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Abstract

The development of biosensors for the detection of biomolecules recognition is an
extremely important problem in life science and clinical diagnostics. Many researchers
and bio-scientists around the world are looking to present a simple and cost-effective
ultra-sensitive platform for the bio-sensing applications in order to detect protein-protein

interaction, DNA hybridization, and antigen-antibody interaction.

Microcantilever (MC) transducer is a well-known sensing mechanism for
biosensing application. In this method, a surface-stress will be induced through the
bimolecular recognition on the cantilever surface, which results in the MC deflection.
The magnitude of deflection is related to the number of (or concentration of)
biomolecules of interest that were immobilized on the MC's surface during the biosensing
protocole. However, one of the main drawbacks of cantilever biosensors is the high
amount of analytes (proteins, DNA, polypeptides, etc.) that are required for sensing
experiments as the cantilever must be submerged in the analytes. In addition, the
cantilever bending read-out system (that can be optical or electrical) has to be designed
sensitive enough to make it possible to measure deflection in the range of a few

nanometers.

In order to move toward ultra-sensitive biomolecular detection, one way is to
increase the read-out resolution which makes the system more complex and expensive.
Another solution is to fabricate the MC from materials different from silicon with less

stiffhess.

In addition, in order to reduce analytes consumption, integration of microfluidic
systems with microcantilevers would be beneficial. Through this integration, both the
volume of analytes and the time of response are reduced. This thesis reports a promising

method towards ultra-sensitive biosensing by integration of microfluidic system into a



polymeric microcantilever. The fabricated platform is referred as “Polymeric Suspended
Microfluidics". In order to immobilize biomolecule of interest for the biosensing
application inside the microfluidic system, gold nanoparticles (AuNPs) are integrated into
the buried microfluidics by two different methods. The thesis also presents a novel 3D
micromixer in order to implement in-situ synthesis of AuNPs. The 3D micromixer has

been fabricated and tested for characterizing mixing performance.

The results of biosensing shows significant improvement in the sensitivity of the
proposed platform compared with the common silicon based MC biosensor. The results
show the proposed integrated sensing platform achieved a detection limit of 2ng/ml
(100pM) toward the growth hormones biosensing (Ag-Ab interaction detection). The
results demonstrate a proof-of-principal for successful polymeric cantilever fabrication
towards the next generation of cantilever-based biosensing mechanism which has high

potential to enable femtomolar (fM) biomolecular recognition detection.
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Chapter 1: Introduction and Literature review

1.1 Introduction

1.1.1 Mechanical transducers as biosensors

Advances in microfabrication and nanofabrication technologies are enabling a wide range
of new technologies. Over the past few years, progresses in the fabrication of transducers
technology with a more comprehensive understanding of the governing rules of

biomolecular interactions, has led to rapid advancements in biosensors developments [1].

Progresses in the microfabrication technologies made it possible to fabricate mechanical
devices with typical dimensions of a few microns or even of sub-micron moving parts
[1,2]. These advancements have led to move from fundamental problems in biological

physics toward fabrication of practical sensors that can be batch fabricated.

Micromechanical biosensors take advantage of properties that appear in small scales
when the size decreases [3]. The unique properties of mechanical biosensors or
mechanical transducers are as follows. First of all, mechanical biosensors provide
exquisite mass resolution. The minimum resolution (or the minimum detectable added
mass) they can achieve is proportional to their mass. Nanomechanical systems (or in the
more specific case of mechanical biosensors with nanometer size moving parts) can

achieve less than picogram resolution while working in the vacuum [3]. The resolution



may decrease working in air and in fluidic environments. The minimum detectable mass

can be stated in the form of sensitivity of the sensor [1].

Second, the compliance of the mechanical sensors-their ability to deform-related to their
stiffness can be decreased in the order of three by scaling down the device dimensions. It
allows us to measure forces as small as 10pN which make them sensitive enough to even
detect single antigen/antibody interactions [1]. This thesis will focus on the utilization of
the transduction mechanism through a popular class of biosensors: cantilever-based
biosensors. These types of mechanical transducers have been commonly used in scanning
probe microscopes, have become increasingly popular as transducers in chemical and
biological sensors. Figure 1-1 shows an SEM of a typical silicon microcantilever used
widely for different biosensing applications such as protein detection, antigen-antibody

interaction, and DNA hybridization [4].

Figure 1-1: Scanning electron micrograph of a microfabricated silicon cantilever array (1 um
thick, 500 um long, and 100 pm wide, pitch of 250 pm, spring constant 0.02 N m—1; Micro- and
Nanomechanics Group, IBM Zurich Research Laboratory, Switzerland) [4].

A microcantilever transducer directly converts changes in the Gibbs surface free energy

created by cantilever's surface-analyte intermolecular interactions into a measurable
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mechanical response [5]. The mechanical response is generally the bending of the
cantilever that can be measured using different methods including optical, capacitance,
and electrical. Figure 1-2 demonstrates how a microcantilever can be used for antigen-
antibody interaction detection in a static mode of operation. Upon interaction of
biomolecules on the cantilever’s surface, a surface stress is induces which results in
bending of the cantilever. The magnitude of bending deepens on the analytes

concentrations [6].

Figure 1-2: Labeled-free detection of Ag/Ab interaction into the surface of cantilever. The
interaction generates a compressive surface stress, which causes the cantilever to bend [6].

In a mechanical transducer, the biosensing elements are immobilized on the transduction
surface. Upon recognition of the biomolecules on the selective layer, a signal will be
induced. This signal will be quantified in a measurable way by using different

electronics. A schematic of a transduction mechanism is shown in Figure 1-3.
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Figure 1-3: principals of transduction mechanism for biosensors

1.1.2 Microfluidic systems for biosensing

In the past twenty years, the exploration of biological systems from molecules, through
cells, to small multicellular organisms has dramatically grown based on the developments
in microfluidic systems. This enabling technology has several advantages compared with
the conventional fluidic systems. Mainly it causes decreasing of the sample volumes and
target analyte concentrations in ways that are not possible using conventional testing
systems. Such a technology also has the benefit of scaling down the dimensions that
enables a range of fundamental features to accompany system miniaturization such as
reduced reagent consumption, high throughput, enhanced analytical performance, less
waste, low unit cost, reduced energy consumption, and reduced dimensions when

compared to macro-scale techniques [7].

In addition, small fluidic mechanical devices (or microfluidic systems) can show
evidence of fast response times compared with macro-fluidic systems. They cause the
chemical reaction or the biological interaction and processes to be observed on the time

scales in the order of milliseconds or even less [4].



However, there are also some drawbacks by moving toward scaling-down of a fluidic
system. Important disadvantages are the difficulties in mixing of different fluids of
interest. The Reynolds number in microfluidic systems is typically in the range of 0.1~10
which mean that the flow regime is laminar (viscous flow) where the diffusion is
minimum. Figure 1-4 shows a typical subsystem used to construct a microfluidic chip for

bio-detection application.
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Figure 1-4: Schematic of a total analysis device showing the various functions on a single
microfluidic chip [7].

1.1.3 Gold Nanoparticles in biosensors

Among different types of biosensors incorporated with various types of physiochemical
transducers, optical biosensors are attracting more and more interest. Among those,
sensors based on Surface Plasmon Resonance (SPR) have shown significant interest
amongst researchers due to the unique advantages of these types of sensors such as
simple detection mechanism and high possibility to be miniaturized and to be integrated

with other lab-on-a-chip components [8].



These types of detection methods do not require any fluorescence labeling. In addition,
the whole detection mechanism is accelerated, considering the potential to detect several

targets in a complex biological sample [9].

The optical properties of gold colloids in the form of planar surface (SPR) as well as in
the form of nanometer-sized particles (LSPR) are well established. With the advantages
of SPR and localized SPR (LSPR), several studies focused on plasmonic properties of

gold colloids [8].

In the last decade, nanometal-polymer composite films in the form of hybrid materials
with inorganic nanoparticles immobilized and integrated into a polymer matrix attracted
many researches in the field of life science for sensing applications [10]. Especially, gold
and silver-poly (polydimethylsiloxane) PDMS nanocomposites are of considerable
interest because of important PDMS properties including the simplicity of the preparation
of PDMS-chips, low cost, good transparency, oxidative stability, and non-toxicity to cells
[11]. Figure 1-5 shows a gold-PDMS nanocomposite and its SEM images. The
corresponding Au-LSPR band of the composite is shown in Figure 1-6. There is an Au-

LSPR band in the visible range (390 to 750 nm) for the gold at about 520nm.



Figure 1-5: Gold-poly (PDMS) nanocomposite and its SEM image.
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Figure 1-6: Typical spectrum of Au-PDMS nanocomposite. The peak absorbance is at of 533 nm.

In this thesis a biosensing platform is proposed based on three sensing mechanisms
mentioned above. These mechanisms including: (1) mechanical transducers with high
sensitivity and resolution, (2) microfluidic systems to reduce the required analyte volume
with higher response time, and (3) gold-PDMS nanocomposites with their nontoxicity
properties to cells and their high capability for immobilization of biomolecules on the

surface of PDMS-based biosensing platforms.



1.2 Literature review

During the last decade, with the advancements in microfabrication, new biosensing
mechanisms have been proposed. In this part we will look at some of papers which are

close to our research.

1.2.1 Micromechanical transducers

Generally, bending of microcantilevers is induced by changes in the surface stresses
while interaction between biomolecules such as proteins [5]. There are several papers
which explained this induction effects in detail. Stoney pioneered presenting a simple
model for this adsorption-induced surface stress and relates the stress to the cantilever
deflection [12]. Many authors developed the model with more details or investigated the
surface-stress behavior [13-19]. Very good reviews on MC, their applications and

governing equations can be found in [1-3,20].

Micromechanical cantilever-based sensors operate in two modes: the static mode where
the bending of the cantilever is measured and the dynamic mode where the change in
resonance frequency of the cantilever is monitored [2]. The static mode is sensitive to
surface stress changes and the dynamic mode is susceptible to mass variations [6]. There

are different approaches for measuring the readout induced signal [21-25].

T. Thundat is one of the pioneers in the field of MC sensors and applications in
biosensing. His papers in 1995 on the applications of MCs in chemical detection using
resonance frequency shift opened a new window in the sensing applications of cantilevers

[2,26,27]. However, the most developed microcantilever (MC) platform as biosensors



started in the sensing of 21th century. One of the most promising papers in this filed was
published in 2000 by Fritz et al. [4]. In their paper, they presented a label-free method
using an array of 8 cantilevers for DNA hybridization detection. They used a reference
cantilever for multiple detection recognition. Their method has a sensitivity of 80nM for
the complementary DNA oligonucleotide. The resulting beam deflection was measured

by using optical methods and was in the range of 6-10 nm.
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Figure 1-7: The limit of detection in moles and grams per millilitre versus the analysis time for
the different types of biosensor for mechanical and non-mechanical sensors. (SPR: surface-
plasmon resonance; SMR: suspended microchannel resonantor; NW: nanowire; LFA: lateral flow
assay; MRR: microring resonator; QCM: quartz crystal microbalance; BBA: biobarcode
amplification assay; IFA: immunofluorescent assay; MC: microcantilever [1].

One of the important issues in the design of biosensors is the sensitivity of the sensor. A
review paper recently published in [1] explains the sensitivity and resolution of different
sensing mechanisms including both mechanical and non-mechanical biosensors. Figure
1-7 shows the detection limit of different biosensors presented in this paper. As it can be
seen in this figure, SPR sensors generally have a very good response time (few seconds),
but their detection limit is generally high. In contrast, in microcantilevers their detection
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limit is very promising while their response time is in the range of few hours as the main

drawback of this type of sensors.

To enhance the sensitivity of MC sensors, one method is to increase the surface area by
adding nano-structures on the surface of the cantilever [5,28,29]. This would substantially
increase the surface area of molecular interactions and results in a higher induced stress

into the surface [5].

MCs have wide applications in sensing. There are many papers on different biosensing
application [30] including virus detection [31,32], DNA hybridization [33-35], PSA
detection [36,37] and Ag/Ab reaction detection [38,39]. There are other applications
including analyte concentration detection [40], mass detection [41], and metal sensing

[42].

1.2.2 Microfluidic integrated cantilevers in biosensing

Upon introduction of microcantilevers for biosensing, more advanced biosensors were
developed by integration of microfluidics with microcantilevers. Burg [43], pioneered the
integration of microcantilevers with microchannels in 2003 as a mass sensor. The
integration of microfluidic systems with microcantilevers has a wide application in
biosensing and especially in the field of mass detection [44,45]. The integrated system
generally referred to suspended microchannel resonator (SMR) due to the main
application of these types of sensors as a mass balancer. From Figure 1-7 it can be seen

that the high response time of these systems is one of their main advantage of these types
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of sensors. SMRs can achieve resolution down to femtogram (10™° gram) [46] or even

attograms [47] which makes them sensitive enough to detect even a single virus.

A paper published in 2007 [48] presented a suspended microchannel fabricated in silicon
for single cell and nanoparticle mass detection. They used frequency shift method for

detection. Figure 1-8 illustrates their mass measurement method.
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Figure 1-8: A suspended microchannel translates mass changes into changes in resonance
frequency [48].

However most of the SMRs designed to be used as a mass balance, There are only very
few papers on the application of microfluidic integrated cantilevers in different sensing
applications. M. G. von Muhlen et al. [44] presented in 2010 a SMR for protein detection
in serum where the glycoprotein ALCAM has been detected in undiluted serum at 300
pM concentrations in several minutes. Indeed there are many papers in mass sensing

application of SMRs [49-51].
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1.2.3 Gold nanoparticles in biosensing

One of the other issues that are the interest of this thesis is to use nanoparticles for
biosensing. Metal-polymer nanocomposite or metal-polymer nanocomposite films are
hybrid materials with inorganic nanoparticles immobilized and integrated into a polymer
matrix. The interest in these hybrid materials, in particular, those based on gold, stems
mostly from their optical properties. Applications of gold polymer and copolymer
composites, for example, in water purification, targeted drug release, antimicrobial

coatings have been reported as well [52].

Nanocomposites can be synthesized through different approaches [53-55], basically,
either by in-situ methods, or by incorporating pre-made nanoparticles into a polymer
matrix by using a common solvent. For a description of recent developments in the
synthesis and applications of nanocomposite materials, see some excellent reviews and

references herein [8-10,56,57].

