1
HBeAg 10μg mL-1
to 10pg mL-1
α-FP 10μg mL-1 to
10 pgmL-1

goat anti-HBsAg
2μg mLmouse anti-HBeAg
2μg mL-1
mouse anti-AFP
2.5μg mL-1

+

+

―

6.3. Results and discussion
6.3.1 PVA-functionalized PDMS

In this study, a covalent approach was proposed to immobilize PVA on the
PDMS surface to make a hydrophilic surface. FTIR spectrophotometer was
employed to survey the surface groups on the PDMS specimens at each of the
modification steps. For clarity, spectra of the modified PDMS are always
compared to spectra obtained from pristine PMDS (figure 6.2a), of which the
peaks at 2964, 1259, 1015, and 851cm-1 are assigned to -methyl CH, -CH3,
Si-O-Si and Si-C124. From the spectra obtained from the APTES treated PDMS
(figure 6.2b), a new broad band at 3400 to 3000 cm-1, assigned to –NH2 stretch
vibration193, can be observed. The presence of primary nitrogen on the surface of
the APTES-treated PDMS suggests that aminosilane was successful grafted onto
the PDMS surface. New peak at 3550-3300 cm-1is assigned to primary alcohols,
-OH 194,195, indicating that PVA is grafted onto the APTES-treated PDMS (figure
6.2c). The peaks appearing in the fingerprint region (1410 and 1310 cm-1) are
indicative of PVA coating (figure 6.2c). Moreover, the new peak in the region of
1720–1760 cm-1 is assigned to the aldehyde group196, which is the functional
group expected to contribute to efficient covalent immobilization of proteins for
highly sensitive immunoassays.
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Figure6.2. FTIR spectra a. Pristine PDMS, b. APTES silanized PDMS, and c.
PVA-conjugated PDMS

Contact angle measurement was performed on PDMS specimens. For
comparison purposes, the pristine PDMS substrates were measured as control
data. The average contact angle value was 107.8º. The PVA layer was
characterized by a decreased contact angle value, 37.5º (figure 6.3). This result
indicates that the hydrophilicity of PDMS can be enhanced by PVA
immobilization.

Figure6.3. Contact angle measurement on solid surface a. pristine PDMS and b.
PVA-functionalized PDMS

AFM measurement was used to image the PVA coated surface after different
reaction times. The measurements were carried out after 10, 20, 30, 40, 50 and 60
minutes of reaction time. There are some bright spots can be observed at a 10
minute reaction (figure 6.4a). At the image of 20 minutes reaction time (figure
6.4b), some circles can be observed and the bright spots disappear. More circles
can be observed at the image of 30 minutes reaction time and the diameter of the
circle decrease (figure 6.4c). When comparing the images from the 30 minute
and the 40 minute reactions, No significant differences can be observed between
the images of the 30 minute (figure 6.4 d) and the 40 minute reactions (figure
6.4.e), but as reaction time reaches the 50 minute mark, the distribution of circles
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becomes much denser (figure 6.4e). The smaller pictures inserted in figure 6.4
are 1×1 µm AFM phase images at different PVA immobilization times. The
phase images can be observed to gradually change along with an increase in the
immobilization times. The surface roughness (Rms) of each image was
calculated based on eq. 3.2 (Chapter3. section 3.1.2.3). Rms changes introduced
by PVA immobilization are plotted in figure 6.5, showing that the Rms first has a
decreasing trend as conjugation time increases. The Rms value starts to increase
slightly after 30 minutes immobilization. It is likely that initial orientation of
PVA polymer immediately following immobilization (t = 10 minutes) induces a
rougher surface. Rearrangement of the immobilized PVA polymer (t = 20-40
minutes) will results in flatter and denser layer of the PVA on the
glutaraldehyde activated PDMS surface. In the following experiments, the PVA
covalent immobilization time was 30min.

Figure6.4. AFM images (5×5 μm, 25 nm gray scale; inset: phase images, 1×1 µm, 20º gray
scale ) of PVA modified PDMS surface at different PVA conjugation times a. 10 minutes, b.
20 minutes, c. 30 minutes, d. 40 minutes, e. 50 minutes, and f. 60 minutes

Figure6.5. Surface roughness of PVA modified PDMS surface morphology at different PVA
conjugation times
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6.3.2. Protein repelling capability

The protein repelling capabilities of PVA functionalized PDMSs were
demonstrated using different techniques. First, AFM was used to characterize
the surface morphology changes after protein adsorption. Since AFM images
can provide direct information about the morphological changes on the solid
surface, it was able to deduce the protein adsorption intensities from the
comparisons between the surface morphology before and after protein
adsorption. As discussed in the previous section, the morphology of the PDMS
changed from a flat feature to a surface dominated by circles after the treatment
of PVA (figure 6.6a, b). Regarding the protein passive adsorption, only an
insignificant amount of bovine serum albumin (BSA) was adsorbed by the PVA
modified PDMS surface (figure 6.6c). In contrast, the unmodified PDMS
exhibited a drastic change in its morphology after its exposure to BSA solution,
indicative of non-specific adsorption via hydrophobic-hydrophobic interaction
(figure 6.6d). Such data demonstrate that the modification of PDMS with PVA
suppresses protein adsorption and reduces non-specific bonding. Rafati et al.
studied the interactions of a homologous series of cationic surfactants with BSA
and reported that hydrophobic interactions played an important role in the
BSA-surfactant binding, whereas electrostatic interactions played only a minor
one.

Figure6.6. AFM images (5×5 μm, 15 nm gray scale): a. Pristine PDMS, b. after modification
with PVA, c. 10mg mL-1 BSA passive adsorption on PVA modified surface, and d. 10mg
mL-1 BSA passive adsorption on pristine PDMS

To illustrate the passive adsorption process of IgG onto the PVA-PDMS,
AFM images were taken at 30, 60 and 120 minutes of the protein adsorption
process. The presented 3-D AFM images (figure 6.7) show that there are slightly
protein on the PVA-PDMS surface which confirms that the PVA modification can
indeed improve the PDMS protein repelling capability (figure 6.7).
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Figure6.7. 3-D topographical changes of PVA modified PDMS solid-surface at different
protein passive adsorption times: a. 10 minutes, b. 30 minutes, and c. 120 minutes

The second assay used to demonstrate the protein repelling capability was
direct immunoassay. During the experiment, probes were allowed to passively
adsorb onto pristine PDMS and PVA-PDMS. In principle, the more the probes
immobilized, the more the enzyme labeled analytes could be captured,
consequently resulting in a high signal in the end. The ELISA results clearly
show a high signal from the protein passive adsorption onto pristine PDMS
(figure 6.8). A low ELISA signal means that fewer probes were attached onto the
solid-phase. The ELISA data further proves that PVA-coating can improve the
protein repelling performance.

Figure6.8. direct ELISA on pristine PDMS and PVA-modified PDMS

6.3.3. Protein covalent immobilization
6.3.3.1. Protein covalent immobilization

To study the protein covalent immobilization on PVA- PDMS, the PVA
modified PDMS surfaces were reacted with one aldehyde group of
glutaraldehyde whereas a second aldehyde became available for coupling with
immunoglobulin or BSA. It should be noted that glutaraldehyde might cross-link
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two adjacent PVA chains or even react with two hydroxyls of the same PVA
molecule. Therefore, the reaction was performed with excess glutaraldehyde to
ensure the availability of abundant aldehydes for the subsequent bimolecular
attachment. As shown in figure 6.9, BSA (67 kDa), represented by small dots
with an average diameter of 100 nm, is distributed rather evenly on the surface.
Compare this to the covalent bonding of IgM (900 kDa), a kind of protein having
a higher molecular weight than BSA, which results in much larger circles;
presumably the proteins were linked to the PVA backbone (figure 6.9b).

Figure6.9. Different molecular weight protein covalently immobilized on aldehyde-PVAPDMS solid-phase (2μm×2μm, 15 nm gray scale) a. BSA, and b. IgM

6.3.3.2. Protein immobilization kinetics

AFM morphological changes were then used to monitor the kinetics of protein
immobilization. Two solid surfaces for protein (rabbit IgG, 112 μg mL-1)
immobilization were studied. They were aldehyde-PVA-PDMS and pristine
PDMS surface. The surface morphologies were recorded at 3 time intervals: 0,
10, and 30 minutes. The washing steps helped to distinguish passive
agglutination and solid immobilization. Figure 6.10 shows that the protein
adsorption intensities of pristine PDMS surfaces (figure 6.10 a-c) are much
lower than the covalent immobilization on aldehyde-PVA-PDMS (figure 6.10
d-e), where the surface protein coverage is significantly increased at the 30
minute interval. The more significant difference was that the distribution of the
immobilized protein on the aldehyde activated PVA-PDMS surface is much more
uniform than that on the pristine PDMS. From this comparison (figure 6.10), it is
safe to say that the PVA-PDMS surface has a high efficiency to sit specific
immobilized proteins. This is good for preparation of efficient ELISA solid
phases.

95

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Figure6.10. 3-D AFM images of proteins on pristine PDMS and PVA-PDMS: a. pristine
PDMS, b. after 10 min of incubation with rabbit IgG, c. after 30 min of incubation with rabbit
IgG, d. PVA modified PDMS, e. 10 min after covalent bonding with rabbit IgG, and f. 30 min
after covalent bonding with rabbit IgG. In all experiments, the amount of IgG was 112 µg
mL-1.

6.3.4. Sandwich ELISA

A sandwich immunoassay was then conducted using the PVA-PDMS to anchor
anti-rabbit IgG via the glutaraldehyde activated surface for the detection of rabbit
IgG. HRP conjugated anti-rabbit IgG formed a tertiary complex with the anti
IgG-IgG pair and was detected spectrophotometrically. The detection range of
the PVA modified PDMS substrate was 1.12 pg mL-1 to 11.2 ng mL-1 (figure
6.11), which was significantly wider than the detection range of the unmodified
PDMS surface (11.2 pg mL-1 to 11.2 ng mL-1). The detection limit was also much
lower than the reported value of 15 ng mL-1immunoglobulin for non-PVA treated
PDMS197. Together with AFM imaging, our results revealed that the PVA
modified substrate provided uniformly distributed aldehyde groups on the
backbone of the PVA. High densities of such functional groups, coupled with the
hydrophilic property of PVA, led to the immobilization of a high amount of
antibodies, i.e., improved detection sensitivity as well as reduced false positive
responses. The tendency to adsorb the protein non-specifically by unmodified
PDMS resulted in a higher detection limit. Such results were not completely
unexpected since the binding sites of the protein/antibody are mostly located in
the hydrophobic domain and are no longer available for target binding because of
their preferential association with the PDMS.

96

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Figure6.11. Sandwich ELISA results on PVA modified PDMS and pristine PDMS
Linear fit: (□) pristine PDMS: y = 8.021E − 4 + 0.271x, R = 0.976
(○)PVA-PDMS: y = 0 .027 + 0.257 x , R = 0.989

6.3.5. Flow-through ELISA for HBV-biomarker detection

PVA-functionalized PDMS ELISA microfluidic devices were fabricated to
study the protein immobilization and antibody-antigen interaction in its
microchannels and further explore its application in multiple flow-through
detection of Hepatitis B related biomarkers. The device fabrication and different
protein immobilizations in the microchannels were conducted according to the
procedure presented in section 6.2.6. The immobilization of proteins, including
incubation and the subsequent washing step, in the microchannels of the device
was conducted in a flow-through mode as well.
The effects of incubation time on the protein immobilization in the
PVA-functionalized PDMS microfluidic device were investigated. The
absorbance results in figure 6.12 show that the highest signal is obtained from
protein with a 20 minute immobilization and the absorbance signal produced in
the microfluidic device reaches a plateau with 15 minutes of antibody-antigen
interaction.
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Figure6.12. Absorbance signal at different antibody immobilization times. Insert figure:
absorbance signal at different antigen-antibody interaction times

Compare with sandwich ELISA conducting at 96-well microtiter plate, the
flow-through sandwich ELISA is more cost-effective. The reagent consumption
and assay times of each step were compared in Table 6.5. It can be seen that the
consumption of reagents (the most expensive ones are antigen and antibodies) on
the microfluidic device was 30 μL, which is one tenth that of the 96-well
microtiter plate (300 μl). The assay time on the microfluidic device was a little
more than an hour, which is also about one tenth of that required for the
microtiter plate. It is expected that with further improvement the reagent
consumption can be reduced to few microliter for each step and each assay can
be finished within half an hour.
Table6.5. ELISA comparison between a 96-well microtiter plate and a microfluidic device
reagent volume (μl)
incubation time (min)
*
*
96-well
microfluidic
96-well
microfluidic
probe
100
10
60
20
immobilization
blocking protein
150
10
60-120
20
analytes
100
10
60
15
the second
100
10
45-60
15
antibody
substrate
100
10
10-30
1-5
total
550
50
235-330
75

Flow-through sandwich ELISAs were carried out in the PVA-functionalized
microfluidic devices for detection of HBsAg, HBeAg and α-FP, biomarkers
related to Hepatitis B.
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First, the assay was performed to test alpha-fetoprotein (α-FP), a main tumor
marker used to monitor testicular cancer and teratoma in any location. α-FP is a
glycoprotein that is normally produced by the fetal yolk sac, the fetal
gastrointestinal tract, and eventually by the fetal liver. For α-FP detection,
antibodies were immobilized onto the PVA-functionalized PDMS channels. The
collected enzyme converted substrates were measured for absorbance value and
the results are listed in figure 6.13a. The adsorbance calibration curve shows a
linear signal/dose relationship with a detection limit of 10 pg mL-1, a dynamic
range of 5 orders of magnitude and a saturation value of 100 ng mL-1. To record
the colorimetric results, the channels filled with TMB were captured by CCD
camera at 5 minutes reaction time. From the resumed CCD images (figure 6.13b,
insert), no color is observed in the channels with detection of negative control
(background). However, a blue color can be distiguished clearly in the channels
with detection of a concentration equal to or larger than 10 pg mL-1. Furthermore,
the CCD images were quantified by means of RGB brightness based on the color
red, green, and blue (Nikon ACT-2U version 1.3), where SRGB = 0.229× red +
0.587× green + 0.114× blue140. The SRGB calibration curves of IL-5 detection
shows a detection limit of 10 pg mL-1, and a dynamic range of 5 orders of
magnitude (figure 6.13b), which are in good agreement with that measured with
the ELISA plate reader.

Figure6.13. Dose response curve for α-FP flow-through ELISA
a. Absorbance data, linear fit y = 0.156 + 0.154 x, R = 0.992
b. SRGB data, inserted images: α-FP detection: Enzymatic converted substrate in different
channels (the channel width is 250 μm). From left to right, the reaction analytes
concentrations were: 0, 10pg mL-1, 100pg mL-1, 1ng mL-1, 10ng mL-1, 100ng mL-1, 1μg mL-1,
and 10μg mL-1; anti-α-FP immobilization time (t immob): 20 min.
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The presence of HBeAg indicates that an individual is of higher infectivity, and
seroconversion to anti-HBe correlates with reduced infectivity. In an acute
infection, it suggests that the infected person is progressing towards resolution of
their infection. Therefore, HBeAg detection has medical significance in disease
diagnoses, therapy and prognosis198. For HBeAg flow-through ELISA detection,
a calibration curve as shown in figure 6.14a reveals a dynamic range of 4 orders
of magnitude (100 pg mL-1 to 100 ng mL-1), a detection limit of 100 pg mL-1 for
HBeAg, and a saturation detected concentration of 100 ng mL-1. The same
colorimetric analysis process used in the α-FP study was repeated to analyze the
CCD images. The SRGB calibration curve shows a dynamic range of a broad 6
orders of magnitude (100 pg mL-1 to 10 μg mL-1), and a detection limit of 100 pg
mL-1.

Figure6.14. Dose response curve for HBeAg flow-through ELISA
a. Absorbance data linear fit: y = 0.344 + 0.149 x, R = 0.997
b. SRGB data, insert images: enzymatic converted substrate in different channel (the channel
width is 250μm) From left to right, the reaction analytes concentrations were: 0, 10 pg mL-1,
100 pg mL-1, 1 ng mL-1, 10 ng mL-1, 100 ng mL-1, 1 µg mL-1, and 10 µg mL-1; anti-HBeAg
immobilization time (t immob): 20 min.

The HBsAg is typically a qualitative serological marker for diagnosing an
ongoing HBV infection199. PVA-functionalized PDMS microfluidic devices were
fabricated for use in HBsAg detection. The absorbance calibration curve
obtained for detection of HBsAg is presented in figure 6.15a, showing a detection
limit of 100 pg mL-1, a dynamic range of 4 orders of mangnitude, and a
saturation value of 100 ng mL-1. The SRGB calibration curves of HBsAg detection
shows a detection limit of 100 pg mL-1, and a dynamic range of 5 orders of
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magnitude (figure 6.15b).

Figure6.15. Dose response curve for HBsAg flow-through ELISA:
a. Absorbance data linear fit. y = −0.062 + 0.233 x, R = 0.909
b. SGRB data, insert images: enzymatic converted substrate in different channels (the channel
width is 250μm). From left to right, the reaction analytes concentrations were: 0, 10 pg mL-1,
100 pg mL-1, 1 ng mL-1, 10 ng mL-1, 100 ng mL-1, 1 µg mL-1, and 10 µg mL-1; anti-HBsAg
immobilization time (t immob): 20 min.

The limit of detection (LOD) of HBsAg, HBeAg and α-FP on
PVA-functionalized PDMS microfluidic devices was compared to some
commercial ELISA kits. The flow-through ELISA microdevices possess a
detection limit of 10 pg mL-1 (α-FP) and 100 pg mL-1 (HBsAg, HBeAg), which
are better or comparable to the LOD of the commercial ELISA kits as listed in
their product data sheet

(Table 6.6.). The analysis of these biomarkers

demonstrates that the microfluidic ELISA system has the comparable
performance as the conventional ELISA method, and has advantages such as
decreased reagent consumption, shorter assay time and point-of-care detection
over the conventional method.
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Table6.6. Limit of detection (LOD) of some commercial 96-well plat sandwich ELISA kit
sandwich ELISA analytical LOD company
348 pg mL-1
IBL immuno Biological Laboratories
α-fetal protein
348 pg mL-1
700 pg mL-1
312 pg mL
500 pg mL-1
200 pg mL-1

Diagnostic System;Laboratories Inc
R&D System
Atlaslink Biotech Co.Ltd
ShantestTM

39 pg mL-1
200 pg mL-1

Biocare Diagnostic Ltd
DiaColon Tech.