Gold-PDMS nanocomposites are of considerable interest due to the simplicity of their
preparation, low cost, good transparency, oxidative stability, and non-toxicity to cells. A
major drawback is the strong hydrophobicity, and therefore, the inertness to biological
molecules. To render the PDMS surface hydrophilic, functional groups have been
introduced by low-pressure plasma treatments [58]. However, this effect is not stable and
the hydrophobicity is regained over the time. Au-PDMS nanocomposites have been
synthesized in various forms for applications including water purification and drug
delivery [59]. Because of their strong plasmon band in the visible spectrum, arising from

the excitation of plasmon by the incident light, gold nanoparticles (AuNPs) are
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particularly suited for sensing applications. Due to the wide utilization of gold
nanoparticles with various shapes in biosensing, biological labelling, etc., their
association with PDMS, in the form of nanocomposite materials, opens new possibilities

in microfluidic biosensing [11].

Generally, the biosensing properties of nanocomposites depend on quite a few parameters
related to the conditions of their preparation, which is the nature of the precursor
molecule, the concentration of the solutions, the temperature, the thickness of the film,
etc. They are determinant for the distribution of the metal particles in the polymer matrix.
On the other hand, and this is the most important issue, the polymer has to provide an
appropriate environment for the metal nanoparticles in order to be able to interact with
the biomolecules [60]. Because of its extreme hydrophobicity, PDMS does not promote
the hydrophilic biomolecules to enter the inner domains of the polymer. However, it has
been reported recently that, by varying the cross-linker concentration, the free volume of
the film can be changed and the enclosure of various molecular entities can be facilitated

[61].

AuNPs are very good candidate for detection of biomolecules in the form of Au-PDMS
nanocomposite, when the AuNPs are immobilized on the surface of PDMS. Whowever,
the interaction of nanoparticle and the surface is very important. For example, when the
gold nanoparticles are embedded deep into the polymer, the biomolecules may be too far
from the sensing volume of the particle. Since the biosensing properties are determined
by the spatial distribution of the Au nanoparticles, it is important to be able to control this
distribution. Therefore, the main goal is to explore some promising ways to increase the

mobility of Au nanoparticles in order to concentrate most of them on the surface of the
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film and thus, make them accessible to the surrounding environment containing the
biomolecule of interest. Among them is the thermal treatment of nanocomposite [11].
LSPR-based biosensing (antigen/antibody interactions) consists of 4 main steps. In each
step the LSPR of the nanocomposite will be recorded. The steps are schematically shown
in Figure 1-9-a. The Au-LSPR corresponding for each step is also shown Figure 1-9-b.
Generally for the sensing of biomolecules, the molecule of interest should be
immobilized on the pre-immobilized gold nanoparticle. This will allow us to be able to

locally follow the LSPR behavior of the Au-nanocomposite film while sensing protocol.
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Figure 1-9: Schematic of the main steps of the biosensing experiment and their corresponding
spectra; (A) Four steps of biosensing protocol; (B) Au-LSPR band corresponding to the steps
depicted in A; (C) legend of the schematics.

There would be a plasmon red-shift between each step. More specifically, in the last step,

the Au-LSPR shift is mostly due to the antigen/antibody interaction. The value of the
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shift (in nm) is noble evidence for determining the sensitivity of the platform and is a

function of the antigen concentration.

1.3 Thesis motivation

From the first day that microcantilevers sensors were introduced as a new sensing
platform by Thundat [26] to now, many types of miniaturized cantilevers have been
fabricated either as a biosensor. However, one of the main drawbacks of cantilever
biosensors is the high amount of analytes (proteins, DNA, polypeptides, etc.) that are
required for sensing experiments as the cantilever must be submerges in the analytes. In
addition, the cantilever bending read-out system (that can be optical or electrical) has to
be designed sensitive enough to make it possible to measure deflection in the range of
few nanometer [4] which limits the response time and sensitivity of the cantilevers as

mentioned earlier [1].

To reduce the amount of analyte required for biosensing, integration of microchannels
into the cantilever biosensors were presented in 2003. However, the main applications of
these integrated cantilevers are limited to the mass detection through frequency shift
measurement. It should be noted these integrated cantilevers are made of silicon which
has a very high stiffness and therefore, the typical deflection of cantilever even for high
concentrations of analyte is in the range of a few pm deflection (=50pm) [4]. This
deflection is far beyond the limits of current measuring methods and therefore the
application of suspended microchannels is limited to mass detection. Due to this, the term
“suspended microchannel resonator (SMR)” is generally used for these types of sensors

to show their application as a mass balance. Furthermore, the fabrication of buried
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microchannel in a free-standing cantilever is complicated and encompasses several

cumbersome fabrication steps.

Another point that should be considered is that while the microfluidic technology has
been maturing well, a big surprise is that LoC systems are still not being used
extensively. Recently Prof. G.M. Whitesides, in the editorial of Lab on a Chi [62], draws
the attention of microfluidic researchers to the power of “simple” and “cheap” regarding

the design of microfluidic devices that can be used extensively.

To the best of our knowledge, there is no method to integrate nanoparticles into a silicon
microchannel to be able to immobilize the biomolecules in a SMR. This issue made it

impossible to used SMRs in biomolecular recognition detection.

In this thesis, we propose a method for the fabrication of gold nanoparticles in a PDMS
polymer. The method is then integrated in a microfluidic system to be able to immobilize
gold nanoparticles on the surface of a PDMS microfluidic system. At the final stage, a
polymeric cantilever biosensor with integrated microchannel is fabricated a sensitive
biosensor. Due to very low elastic properties of the polymeric cantilever (around five
order of magnitude less) compared to silicon, the deflection is much higher and therefor
the sensitivity toward antigen/antibody interaction detection is extremely enhances.
Furthermore, the cantilever is fabricated through a simple method by using low-cost and

biocompatible polymer (PDMS), which enable batch fabrication of the biosensors.

16



1.4 Thesis Objectives and Scopes

1.4.1 Objectives

The objective of present thesis is to develop a method to integrate gold nanoparticles on
the surface of PDMS polymer inside a microfluidic system for biosensing application.
The proposed method was finally applied into a suspended PDMS-microfluidics (SPMF)
toward high sensitive detection of antigen/antibody interaction. Indeed, the sensor is a

combination of nanotechnology and microfluidic chip into a microcantilever platform.

The proposed biosensor will be used to detect different molecular interactions, such as
label free Ag/Ab interaction, DNA hybridization, DNA—protein interactions or protein-
protein interaction, etc. In addition, there would be another application for the suggested
microfluidic integrated cantilever such as a flow sensor for flow measurement. Also, the

integrated system may be utilized for mass measurement with high mass resolution.

To move toward the main objective of this thesis work for fabrication of an integrated

biosensor, we need the following sub-objectives to be answered:

1. Develop a method to synthesize AuNPs into the PDMS polymer network suitable
for biosensing application

2. Integration of AuNPs in a microfluidic chip suitable for biosensing application

3. Fabrication of microcantilever with built-in channels

4. Integration of the developed microfluidic synthesis method of gold NPs (objective
2) with the fabricated cantilever platform (objective 3)

5. Biosensing (Ag/Ab interaction) experiment on the integrated biosensor
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Figure 1-10: The main objectives of this thesis.

The main objective of this thesis and their dependent sub-objectives are also shown

hierarchically in Figure 1-10.

18



1.4.2 Sub-objectives

Each objective contains several sub-objectives (as depicted in Figure 1-10). As
mentioned, the first main objective is to develop a method for the synthesis of AuNPs in
macro scale. To reach to this objective, we used two main approaches which including
explained herein in detail: (1) in-situ method for gold-PDMS nanocomposite preparation
based on reductive properties of PDMS; (2) Adsorption of pre-synthesized (pre-made)

gold nanoparticle onto the PDMS. The sub-objectives are explained more herein:

1. Fabrication of gold-PDMS nanocomposite by in-situ methods: In these
methods the gold particles are embedded in polymer network (they are immobilized into
the polymer network). AuNPs are adsorbed into the polymer matrix. Several post-
processing treatments can be performed on the nanocomposite to enhance the sensitivity
of the fabricated platform.

Two different in-situ methods were presented in this thesis for preparation of gold-PDMS
nanocomposite on the basis of reductive properties of PDMS including:

(a) Using ethanol for fast synthesis of gold

(b) Microwave-assisted in-situ synthesis of gold into PDMS.

2. Synthesis of gold nanoparticles to make the gold nanoparticle solution. The
pre-synthesized particle then will be adsorbed onto the polymer surface. After the
immobilization of the AuNPs on PDMS surfaces, they can be used for biosensing
applications.

The gold nanoparticles were first synthesized inside a fabricated microreactor. The
synthesis reaction performed inside the microreactor upon injection of gold salt and a

reductant. However due to insufficient mixing, the size distribution of AuNPs was not
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satisfactory and also the gold nanoparticles did not adsorbed onto the whole PDMS
microfluidic chip. So, a micromixer where designed to improve the mixing of gold salt

and reductant in order to improve the size distribution of synthesized nanoparticles.

3. In the next step, the in-situ method for fabrication of gold-PDMS
nanocomposite was selected to be integrated into the microfluidic chip. The kinetics of
the reaction in a microfluidic environment was studied thoroughly.

4. A method was proposed to fabricate PDMS microcantilever with an buried
microchannel. The thickness of microcantilever was optimized for the highest response in
terms of deflection.

5. Integration of pre-synthesized nanoparticles into the buried microfluidics of
microcantilever. The integrated biosensor will be used for antigen-antibody interaction
detection.

6. The nanoparticles will be integrated into the PDMS microcantilever by using
the proposed in-situ method. Biosensing experiments were performed under different

conditions to obtain the detection limit of the proposed biosensor.

1.5 Thesis contributions

The main contribution of this thesis, for the very first time, an effective and sensitive
polymeric microcantilever biosensor was presented with high sensitivity toward
antigen/antibody interaction detection of growth hormones. The sensor development was
made possible by introducing a new in-situ method for the fabrication (immobilization)

of gold nanoparticles (AuNPs) on the surface of PDMS inside a microfluidic system.
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Due to very low elasticity of the polymer (around five orders of magnitude less)
compared to common silicon cantilevers, the deflection is extremely increased (about

three orders of magnitude) and therefore the sensitivity notably improved.
The sub-contributions are categorized as follows:

1- A new method to enhance the biosensing properties of gold-PDMS
nanocomposite by using ethanol solution.

2- A microwave-assisted in-situ method was presented for the fast fabrication of
gold-PDMS nanocomposite with high sensitivity for bovine growth hormone detection.

3- A simple and cheap PDMS cascaded micromixer was proposed, modeled,
fabricated and characterized with high efficiency in wide range of flow conditions.

4- The kinetics of in-situ synthesis of AuNPs in a microfluidic environment was
studied in detail and the activation energy of the process was estimated experimentally.

5- A novel method presented for the fabrication of PDMS cantilever with an buried
microchannel by using a 2-layered SU-8 mold.

The content of this thesis is written based on one published journal articles [63], one book
chapter published by Wiley [64], two preliminary accepted journal articles [65], one

under review journal article [66,67], and one journal article to be submitted [68].

1.6 Organization of the Thesis in Manuscript-based format

This thesis is submitted in a manuscript-based format. In another word, all the chapters
(excluding first and last chapter) of this thesis, are duplicated from the manuscripts were
published, accepted or manuscripts which are under reviewing process for publication in

scientific journals.
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In the present chapter, a brief introduction on the application of microcantilevers,
microfluidic systems and nanotechnology in biosensing is presented. A critical literature
review and comprehensive survey on the last advancements in microcantilever biosensing
and sensitivity of biosensors and integrated systems is then discussed. Even though the
literature review is not elaborated in Chapter 1, a detailed literature review corresponding
to topics will be covered in respective chapters as this thesis is prepared in a manuscript-
based format. Chapter 2 to Chapter 8 are duplicated from one published journal article,
one published book chapter, three under review journal articles, and one journal article to
be submitted. Chapter 9 includes the summery and conclusion of the thesis and

recommendations for future works.

To address the objectives of the thesis defined in Section 1.4, the chapters are organized
in a cohesive manner. Moreover, the structure of the thesis is formatted according to the
“Thesis Preparation and Thesis Examination Regulations” of the School of Graduate
Studies at Concordia University. In doing so, the sections, figures, equations, and tables
of the duplicated articles are accordingly numbered to address the regulations of the thesis
preparation. At the end of the chapters, rather than individual reference lists of the papers, a
single comprehensive reference list is presented in the Bibliography section. The detailed

content of each chapter is as following:

Chapter 2, entitled “PDMS-Gold Nanocomposite Platforms with Enhanced Sensing
Properties”, covers Sub-objective 1a of the “Thesis Objective and Scope” in Section 1.4. This
chapter is based on a manuscript published in Journal of Biomedical nanotechnology as

follows:
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o H. SadAbadi, S. Badilescu, M. Packirisamy, R. Wiithrich, “PDMS-Gold
Nanocomposite Platforms with Enhanced Sensing Properties”, Journal of Biomedical
Nanotechnology, 8, 1-11, 2012.

Chapter 3, entitled “Microwave-Assisted Fabrication of Gold-PDMS Nanocomposite for
Plasmonic Biosensing”, covers Sub-objective 1b of the “Thesis Objective and Scope” in
Section 1.4. This chapter is based on a manuscript published as a book chapter and an
accepted manuscript to be published in Journal of Nanoscience and Nanotechnology as

follows:

° H. SadAbadi, S. Badilescu, M. Packirisamy, R. Wiithrich, “Synthesis and
Characterization of Gold-Poly (dimethyl siloxane) Nanocomposites Obtained by In—Situ
Microwave-Induced Reduction of Gold lons”, Nanocomposites: In-Situ Synthesis of
Polymer-Embedded Nanostructures, Wiley, book chapter, 2013.

o H. SadAbadi, S. Badilescu, M. Packirisamy, R. Wiithrich, “Microwave-Assisted
Fabrication of Gold-PDMS Nanocomposite for Plasmonic Biosensing”, Journal of

Nanoscience and Nanotechnology, 13, 6880-6887.

Chapter 4, entitled “High performance cascaded PDMS micromixer based on split and
recombination flows for lab-on-a-chip applications”, covers Sub-objective 2 of the
“Thesis Objective and Scope” in Section 1.4. This chapter is based on a manuscript

accepted to be published in RSC Advances as follows:

o H. SadAbadi, M. Packirisamy, R. Wiithrich, “High performance cascaded PDMS
micromixer based on split and recombination flows for lab-on-a-chip applications”, RSC

Advances, 3, 7296-7305.
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Chapter 5, entitled “Gold nanoparticles integrated PDMS microfluidic chip for lab-on-a-
chip plasmonic biosensing of growth hormones”, covers Sub-objective 3 of the “Thesis
Objective and Scope” in Section 1.4. This chapter is based on a published paper in

Biosensors and Bioelectronics as follows:

J H. SadAbadi, S. Badilescu, M. Packirisamy, R. Wiithrich, “Gold nanoparticles
integrated PDMS microfluidic chip for lab-on-a-chip plasmonic biosensing of growth

hormones”, Biosensors and Bioelectronics, 44 (2013) 77-84.