78 pg mL-1
200 pg mL-1

UscnlifeTM
DiaColon Tech.

-1

HBsAg

HBeAg

Calbiotech, Inc

It is promising to find that the results of SRGB are in good agreement with that
measured with the ELISA plate reader, demonstrating that the colorimetric
detection can be used for qualitative screening of positive and negative assays,
then providing potential to fabricate portable immunoassay devices for health
point of care and infectious diseases screening.
6.4. Conclusion

In brief, this chapter describes a simple but effective technique to suppress
non-specific adsorption; this can be used towards the development of a solid
phase material for immunoassays. Biomolecules can be covalently immobilized
to the PVA-functionalized PDMS surface in an even distribution. The application
of the PVA functionalized surface in sandwich ELISAs results in excellent
detection sensitivity (1 pg mL-1) and linearity of up to 10 ng mL-1 with negligible
non-specific protein adsorption. Flow-through immunoassays were successfully
demonstrated with the detection of HBsAg, HBeAg and α-FP in the
PVA-functionalized PDMS microfluidic devices. The flow-through ELISA
microdevices possess a detection limit of 10 pg mL-1, a dynamic range of 4
orders of magnitude, and a saturation value of 100 ng mL-1 for detection of α-FP,
HBsAg and HBeAg in human serum.
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Chapter 7 Sensitive Dextran flow-through functionalized
poly-(dimethylsiloxane) microfluidic ELISA devices
7.1. Introduction

In this chapter, a dextran modified PDMS microfluidic ELISA device was
fabricated. The dextran functionalization was conducted with a simple,
economic and fast flow-through process in a fabricated PDMS microfluidic
device, and the device was used to simultaneously detect multiple important
biomarker IL-5, HBsAg, and rabbit IgG.
Infectious diseases can be caused by various pathogenic microorganisms, such
as bacteria, viruses, parasites or fungi. The clinical diagnoses of infectious
diseases often requires the use of different and tedious, labor-intensive tests for
the screening of various possibilities via immunoassays such as ELISA17
(Enzyme-linked immuno-sorbent assay), immunofluorescence18, western blot19
and immunodiffusion20, of which ELISA is the most important method.
Advances in microfluidics and MEMS technologies could provide an economical,
high throughput and real-time diagnostic ELISA tool21. In general, the successful
construction of a microfluidic immunosensor involves a number of basic aspects,
which includes the selection of substrate materials, microfabrication methods,
probe immobilization and detection.
Dextran has been investigated as a biocompatible polymer for cell repelling
biomaterial coatings. Immobilization of dextran is a less toxic and milder process,
involving conversion of glucose residues to hemiacetal structures via periodate
oxidation200,119. In this work, PDMS microchannels were functionalized with
dextran solution via a flow-through process to enhance the hydrophilicity and
further achieve higher immobilization efficiency of proteins through its abundant
hydroxyl groups. IL-5 is predominantly produced by CD4+ T cells22 and
regulates growth, differentiation, activation, and survival of eosinophils23; it is a
marker of disease activity and treatment efficacy in bronchial asthma24. Hepatitis
B virus (HBV) infection is a major cause of chronic hepatic damage and of
hepatocellular carcinomas worldwide201; it can be diagnosed by HBsAg, a
qualitative serological biomarker for an ongoing HBV infection199. IgG can serve
as a specific marker for neuromyelitis optica, an inflammatory demyelinating
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disease25. Herein, a novel portable dextran-functionalized PDMS ELISA
microfluidic device was designed and fabricated to simultaneously and
colorimetrically detect IL-5, HBsAg and IgG in human serum using the naked
eye. To confirm the accuracy, the device was also characterized by absorbance
for its sensitivity and specificity.
7.2. Preparation and measurement
7.2.1. Dextran functionalized PDMS

The dextran coating process is illustrated in scheme 7.1. In general, the
polymer coating experiment consists of three major steps. First, 0.475 g dextran
was dissolved in 10 mL deionized water to obtain the solution used in the
functionalization. Sodium periodate (NaIO4, 0.232g) was added into the dextran
solution. The NaIO4/dextran mixture was stirred overnight for complete
oxidization of the dextran by the periodate to produce aldehyde groups. The
dextran solution after the oxidation process was immediately used for PDMS
modification.
The PDMS surface was first oxidized in a 5 minute reaction by a mixture
consisting of an oxidative solution, hydrochloric acid and hydrogen peroxide
(H2O/ 37% HCl/ 30% H2O2 in a volume ratio of 5:1:1), followed by rinsing with
DI water and absolute ethanol washing. The acid treated PDMS surface was then
treated with APTES in ethanol (50%, v/v) for 30 minutes. The excess APTES
was removed by ethanol and DI water washing. The freshly prepared oxidized
dextran solution was added onto the APTES-PDMS surface for an hour to allow
a conjugation reaction to occur between aldehydes of the oxidized dextran and
amines of the APTES on the PDMS surface. The un-reacted dextran was
removed by DI water washing. The grafted dextran was further oxidized by a
NaIO4 solution (0.1 M) for 2 hours. The excess NaIO4 was then washed away
with DI water. The PDMS surface was finally functionalized by the oxidized
dextran for probe protein immobilization.
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Scheme7.1. Dextran modification process of PDMS surface PDMS oxidized by HCl/H2O2;
the silanization reaction was carried out to modify the PDMS Dextran oxidization: dextran
was oxidized by NaIO4

7.2.2. Sandwich ELISA on dextran-PDMS

Sandwich ELISA for rabbit IgG detection was conducted on pristine PDMS and
dextran-PDMS. To construct the sandwich ELISA system illustrated in chapter 3,
the immobilized probe was goat anti-rabbit IgG antibody, the analyte was a
serials concentration of rabbit IgG diluted in TBST, and the enzyme labeled
antibody was HRP conjugated anti-goat IgG antibody. In immuno-sorbent phase
preparation, both the pristine PDMS and dextran-PDMS were exposed to probe
solutions. The probe immobilization methods are listed in table 7.1. During the
experiment, the target protein, rabbit IgG was diluted 10-fold into different
concentrations ranging from 0.112 pg mL-1 to 11.2 µg mL-1. To detect the probe
captured rabbit IgG, HRP conjugated anti-rabbit IgG antibody was added with a
dilution of 1:5000. As described in chapter 3, the HRP substrate TMB was
introduced into the reaction system and the TMB signal was quantified as A450 by
ELISA reader.
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Table7.1. Parameters of sandwich ELISAs on PDMS and dextran-PDMS
solid
surfaces
pristine
PDMS
dextranPDMS

probe immobilization

probes

analyte

antibody*

passive adsorption

1:2000
diluted
in Tris-HCl

11.2µg mL - 1 to
0.112pg mL-1 10
fold dilution

1:5000

covalent immobilization

probes: anti-rabbit IgG; analyte: rabbit IgG; antibody*: HRP-linked anti-rabbit IgG

7.2.3. Dextran-flow-through functionalization of PDMS microchannels

A silicon master with parallel microchannels was fabricated (chapter 3).
PDMS microchannels were replicated from the silicon master and packaged as
described in chapter 3, section 3.1.4.1. The modification process of the PDMS is
summarized in table 7.2. The PDMS microchannels were first oxidized by
pumping a mixture of an oxidative solution, hydrochloric acid and hydrogen
peroxide (H2O/HCl/ H2O2 in a volume ratio of 5:1:1) into the channels for 5
minutes, followed by rinsing with DI water flow washing for 10 minutes and by
absolute ethanol flow washing for 5 minutes. APTES in ethanol (50%, v/v) was
then pumped into the microchannels for 30 minutes pretreatment. The excess
APTES was removed by ethanol flow washing for 3 minutes followed by DI
water flow-through washing for 6 minutes. The freshly prepared oxidized
dextran solution was pumped into the APTES treated PDMS channels for an hour
to allow a conjugation reaction between aldehydes of the oxidized dextran and
amines of APTES on the PDMS surface to occur. The un-reacted dextran was
removed by DI water flow washing for 5 minutes. The grafted dextran was
further oxidized by injecting NaIO4 (0.1 M) for a 2 hour treatment. The excess
NaIO4 was then washed away by DI water flow for 5 minutes. The channels were
finally functionalized by oxidized dextran for probe protein immobilization.
Table7.2. Parameters of dextran functionalize PDMS microchannel
Oxidized
APTES
NaIO4
probes
HCl/H2O/H2O2
dextran
PDMS
Microchannels

5min

50%
30 minute
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1 hour
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2 hour
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7.2.4 Enzyme labeled anti-IL-5 antibody preparation

HRP-conjugated antibody was prepared by modified sodium periodate method.
Monoclonal anti-IL-5 antibody (McAb Clone TRFK 5) was labeled with HRP.
The 5 mg high purity (Rz≥3.0) HRP was dissolved in 1 ml. DI water. 0.2 ml. 0.1
M sodium periodate (NaIO4) was added into the HRP solution. The mixture was
stirred for 20 minutes at room temperature. After being dialyzed against acetate
acid buffer (pH 4.4, 1 mM) overnight at 4℃, the oxidized HRP solution was used
to label Mc Ab (Clone TRFK5). Before conjugation, a 20 μL 0.2 M pH 9.5
carbonate-bicarbonate buffer was used, dropwise, to raise the pH of the HRP
solution to 9.0. Consequently, 1.6 mg antibody (Clone TRFK5) in 0.2 ml. CB
buffer was mixed with the treated HRP solution and gently stirred at room
temperature for 2 hours. To stop the conjugation process, freshly prepared 0.05
mL 4 mg mL-1 sodium tetraborate (NaBH4) was added into the HRP-IgG mixture,
and left for 2 hours at 4℃. To purify the HRP conjugated antibody, the HRP-IgG
mixture was dialyzed against PBS overnight at 4℃. Finally, the HRP conjugated
antibody was harvested and characterized by UV spectrophotometer. Sandwich
ELISA was used to determine the valency of the labeled antibody.
7.2.5 Flow-through ELISA of the dextran-functionalized PDMS device