Chapter 6, entitled “Fabrication of PDMS microfluidic integrated microcantilever”, cover
sub-objective 4 of the “Thesis Objective and Scope” in Section 1.4. This chapter is based
on a complimentary file to be submitted to Nature Nanotechnology.

Chapter 7, entitled “Micromixer integrated microreactor for adsoption of nanoparitlces
onto microchannel”, cover sub-objective 5 of the “Thesis Objective and Scope” in
Section 1.4. This chapter is based on a complimentary file to be submitted to Nature
Nanotechnology.

Chapter 8, entitled “Toward Femtomolar (fM) Sensing of Biomolecular Recognition”,
covers Sub-objective 4 of the “Thesis Objective and Scope” in Section 1.4. This chapter

is based on a manuscript to be submitted to Nature Nanotechnology as follows:

° H. SadAbadi, M. Packirisamy, R. Wiithrich, “Toward Femtomolar Sensitivity by
Integration of Microfluidics with a Polymeric Microcantiler Sensor”, Nature

Nanotechnology, to be submitted.
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Chapter 2: PDMS-Gold Nanocomposite Platforms with

Enhanced Sensing Properties

In the present chapter, an in-situ method for fabrication of Au-PDMS nanocomposite is
proposed. The method is on the basis of reductive properties of the curing (cross-linking
agent of the PDMS compound. The method was applied on a macro-scale sample. Then
the fabricated platform was post-treated and optimized for the biosensing application. In
this chapter, the effect of water and ethanol as two different medium (carrier fluids) for
the in-situ method was investigated and the merits and de-merits of each medium was

discussed in detail.

2.1 Introduction

Metal-polymer nanocomposite or nanometal-polymer composite films are hybrid
materials with inorganic nanoparticles immobilized and integrated into a polymer matrix.
The interest in these hybrid materials, in particular, those based on Au and Ag, stems
mostly from their optical properties. Nanocomposites show optical nonlinearities and/or
ultralow or ultrahigh refractive indices and are suitable for applications such as color
filters, optical sensors, data storages, waveguides, optical strain detectors, thermo-
chromic materials, etc. Other applications of gold and silver polymer and copolymer
composites, for example, in water purification, targeted drug release, antimicrobial

coatings have been reported as well [52].
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Nanocomposites can be synthesized through different approaches, basically, either by in-
situ methods, or by incorporating pre-made nanoparticles into a polymer matrix by using
a common solvent. In addition, physical methods such as chemical vapor deposition, ion
implantation and thermolysis have been successfully used [69,70]. For a description of
recent developments in the synthesis and applications of nanocomposite materials, see
some excellent reviews and the references herein [9,10,56,57].

Gold and silver— PDMS nanocomposites are of considerable interest due to the simplicity
of their preparation, low cost, good transparency, oxidative stability, and non-toxicity to
cells. In addition, PDMS, the host polymer, has a low glass transition temperature (T,),
excellent flexibility, high thermal and oxidative stability, good hemo- and
biocompatibility. A major drawback is the strong hydrophobicity, and therefore, the
inertness to biological molecules. To render the PDMS surface hydrophilic, functional
groups have been introduced by low-pressure (low-temperature) plasma treatments,
corona discharge treatments, etc. to promote the filling of the microchannels with
aqueous solutions and to facilitate PDMS microchip bonding as well [58,71,72].
However, while freshly modified surfaces show good or moderate wettability, this effect
is not stable and the hydrophobicity is regained over the time. The hydrophobic recovery
is usually accounted for by the migration of the low-molecular weight constituents from
the bulk to the polymer surface. Au-PDMS nanocomposites have been synthesized in the
form of gels, foams and films for applications including water purification and drug
delivery [59]. Because of their strong plasmon band in the visible spectrum, arising from
the excitation of plasmon by the incident light, gold nanoparticles are particularly suited

for sensing applications. Due to the wide utilization of gold nanoparticles with various
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shapes in biosensing, biological labeling, etc., their association with PDMS, in the form
of nanocomposite materials, opens new possibilities in microfluidic biosensing. We and
other groups have prepared Au-polymer nanocomposites by in-situ nanoparticle
formation methods and obtained well-dispersed nanoparticles [11,73-75]. However, the
bio-sensing properties of the as-prepared nanocomposite films have been found to be
poor. We have shown in a previous paper that the sensitivity of the Ag — PDMS
platforms can be increased by functionalization, followed by a post-synthesis thermal
treatment at moderate temperatures, treatment that induces an important morphological

change [76].

Generally, the biosensing properties of nanocomposites depend on quite a few parameters
related to the conditions of their preparation. They are determinant for the distribution of
the metal particles in the polymer matrix. On the other hand, and this is the most
important issue, the polymer has to provide an appropriate environment for the metal
nanoparticles in order to be able to interact with the biomolecules [60]. Because of its
extreme hydrophobicity, PDMS does not promote the hydrophilic biomolecules to enter
the inner domains of the polymer. However, it has been reported recently that, by varying
the cross-linker concentration, the free volume of the film can be changed and the

enclosure of various molecular entities can be facilitated [61].

It is well established that the decay length of the electromagnetic field for Localized
Surface Plasmon Resonance (LSPR) sensors depends on the size, shape, and composition
of nanoparticles and it is not more than 5-15 nm, permitting the detection of very thin
layers of adsorbate molecules [77-80]. However, if the gold nanoparticles are embedded

deeper into the polymer, the biomolecules may be too far from the sensing volume of the
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particle. In addition, if the interaction between the particles and the polymer chains is too
strong and the nanoparticles are entangled in the polymer network, their mobility may be
restricted. Since the biosensing properties are determined by the spatial distribution of
the Au nanoparticles, it is important to be able to control this distribution. We have
explored some promising ways to increase the mobility of Au nanoparticles in order to
concentrate most of them on the surface of the film and thus, make them accessible to the
surrounding environment containing the biomolecule of interest. Among them is the
thermal post-synthesis treatment of Au-PDMS nanocomposite that has been proved to be
an adequate method to improve the distribution of Au nanoparticles in polymers. In our
work, Au-PDMS nanocomposite materials are intended to be further used for
microcantilever sensing and, therefore, a high degree of elasticity is required. For this
reason, a lower concentration of cross-linking agent has to be used, and, the resulting low
free volume of the polymer does not favor the introduction of a high amount of gold
nanoparticles. Swelling experiments have been thought to be useful to expand the
polymer network and allow aqueous solvents to infiltrate the material.

In this work, we are reporting our results on the improved in-situ synthesis of Au-PDMS
nanocomposite and on the improved sensitivity of the platforms prepared with the
morphologically modified material. At the same time, the relationship between the
amount of gold nanoparticles and the mechanical properties and the porosity of the

samples was established.
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2.2 Experimental

2.2.1 Materials

Sylgard® 184 elastomer kit for PDMS fabrication is purchased from Dow Corning
Corporation. Gold chloride trihydrate (HAuCl4.3H,0) is from Alfa Aesar and 1-
pentanol, toluene, N, N-dimethylformamid 2-propanol and ethyl alcohol are from Sigma

Aldrich.

2.2.2 Fabrication of PDMS and synthesis Au-PDMS

For polydimethylsiloxane (PDMS) fabrication, the base polymer and curing agent were
mixed (with 10:1 ratio by weight). After mixing, the fabrication was followed by
degasification of the mixture by using a vacuum desiccator for 10 minutes. To ensure the
highest smoothness of the PDMS surface, a silicon wafer previously silanized in vapor
phase is used as a mold. The degasified mixture was then poured in the flat mold. The
thickness of PDMS was between 500 pm to 1 mm. After a second degasifying process
(10 minutes) the mold has been kept in oven at 70°C overnight for curing. Afterward, the
cured PDMS was peeled off from the mold and cut in 1 cmx4 cm samples.

Solutions of chloroauric acid were prepared with different concentrations (0.2% to 1.5%)
for the aqueous solution and from 0.02% to 0.8% for the ethanol solution. For the
fabrication of gold-PDMS nanocomposite, the samples were immersed vertically in the
corresponding solutions, at room temperature for different times. Figure 2-1 shows the
as-prepared samples from both solutions and during the incubation. The figure illustrates

how fast the formation of gold is in samples immersed in ethanol solution compared with
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the samples in aqueous solution. The time of incubation for both samples was 48 hours.
For each group, at least four samples were prepared and tested for optical and mechanical

characterization.

Figure 2-1: Prepared and incubated samples in an ethanol (left) and aqueous (right) solution of
the gold salt (incubated for 48h in 0.6% in ethanol solution and 1.0 % in aqueous solution).

Basically, the curing agent in PDMS reduces the gold ions to the gold particles embedded
into the polymer network. Due to the low amount of curing agent in PDMS prepared with
a 10:1 ratio, low concentration of aqueous chloroauric acid will not result in the
formation of the composite. Based on our experiments, concentrations lower than around
0.25% cannot be used for the synthesis. However for the ethanol solution, the composite
can be prepared from solutions as diluted as 0.02%. For future reference, the gold
samples prepared by immersing the PDMS in an aqueous solution of chloroauric acid

(13

will be referred as “water samples”. “Ethanol samples” refer to those prepared from
ethanol gold salt solution.

As mentioned earlier, the amount of curing agent determines directly the rate of AuNP
formation in the PDMS matrix, because it acts as a reducing agent. In other words, by

increasing the amount of the curing agent (or fabricating PDMS with a ratio less than the
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standard one of 10:1), the amount of gold on the PDMS surface can be easily increased.
However, increasing the amount of the curing agent will result in a decreasing of PDMS
elasticity. Mechanical tension tests have performed on PDMS to show the effect of curing
agent on the elasticity.

The gold nanocomposites have been characterized by UV-Visible spectroscopy and

Scanning Electron Microscopy (SEM).

2.2.3 Post processing synthesis processes of the gold nanocomposite

To enhance the properties of the Au-PDMS network for specific biosensing applications,
two methods have been employed: annealing of the samples and expansion of polymer

network by swelling.

2.2.3.1 Annealing

To improve the distribution of the gold nanoparticles embedded in the PDMS a heat
treatment has been applied. To do this, the samples prepared using the in-situ method
described in detail in section 2.2, have been heated gradually, from room temperature up

to 300°C-350°C and then kept at the maximum temperature for 30 min.

2.2.3.2 Swelling of Au-PDMS

Another treatment performed on the PDMS samples was the mechanical expansion of the
polymer matrix. The swollen samples have more free spaces in their polymer network
compared with their non-swollen counterparts. In the free spaces, more nanoparticles can

interact with the biomolecules and the sensitivity will be enhanced.
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The annealed samples were weighed and then immersed in toluene for 24 hours. After
removing the toluene from the surface of the sample with filter paper, the swelled
nanocomposite was weighed and then kept for 24 hours in an oven at 60°C. The last step
is performed to ensure that the toluene which diffused into the polymer has been
completely removed. The dried sample was weighed again and the swelling ratio was
calculated based on the following equation:

:WT_WDX

S 100 (2-1)

D
Where Wr is the weight of each sample immediately after removing from toluene and Wy
is the weight of each sample after the drying process. Repeated swelling and shrinkage

cycles have been carried out as well.

2.2.4 Tension test

The tension test has been performed by using a BOSE ElectroForce® 3200 test
instruments. The testing was performed on as-prepared and post-processed (annealed and
swollen) samples. The stress-strain graph for each sample is obtained and the slope of the

graph corresponds to the module of elasticity.

2.2.5 Porosity measurement

To calculate the porosity, the surface images of the samples were used. A Matlab® code
was used to discriminate between the area with and without porosity, by establishing a
specific threshold (th). In the images, the area without porosity was assigned as black,

while the area with porosity as white. The porosity is calculated as the ratio between
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these two areas. The established threshold is affecting the boundaries between the PDMS
surface and the pore areas. The value of the threshold is selected to have the best
estimation of all pores in the modified image compared with the actual image. Figure 2-2

shows the effect of threshold on the porosity measurement of treated PDMS sample.

PDMS surface (A & S) P=0.147% (th=3%)

P=0.222% (th=6%) P=0.4201% (th=8%)

% A & S = Annealed and Swollen

Figure 2-2: The influence of threshold on the porosity evaluation.

In this figure different values of threshold and the effect of thresholds on the size and
number of pores is illustrated. Figure 2-2 shows that, when the threshold increases,
porosity increases as well. The best value of the threshold that can estimate all the pores

with their actual sizes has been found to be th = 6% [81].
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2.2.6 Sensitivity Tests

The sensitivity of the nanocomposite with respect to dielectric media with different
refractive indices has been performed. For this test, six solvents have been selected. The

refractive indices of these solvents are given in Table 2-1. The sensitivity can be obtained
from the equation of the A4__/An dependency where AA___is the Au LSPR band shift

in nm and An is the refractive index difference between the solvent and DI-water.

Table 2-1: Refractive index of different solvents used for sensitivity test.

Environment Refractive index (n)
Deionized water 1.33
Ethyl alcohol 1.36
2-propanol 1.38
1-pentanol 1.41
N, N-Dimethylformamide 1.43
Toluene 1.50

2.2.7 Biosensing protocol

Biosensing experiments have been performed by utilizing the as-prepared annealed and
swollen samples, in both water and ethanol solutions. The protocol that is used for
biosensing is described below. The first step consists in the functionalization of gold
nanoparticles with a 11-mercaptoundecanoic acid solution (NanoThink® ACIDI11) in
ethanol (5mM), by immersing the sample in the solution for at least 5 hours. After
attaching the linker, the conventional carbodimide coupling chemistry (EDC/NHS) is
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used to activate the carboxyl groups, before attaching the antibody. The activation is
carried out by keeping the sample in a 1:1 (vol) mixture of N-(3-dimethylaminopropyl)-
N’-ethylcarbodiimide hydrochloride (EDC, 0.4M) and N-hydroxysuccinimide (NHS,
0.1M) for 2 hours. The next step consist of attaching the antibody (anti-bovine albumin
antibody produced in rabbit in PBS) followed by attaching the antigen (albumin from
bovine serum) by immersion in the corresponding solutions. The samples were washed

with PBS between the steps.

2.3 Results and Discussion

2.3.1 In-situ synthesis and characterization of the Au-PDMS
nanocomposite

The in-situ fabrication process was studied by measuring repeatedly the UV-Visible
spectra of the PDMS samples immersed in the aqueous solution of chloroauric acid
(HAuCl,), directly in the cuvette of the spectrophotometer. The same measurements have
been done by using a solution of the gold precursor in ethanol. The evolution of the
reaction of formation of gold nanoparticles in the polymer matrix is shown in Figure 2-3.
In this figure the LSPR band of each sample at different times is shown. Figure 2-4
reflects the kinetics of formation of gold nanoparticles by following the absorbance of Au

LSPR band, in both water and ethanol solution of gold salt.
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Figure 2-3: Evolution of the in-situ reduction reaction. The inset shows the setup of the
measurement. (a) Evolution of the spectral pattern for gold prepared from the solution of the gold
precursor in ethanol, (b) Evolution of the spectral pattern for the synthesis of gold from an
aqueous solution of the precursor.