The effect of incubation times on probe immobilization and antigen-antibody
interaction on the dextran-functionalized microfluidic device was examined by
pumping a 10 µg mL-1 HRP-labeled IgG into the channels and then incubating
for different time periods. After probe immobilization, the unbounded protein
was removed by a flow washing process for 3 minutes. The enzyme substrate,
TMB was then pumped into the channels. The peroxidase converted
color-substrate TMB was quantified as described in chapter3, section 3.1.5.1. To
determine the optimal antibody-antigen interaction time, the microchannels were
immobilized by IgG using a 10 μg mL-1 IgG / 0.01 M PBS, followed by blocking
with casein for 15 minutes, and the device was then used to detect the absorbance
responses after flowing-in of 5 μg mL-1 anti-IgG into different micro-channels
for different incubations times.
Micro-channels modified by dextran were used in flow-through sandwich
ELISA (scheme 3.5). The reagent used in each step was summarized in table 7.3.
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The calibration of IL-5 was measured. A 10 μg mL-1 anti-IL-5 monoclonal
antibody (clone BCA4) was pumped into different channels for a 15 minute
incubation to attach the probes; this was followed by flow washing with TBST
for 3 minutes to remove the unbounded proteins. Casein was then pumped into
the device for a 20 minute incubation to block the possible non-specific bindings.
The analytes, IL-5 diluted in human serum ranging from 100 pg mL-1 to 10 μg
mL-1, was pumped into the device and incubated for 15 minutes followed by
flow-through washing with TBST for 4 minutes. The HRP labeled monoclonal
anti-IL-5 antibodies were then pumped into the channels for a 15 minute
incubation followed by a 5 minute flow-through washing. Finally, the enzyme
substrate, TMB was pumped into the microfluidic channels to react with the
captured HRP for colorimetric detection (read by the naked eye). The peroxidase
catalyzes the conversion of the substrate TMB into a chromophore. The signal
collection and processing procedure was described in chapter 3.
Table7.3. Parameters of sandwich ELISAs on dextran-PDMS microfluidic device
probes
analytes
antibody*
dextran-PDMS
microchannels
negative controls

anti-IL-5 IgG
10μg mL-1

IL-5 100μg mL-1
to 1 pg mL-1

―

+

anti-IL-5 (HRP)
5μg mL-1
+

The diagnoses of multiple proteins with the flow-through ELISA device was
demonstrated by detection of important biomarkers IL-5, hepatitis B virus
surface antigen (HBsAg), and IgG in different microchannels. The
immobilization of the probe proteins, anti-IL-5 monoclonal antibody,
anti-HBsAg, and anti-IgG onto different detection wells and the subsequent
multiple detection used the same method as that used for the determination of the
calibration curve of IL-5 detection as discussed above. The probe coated in each
channel is listed in table 7.4.
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Table7. 4. Multiply biomarker detection of flow-through ELISA
channel
a
b
c
d
Immobilized
anti-IL-5
anti-HBsAg
anti- IgG
―
probes
antibody
antibody
antibody
-1
-1
A
Test
IL-5(100ng mL ), HBsAg(100ng mL ), IgG(100ng mL-1)
samples
B
IL-5(100ng mL-1), IgG(100ng mL-1)
C
IL-5(100ng mL-1), HBsAg(100ng mL-1);
labeled antibody
HRP-labeled anti-IL-5 antibody(2μg mL-1), HRP-labeled antiHBsAg antibody(2μg mL-1), HRP-labeled anti-IgG antibody(2
μg mL-1)

7.3. Results and discussion
7.3.1. Surface characterization: Dextran functionalized PDMS

The FTIR spectra of the modified PDMS at each modification step are always
compared to that of the pristine PMDS (figure 7.1.a), where the peaks at 2964,
1259, 1015, and 851cm-1 are assigned to -CH2CH, -CH3, Si-O-Si and Si-C124.
The spectra of the APTES-treated PDMS (figure 7.1.b) show a new broad band
from 3400 to 3000 cm-1, which can be assigned to –NH2 stretch vibration193. The
existence of nitrogen on the surface of APTES-treated PDMS suggests
successful chemical grafting of aminosilane. New peaks at 3550-3300, 1717 and
1560 cm-1 observed after dextran immobilization are assigned to the stretching of
the primary functional groups of alcohols, carboxylics and carboxylates194,195,
indicating that it is covalently attached on the APTES-thread PDMS (figure 7.1 c)
surface. Another new peak in the region of 1720–1760 cm-1 displayed after
dextran immobilization can be assigned to the aldehyde group196, which is the
key functional group for efficiently and covalently immobilizing proteins for the
highly sensitive flow-through ELISA.

Figure7.1. FTIR spectra (a) Pristine PDMS, (b) APTES modified PDMS, and (c)
oxidized-dextran grafted APTES-PDMS
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The Raman results (figure 7.2.) can be used to further confirm the dextran
immobilization of PDMS. The new peak observed after reaction with dextran at
3345cm-1 is assigned to OH stretching194 (figure 7.2.c), one of the characteristic
peaks of dextran. The imported hydroxyl groups can improve the hydrophilicity
of the PDMS surface. This result supports the conclusion that dextran
immobilization can enhance not only the covalent binding through its aldehyde
group, but also the hydrophilicity through its OH groups.

Figure7.2. Raman spectra (a) Pristine PDMS, (b) APTES modified PDMS, and (c)
oxidized-dextran grafted APTES-PDMS

The water contact angle with the pristine PDMS was measured at 109.28°
(figure 7.3 a). After the hydrochloric acid/H2O2 treatment, the water contact
angle showed a significant reduction to 22.82°. However, the contact angle after
APTES-grafting was raised to 66.97° due to the increased amine groups on the
surface. After the subsequent oxidized dextran-modification, the contact angle
was reduced to 48.63°, since the attachment of the oxidized dextran introduced
OH groups on the surface to improve the hydrophilicity.

Figure7.3. Contact angle (a) Pristine PDMS, (b) HCl/H2O2 oxidized PDMS, (c) APTES
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modified PDMS, and (d) dextran grafted APTES-PDMS

7.3.2. Sandwich ELISA on dextran-PDMS

A sandwich immunoassay was conducted on dextran-PDMS to detect rabbit
IgG. The detection range of the dextran-PDMS substrate is 1.12 pg mL-1 to 11.2
ng mL-1 (figure7.4), which is significantly wider compared to that of the pristine
PDMS surface. High densities of such functional groups coupled with the
hydrophilic property of dextran led to the immobilization of a higher amount of
antibodies, i.e. improving detection sensitivity as well as reducing false positive
responses. The protein non-specifically adsorption on unmodified PDMS
resulted in a higher detection limit. Such results were not completely unexpected
since the binding sites of the protein/antibody are mostly located in the
hydrophobic domain and are no longer available for target binding because of
their preoccupied association with PDMS.

Figure7.4. Sandwich ELISA signal/dose response on dextran-PDMS and pristine PDMS
Linear fit: (□) pristine PDMS: y = 0.441 + 0.057 x, R = 0.952
(○) dextran-PDMS: y = 0.566 + 0.234 x, R = 0.997

7.3.3. Flow-through ELISA with the dextran-functionalized PDMS device

Dextran-functionalized PDMS ELISA microfluidic devices were fabricated to
study the protein immobilization and antibody-antigen interaction in its
microchannels. The absorbance results in figure 7.5 show that the highest signal
is obtained from protein with a 15 minute immobilization and the absorbance
signal produced in the microfluidic device reaches a plateau with 15 minutes of
antibody-antigen interaction.
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Figure7.5. Absorbance signal at different antibody immobilization times. Insert figure:
absorbance signal at different antigen-antibody interaction times

Figure 7.6 shows the calibration curve of IL-5 over a concentration range of 1
pg mL-1 to 100 μg mL-1. The experiments were repeated 5 times to create the
error bars and the standard deviations were calculated by Original 7.0. A sigmoid
can be seen over the whole detected concentration range and the linearity lies
between 1×102 to 1×105 pg mL-1, illustrating a typical immunoassay
characteristics. The limit of detection (LOD) is determined as three standard
deviations

above

the

background

and

is

ca.

100

pg

mL-1.

The

dextran-functionalized PDMS microfluidic device demonstrates much better
performance than that of the hydrophobic PDMS based ELISA device (LOD:
15-35 ng mL-1 and dynamic range: 1-3 orders of magnitude119). The high
sensitivity of the device fabricated in this work is likely ascribed to the
dextran-modified PDMS surface with hydrophilic nature, then resulting in
efficient covalent probe immobilization. The device performance is also much
better than the plasma-treated PDMS based microfluidic immunoassay device
(LOD: 100 ng mL-1 and dynamic range: 3 orders of magnitude202), which has
covalently immobilized proteins as probes, indicating its significant
improvement over the existing flow-through devices.
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Figure7.6.