The results show that the reaction proceeds much faster when the gold precursor is
dissolved in ethanol. Indeed, the slope of the first segment of the graphs corresponding to
ethanol solution (Figure 2-4-a) is three times higher than that of the graph shown in
Figure 2-4-b. In the ethanol solution, there seems to be three distinct stages: during the
first 7 hours, the rate of the reaction is very high, the PDMS sample (self-standing film) is
red and the color becomes stronger with the time. After that, the reaction rate slows down
and the reaction is almost completed after 70 hours, depending on the concentration of

the solution.
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Figure 2-4: Evolution of the reduction reaction (a) Absorbance versus time of the Au LSPR band
for the synthesis in ethanol solution “ethanol sample”, (b) Absorbance versus time for the
synthesis in aqueous solution “water sample”.

Figure 2-5: SEM images showing the evolution with time of the size of nanoparticles prepared
from the ethanol solution of the gold precursor.
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The reaction is much slower for the aqueous solution of the gold precursor and the color
of the final sample is lighter showing a lower amount of Au nanoparticles, compared to
the sample synthesized from ethanol. This result is in agreement with Tamai’s data on the
permeation rates of water and ethanol in PDMS membranes [82]. The authors have
shown that, although the ethanol has a smaller diffusion coefficient than water, its
permeation rate is larger because of the considerably larger solubility. It has also been
reported recently that the difference between the permeation rates of water and ethanol is
even larger in the case of PDMS nanocomposites [83].

To have more information about the distribution of nanoparticles on the PDMS surface,
SEM images have been taken from the samples prepared from ethanol solution. Figure 2-
5 shows the growth of gold nanoparticles during the in-situ synthesis for different
incubating times (from 18 h to 90 h) from a solution of 0.4% gold precursor in ethanol.
The increasing size of gold nanoparticles with respect to time is shown in Figure 2-6.
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Figure 2-6: Average size of gold nanoparticles versus time.

The SEM images as well as the graphs in Figure 2-6 show that the Au particles grow

considerably with the immersion time and form large aggregates.
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2.3.2 Annealing and swelling of the as-prepared Au-PDMS
nanocomposites

Our results show the importance of the order in which the post-synthesis treatments are
performed. Sensitivity measurements on treated samples showed good results when the
samples were annealed before swelling.

The nanocomposite samples prepared through the in-sifu method are further annealed at
high temperature. Figure 2-7-a and b shows the SEM images of ethanol and water
samples, respectively, before annealing. Any temperature higher than 375°C would not be

recommended as at this temperature the PDMS sample would start to deform.
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- 100nm JEOL 12/16/2010
X 30,000 1.00kV LEI SEM WD 15.2mm 1:03:48

WD 13.

Figure 2-7: SEM images of Au-PDMS samples before annealing (a) prepared from ethanol
solution, (b) prepared from an aqueous solution. The inset shows an enlarged image prepared
from an aqueous solution, showing Au nanoparticles with different shapes.

As expected, the images show high density of Au nanoparticles on the surface of the
samples prepared from the ethanol solution (Figure 2-7-a)

Figure 2-7-b shows that, while, the nanocomposites prepared from an aqueous solution
contain well-dispersed Au nanoparticles with wide range of nanoparticle sizes, the

sample prepared from an ethanol solution shows the presence of quite large aggregates,
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mostly linear with almost the same particle sizes. After annealing the samples, the SEM
images have shown that the aggregates are transformed in individual particles. And, the
dispersion of Au nanoparticles in the polymer matrix is improved for all the samples.

The inset of Figure 2-7-b also shows that for the water sample sometimes there are some
triangular and hexagonal nanoparticles, while, no asymmetrical nanoparticles have been
seen in samples prepared from ethanol solution.

Figure 2-8 shows the SEM image of the annealed sample prepared in ethanol. It can be
seen that the annealed samples contains well-dispersed nanoparticles compared with the
non-annealed (Figure 2-7-a) samples.

The spectra of the as-prepared and annealed nanocomposites are given in Figure 2-9,

together with the spectrum of the annealed sample swollen in toluene for 24 hours.

“E Y

- 100nm JEOL 1/21/2011
1.00kV LEI SEM WD 14.5mm 3:27:44

Figure 2-8: SEM image of ethanol sample after annealing at 300°C.

The figure shows that, generally, the Au plasmon band shifts to shorter wavelengths (blue
shift) after both annealing and swelling in toluene. The blue shift after annealing, reflects
the improved morphology, in terms of uniformity of the nanoparticles distribution as

depicted in Figure 2-7-a (before annealing) and Figure 2-8 (after annealing).
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Figure 2-9: Au LSPR band corresponding to the Au-PDMS film prepared from (a) ethanol
solution (b) aqueous solution. (Black curve; as prepared, blue curve; annealed sample and red

curve; annealed and swollen sample).
In view of the biosensing experiments, the swelling and shrinkage of Au-PDMS
nanocomposite samples was repeated several times and the corresponding swelling

degrees were calculated. The SEM image of the swollen nanocomposite is shown in

Figure 2-10.
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Figure 2-10: SEM image of the Au-PDMS swollen in toluene (a) surface image, and (b) cross-
section image.

Figure 2-10 shows the voids (pores) formed in the polymer matrix after swelling. A

number of “craters” like openings can be seen on the surface and a network of voids
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traverse the whole cross-section of the film, confirming the increased inner surface of the

polymer network.

The results of the swelling experiments show that, after 24 hours, the swelling degree is
in the range of 48-54 % for both ethanol- and water-prepared samples, however, slightly
(2-3%) lower for the samples prepared from the precursor dissolved in ethanol. The
swelling degree could not be further increased by leaving the samples in toluene for

another 2-3 days.

2.3.3 Mechanical properties of PDMS and Au-PDMS nanocomposite

To demonstrate the effect of the amount of the curing agent on the elasticity of PDMS,
tension tests have been performed on samples prepared with two different ratios. The
ratios of 10:1 and 4:1 are selected. The results are shown in Table 2-2. The results show
that by using a higher ratio, samples with a higher elasticity will result. For each case,

four similar samples were tested and the average value is shown in the table.

Table 2-2: Module of elasticity for PDMS with two different ratios (MPa)

Sample type PDMS (10:1) Aver. PDMS (4:1)
As-prepared 1.27 MPa 0.74 MPa
Treated (A & S)* 1.22 MPa 0.65 MPa

% A & S = Annealed and Swollen

The tension test is used to show how the presence of AuNPs affects the mechanical
properties of the samples. Samples (fabricated as described in section 2-2) were

incubated in the ethanol solution of the gold salt (0.8%) for 24 and 72 hours, respectively.
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Four identical samples were tested for both as-prepared and post-processed
nanocomposites and the results are shown in Figure 2-11. In this figure, the error bar
shows the maximum and minimum values measured for each case. The value of elasticity
(in MPa) shows that, by increasing the amount of NGPs embedded into the PDMS

matrix, the elasticity increased.
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Figure 2-11: Module of elasticity of Au-PDMS nanocomposite

2.3.4 Porosity

Figure 2-12 shows the porosity results. It can be seen that the porosity of the
nanocomposite material is significantly higher than of the PDMS alone. The porosity of
the nanocomposite ranges from 3.9% to 8.9% compared to the porosity of the matrix
material which is only around 0.2%. This can be accounted for by the presence of the

majority of gold nanoparticles on the surface of the sample.
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Figure 2-12: Porosity measurement for PDMS and gold nanocomposites
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2.3.5 Sensitivity test

Sensitivity tests have been performed for samples prepared under various conditions and
the results are shown in Figure 2-13 and Figure 2-14. The sensitivity values are

summarized in Table 2-3.

Table 2-3: Sensitivity of different types of Au-PDMS nanocomposites.

Type of the sample Sensitivity (nm/RIU) R
Ethyl alcohol 32 0.99
Ethyl alcohol (A)" 43 0.99
Ethyl alcohol (A & S)™ 62 0.99
Water 46 0.95
Water (A) 59 0.97
Water (A & S) 71 0.97
* Regression coefficient
** A = Annealed
*** A & S = Annealed and Swollen
6 ey : REET 4 e
P / 56 // < //o/
2 / 2 / z /,/"
0 0.05 grll 0.15 0.2 0 0.05 grll 0.15 0.2 0.05 Zrll 0.15 0.2
(a) (b) (c)

Figure 2-13: Sensitivity tests on the platforms prepared from ethanol solution. (a) as-prepared (b)
annealed only (c) annealed and swollen.
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The results indicated while the sensitivity results that are obtained for Au-PDMS
nanocomposites prepared from an aqueous solution is a slightly better; however the
regression coefficients of ethanol samples are higher than those in water. The relative low

sensitivity values can be accounted for by the strong hydrophobicity of the polymer.
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Figure 2-14: Sensitivity tests on the platforms prepared from aqueous solution. (a) as-prepared (b)
annealed only (c) annealed and swollen.

2.3.6 Biosensing experiments

The samples prepared and treated as described above were tested for biosensing and the
results are summarized in Figure 2-15 and Figure 2-16 for the samples prepared from the

gold precursor dissolved in ethanol and water, respectively.
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Figure 2-15: Biosensing experiments with the Au-PDMS platform prepared from the 0.8%
ethanol solution of the gold precursor (was kept for 7h in the solution) (a) Au LSPR band
corresponding to the annealed and swollen sample, (b) Au LSPR band corresponding to the Au
functionalized with the linker molecule (11-mercaptoundecanoic acid solution in ethanol (5SmM))
(c) Au LSPR band after adsorption of the antibody, and (d) after adsorption of the antigen.
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The results showed a good sensitivity of the sensing platform toward biomolecular
interaction. For ethanol sample the Au LSPR band red shifted from AA=7 nm for the
linker, AA=5 nm after attaching the Ab and AA=4 nm with attaching the complimentary
Ag corresponding to the Ab. The shift to the longer wavelength in each case is due to the
increased refractive index of the environment. During the last step (addition of the Ag)

the shift is mainly due to the Ab-Ag interaction.
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Figure 2-16: Biosensing experiments with the Au-PDMS platform prepared from the 1.5%
aqueous solution of the gold precursor (was kept for 72h in the solution) (a) Au LSPR band
corresponding to the annealed and swollen sample, (b) Au LSPR band corresponding to the Au
functionalized with the linker molecule (11-mercaptoundecanoic acid solution in ethanol (SmM))
(c) Au LSPR band after adsorption of the antibody, and (d) after adsorption of the antigen.

For the water sample the shift was a few nm larger. The slightly higher sensitivity of the
samples prepared from an aqueous solution can be accounted for slightly more expanded
network upon swelling. In addition, the sample prepared from an aqueous solution may
be less hydrophobic, possibly, because the migration of siloxane olygomers to the surface

is prevented. However the samples prepared from ethanol solution have a high density of

gold nanoparticles and microfluidic sensing of these samples are anticipated.
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2.4 Conclusion

Au-PDMS nanocomposites were prepared through the in-situ method, by using the gold
precursor dissolved, either in water or in ethanol. It is shown that, because of the high
permeation rate of ethanol in PDMS, the rate of Au nanoparticles formation is
significantly higher when the precursor is dissolved in ethanol. The nanocomposite
materials were treated thermally and, subsequently swollen in toluene in order to improve
the Au nanoparticles distribution in the polymer matrix and increase the free volume of
the polymer. The results show that, because of the presence of gold nanoparticles, the
nanocomposite’s porosity is around 40 times higher than that of PDMS. In addition, the
elasticity of nanocomposite has been found higher (around 20%) than that of PDMS.
Sensitivity tests performed on different platforms showed that high sensitivities around
70 nm/RIU were obtained for both annealed and swollen samples. Biosensing
experiments were carried out with the post-processed nanocomposites prepared with the
two methods. Preliminary sensing experiments have demonstrated the good sensing
properties of Au-PDMS nanocomposites. The results are relevant for the microfluidic

sensing.
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Chapter 3: Microwave-Assisted Fabrication of Gold-PDMS

Nanocomposite for Plasmonic Biosensing

In the previous chapter an in-situ method was proposed. However, one of the main
drawbacks of the method was very long reaction time with water solution. However, we
proposed a method to speed up the process by using ethanol medium and the results show
the reaction accelerated more than one order of magnitude (around 10.5 time faster). We
found serendipity, that it is possible to accelerate even more(about two order of
magnitude improvement) the in-situ reaction using microwave radiation. In this chapter, a
microwave-assisted method for the in-situ fabrication of Au-PDMS nanocomposite is
proposed. The method applied on a macro-scale sample and the sensitivity of the

platform was obtained as the platform was used further for biosensing application.

3.1 Introduction

Metal-polymer nanocomposite films are hybrid materials with nanometer-sized inorganic
nanoparticles (NP) immobilized and integrated into a polymer matrix. The scientific and
technological interest in these hybrid materials, in particular, those based on gold, stems
mostly from their optical properties. The inorganic nanoparticles used to enhance the
optical and mechanical properties of the polymer are called “optically effective additives”
and they lead to new functionalities of the polymer-based materials [84,85].

Nanocomposites are suitable for applications such as color filters, optical sensors,
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stress/strain sensor, waveguides, thermo-chromic materials, water purification, and

targeted drug release [52,86,87].

Nanocomposites can be synthesized through different approaches, either by in-situ
methods, or by incorporating pre-made NPs into a polymer matrix, by using a common
solvent. In-situ methods are beneficial to avoid the aggregation of inorganic particles
inside the polymer matrix, leading to isolated primary particles. For a description of
recent developments in the synthesis and applications of nanocomposites, see some

excellent reviews and the references herein [9,56,57,88,89].

Gold and silver — polydimethylsiloxane (PDMS) nanocomposites are of considerable
interest due to the simplicity of their preparation, low cost, good transparency, oxidative
stability, and non-toxicity to cells [90]. A major drawback of PDMS is the strong
hydrophobicity, and therefore, the inertness to biological molecules. To render the
PDMS’s surface hydrophilic, functional groups have been introduced by low-pressure
plasma treatments, corona discharge treatments, etc. to promote the filling of the
microchannels with aqueous solutions and to facilitate PDMS microchip bonding as well
[58,71]. Because of their strong plasmon band in the visible spectrum, gold nanoparticles
are particularly well-suited for sensing applications. Due to their wide utilization for
biosensing, biological labeling, etc., their association with PDMS, in the form of
nanocomposite materials, opens new possibilities in microfluidic Biosensing [90]. We,
and other groups [11,63,74], have prepared Au-PDMS nanocomposites by in-situ
nanoparticle formation methods and obtained well-dispersed nanoparticles with a narrow

size distribution. In our previous papers [63] we have reported that the sensitivity of the
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Au-PDMS platforms can be increased by performing a post-synthesis thermal treatment

at moderate to high temperatures.