Absorbance

y = −0.07 + 0.261x, R = 0.998

curve

for

the

flow-through

ELISA.

Linear

fit:

Interestingly, the conjugated HRP oxidized product of TMB has a blue color
and the colorimetric dose responses shown in the detection channels for IL-5
detection can be assessed by the human eye, as shown in the inset of figure 7.7,
demonstrating a great potential for the fabrication of a portable microfluidic
ELISA device with multiple detections that are visible to the naked human eye. In
fact, quantitative analysis of the recorded colorimetric images, captured by CCD
camera by means of RGB brightness based on the colors red, green, and blue
(Nikon ACT-2U version 1.3, where SRGB = 0.229× red + 0.587× green + 0.114×
blue140), shows a result (figure 7.7) identical to that measured by absorbance
(figure 7.6), strongly supporting the suggestion that the colorimetric detection is
accurate and could be used to assess the positive or negative nature of the
detected biomarker simply by observing with the naked eye.

Figure7.7. IL-5 detection: RGB brightness in different channels Inserted images: enzymatic
converted substrate in different channels (the channel width is 250μm); from left to right, the
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reaction analytes concentrations were: 0, 1 pg mL-1, 10 pg mL-1, 100 pg mL-1, 1 ng mL-1, 10
ng mL-1, 100 ng mL-1, 1 µg mL-1, 10 µg mL-1, and 100 µg mL-1

Three 4-channel PDMS microfluidic ELISA devices fabricated in this work
were used to colorimetrically detect IL-5, HBsAg, and IgG in a flow-through
scheme. The results are shown in figure 7.8 (1) and (2), where A, B and C
represents the three devices, while a, b, c, and d denote the different channels
with immobilized probes (for control, anti-IL-5, anti-HBsAg, and anti-IgG,
respectively). In order to demonstrate the multiple detection, device A was used
to detect a sample with mixed IL-5 (100 ng mL-1), HBsAg (100 ng mL-1), and
IgG (100 ng mL-1), while devices B and C were employed to detect samples with
a mixture of IL-5 (100 ng mL-1) and HBsAg (100 ng mL-1), and a mixture of IL-5
(100 ng mL-1) and IgG (100 ng mL-1), respectively. Results shown in figure 7.8 (1)
illustrate that no blue color is observed in the background channel (channel a).
Channel d of device B and channel c of device C also has no observable blue
color; these are correct negative responses that we designed. Other channels in all
the devices show a significantly identical blue color indicating that the target
biomarkers in the different channels have the same concentration. Figure 7.8 (2)
displays the bar plot of RGB brightness vs. target biomarker for all three devices,
which clearly demonstrate that all the measured background and negative
responses are significantly lower than the positive responses; these are the results
expected from our design. According to the colorimetric calibration curve in
figure 7.7, the measured concentrations of the three biomarkers in devices A, B,
and C are 95.94, 103.27 and 99.54 ng mL-1, respectively, which are in good
agreement with the target concentration in the samples (100 ng mL-1), showing a
good assay accuracy and high specificity in multiple detections. Since the color
changes for multiple protein detection can be observed directly by human eye,
the microfluidic device provides a great potential to fabricate a portable,
flow-through lab-on-chip system for high-throughput screening of infectious
diseases in health point-of-care applications.
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Figure7.8. Multi-detection test of the flow-through ELISA in human serum solution: (1).
CCD image of the enzyme catalyzed substrate (the channel width is 250μm); (2) Bar plot of
RGB signal at each microchannel. Immobilized probe of each microchannels: a. negative
control; b. anti-IL-5 antibody; c. anti-HBsAg antibody; d. anti-rabbit IgG antibody, Test A.
injected testing sample contains IL-5 (100 ng mL-1), HBsAg (100 ng mL-1) and rabbit IgG
(100 ng mL-1), Test B. injected testing sample contains IL-5 (100 ng mL-1) and HBsAg (100
ng mL-1); Test C. injected testing sample contains IL-5 (100 ng mL-1) and rabbit IgG (100 ng
mL-1).

7.4. Conclusion

A dextran modified PDMS microfluidic ELISA device with a unique
architecture for eliminating crossover interference was fabricated. The dextran
functionalization of the PDMS was conducted in a simple, economical and fast
flow-through process, and demonstrated great enhancement of the hydrophilicity
and efficient covalent immobilization of proteins on the PDMS microchannel
surface. The microfluidic device was used to simultaneously detect multiple
important biomarkers, which included IL-5, HBsAg, and IgG, showing high
sensitivity of 100 pg mL-1 and a dynamic range of 4 orders of magnitude; this is
much better than similar results reported for both hydrophobic PDMS based
microfluidic

ELISA

devices

and

plasma-treated

PDMS

microfluidic

immunoassay device with covalently attached protein probes. Moreover, the
fabricated PDMS device demonstrated its capability for colorimetric detection of
proteins and this could be observed clearly by the human eye. Thus, the
dextran-modified PDMS microfluidic device not only provides a great potential
for fabrication of an economical and sensitive lab-on-chip system for high
throughput screening of various infectious diseases, but also provides an
excellent opportunity for developing a portable microfluidic ELISA device via
human eye examination for heath point-of-care services.
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Chapter 8 One-step fabrication of sensitive UV-curable
epoxy-based immunoassay microarray and microfluidic device
8.1. Introduction

In this chapter, immunoassay devices including microarrays and microfluidic
systems were fabricated with an UV-curable resin by a new economic approach,
which can not only simply produce a 3-D patterned structure, but also
simultaneously introduce functional epoxide groups for efficient protein
immobilization.
Efficient immobilization of capture proteins on a solid surface is critical for a
sensitive immunoassay. Protein microarrays have been fabricated on various
substrates such as glass 203, organic polymer 48, 204, silicon 205 and metal plate 46.
To attach capture proteins on these substrates, epoxide-immobilized substrates
have been proposed to efficiently attach various biomolecules through its direct
reaction with amine or carboxylic group of the biomolecules without additional
preactivation or crosslinking process 126,206. Among these works, introduction of
epoxide groups onto a substrate surface can be achieved by self-assembly of
epoxysilanes 207, but it is limited to only a few substrates. In Liu et al. reported
work, glycidyl methacrylate (GMA) is used to react with aminolyzed
polyethylene terephthalate (PET) surface for immobilization of the epoxide
groups, which can introduce high density of epoxy groups for further
effectively attach capture proteins. This approach involves time-consuming
multiple steps. In all these reported works, surface modification of the epoxide
group is conducted by physical adsorption and/or chemical reactions. Most
importantly, the reported methods so far for epoxy-activation are all completely
surface modifications and are not amenable to fabricate 3-dimensional patterned
microfluidic structure at the same time.
Most of the early microfluidic immunosensors devices were made using silicon
and glass as the substrates, because their microfabrication can directly borrow the
matured technology from the semiconductor industry. As an economic
alternative, polymer substrate was employed to fabricate the microfluidic device
by simple molding instead of the expensive patterning process. Poly
(dimethylsiloxane) (PDMS) is one of the polymer substrates mostly used due to
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its high cast fidelity in a mold208. However, its resin takes a long time (a number
of hours) to cure, and the immunoassay device has strong, non-specific
interference caused by its hydrophobic nature. Therefore, surface modification
for improvement of PDMS hydrophilicity is usually a must79, 97. Additionally, the
polymer microfluidic device so far needs several manufacture processes to
fabricate its 3-D patterned structure including master microfabrication, polymer
structure molding and protein surface modification. This is still a costly
manufacture process although relatively less expensive than silicon and glass
based microfluidic devices.
To overcome the difficulties with PDMS, UV-curable epoxy was come out as
valuable alternative approach to fabricate an immunoassay microarray and
microfluidic device with low cost and performance improvement. In this chapter,
we investigate a new and simple approach using an epoxy resin to directly
fabricate a 3-D microfluidic structure while simultaneously introducing the
epoxide group to efficiently immobilize capture proteins for high performance
immunoassay devices. A light-induced polymerization has advantages of short
curing time (tenths of a second)

209,210

and room temperature operation, and is

employed to cure the epoxy resin in this work. PET as a plastic substrate has
been widely used in tissue engineering and biomedical devices because of its low
cost and desirable physicochemical properties, and is used as the substrate for the
immunoassay devices in this work. The current approach to immobilize the
capture proteins onto PET surface is conducted with introduction amino groups
by silanization through 3-aminopropyltriethoxysilane and aminolysis, but
requires additional crosslinkers such as glutaraldehyde and sebacoyl chloride for
the protein attachment

211

. In this work, the formulation and polymerization of

the UV-curable resin were investigated to produce functional epoxy groups on
PET surfaces for efficient protein immobilization. The printing buffer
optimization and protein immobilization kinetics were studied to improve the
microarray performance. The fabricated immunoassay microfluidic device was
explored to simultaneously and colorimetrically detect IL-5 and rabbit IgG for
portable, economical and multiple immunoassays. The protein microarray and
the flow-through immunoassay device were characterized to demonstrate their
performance and application potential.
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8.2. Epoxy-based microarray and microfluidic device preparation and
applications
8.2.1. Preparation of UV-curable epoxy resin

TMPTA and DPGD were used as the solvents to adjust the viscosity of the resin
and also to effectively dissolve the photoinitiator. For 3-D microstructure
fabrication, the UV curing was initiated with the photoinitiator Irgacure 651. The
epoxy resin (Ebecryl 3605) was put in a brown glass beaker, weighted, and then
heated to 60 ℃ for about half an hour until it was melted. SR508, SR-351 and
0.5% (w/w) photoinitiator were added into the beaker to mix with the melted
epoxy by stirring for overnight. The chemical structures of Ebecryl 3605, SR-508,
SR-351 and Irgacure 651 are shown in figure.8.1.
O
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Figure8.1. Chemical structure of (a) SR-508, dipropylene glycol diacrylate (b) SR-351,
trimethylolpropane triacrylate (c) Ebecryl 3605 (d) Irgacure 651

Eight resin formulations were prepared with different epoxy acrylate to
tricarylate group ratios (table 8.1). The E/A ratios were calculated, taking into
account the ratio of the functional groups of the epoxy resin and the TMPTA. The
concentration of the photoinitiator in each mixture was 0.5% (w/w).

resin sample

Table8.1. Resin formulation with different E/A
1
2
3
4
5

epoxy acrylat:
tryacrylate
(mole ratio)

0

0.02

0.04

0.08

0.12

6

7

0.24

0.36

8.2.2. Fabrication of Epoxy film on PET substrate

The procedure to prepare epoxy film on PET substrate was described in
chapter 3, section 3.1.1. The cured epoxy film was washed in ethanol and
subsequently in DI water for 3 minutes each time to remove any uncured polymer,
and was ready to be used for the fabrication of the protein microarray and
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microfluidic device.
8.2.3. Fabrication of epoxy microfluidic device

The procedure to prepare epoxy microfluidic system was described in chapter3,
section 3.1.4.2. The fabricated structure was washed with ethanol and DI water
successively. After blow-drying, holes at the inlet and outlet channels were made
by drilling to connect a syringe pump with a silicon tube. The connections were
sealed by a HY-9 hydrophilic (adhesive material) coated plastic film. Then, a
multi-channel microfluidic device for ELISA experiments was finally made for
use.
8.2.4. Fabrication of epoxy film based protein microarray

The protein probe was dissolved in the printing buffer for the desired
concentration and was transferred to the 384-well micro-titer plate before
printing. To optimize the printing buffer, 0.01 M PBS containing different
concentrations of glycerol ranging from 0 to 40% and different amounts of triton
X-100 ranging from 0.001% to 0.012% were examined. In other experiments, the
optimal printing buffer was employed. In the study of the protein immobilization
kinetics, 25, 100, 500 μg mL-1 of Cy3-conjugated anti-goat IgG were used while
a range from 5 to 1000 µg mL-1 of the protein solution was employed for
characterization of protein loading capacity. VersArray chipwriterTM (Bio Rad,
USA) was used to fabricate microarray by contact printing mode at 60%
humidity.
The probe immobilization for the kinetic study was carried out in a humid
chamber with incubation times of 0, 0.25, 0.5, 1, 2, 4, 6, 8, 10, and 12 hours,
respectively, and for other studies was conducted with an overnight incubation
time. The protein-immobilized slides were washed 3 times for each 2 minutes
with TBST (0.01 M TBS with 0.05% Tween 20) to remove unbound probes.
Then it was immersed in BlockerTM casein/TBS solution for 1 hour to not only
quench the unreacted epoxy functional groups on the substrate surface, but also
to produce a layer of casein that could reduce the nonspecific bindings in
subsequent steps. For the immunoassay, 20 µL of Cy3-labeled anti-goat IgG/TBS
buffer was applied to the fabricated microarray in such a way that different
concentrations of Cy3-labeled anti-goat IgG from 1 pg mL-1 to 10 µg mL-1 were
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used for various groups of spots (subarrays) for 1 hour reaction at 37℃. The
microarray was washed again (2 minutes × 4 times) with TBST, followed by
washing (twice) with DI water for 2 minutes to remove the detergent and salt.
After drying, the microarray was scanned at 530 nm using a scanning laser
confocal fluorescence microscopy (ScanArray GX, PerkinElmer, USA) at a
5-μm resolution. The acquired images were quantitatively analyzed with
ScanArray® Express analysis software. The fluorescent intensities were local
background-subtracted means for downstream statistical analysis. The acquired
data were input to Origin 7.0 for further analysis and plots.
8.2.5. Flow-through ELISA with UV-embossed device

The effect of incubation time on probe immobilization and the following
antigen-antibody interaction on the embossed microchannel surface was studied
by pumping a 10 µg mL-1 HRP-labeled IgG into the channels and then incubating
for different times. After probe immobilization, the unbounded protein was
removed by a flow washing process for 3 minutes. TMB was then pumped in for
the enzymatic reaction to yield colors, which were captured by CCD camera. In
addition, the peroxidase converted substrates were pumped out into the 384-well
ELISA-plates for absorbance measurement (Genios plus, Tecan, USA).
To fabricate a microfluidic device for the flow-through sandwich ELISA, a 10
µg mL-1 anti-IL-5 monoclonal antibody solution was pumped into the
microchannels for a 5 minutes incubation, the optimal condition identified above
in the probe attachment. The same flow-through washing procedure as that used
in the study of probe immobilization was performed, while the blocking was
performed in the microchannels using the same as that used in the protein
microarray fabrication. The analyte, IL-5 diluted in human serum ranging from
10 pg mL-1 to 10 µg mL-1, was pumped into the fluidic device and incubated for
10 minutes, followed by flow-through washing with TBS for 4 minutes. The
HRP labeled monoclonal anti-IL-5 was then pumped into the channel for a 10
minutes incubation period followed by a 5 minutes of flow-through washing.
Then, the enzyme substrate, TMB was pumped into the microfluidic channels to
react with the captured HRP for colorimetric detection. Additionally, the
peroxidase converted substrates were pumped out into the 384-well
ELISA-plates for absorbance measurement.
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Table8.2. Parameters of flow-through IL-5 detection on epoxy microchannel
probes
epoxy
microchannels
negative controls

anti-IL-5 IgG
10μg mL-1
5 min
―

analytes

antibody*
-1

IL-5 10μg mL
to 10pg mL-1
10 min
+

anti-IL-5 (HRP)
5μg mL-1
10 min
+

8.3. Results and discussion
8.3.1. UV-curable epoxy resin and cured film

The prepared epoxy resin and its UV-cured film were characterized by
ATR-FTIR spectrophotometer. In figure 8.2, it can be observed that the
characteristic unsaturated double bands of the acrylate group at 1637 cm-1 and
810 cm-1

125

disappears, apparently after UV irradiation, indicating the

polymerization vis acrylate groups occurs. However, the characteristic bands of
epoxide groups including the antisymmetric ring deformation at 917 cm−1, and
the symmetric epoxide ring deformation at 866 cm−1 126, can be seen before and
after the UV irradiation, showing that the epoxy groups are still intact for
covalently immobilizing proteins after UV polymerization.

Figure8.2. FTIR spectra of the resin before: a. and after b. UV exposure

The epoxy concentration in the resin was controlled by adjusting the epoxy and
acrylate molar (E/A) ratio. The water contact angles measured from different
cured films were around 73º with no significant difference for different E/A ratios.
After argon-plasma treatment, the water contact angle significantly decreased to
32º (figure 8.3a). Protein immobilization was conducted with different E/A ratios
to obtain an optimal condition. The protein loading capacity was determined by
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the method described in section 8.2.4. The results shown in figure 8.3b illustrate
that the samples with an E/A ratio of less than 0.03 have no detectable fluorescent
signal, indicating that the immobilized protein is negligible. The detected
fluorescent intensity increases steadily with an increase in the E/A ratio over the
range of 0.03 to 0.08, until the plateau fluorescence intensity is reached at E/A
ratios higher than 0.08 (figure 8.3b). To compromise the maximum protein
immobilization capability with a low viscosity for non-fragile epoxy films, the
optimal E/A molar ratio of the resin is selected as 0.08. Interestingly, after
treatment by argon plasma, the fluorescent intensity of the epoxy film did not
show significant change (figure 8.3b), although its hydrophilicity had remarkable
improvement (figure 8.3a). This might clearly indicate that the protein
nonspecific adsorption introduced by the hydrophobic interaction was
insignificant, and the covalent binding of the epoxy group with amino group of
the protein was the dominant factor in the protein immobilization. This can
eliminate or reduce the non-specific adsorption interference from the
hydrophobic interaction.

Figure8.3. Hydrophilicity of epoxy films and effects of epoxy ratio and hydrophilicity on
protein immobilization. a. water contact angle vs. epoxy ratio and b. fluorescence intensity
vs. epoxy ratio

8.3.2. Protein microarray and its immobilization kinetics

The fabrication of the UV-cured epoxy protein microarrays was optimized by
the probe concentration, printing buffer, and incubation time. The properties of
the printing buffer can significantly affect the probe binding capacity and the
spots quality. The effect of the printing buffer pH was evaluated by directly
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spotting Cy3-IgG on the cured epoxy films. As shown in figure 8.4, among
various pH in PBS buffers, the pH 7.4 solution gives the highest fluorescence
signal for the best protein immobilization. Thus, a pH 7.4 PBS was used to
prepare the printing buffer for other optimization experiments.