For sensing application, the polymer has to provide an appropriate environment for the
metal nanoparticles, in order to be able to interact with the biomolecules [60]. Because of
its extreme hydrophobicity, PDMS does not promote the strongly hydrophilic
biomolecules to enter the inner domains of the polymer. Also, if the gold nanoparticles
are embedded deep into the polymer, the biomolecules may be too far from the sensing
volume of the particle. In addition, if the interaction between the particles and the
polymer chains is too strong and the nanoparticles are entangled in the polymer network,
their mobility may be severely restricted. Since the biosensing properties are determined
by the spatial distribution of Au nanoparticles, it is important to be able to control this
distribution. In order to concentrate the majority of the nanoparticles on the surface of the
sample and make them accessible to the surrounding environment, we have explored
some promising ways to increase the mobility of Au nanoparticles. Among them, the
thermal post-synthesis treatment of Au-PDMS nanocomposite has been proved to be an
adequate method to improve the distribution of Au nanoparticles in polymers without

compromising on mechanical strength of the platform [63].

Recently, microwave (MW) heating has been explored as a promising technique for
nanoparticle synthesis [91-95]. Microwaves are electromagnetic radiations with
frequencies ranging between 0.3—300 GHz. Due to the low frequency of the irradiation,
the dipoles have time to respond to the alternating electric field and, therefore, will rotate
which will increase the collisions between the particles giving rise to dielectric heating

[96]. Due to the internal and volumetric heating, the thermal gradients during microwave
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processing are avoided, providing a uniform environment for the reaction. Since
microwave irradiation is a volumetric phenomenon, the heat is generated in the irradiated
volume with a homogenous distribution. Microwave-assisted synthesis method has been
successfully applied for the preparation of a variety of nanosized inorganic materials.
Unfortunately, the exact nature of the interaction of the microwaves with the reactants
during the synthesis of materials is somewhat unclear and speculative [95]. The
microwave synthesis, which is generally quite fast, simple, and energy efficient, has been
developed, and used for Au, Ag, Mg, Ni, ceramic materials, etc. [73,91,97,98]. Compared
with conventional methods, microwave synthesis has the advantages of very short
reaction time, small particle size, narrow particle size distribution, high surface area and
high purity of the materials. Microwave heating generates immediately nucleation sites in
the solution, which considerably increases the rate of reactions and the kinetics is much
improved [95].

Microwave irradiation has been used for the preparation of gold and silver nanoparticles
under various conditions [73,91,93,94,97,99] but the microwave-assisted in-situ synthesis
in a polymer matrix has not been yet explored. All the works cited above, used the
microwaves for heating and the synthesis were carried out in solution [93]. In this
chapter, we report a method of synthesis of Au-PDMS nanocomposite in the solid state.
The method makes use of the properties of microwaves to increase the rate of reaction
that takes place at the solution-solid interface. The Au-PDMS nanocomposite is prepared
by a microwave-assisted method and the morphology of the material is optimized for
biosensing applications. The mechanism of the formation of Au nanoparticles on the

PDMS surface is discussed as well.
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The sensitivity of the nanocomposite platform was determined and the biosensing
capability has been tested by using an immunosensing protocol for the detection of

bovine growth hormone.

3.2 Material and methods

3.2.1 Materials

Poly (dimethylsiloxane) (PDMS) is fabricated by using a Sylgard® 184 elastomer kit
(Dow Corning Corporation). Gold chloride trihydrate (HAuCl4.3H,0) was purchased
from Alfa Aesar and 1-pentanol, toluene, N, N-dimethylformamid, 2-propanol and ethyl
alcohol, from Sigma-Aldrich. Nanothink® 18, TWEEN® 20, N-Hydroxysuccinimide
(NHS), and N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC)
were purchased from Sigma Aldrich. A monoclonal Bovine growth hormone antibody
and bovine growth hormone (bST) antigen where purchased from Dr. Parlow National

Hormone and Peptide Program in California, USA.

3.2.2 Fabrication of PDMS

For the fabrication of PDMS, the base polymer and the curing agent are mixed (ratio 10:1
by weight). The fabrication is followed by removing the air bubbles from the mixture,
under vacuum, in a desiccator for 10 minutes. To have a smooth PDMS surface, a
silanized silicon wafer is used for molding. The mixture is then poured in the flat mold

and, after a second degasifying process (10 minutes), the mold is kept in oven at 60°C for
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at least Sh for curing. Afterward, the cured PDMS is peeled off from the mold and cut in

1 cmx4 cm samples. The thickness of the PDMS samples is around 1 mm.

3.2.3 In-situ synthesis of Au-PDMS nanocomposite

Solutions of chloroauric acid (HAuCl4.3H,0) in ethanol are prepared with concentrations
ranging from 0.1% to 5%. To fabricate the nanocomposite, 60 pL of the ethanol solution
of the chloroauric acid was dropped on the PDMS sample. Then the solution is spread
over the whole surface of the sample, after keeping it for at least 10 minutes in contact
with the PDMS. The samples are then introduced into a microwave oven (GE model
1140, 1100W) and irradiated for different times. Figure 3-1, shows the procedure and
some of the samples prepared with different irradiation times of 30, 60, and 90 sec. To
study the gold nanoparticle (AuNP) size distribution on the PDMS surface, UV/Vis

spectroscopy and Scanning Electron Microscopy (SEM) imaging are employed.

Figure 3-1: Procedure for the preparation. The ethanol solution (60uL) of the gold salt (1%) is
dropped on the PDMS surface (as shown in inset). The figure shows the solution expanded on the
sample’s surface, before irradiation. The samples are irradiated for different times varying from
(a) 30s; (b) 60s; and (c) 90s.
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3.2.4 Annealing process

A post-synthesis heat treatment (annealing process) was used to optimize the properties
of the Au-PDMS surface film for biosensing applications. Heat treatment has been
applied to increase the concentration of Au nanoparticles on the surface of the sample as
well as to improve the distribution of the particles formed into the polymer network. To
achieve this, the samples prepared using the in-sifu method described above, have been
heated gradually, from room temperature to 300°C-350°C and then kept at the maximum

temperature for 30 minutes.

3.2.5 Tension test

To investigate the effect of presence of AuNPs on mechanical properties, specifically, on
the module of elasticity of PDMS nanocomposite, the tension test was used [100]. The
Au-PDMS nanocomposite will be further used for a structural application and, therefore,
a high degree of strength (elasticity) is required. The tension test has been done using a
BOSE ElectroForce® 3200 test instrument. The tension tests were performed for both the
as-prepared and the annealed samples and the results are given in section 3.2. The stress-
strain graph for each sample was obtained and the slope of the graph corresponding to the

module of elasticity was calculated.

3.2.6 Sensitivity Test

In general, the Au band corresponding to the localized surface plasmon resonance

(LSPR), has been found to shift to longer wavelengths (red shift) as the refractive index
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(n) of the surrounding medium is increased [60,101]. The sensitivity of the Au-
nanocomposite platform toward environments with different refractive indices has been

performed. To do this, five solvents with different refractive indices have been used. The

sensitivity has been calculated from the variation of A4 against An, where A4 is

ax

the gold LSPR band shift in a solvent (in nm) compared with the LSPR band position

measured in deionized water, and An is the refractive index difference between the

n =n

solvent water solvent

solvent and DI-water and is equal toAn=n

1.33

3.2.7 Biosensing protocol

Label-free biosensing tests have been performed by using the annealed samples. The bST
antibody (anti-bovine growth hormone) (anti-BGH) obtained in mouse and the
corresponding antigen (bST) (bovine growth hormone) (BGH), were used for this test.

The protocol used for biosensing is described here. The first step consists in
functionalizing the gold nanoparticles with 11-mercaptoundecanoic acid solution
(NanoThink® ACID11) in ethanol (5mM), by immersing the sample in the solution for 5
hours. After attaching the linker, the conventional carbodimide coupling chemistry
(EDC/NHS) is used to activate the carboxyl groups, before attaching the antibody. The
activation is carried out by keeping the sample in a 1:1 ratio (vol) mixture of N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC, 0.4M) and N-
hydroxysuccinimide (NHS, 0.1M) for 1 hour. The next step consists of attaching the
antibody that is diluted in a PBS buffer solution (200ng/ml) to the functionalized Au NPs,
followed by washing the sample several times with a 0.01% TWEEN®20 solution in

PBS. The next step is attaching the antigen (80ng/ml) (bST in PBS) by immersion of the
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sample in the corresponding solution. The samples were washed with PBS afterward.
After each step the samples were dried and the spectra of the samples were recorded.
Upon attaching biomolecules to the GPN, the Au-LSPR band shifts to longer

wavelengths (red shift) [102-104] as discussed in detail in section 3.4.

3.3 Results and Discussion

3.3.1 Microwave-induced reduction of gold ions

As mentioned in Section 3.2.3, the first step in the fabrication of the nanocomposite is
spreading the gold solution on the surface of PDMS, before irradiation. However,
because of the strong hydrophobicity of the PDMS’s surface, the solution can be spread

only after minimum 10 minutes of contact between the solution and the sample surface.

In order to study the interaction between the solution and the surface, samples were
prepared by keeping the solution on the surface for times varying from 5 minutes to 15
minutes. Afterward, the samples were washed thoroughly and their spectra were recorded
(Figure 3-2-a). The spectra show the existence of the Au plasmon band even before MW
irradiation as an evidence of formation of gold seeds on the surface. The formation of
gold seeds on the surface is accompanied by the reaction of the gold salt in the solution
with the cross-linking agent present in PDMS due to its reducing properties as illustrated
schematically in Figure 3-2-b. However, the samples are colorless, and the SEM images
of the sample do not show the presence of nanoparticles, probably because the particles

are in the range of sub-nanometers, that is, smaller than the resolution of the SEM
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instrument. It was suggested that the reduction reaction takes place between the gold

precursor and curing (cross-linking) agent of the polymer [74].

From these results, it can be inferred that, the formation of the sub-nanometer sized gold
seeds on the PDMS surface, alters the surface properties and allows the spreading of the
solution on it. In addition, the seeds, most probably, initiate the formation of larger

AuNPs on the surface, during the microwave irradiation.

The next step in the preparation procedure is the irradiation of the samples in a
microwave oven. The experiments indicated that, by keeping the irradiated samples in the
atmosphere, the color of the samples is changing with time. Indeed, immediately after
irradiation, the samples appear gray-yellowish but, after keeping them at room
temperature for an hour, the color turns to red. Figure 3-2-c (1-2-3) illustrate the change
of color for a sample irradiated for 90 seconds and their corresponding spectra Figure 3-
2-c (left) show that the position of the Au LSPR band shifts to shorter wavelengths (blue
shift) along with the color change. After leaving the sample for 75 minutes at room
temperature, the Au band shifts from 551 nm to 533 nm and the color is stabilized

afterward.

To accelerate AuNPs formation, instead of keeping the samples for 75 minutes in the
atmosphere (room temperature), they can be immersed in ethanol (99%), immediately
after MW irradiation, and kept for at least 30sec. The spectra show that, in both cases, the

resulting nanocomposites are identical.
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Figure 3-2: (a) Spectra of samples prepared by keeping the solution on the PDMS surface for
varying times. The existence of the Au LSPR band proves the formation of gold seeds on the
surface; (b) the schematic of formation of gold NPs in the polymer matrix;(c) keeping the sample
on room temperature after irradiation change the color of the sample: (1) immediately after MW
irradiation; (2) 30min after irradiation; (3) 75min after irradiation. (d) Effect of the irradiation
time (concentration of gold precursor is 1%) (left) and of the concentration of the gold salt in
solution (irradiation time of 360 sec) (right) on the spectra of the samples.
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A possible explanation of the above observation is the following. The microwave
irradiation may have two different effects. The first may be a change in the surface
properties, by inducing the formation of polar groups on the surface. It is possible also
that microwaves bring about a change in the distribution of the curing agent in the
polymer, which results in a large amount on the surface. This later effect determines the
formation of a high density of gold aggregates on the surface (gray-yellowish color) as
shown in Figure 3-2-c (1). Upon immersing the sample in ethanol, a part of the
aggregates are carried by ethanol into the polymer network and, consequently, the color
turned to red, because more individual AuNPs will remain on the surface as shown in
Figure 3-2-c (3). If the grey-yellowish sample is kept in the atmosphere, the same process

will happen but at a much slower rate for 75 minutes.

The morphology of the nanoparticles prepared through the reduction of gold ions on the
surface of PDMS depends on both the irradiation time and the concentration of the
precursor solution. Spectra of Figure 3-2-d show the effects of irradiation time and that of
the concentration. From the spectra, it can be inferred that a 1% solution of gold salt,
irradiated for 360 second, results in a sample with an Au LSPR band that corresponds to

a relatively broad size distribution.

The SEM results (not given here) show that, for an irradiation time less than 15 sec, no
particles can be seen on the surface. By increasing the irradiation time, for example to 50
seconds, small nanoparticles begin to grow on the surface and their sizes are in the range
of 10£2nm. For 90 seconds irradiation, the particle size reaches 25+5nm. Further

increasing the irradiation time, results in the formation of linear aggregates.
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It should be noted that, in all cases, the spectra display a broad band due to the wide size
distribution of gold nanoparticles in the polymer matrix and to a pronounced particle
aggregation. In addition, the background absorbance of the samples is relatively high. To
improve the distribution of the gold nanoparticles embedded in the surface of PDMS, a

heat treatment has been employed.

Samples prepared with different times of irradiation by using the 1% solution of gold salt
have been prepared and then annealed and their corresponding Au-LSPR bands are
obtained. The spectra indicate that, in order to prepare a nanocomposite with a narrow
size distribution of gold nanoparticles, a 1% solution of gold precursor has to be spread

on the PDMS surface and be irradiated for 90 seconds.

It should be noted that in all cases, the samples, either are kept for least 75 minutes at
room temperature or are immersed in ethanol, before annealing, to stabilize the color of

the samples as mentioned earlier.

SEM images have been used to show the distribution of gold nanoparticles embedded
into the PDMS surface. The images, before and after the annealing post-process, are
given in Figure 3-3-a and Figure 3-3-b respectively. The figures show that, after
annealing at high temperatures, the aggregated particles are transformed into individual
particles, uniformly distributed into the surface. The inset in Figure 3-3-b shows low-
magnification of the annealed sample and illustrates a uniform distribution of particles on

a large (2umx2pum) area of the sample.
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Figure 3-3: SEM images of Au-PDMS nanocomposite, (a) as-prepared sample; (b) annealed
sample at 300-350°C. The inset shows the distribution of particles on a large 2 pmx2 pm area of
the sample. (c¢) Effect of the annealing process on the position of the Au-LSPR band.