Figure8.4. Signal/ printing pH plot

Glycerol is an additive in the printing buffer to prevent the spotted probe from
dehydration and subsequent denaturation, since the nanoliter-droplets could
quickly evaporate even at room temperature 16. Additionally, adding triton X-100,
a non-ionic surfactant, to the printing buffer can increase the homogeneity and
diameter of the spots

212, 213

. In our previous work, both additives were used to

improve antibody microarray performance; however, they were only effective at
a certain threshold concentration, and deviation from this threshold could cause
negative effects 16. A delicately tuned optimization is necessary when using them
in the printing buffer. In this work experiments, glycerol concentrations of 2.5%,
5%, 10%, 20%, and 40%, and triton X-100 concentrations of 0.001%, 0.003%,
0.006%, and 0.012% in the printing solution were examined. The scanned image
of the fabricated microarray and the fluorescence intensity vs. the glycerol and
triton concentrations are shown in figure.8.5 (a) and (b), respectively. The results
reveal that the buffer containing 2.5% glycerol, 0.003% triton X-100 has the
highest signal intensity. Thus, the optimal composition of the printing buffer is
0.01M PBS (pH 7.4) containing 2.5% glycerol and 0.003% triton X-100.
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Figure8.5. Signal/ surfactant concentration plot

The protein immobilization kinetics was studied by spotting different
concentrations of Cy3-labeled IgG. The dependency of fluorescence intensity on
the printed protein concentrations is shown in figure 8.6, illustrating that the
intensity sharply increases with increasing the protein concentration, until a
plateau intensity is reached at a concentration equal or larger than 250 µg mL-1.
However, the 500 µg mL-1 deposited spots have both the best uniformity and the
highest fluorescence intensity.

Figure8.6. Signal/ concentration curve

Based on the results shown in figure 8.6, concentrations of 25, 100 and 500 µg
mL-1 were chosen to investigate protein immobilization kinetics, since they can
represent different stages of the immobilization. The results are shown in figure
8.7; of which the inset is the images of the tested microarrays. The results clearly
illustrate that the fluorescent intensity for the immobilization solution of 500 µg
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mL-1 increases with the immobilization time much faster than that of
concentrations of 25 and 100 µg mL-1, very fast reaching its maximum value in
less than 4 hours. However, the immobilization with 25 and 100 µg mL-1 could
not reach its maximum value even after 12 hours. The protein immobilization
kinetics on the cured epoxy surface was studied by using the following equation
[8.1]53, 156:
Rt = E * (1 − e − k st ) + R0
[8.1]
and
k s = k a [ A] + k d
[8.2]
*
Where E , ka, kd, R0, and A are the activation energy, the association rate
constant, the dissociation rate constant, the response at t=0 and the adsorption
protein concentration in the aqueous solution, respectively. The values of ka, kd,
E*, and R0 are determined by fitting the binding curves of fluorescent intensity vs.
times for different immobilization concentrations. The fitted ka and kd are
1.38×10-5 M-1s-1 and 9.82×10-6 s-1, respectively.

Figure8.7. Signal/ time curve of different probe concentration

8.3.3. Analytical characterization of antibody microarray

The dynamic range and limit of detection (LOD) of protein microarrays
fabricated on the epoxy resin film was characterized by using direct
immunoassay with goat IgG and anti-goat IgG as model proteins. 500 μg mL-1
goat IgG in the optimal printing buffer discussed above was contact-printed on
the epoxy film for immunoassay microarrays. Various concentrations of anti-goat
IgG (Cy3 label) from 10 pg mL-1 to 10 μg mL-1 with 10-fold dilution were used to
incubate each array. Figure 8.8.A illustrates that the fluorescence intensity rises
with the increase of analyte concentration. The fluorescence intensity of each
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spots was quantitatively analyzed with ScanArray® Express analysis software,
and a plot of fluorescence intensity versus concentrations of the analyte
(anti-goat IgG) was obtained by using Origin 7.0. Figure 8.8.B shows the
calibration curve of anti-goat IgG over a concentration range of 10 pg mL-1 to 10
μg mL-1. A sigmoid curve (R2=0.989) can be seen over the whole detected
concentration range, showing a linear range (the concentration range that gave
the best fit to the linear equation ) from 10 to 1×106 pg mL-1 on the cured epoxy
film. It indicates that the dynamic range is from 10 to 1×106 pg mL-1. LOD is
determined as three standard deviations above the background and is ca. 10 pg
mL-1. The dynamic range and LOD are two important parameters to characterize
the performance of a protein microarray. In detection of IgG, the LOD of 150 pg
mL-1 and detection dynamic range of 4 orders of magnitude on
carboxyl-terminated dendrimer-coated surface214, and the detection dynamic
range of 50 to 200 ng mL-1 on 3D micro/nano porous silicon structures have been
reported215 . In comparison to these works, the epoxy resin-based protein array
exhibits very comparable LOD and larger dynamic range. It is also much simpler
and less expensive, since the inherent functional epoxide group in the epoxy resin
can directly bind proteins without need of the additional multiple surface
reactions for functionalization and preactivation.

Figure8.8. A. Fluorescent image of microarray; B. Dose dependent curve of UV-curable
epoxy resin-based protein microarray for detection of anti-goat IgG.

8.3.4. Epoxy-based ELISA microfluidic device

UV-cured epoxy-based ELISA microfluidic devices were fabricated to explore
its application in simultaneous multiple flow-through detection of proteins. The
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protein immobilization and detection including incubation and washing step
were conducted with a flow-through operation in the device.
The effects of incubation time and probe concentration on the protein
immobilization in the epoxy-microchannel were investigated. The absorbance
results in figure 8.9a show that the highest signal is obtained from protein with a
5 minutes-immobilization. To study the optimal antibody-antigen interaction
time, the microchannels were immobilized by IgG with 10 μg mL-1 IgG/0.01M
PBS, followed by blocking with casein for 10 minutes. The device was then used
to detect the absorbance responses after flowing-in of 5 μg mL-1 anti-IgG into the
different micro-channels for different incubation times. The results (figure 8.9b)
show that the absorbance produced in the microchannel reaches a plateau after 10
minutes of antibody-antigen interaction, and the optimal protein immobilization
time and the antibody-antigen incubation time are 5 and 10 minutes, respectively.
The total assay time, including immobilization, blocking and detection, for the
microfluidic device is ~35 minutes, which is significantly reduced than the
typical assay time (normally 3-4 h) in the commercially available micro-plates.

Figure8.9. Absorbance signal at different antibody immobilization times. Insert figure:
absorbance signal at different antigen-antibody interaction time

Simultaneous detection of IL-5 and IgG was conducted in the epoxy-based
microfluidic device, which had 14 microchannels for detecting 6 concentrations
of each target protein and background. IL-5 and IgG are of great importance in
biomedical science and clinic diagnoses, since they are involved in a wide range
of allergic reactions and mediate immune reactions against parasites216 217. IL-5 is
a marker of disease activity and treatment efficacy in bronchial asthma24, while
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IgG can serve as a specific marker for neuromyelitis optica, an inflammatory
demyelination disease. The absorbance calibration curves obtainded for the
multiple detection of IL-5 and IgG plus background are shown in figure 8.10,
displaying a detection limit of 100 pg mL-1 and a dynamic range of 4 orders of
magnitude. The performance of this one-step fabricated epoxy microfluidic
device was demonstrated in analytes containing serum, and it is still very
comparable with that detected in PBS with the microfluidic devices fabricated
using a more complicated multiple step process 11, 21, 57.
The fabricated epoxy microfluidic device can be used for simple colorimetric
detection as shown in the inset of figure 8.10, in which no color is observed from
the channels with detection of background and 10 pg mL-1 IL-5. However, blue
colors can be observed clearly from the channels with detections of a
concentration equal to or higher than 100 pg mL-1. The results are in agreement
with that measured using the ELISA plate reader. Since the color changes for the
protein detection can be directly observed by the naked human eye, the
microfluidic device demonstrates a great potential for fabricating a portable,
flow-through, detection equipment-free device for screening diseases using the
immunoassay method. The microdevice could also be fabricated using a web to
web embossing manufacturing process developed in our previous work for mass
production218.

Figure8.10. Calibration curve of IL-5 at epoxy-microchannel by using anti-IL-5 antibody as
probe (□), Calibration curve of IgG at epoxy microchannel (△). Insert image: channels (the
channel width is 200μm) , from left to right, the IL-5 concentration are: 0, 10 pg mL-1, 100 pg
mL-1, 1 ng mL-1, 10 ng mL-1, 100 ng mL-1, and 1 μg mL-1; probes immobilization time: 10
min.
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8.4. Conclusion

In brief, a new and economic approach to fabricate protein microarray and
microfluidic immunoassay device with a UV-curable epoxy resin was
investigated. The microarray showed an extremely low standard deviation error,
a broad dynamic range of 5 orders of magnitude, and a LOD of 10 pg mL-1. More
promisingly, the ELISA microfluidic device also possesses a LOD of 100 pg
mL-1 and a dynamic range of 4 orders of magnitude in serum sample, which is
better or at least comparable to that measured in PBS with the microfluidic
devices made by more complicated fabrication processes. The work also
demonstrates the feasibility of a microfluidic device for colorimetric
immunoassays that can be detected with the naked human eye, then providing
potential to fabricate portable immunoassay devices for health point of care and
infectious diseases screening.
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Chapter 9 General conclusion and future work
9.1. General conclusion