The spectra corresponding to the as-prepared and annealed samples are given in Figure 3-
3-c and show that, after annealing, the Au plasmon band shifts to shorter wavelengths
(blue shift).

This blue shift reflects the improved morphology during the annealing

process, in terms of uniformity of the nanoparticles distribution as shown in the SEM

images in Figure 3-3-a and Figure 3-3-b.
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3.3.2 Mechanical properties

As it has been mentioned, the cross-linking (curing) agent has the role of a reducing agent
during the in-situ synthesis. In contrast, increasing the amount of curing agent reduces the
modulus of elasticity (E) of the PDMS platform. To investigate the effect of the amount
of the curing agent on the elasticity of PDMS, tension tests have been performed on
samples prepared with two different ratios of polymer to curing agent. The ratios of 10:1
and 4:1 are selected and the tension test results are shown in Table 3-1. The results show

that, by using a higher ratio, samples with a higher elasticity are obtained. For each case,

four similar samples were tested and the average values are shown in the table.

Table 3-1: Module of elasticity (E) for PDMS with two different ratios (MPa) and the effect of

presence of AuNPs on the module of elasticity of PDMS

Non-Annealed (as Annealed (post
Sample Type
prepared) sample processed) sample
PDMS (4:1 ratio) 0.74+0.08 MPa 0.77+£0.06 MPa
PDMS (10:1 ratio) 1.27+0.04 MPa 1.31+0.07 MPa
Au-PDMS nanocomposite (10:1) 1.47+0.1 MPa 1.52+0.1 MPa

The tension test is also used to show how the presence of gold nanoparticles affects the
mechanical behavior of the nanocomposite. Samples (fabricated as described in section
2.2) were irradiated for 90 sec by using the 1% solution of the gold salt. Four identical

samples were tested for both the as-prepared and annealed nanocomposites in each case
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and the average results are given in Table 3-1. The results show that the introduction of
gold nanoparticles in the polymer increases the module of elasticity up to 20%. In
addition, the high elasticity of the annealed sample indicates the existence of some of the

gold nanoparticles inside of the polymer network, even after the annealing process.

3.3.3 Sensitivity of the platform and biosensing

3.3.3.1 Sensitivity of the nanocomposite platform

In order to demonstrate the sensitivity of the platform, measurements were conducted in
media of different refractive indices (RI). By increasing the refractive index of the
surrounding medium, the Au-band is shifted to longer wavelengths (red shift) as shown in
Figure 3-4. The sensitivity test is a good method to assess the biosensing capability of a
sensing platform. A higher sensitivity shows that the platform is more sensitive to the
surrounding environment. The sensitivity graph for the as-prepared and annealed samples

is depicted in Figure 3-4.

The results show that the annealed sample has a sensitivity as high as 102 nm/RIU which
makes it very useful for label-free biosensing of polypeptides and proteins. The
sensitivity is lower for the non-annealed samples with about 6 1nm/RIU. This result could

be due to the presence of high aggregates on the surface.
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Figure 3-4: Sensitivity of nanocomposite sensing platforms (the nanocomposite is prepared by
using a 1% gold precursor solution with an irradiation time of 90sec) for both as-prepared and
annealed samples. The regression coefficient (R) is given for each graph.

3.3.3.2 Biosensing of the growth hormone

Somatotropin (ST) is a polypeptidic growth hormone naturally produced by the anterior
pituitary gland in mammals. Its biological effects of bovine ST are associated with
growth, development, and reproductive functions. Previously various methods have been

reported for estimation of bST concentration in biological media such as ELISA, a

radioimmunoassay (RIA), fluorescent LoC method [104].
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Figure 3-5: Schematic of the main steps of the biosensing experiment and their corresponding
spectra; (A) Four steps of biosensing protocol; (B) Au-LSPR band corresponding to the steps
depicted in A; (C) legend of the schematics.

Recently, a novel LSPR biosensing method for screening of recombinant bST (rbST) in
milk has been reported by our group [105]. In this work, because of our experience in the
field, we investigated this novel Au-PDMS nanocomposite platform for the detection of
the polypeptide hormone.

The samples prepared and annealed as described in section 2 were tested for biosensing
application. The biosensing experiment consists of immobilization of antibody on gold
nanoparticles embedded on PDMS and detection of the antigen/antibody (bovine growth
hormone in mouse) interaction using the Au plasmon band. The experiment consists of

four main steps which are schematically depicted in Figure 3-5-a. The spectra
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corresponding to the different steps of the biosensing experiment are shown in Figure 3-
5-b.

The results showed a good sensitivity of the sensing platform in detecting the antibody-
antigen interaction. In this case, the Au LSPR band red shifted by AL = 6 nm after adding
the linker and ECD+NHS (activation solution), AL = 5 nm after attaching the Ab (anti-
BGH) and AA = 3 nm with attaching the complimentary antigen (BGH) corresponding to
the Ab. The shift to longer wavelength in each case is due to the increased refractive
index of the environment. During the last step (addition of the Ag) the shift is mainly due

to the Ab-Ag interaction.

One of the issues that can influence negatively the biosensing experiments is the
possibility of leaching of nanoparticles from the polymer network. In the specific case of
Au-PDMS nanocomposite, because of the strong interaction of particles with polymer
chains (Figure 3-2-b), there is very low chance of leaching [106]. In addition, taking into
account the large size of AuNPs (~25nm) even in the case of a weak leaching, there
would not be toxicological effects [107]. Indeed, a test for leaching was performed by
keeping the sample for a long time (minimum 5 days) in water or ethanol and the spectral

results were negative.

3.4 Conclusion

In this work, a novel microwave assisted in-situ preparation of gold-poly
(dimethylsiloxane) (Au-PDMS) nanocomposite is proposed and optimized for biosensing
application. Ethanol was used due to its high permeability in the PDMS polymer network

which accelerates the rate of the reduction of gold. In addition, microwave-assisted
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synthesis has the advantages of very short reaction time, small particle size and narrow

size distribution of the synthesized particles.

It is found that during the interaction between the PDMS surface and the precursor
solution (before irradiation), sub-nanometric sized gold seeds were formed on the surface
which initiate the growth of gold nanoparticles during the irradiation step. Microwave
assisted synthesis resulted in uniformly distributed AuNPs in the polymer matrix. An
annealing process at high temperature is employed to improve the particles size
distribution. The SEM and UV/Vis spectra of the annealed samples show a uniform

distribution of particles on the large area of the sample.

Sensitivity tests are performed to show how the Au-band is shifted (red shift) by
increasing the refractive index of the surrounding medium. The sensitivity test showed a
high sensitivity of 102nm/RIU in the case of the annealed sample. This illustrates that the
optimized platform exhibits very good biosensing capabilities. The platform is used
further for plasmonic antigen-antibody interaction detection of growth hormone. The
immunosensing of the bST proves that the fabricated platform is a good candidate for

biosensing. The results obtained in this work are relevant for microfluidic biosensing.

In addition, the mechanical tension test revealed that the presence of AuNPs improves the
mechanical properties of the polymer at least 20%. Since the Au-PDMS nanocomposite

will be further used for structural application, a high degree of strength is required.

68



Chapter 4: High performance PDMS micromixer based on
split and recombination flows for lab-on-a-chip

applications

Beside in-situ methods which explained in the previous two chapters, another method to
immobilize AuNPs into the PDMS is to introduce the pre-made nanoparticles to a
surface. The particle will be adsorbed by the affinity of the particle toward the surface.
To make the particles in a microfluidic environment, first we have to fabricate a
micromixer, to enhance the reaction in a microreactor. In this chapter a cost-effective and
simple 3-layer PDMS passive micromixer has been designed, optimized, simulated,
fabricated and successfully characterized. The mixing mechanism is based on splitting

and recombining the flow.

4.1 Introduction

While the microfluidic technology has been maturing well, a big surprise is that LoC
systems are still not being used extensively. Through the fabrication of microfluidic
devices which possess two fundamental and demanding features including “/ow-cost” and
“simple”, it is very likely to move toward the next step of using LoCs for wide

applications [62].

One of the most challenging tasks in the LoC systems is efficient mixing. In biochemical

analysis systems which work under a microfluidic environment, achieving better mixing
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in a short period of time as well as a short fluidic system is crucial in order to improve the
reaction. Due to low Reynolds number in microfluidic systems (flows with R.~0.01-10),
the flow regime is laminar and consequently the mixing mechanism becomes mostly

diffusion dominant [108-110].

Micromixers are generally classified into two main categories: passive and active. In
passive micromixers, the mixing is performed by changing the geometry of the mixer in
order to increase the possibility of having turbulence in the flow. In contrast, in active
micro mixers, the mixing task is performed by an active element which produces
disturbances externally through moving parts [110-113]. Compared to active mixing
mechanisms, passive micromixers have simpler design and therefore can be well

integrated for lab-on-a-chip (LoC) application [114,115].

Besides being low-cost and simple, another important issue that has to be considered in
the design of micromixers is their working flow rate which strongly depends on their
applications. Micromixers are mostly used in two main categories including chemical
microreactors and immunoassay biosensors [116]. Microreactors are operate normally at
relatively small flow rates [117]. In addition, in biosensing applications, the flow rate
should be small enough to enhance biomolecule interactions in order to achieve an
acceptable sensitivity[118]. Typical flow rates for these applications are 1-20ul/min or

less [118-122] indicating that the mixing is determined mostly by diffusion.

In the last decade, various types of passive micromixers have been developed and
fabricated including 2D structures such as tesla structure [115], sawtooth structure [123],

and various T-type mixing mechanisms with obstacles [124] and fin arrangements [125]
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inside the microchannels. Through these structures, researchers try to increase the
possibility of creating disturbances for better performance [126]. However, their
acceptable performance could only be achieved in high flow rates (~100ul/min and more)
which are too far from the applicable range mentioned earlier [108,115,124,127,128].
Furthermore, another drawback of these micromixers is the long length of the

microchannels, which are in the order of a few centimeters [115].

To achieve better mixing performances in shorter lengths, several complex 3D structures
have been proposed [129,130]. Examples include 3D structures for twisting flow [109]
and split-and-recombine structures [127,129,131,132]. Nevertheless, they used very
complicated 3D structures that use multiple fabrication steps which make them to be too
far from being “cheap” and “simple” [129-133]. Using of polymeric materials for low-
cost fabrication of micromixers is a good example of enabling wide applications of

integrated LoC devices [128,131,134].

In the present chapter, we propose a 3D micromixer with high efficiency, based on split-
and-recombination of the flow. We attempt to reach “cheap” and “simple” goals by
introducing a simple 3-layer PDMS structure. The device is designed and optimized. The
mixing is simulated and its performance is compared to that of a T-type mixer by
developing a new mathematical-based method for the estimation of the mixing efficiency.
The micromixer was fabricated and the flow is visualized in the chip. Finally, a mixing
experiment was accomplished to evaluate its performance quantitatively in the real

conditions. The results show a very good mixing performance at low flow rates (1-
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20ul/min). Due to the simplicity of the proposed micromixer, the mixing unit can be

easily integrated with micro-total analysis systems (u-TAS).

4.2 Design

4.2.1 Design Principle

The proposed passive micromixer is based on the split-and-recombination of flow to
maximize the surface contact between two fluids of interest. The mixing mechanism of a
T-type mixer and the proposed mixer is shown in Figure 4-1. In the Figure 4-1-a, a T-
type mixer is depicted. The T-type streamlines show that there is only one contact area
between the two fluids. In this figure, the concentration distribution along the

microchannel is also shown.
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Figure 4-1: Mixing mechanism; (a) T-shape mixer; (b) the proposed 3-layer micromixer. Each
inlet is split into two sub-streams. The streams are finally recombined at the outlet.
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As shown in Figure 4-1-b, the proposed device has a microchannel configuration that can
guide the fluids to produce alternate layers at the outlet in order to maximize the
diffusion. The input fluids 1 and 2 were dispensed equally in a set of microchannels and
then were re-arranged in a new layered configuration. In the design, there are two simple
T-type sub-micromixers which will be mixed at the final step to have a complete mixing.
Through this design, each inlet is dispensed into two sub-streams and at the final stage
they will be reunified in a way that maximizes the surface contact between the two flows

of interest.

Thickness of the
layers = 70um

14 s 13

Flows from the
bottom layer to
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Figure 4-2: The 3D view of the micromixer. (a) The variables namely, the width of the channels
(W1—W,) have to be optimized to have equal contributions from the inlets to maximize the
mixing performance, (b) four available paths (p; to p4) from inlets to the outlet, (¢) micromixer
dimensions used for optimization.
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A 3-D view of the device is shown in Figure 4-2-a. From this figure, it can be seen that,
the micromixer contains 3 layers. The fluid 1 in the first (bottom) layer will be dispensed
into two sub-streams and will be carried through the second layer into the third (top)

layer where mixing will happen with the fluid 2 which is already dispensed in this layer.

4.2.2 Optimization of the micromixer dimensions

In order to maximize the mixing performance, we should adjust the channel widths W,

1

wherei=1,2,3,4. The dimensions are schematically shown in Figure 4-2-a. The
maximum performance for a specific inlet flow rate can be reached, when each
microchannel with the width of W, contributes equally to the outlet flow. To
mathematically express how each part of the inlet (with the size of W) applies a

resistance to the flow from inlet to the outlet, equation of /ead loss in channel was used.

Head loss (%) in a pipe with the length of L can be obtained from the equation [135]:

h=f-—r “4-1

Where D is the pipe hydraulic diameter and it is equal to D=4A4/P, where 4 and P are
area and perimeter of the channel, respectively, V is the fluid velocity and f'is the friction
factor that is determined experimentally. For low Reynolds number (R.) flow or laminar
flow regime which is applicable in microfluidic systems, there is a simple relation

between friction factor fand R, that can be expressed as the following equation:[135]

f= (“4-2)
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Where R, is Reynolds number and R.=pVD/u where p is the fluid density and u is the
dynamic viscosity of the fluid. In addition to the head loss in the pipe, there are also
minor head losses (%,,) in bends, Tees (both combining and dividing), etc., which can be
calculated from the equation hm=KV2/2 where K 1is the friction coefficient that is

determined experimentally and is tabled in the fluidic handbooks.[135]

Considering the thickness of / for the microchannels, when the flow with the rate of Q is
flowing in a channel with the width of W and length of L, the following equation can be

used to calculate the head loss:

b= 8uQL (h + w)?