In this dissertation, the advancements in miniaturized immunoassays in recent
years were thoroughly reviewed. The details of the detection schemes,
miniaturized immunoassay construction and signal processing were presented
and several comparative studies were made. Drawbacks such as the
hydrophobic nature of pristine PDMS still restrain its performance and
application in microfluidic immunoassays. To conquer these challenges,
bioconjugated methods were investigated thoroughly and used to enhance the
flow-through ELISA system for protein detection.
A new approach used AFM to study the conformation and kinetics of the
adsorption of protein A on the PDMS surface at a molecular level. Through
investigations of the effects of pH values, protein concentration, and contact
time on the adsorption, the results indicate that the conformation of protein A is
significantly affected by pH and adsorbed surface concentration. Protein A
shows tortuous line shapes with adsorption at pH values far from the pI point of
protein A (5.0), while displaying dendrite conformation at pH values equal to pI
of the protein (5.0). This phenomenon is ascribed to the electrical repulsion
effect of charged protein molecules in solutions with pH values far from pI.
Networks, formed like a large “molecule” from a number of single molecules,
were found in higher adsorbed surface concentrations of protein A. The results
also reveal that the protein A produces a monolayer film with a maximum
adsorption of 1.22×104 molecule µm-2. This work demonstrates that AFM can
be used to study the kinetics of an adsorption process in relatively low
concentrations of proteins due to its high sensitivity.
A mild physiosorption assembled APTES was investigated to graft
amino-groups onto the PDMS surface. The method presented does not increase
the surface roughness by mechanically damaging the PDMS; this is a common
side effect of other surface treatments such as irradiation with UV light, corona
discharges and oxygen plasma. Moreover, fewer chemicals are used and fewer
experimental steps are required compared to existing PDMS modification
methods. SAA/EDC based protein immobilization is identified as a simple and
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effective approach to attach probe proteins on an aminated-PDMS solid surface
for sensitive protein detection. The detection limit using this simple and efficient
protein immobilization method was reached at pg mL-1 level.
A simple but effective technique to suppress non-specific adsorption for the
development of a solid phase material for immunoassays was studied.
Hydrophobicity of PDMSs can be silanized with APTES, followed by PVA
coating and glutaraldehyde activation. Biomolecules can be covalently attached
to the modified surface in an even distribution. The application of the PVA
functionalized surface in sandwich ELISAs results in excellent detection
sensitivity (1 pg mL-1) and linearity up to 10 ng mL-1. A multiple
PVA-functionalized PDMS microfluidic device was demonstrated for the
detection of HBsAg, HBeAg and α-FP. The microfluidic ELISA devices possess
a detection limit (LOD) of 10 pg mL-1 and a dynamic range of 5 orders of
magnitude for detection of α-FP; LOD of 100 pg mL-1 and a dynamic range of 4
orders of magnitude for detection of HBeAg and HBsAg in human serum.
A dextran-modified PDMS microfluidic ELISA device with a unique
architecture for eliminating crossover interference was fabricated. The dextran
functionalization of the PDMS was done using a simple, economical and fast
flow-through process and demonstrated great enhancement to the hydrophilicity
and efficient covalent immobilization of proteins on the PDMS microchannel
surface. The device was used to simultaneously detect multiple important
biomarkers, which include IL-5, HBsAg and IgG, via a flow-through process,
showing excellent sensitivity of 100 pg mL-1 and a dynamic range of 4 orders of
magnitude. These results are much better than those obtained using
hydrophobic PDMS based microfluidic ELISA devices or the plasma-treated
PDMS microfluidic immunoassay device with covalently attached protein
probes. Moreover, the PDMS devices fabricated in this work were used in the
colorimetric detection of proteins, whereby the results obtained were in good
agreement with the absorbance measurements and could also be observed
clearly by the naked eye.
The next research highlight is the exploration into a new and economic
approach to one-step fabrication of a protein array and ELISA microfluidic
device with a UV-curable resin. The resin formulation was optimized and
characterized
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microstructure fabrication processability. The UV-cured film formed by the
epoxy resin demonstrated efficient covalent protein immobilization through the
reactions of its epoxy functional groups with the amines of proteins. The printing
buffer, immobilized probe concentration, and incubation times with the target
solution were optimized for the best performance. The protein immobilization
kinetics was studied by fitting the experimental results with the kinetic equation.
The microarray showed an extremely low standard deviation error, a broad
dynamic range of 5 orders of magnitude, and a detection limit of 10 pg mL-1 for
IgG. The developed microfluidic immunoassay device demonstrates a detection
limit of 100 pg mL-1. In addition, the device developed in this work demonstrates
the feasibility of a microfluidic device for colorimetric immunoassays that are
visible to the naked human eye. This work provides a simple and economical
method for the one-step fabrication of protein arrays and microfluidic devices,
and could have broad applications in both biomedical sciences and clinical
diagnoses.
In brief, we investigated the modification of the PDMS microfluidic device
with hydrophilic polymers for enhancement of both hydrophilicity and
immobilization efficiency of proteins through their functional groups, e.g.
abundant hydroxyl groups. Subsequently, we investigated a novel UV-curable
resin for one-step fabrication of epoxy group functionalized microstructures
which can be competently used for highly sensitive protein microarrays and
flow-through ELISA applications. In addition, we explored a colorimetric
method (based on a colored end-product of the PDMS immunoassay) which
allowed the results to be read directly by the naked eye for assessment (negative
or positive), possibly without using any detection equipment. Detection of
pathogenic targets by microfluidic ELISA was investigated on the fabricated
plastic microfluidic platforms. Biomarkers related to infectious diseases, such
as hepatitis B virus infection, IL-5, were specifically studied.

9.2. Future work

In this PhD project work, the new approaches were used to fabricate
inexpensive, sensitive and portable microfluidic ELISA devices for practical
applications. Future study can be directed towards several critical aspects for
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exploration of scientific knowledge and then further improvement of the device
performance.
Although the devices developed in this work show better or comparable
sensitivity in comparison to the prior arts, but it needs further improvement
(down to a few pg mL-1) for clinic diagnoses, especially for early disease
detection. The further improvement relies greatly on the scientifically
understanding the device. The surface immobilization may further be modified
for highly efficient probe attachment. The prevention of non-specific protein
adsorption can increase the signal to noise ratio for enhancing the sensitivity of
the flow-through ELISA. Besides hydrophobic-hydrophobic interaction,
non-specific protein adsorption is affected by several factors such as protein
properties (size, charge, shape, composition and pH), surface properties (charge,
chemistry and topology), co-adsorption of low-molecular-weight ions,
intermolecular forces between adsorbed molecules, and strength of functional
group bonds. AFM can be used to study the interaction of protein and polymer
surface for further extending our knowledge in non specific protein adsorption.
Impedance spectroscopy can be integrated with ELISA to investigate new
detection of the effects of type of probes, steric effect and charge of the analyte
and on the detection sensitivity and specificity. The more challenge task for
increase S/N ratio is to reduce or eliminate interferences from the real sample,
such as blood, saliva and urine, of which the interferences may become more
complicated. Thus, alleviating the interference is worthy to study on both sample
pretreatment and data process.
The results demonstrate that one-step fabrication of miniaturized bio-analyzers
with UV-curable resin is an attractive research direction for preparation of
functionalized surfaces for highly efficient assays. The further effort will
continue to use one-step fabrication approach to make low-cost, sensitive and
reliable microfluidic device which is competent to automatically and efficiently
conduct sampling, mixing and detection within the plurality of test sites for
multiple screening immunoassays. The flow-through ELISA procedure will be
particularly studied to realize a one-step immunoassay which is without washing
process.
The most important work in the future particularly goes to fabricate prototype
device targeting a number of fatal diseases for both scientific and commercial
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Abbreviate
α-FP: alpha-fetoprotein
AFM: atomic force microscopy
APCs: antigen-presenting cells
APTES: 3-aminopropyltriethoxysilane
BioMEMS: biological microelectromechanical systems
CB: carbonate-bicarbonate buffer capsules
CEA: carcinoembryonic antigen
DEX: dextran
EDC: 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
EHD: electrohydrodynamic
ELISA: Enzyme-linked Immunosorbent assay
EOF: electroosmotic flow
FTIR: fourier transform infrared spectroscopy
GA: glutaraldehyde
HBV: hepatitis B virus
HBsAg: hepatitis B surface antigen
HBeAg: hepatitis B e antigen
HBcAg: hepatitis B core antigen
HLA: human leukocyte antigen
HRP: horseradish peroxidase
HAS: human serum album
IA: Immunoassay
IgG: immunoglobulin G
IL-5: interleukin-5
MHC: major histocompatibility complex
MHD: magnetohydrodynamic
μAPD: microavalanche photodiode
μCP: micro-contact printing
μTAS: micro-Total Analysis System
PBS: phosphate buffered saline
PBMC: peripheral blood mononuclear cell
PC: polycarbonate
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PCR: polymerase chain reaction
PDMS: poly (dimethylsiloxane)
PEMs: polyelectrolyte multilayers
PET: polyethylene terephthalate
PGMEA: propylene glycol methyl ether acetate
PMMA: Polymethyl methacrylate
Poly Si: polycrystalline silicon
PVA: Poly (vinyl alcohol)
RIA: radioimmunoassay
RIE: reactive ion etching
RT: room temperature
SAA: succinic acid anhydride
Si: Single crystal silicon
SPI: solid-phase immunoassays
SUVs: small unilamellar vesicles
TBS: tris buffered saline
TLM: thermal lens microscopy
TMB: 3,3,5,5’- tetramethyl benzidine
XPS: X-ray photoelectron spectroscopy
ZPC: zero-point of charge
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