T (4-3)

There are two possible flow paths from each inlet to the outlet. Hence, we have the total
of four possible paths from the inlets to the outlet that is shown in Figure 4-2-b by P;
where i=1 to 4. The value of head loss in each path is assumed to be h; where i =
1,2, 3,4. Head loss in each path is a function of the variables (;) and the length of the
channels (/; where j=1 to 11) as shown in Figure 4-2-c. In addition, in each pass, there
are bends, Tees or change in the channel dimensions, which produce minor head losses
(hmi) and should be considered in the calculation of total head loss in each pass. So the

head losses, 4;, in paths P; are as follows:

h1 = fl(W1’ Wz, W3, W4_, l]) + hml
hz = fZ(Wli Wy, W3, Wy, l]) + hmz
h3 = f3(W1, Wy, W3, Wy, l]) + hm3

h4 = ﬁ}(Wl,Wz,W3,W4, l]) + hm4

(4—4)
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In this design, the length /; are selected as constant and therefore the head losses are only
dependent of variables ;. In order to have equal flow rates through these paths, these
head losses should be equal or the following conditions are applies for the optimization of

widths:

hy = h, fi—-f2=0
hi=h; - {fi—f3=0 (4—5)
hy = hy fi—fa=0

As we can see, there are four unknowns and three equations. To be able to solve this set
of nonlinear and coupled equations, a constraint is created by setting W,=75um and the
other three widths (W;, W5, and W;) are determined. The optimum widths are obtained as

the following: W;=200um, W,=100um, W3=260um and W,=75um.

4.3 Simulation model

The simulation of the mixer with optimized dimensions is performed to evaluate the
mixing performance under different inlet flow rates. The COMSOL® Multiphysics
MEMS module is used for the finite element (FE) analysis of the Navier-Stokes
incompressible fluid flow in microfluidic environment. The water is used as the fluids to
be mixed containing solutes with two different concentrations of C=0 and C=1 in order to
have normalized concentration at the outlet. The diffusion coefficient of the solute in
water was set to 2.5x107° m/s>. FEM of the 3D CAD model is used for simulation. The
whole 3D volume is discretized with the maximum element size of 4.5um. The

convergence limit for the normalized relative error was set 1x107.
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4.3.1 Simulation performance assessment

The following method was established in order to assess the simulation results. For each
case, the profile of concentration in the outlet is obtained along a line at the middle of its
depth. In the Figure 4-3-a and Figure 4-3-b typical concentration variation for a T-type
and for the new mixer is shown by a black line. In this figure, the red lines correspond to
the worst case where there is no diffusion between two fluids of interest. The green line

depicts the case where the fluids were mixed fully.

The hatched area represents the amount of diffusion of one fluid into the other. Mixing
efficiency, #, is defined as the ratio between the hatched area that represent mixing and
the area between the green and red line that corresponds to full mixing using the

following equation:

1 )
area corresponds to mixing % 100 = J, (hatched width)dx

area corresponding to fullt mixing 0,5><f01 dx

n% = x 100 (4-6)

The area corresponding to fully mixing (showed in gray in Figure 4-3) between the green
and red line is obtained as 0.5 as the final concentration is equal to 0.5 and the width of
the channel is normalized. This measurement of 7 will be used for performance

characterization.
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Figure 4-3: Performance assessment of mixing; (a) T-type micromixer, (b) proposed micromixer.

4.3.2 Simulation results

The simulation performed by using the mentioned parameter and the results for T-type
and the proposed device are depicted in Figure 4-4-a and Figure 4-4-b respectively. In
order to compare the efficiency, the outlet profile is obtained for a point along the chip at
the lengths of 3.8mm from the inlet that is shown as C-C cross-section in Figure 4-4 and
in all graphs the mixing efficiency #, was obtained at this point. Even the actual channel
length at the measuring section for the proposed mixer is longer than the conventional T-
mixer due to 3D configuration, by the thickness of the middle layer, same chip distance is
chosen to obtain minimum footprint. The simulation results for the high flow rate of
20ul/min are shown in Figure 4-4. In this figure, in each type, the simulations are shown
in the form of cross-section concentration distribution at three different cross-sections of
the channel. In addition, variation of concentration at middle line is also shown for the

proposed and T-type mixers.

Based on the performance criteria, the new mixer can achieve a mixing efficiency as high
as 76% even at a high flow rate of 20ul/min (R.~3) while a T-type mixer shows only

17=21%. The mixing efficiency is shown in Figure 4-5 for various flow rates between

78



0.2pul/min and 50pl/min. Considering the mixing efficiencies of higher than 80% for fully
mixed flows, the proposed mixer can achieve full mixing for the flow rates up to

15ul/min (R.<2.2).
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Figure 4-4: Simulation results at flow rate of 20ul/min; (a) T-type mixing with n=20.9%, (b) the
proposed micromixer (N=76.3%).
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Figure 4-5: Comparison of mixing performance of the proposed mixer and a T-type micromixer
at different flow rates.
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Figure 4-5 indicates very high efficiency for the low flow rates due to the enhanced
diffusion-based mixing mechanism of the proposed mixer. However, there is a relatively
low mixing performance for high Reynolds numbers (R.>4.0) when the flow rate is
higher than 30ul/min. There is a promising way to resolve this problem by combining
several mixing units. Considering the proposed micromixer as a mixing unit, one can

combine several units to build a mixing module.
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Figure 4-6: Simulation of combination of several mixing units for achieving better mixing
performance at a high flow rate of 50 pl/min; (a) two units (N1=82.5%) and (b) three units
(M=91.6%).

The simulation results for mixing modules that are made up of two and three mixing units
are shown in Figure 4-6. In each case, the concentration distribution at the outlet cross-

section is shown. The results show that at a high flow rate of 50ul/min, the mixing

efficiency of a mixing module that is built from two and three mixing units is 83% and
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92% respectively. The mixing efficiency for various flow rates between 2ul/min to
100pul/min is shown in Figure 4-7. The results show that the combined micro mixers can
reach fully mixing for high Reynolds number of R.<13.5 corresponding to the flow rate
up to O=100pl/min. One could conclude that the proposed mixer configuration enables

very high mixing efficiency even at high flow rates.
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Figure 4-7: Mixing performance with different combination of mixer units at different flow rates.

4.4 Fabrication

The proposed micromixer was fabricated using poly(dimethylsiloxane)(PDMS).
Sylgard® 184 elastomer kit from Dow Corning Corporation was used for PDMS
fabrication. For fabrication, the base polymer (pre-polymer) and the curing agent (cross-
linking agent) are mixed with 10:1 ratio by weight. The device consists of three layers.

Therefore, there are three individual masks for the fabrication of the mold for each layer.

The schematic of fabrication steps of the mixer is depicted in Figure 4-8-a. In this figure,
three SU-8 molds and their corresponding PDMS layers includes lower (L), middle (M)
and upper (U) layers are shown. Standard patterning of SU-8-2035 photoresist (from
MicroChem) was used for the fabrication of the molds. For each layer, the SU-8 was spin
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coated (at 500rpm for 10 sec followed by 1500rpm for 35s) and then soft baked at 95°C

for 12 min. The soft backed SU-8 then was exposed to UV light followed by a post

baking process for 10 min at 95°C. After that, the SU-8 was developed and finally the

mold is hard baked at 150°C for 30 minutes. To be able to use these layers as a mold for

PDMS fabrication, all molds are silanized.
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Figure 4-8: Fabrication process of the micromixer; (a) three SU-8 molds used for fabrication of
the mixer (b) PDMS thin layer fabrication process to make the middle layer (80pm thick); (c) the
fabricated device and the close-up shows how 3-layers are aligned to form the mixer.

82



As shown in Figure 4-8-a, the proposed PDMS device includes two thick layers (U and
L) and a thin middle layer (M) with the thickness of 80pum. The fabrication process of the
thin layer is schematically shown in Figure 4-8-b. For the fabrication of the thin layer,
PDMS was poured on the mold and then a semi-silanized glass slide was placed on
PDMS to let the excess of PDMS to be removed from the mold. While keeping the
pressure one the glass slide, the PDMS thin layer was cured at 100°C for an hour.
Afterwards the semi-silanized glass slide with PDMS thin layer can be easily peeled off
from the mold as the mold was already silanized. Oxygen plasma was used to bond the
middle layer to the bottom thick PDMS layer. After this bonding, the glass layer is
replaced by the top thick PDMS layer to seal the channels. The fabricated device is then

used for real mixing experiments and flow visualization.

One of the important issues in the bonding process is the correct alignment of the layers.
This is crucial as the middle thin layer allows the fluid to be passed through its hole from
the first (bottom) layer to the third (top) layer. Therefore, any miss-alignment will result
in malfunctioning of the device. To reduce the bonding errors, a clearance of 15um is
considered in the size of features of middle layer. These size changes are also considered

in the calculation of minor head losses for finding of optimum channel widths.

4.5 Experimental mixing results

4.5.1 Flow visualization

In order to characterize the realized device and compare the simulation with the

experimental results, red and green colored water was introduced to the inlets. A syringe
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pump is used to pump two dies with different flow rates. A camera attached to a
microscope recorded the visualized flow. The experimental results for the flow
visualization show the efficient mixing of two dies. Figure 4-9 shows the flow of the two
colored fluids in the microchannels and demonstrates how the sub-streams split into two
flows and then combine into the outlet. In the Figure 4-9-a a high flow rate of 400 pl/min
was used (R.~55) to diminish diffusion and to show four equal sub-streams in the outlet.
These equal sub-streams in the outlet prove that the optimization part was done
successfully. In Figure 4-9-b the mixing is shown at flow rate of 40 pl/min. Form this
figure it can be observed that the thickness of the green flow is diminishing along the

flow which shows the flows are mixing efficiently by diffusion.

Figure 4-9: Flow visualization of the proposed micromixer using green and red flows. (a) High
flow rate of 400ul/min (Re~55) to minimize the diffusion for better visualization; (b) The
thickness of the green flow is decreasing along the flow which shows the green flow is diffusing
into the red at rate of 40pul/min (Re~5.5).

4.5.2 Mixing testing of acid and base

In the previous experiment, the mixing is assessed qualitatively by using the colored

flows. In order to determine the performance of the proposed micromixer quantitatively,
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an experimental layout is designed to obtain the variation of mixture concentration profile

at the outlet. Figure 4-10-a and d show the layout and the fabricated chip, respectively.

In order to assess the performance of mixing, variation of pH value along the width of the
channel is measured by branching the outlet into four branches as depicted in Figure 4-
10-a. More number of branches would be beneficial for better evaluation of the pH
variation in the channel. The outlet of mixer channel is divided into four branches with
equal width as a result of having four sub-streams in the micromixer outlet. The pH value
which is measured in each branch is represented by the average pH of sub-stream (with
the thickness of 50um) of the micromixer at its middle point which is schematically
depicted in Figure 4-10-a. The configuration is designed in a way to ensure that each of
the four sub-streams is connected to one of pH meters to be able to precisely study the

concentration at the outlet cross section.

The mixing experiments consist of mixing an acid (hydrochloric acid) and a base (sodium
bicarbonate). To make solutions 0.83ml of concentrated HCI (37%) from Fisher
Scientific was diluted into 1L of DI-water to make 10mM HCI solution with a pH of 2
and 400mg of NaOH was solved in 1L DI-water to have a 10mM base solution with a pH
of 12. When complete mixing of acid and base occurs, pH of the mixed solution would be
7. The solutions were introduced into the mixer with similar flow rates using a syringe
pump. Each outlet was collected and a pH meter was used to measure the pH. The test
was performed at different inlet flow rates. The typical measured pH graph that was used
to estimate the efficiency is shown in Figure 4-10-b corresponding to 200ul/min. The

hatched area in this figure represents the mixed fluids and red and green lines correspond
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to no-mixing and full-mixing situations respectively. The differences between the

measured pH and the pH=7 (full mixing) was used to calculate the efficiency.
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Figure 4-10: Evaluation of the micromixer performance in real conditions; (a) a layout with four
branches designed to precisely measure the variation of pH in the cross-section of the mixer
outlet, (b) measured pH used for estimation of efficiency. The black line shows measured values
and the hatched area represents the mixed fluids, (c) The variation of efficiency along the outlet
cross-section and the average efficiency for each flow rates, (d) the fabricated device.

The variation of efficiency along the outlet cross-section at different flow rates is shown

in Figure 4-10-c. The average efficiency (77,,) for each flow rate is also shown in this
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figure. From this graph is it clear that the mixer achieves very high efficiencies
specifically at low flow rates. The two liquids can be assumed as fully mixed for the flow

rates less than around 50ul/min.

4.6 Conclusion

A "simple" and "cheap" PDMS micromixer is designed, optimized, fabricated, and
successfully characterized in this work. The 3D mixing mechanism is based on split-and-
recombinant flows through a 3-layer design. The mixer channel dimensions are then
optimized in order to reach high performance. A quantitative method is proposed to
evaluate the mixing efficiency of simulation results. The simulation results show the
proposed mixer can achieve fully mixing (n>80%) for flow rates up to 15ul/min (R.<2.2)

which is acceptable for the typical micromixer working range.

The device was fabricated and the flow was visualized in the channels. Mixing
experiments were designed in order to precisely evaluate the variation of concentration at
the outlet and to assess the mixing performance quantitatively. The experiment performed
by branching the outlet into four branches due to having four sub-streams in the mixer
outlet. The results show that the mixing is even better than the simulation results. A
mixing efficiency of 85% obtained at flow rates of 40ul/min meaning fully mixing for
R.<5.5. The results established the proposed mixer as a good candidate to be used in real
chemical and biological applications that generally operates in low flow rate regime. The
whole PDMS structure of the device makes it possible to be easily integrated with other
microfluidic devices in a LoC platform for clinical diagnostics and point-of-care

applications.
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Chapter 5: Gold nanoparticles integrated PDMS
microfluidic chip for lab-on-a-chip plasmonic biosensing of

growth hormones

As we already reported in chapter 2, the in-situ synthesis of gold nanoparticle was
presented and used in a macro-scale environment. Toward the main objective of the

work, we should carry out the synthesis method inside a microfluidics.

In this chapter, the integration of in-situ method in a microfluidic environment has been
performed. In addition, the kinetics of the reaction in the micro-scale has been studied
thoroughly and then the results compared with the macro-scale reaction obtained in
chapter 2. At the final step, the proposed integrated microfluidic LSPR-sensor has been

used for bovine growth hormone detection.

5.1 Introduction

The development of biosensors for the detection of different biomolecules is an
extremely important problem in life science and clinical diagnostics. With the recent
advances in optics, microfabrication and nanotechnology, new biosensing methods are
emerging for the development of sensitive and low-cost integrated biosensors.

The development of immunosensors based on the plasmonic properties of gold colloids is
expanding rapidly [136]. The interest in the LSPR-based biosensors lies on their unique

properties allowing label-free and real-time biomolecular analysis with possible detection
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of biomolecular interactions (antigen-antibody interaction, DNA hybridization, etc.) at
low-concentrations [137]. In addition, the simple detection mechanism of optical-based
biosensors makes it possible to be integrated with different sensing platform for lab-on-a-

chip application such as integrated microfluidic devices [138-140].

Microfluidics based biosensing is of interest for a wide spectrum of scientists from
physicists and chemists to biologists due to their high-throughput and low-cost mass
fabrication [141]. The combination of microfluidic devices with LSPR biosensors offers
some significant advantages from both technologies and results in an improvement of
overall performance of the biosensor. Indeed, a microfluidic device dramatically reduces
the required sample/reagent volume. In addition, miniaturized channel footprints may
results in an accelerated immunoreactions and a fast response [121].

Several papers on the integration of nanoparticles into the microfluidic devices for
biosensing application have recently been published [142,143]. However, in the majority
of these works, pre-synthesized NPs were introduced into the microfluidic system [144-
148]. In addition, physical methods were also used to fabricate nanoparticles inside a
microfluidic chip such as soft-lithography [149] and physical vapor deposition [150].
There are very few works that use in-situ methods for the synthesis of nanostructures
[122] and nanoparticles [151] inside a microchannel for different bio-applications.
Furthermore, in the case of a microfluidic environment when the small dimensions
induce some distinct properties, kinetic data are scarce [141]. Studying the kinetics of a
chemical reaction provides a mathematical tool for the clear understanding of the

underlying mechanism.
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Miniaturization of the reaction platforms provides new opportunities for advanced
synthesis, and opens the way for a broad range of novel applications [108,138]. In micro-
reactors, both heat and mass transport are considerably accelerated due to large surface
area to volume ratios within the microchannels, allowing rapid and homogeneous mixing.
A great variety of nanoparticles have been synthesized in a microfluidic environment and
their quality in terms of size distribution has also been emphasized [119,152,153]. The
majority of these works were carried out by mixing liquid reactants in a microfluidic
channel, using either a continuous flow, or droplet-based methods. In spite of the
qualitative assessment of the high reaction rates in microchannels, few works are focused
specifically on the evaluation of the kinetic parameters [120,154,155]. In the case of in-
situ (heterogeneous) reaction, the reaction takes place inside, or on the surface of a
polymer network and one of the reactants is the polymer itself or a component of the
polymer compound and therefore the reaction rate is slower. The reaction results in the
formation of a composite material, for instance, a gold—polymer nanocomposite, when a
gold precursor solution is introduced into the polymer. To the best of our knowledge, the
kinetics of an in-situ synthesis has not been studied in a microfluidic environment.

In this work, a novel nano-integrated microfluidic biosensor is proposed for the detection
of Ag-Ab interaction though LSPR properties of gold nanoparticles. For this purpose, the
kinetics of the in-situ synthesis of Au-PDMS nanocomposite in a microfluidic chip is
thoroughly investigated. The particularities of this reaction compared with the reaction
carried out in macro level are highlighted and the reduction mechanism of the gold ions

in the microchannel is discussed.
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The SEM images and spectroscopy were used for the characterization of nanoparticles.
The sensitivity of the synthesized nanoparticles to the surrounding medium is then
studied to assess the biosensing capability of the sensing platform. The microfluidic
biosensor is then used for the detection of bST (or bovine growth hormone (BGH)). The

results show a high potential of the proposed biosensor for clinical applications.

5.2 Material and methods

5.2.1 Materials

Sylgard® 184 elastomer kit from Dow Corning Corporation was used for PDMS
fabrication and SU-8-2035 was purchased from MicroChem. Gold chloride trihydrate
(HAuCl4.3H,0) was purchased from Alfa Aesar and 1-pentanol, toluene, N, N-
dimethylformamid, 2-propanol and ethyl alcohol, from Sigma-Aldrich. Nanothink® 18,
TWEEN® 20, N-Hydroxysuccinimide (NHS), and N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC) were purchased from Sigma Aldrich. A
monoclonal Bovine Growth Hormone antibody (anti-BGH or bST) in mouse and BGH
antigen were purchased from Dr. Parlow National Hormone and Peptide Program in

California, USA.

5.2.2 Fabrication of PDMS microfluidic chip and in-situ synthesis of Au-
PDMS

For the fabrication of PDMS microfluidic chip (or cell), SU-8 photoresist (from
MicroChem) standard patterning process was used. The procedure for the SU-8 mold

fabrication consists of several steps. For mold fabrication, the SU-8 was spin coated (at
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500rpm for 15 sec followed by 1500rpm for 30s) on a cleaned wafer and then soft-baked
at 95°C for 10 min. The soft-backed SU-8 was exposed to UV light followed by a post-
baking process for 7 min at 95°C. Afterward, the SU-8 was developed. Finally the mold
is hard-baked at 200°C for 15 minutes. The mold was silanized in vapor phase to enable
removing PDMS from the mold after curing. These steps are schematically illustrated in

Figure 5-1a (steps 1 to 4).

For PDMS fabrication, the base polymer (pre-polymer) and the curing agent (cross-
linking agent) are mixed (ratio 10:1 by weight). The fabrication is followed by removing
the air bubbles in a vacuum desiccator for 10 minutes. The mixture is then poured into
the SU-8 mold and, after a second degasifying process the mold is kept in oven at 60°C
for curing overnight. Afterward, the cured molded PDMS is peeled off from the mold as
shown in Figure 5-1a (step5). A flat PDMS layer (Figure 5-1a-step 6) was then bonded
using oxygen plasma treatment with the prepared channel layer to close the channel. In
Figure 5-1a a chip with two channels of 400um width is shown. For simplicity, it will be
referred as C400-2 (400-2 microfluidic chip), where the first and second terms indicate
for the number of channels and the width of channel, respectively. In this work two

microfluidic chips (C400-1 and C400-2) were used for the experiments.

Aqueous solutions of chloroauric acid with different concentrations were prepared. For
the fabrication of gold-PDMS nanocomposite in a macro environment, the flat PDMS
samples were cut into lemx4cm pieces and the samples were incubated in the gold
precursor solution for different times [63]. To prepare the gold nanocomposite inside the
microfluidic chip, the solution was introduced into the microchannel with a syringe

(~5ul) and then the whole chip was kept at different temperatures for different times. To
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avoid the evaporation of the solution, the inlet/outlet was closed. In Figure 5-la
fabricated microchannels with gold nanocomposite (red channels) is shown. The

synthesis time of this cell was 48 hours.

1 e wEha PDMS molded layer

O A A I |
d I i |iiie |5
SU8 spin coating PDMS flat layer
[INRRRRRRRNR RN RRR R ARR AR RRRRRAR] I 16
2 | e
Plasma PDMS-PDMS bonding
UV exposure and inlet-outlet makin
EEEEEEEERE IEIEN 00 6
TR 5
Y 0
[ silicon wafer
[T SU8 2035
Development (SU8 mold) PDMS
|4 | R vas«
:] Channel
b Microchannel A
Channel’s inlet/outlet .
height_’ < PDMS ;
| | le—ricrofluidic chip 0 v Light beam
. Channel’s
8 % width
H ~ £
7] Lot g
o=} N g3 .
\G Id NP nght Wavelength (nm
o S Source
[ Spectrometer
Microchannel (
cross-section A-A
L~

Figure 5-1: Fabrication procedure of microfluidic chip and measurement of is spectral band (a)
Step-by-step fabrication procedure of SU-8 mold and PDMS microfluidics. The figure shows a
chip with two channels (C400-2) and the red color of the channels indicates the synthesized
AuNPs; (b) the microfluidic chip was placed directly in a spectrophotometer in order to measure
the gold plasmon band.

As it shown in our previous work [63], the curing agent in PDMS reduces the gold ions to

gold nanoparticles embedded into the polymer network. The relatively high

concentrations of the gold precursor were used in order to increase the rate of the
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reaction. The effects of concentration of gold precursor (ranging from 0.5% to 2%) and of
the temperature (22°C, 40°C, and 50°C) on the kinetics of the synthesis reaction was
investigated. The gold nanocomposites formed in the microchannel have been
characterized by UV-Visible spectroscopy and Scanning Electron Microscopy (SEM).
The gold plasmon bands of the chips were measured using a UV/Vis spectrophotometer
(LAMBDA 650 UV/Vis Spectrophotometer from PerkinElmer) as shown in Figure 5-1b.
Due to low magnitude of the absorbance (low amount of Au nanoparticles in the channel)
for some cases, the spectrum is a bit noisy and a denoising MATLAB® code based on
wavelet analysis was used to remove the low frequency noises [156].

To obtain the size distribution of particles from SEM images, Gwyddion 2.28, a modular
program for data visualization and analysis was used. To obtain the graphs, several SEM
images with similar magnification were used.

In addition, the samples were annealed to improve the distribution of gold NPs embedded
in PDMS. Heat treatment also increases the concentration of Au NPs on the surface of the
sample. For annealing, the samples have been heated from room temperature to 300°C in
10 minutes and then kept at this temperature for 30 min. It was observed that temperature

higher than 350°C is not suitable as it resulted in deformation of the chip.

5.2.3 Sensitivity Tests

Generally, the Au-LSPR band has been found to shift to longer wavelengths (red shift) as
the surrounding medium’s refractive index (n) is increased [101]. The sensitivity of the
Au-nanocomposite microfluidic platform with respect to the environments with different

refractive indices has been investigated. For this purpose, five solvents with different
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refractive indices have been selected. Each solvent was passed through a C400-2 and the
corresponding LSPR band was recorded. The sensitivity for each chip (both annealed and
non-annealed samples) has been calculated from the plot of A, against An, where
Almax 18 the gold LSPR band shift in a solvent (in nm) compared with the LSPR band
position measured using deionized water, and An is the refractive index difference

between the solvent and DI-water and is equal to An=ng,nen — Pywater Where nygrer =1.33.

5.2.4 Biosensing protocol

Label-free biosensing tests have been performed by using the annealed C400-2. The bST
antibody (anti-BGH) obtained in mouse and its corresponding antigen (Ag) was used for
biosensing experiments.

The first step of biosensing protocol consists in functionalizing the gold nanoparticles
with 11-mercaptoundecanoic acid (NanoThink® ACID11) in ethanol (5mM), by
introducing the solution into the microchannel and keeping it for at least 5 hours. After
attaching the linker, the conventional carbodimide coupling chemistry (EDC/NHS) is
used to activate the carboxyl groups, before attaching the antibody (Ab). The activation is
carried out by injecting a mixture of N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC, 0.4M) and N-hydroxysuccinimide (NHS, 0.1M) for 1 hour (1:1
ratio by volume). The next step consists of attaching the antibody dissolved in a PBS
buffer solution (200ng/ml) to the functionalized Au NPs, followed by washing the
microchannel several times with a TWEEN® 20 solution in PBS (0.05%). The last step is
attaching the Ag dissolved in a buffer solution by injecting the growth hormone solution

into the microchannel. The samples were washed with PBS afterward. The spectra of the
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microfluidic cell were recorded after each step. Different antigen concentrations were

tested to obtain the limit of detection of the proposed biosensor.

5.3 Results and Discussion

5.3.1 In-situ synthesis and kinetical study of the reaction

The following reduction reaction between the gold ions and curing (cross-linking) agent

has been suggested [74]:

I I I
3Si— H+ 3/2 H,0 + 2AuCl; - 3/2 — Si — 0 — Si — 2Au + 8Cl~ + 6H*
I I I

To characterize the Au-PDMS nanocomposite form inside the microchannel, UV/Vis
spectroscopy was used. The formation of gold-PDMS nanocomposite has been studied by
using cells with different configurations. Based on the results, the absorbance found to
vary linearly with the number of channels and width of the channel. For instance, for
similar synthesis conditions (time, temperature, and gold salt concentration), the
absorbance of a cell with 3 channels is about 3 times higher than that of a cell with only
one channel with similar widths. However, due to small values of absorbance for
microfluidic cells, higher absorbance generally has the advantages of less noise in the
spectra and an improved accuracy in the measurements.

To study the kinetics of gold synthesis in a microfluidic environment, the UV-Visible
spectra of a microfluidic chip (C400-1) under different conditions of concentrations (1%
and 2% of gold salt) and temperatures (22°C, 40°C and 50°C) were measured (Figure 5-

2a and Figure 5-2c).

96



Figure 5-2-a shows that the kinetics of formation of AuNPs is similar for 1% and 2%
gold concentrations. However, the absorbance is higher for higher concentration of the
gold salt, due to a higher number of particles formed in a unit area. The graph shows that
the evolution of the reduction reaction can be described through three main phases:
induction, when there are only a few particles on the surface; the actual formation step
when, the absorbance shows a linear relationship with time and, finally, the step of
saturation. As it is shown in Figure 5-2a, the induction step takes around 3-5 hours and
the saturation phase was reached only after around five days (130hrs) of reaction.

The long induction and reaction times can be accounted by the particularities of this in-
situ reaction. The reaction takes place between the gold ions in an aqueous solution and
the cross-linking agent (a vinyl silicon compound) that is embedded in the polymer
network. The amount of the cross-linking agent (curing agent) available for the reduction
of Au’" depends on the ratio of pre-polymer and cross-linking agent used for the
fabrication of PDMS. These reductant molecules are migrating toward the surface of the
channel and their diffusion is very slow (dashed arrows in Figure 5-2f). The effect of the
concentration of the cross-linking agent on the rate constant is shown in Figure 5-2b. It
can be seen that the rate constant increased considerably when the PDMS is fabricated by
using a higher amount of cross-linking agent (4:1 compared to 10:1). This also confirms
that assumption regarding the role of the cross-linking agent as a reductant.

In addition, the effect of temperature was investigated to have a more clear understanding
of the kinetics of the reduction of gold ions in a micro environment. Figure 5-2¢ shows
the first 30 hours of evolution of the reaction in a C400-1 corresponding to three different

temperatures (22°C, 40°C, and 50°C). The absorbance-time slope (linear segment of
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Figure 5-2c) was used to calculate the apparent reaction rate constants. The apparent rate
constants of the reduction reaction (k') are shown in Table 5-1 for different temperatures.
In this table, the induction time (in minutes) and the halt-life of the reaction, 7.,, are also
given. The data were derived here from spectrometric measurements and therefore they

denoted as apparent rates and apparent activation energy.
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Figure 5-2: Study of the kinetics of the reduction reaction; (a) Absorbance-time plots of the
reaction in C400-1 corresponding to 1% and 2% gold salt concentrations at room temperature, (b)
The effect of PDMS cross-linking agent on the evolution of gold nanoparticles formation (c) The
effect of temperature on the evolution of formation of gold nanoparticles by using a 1% gold salt
solution (d) Arrhenius plot for the calculation of apparent activation energy (e) comparison of
evolution of the gold into PDMS in microchannel and in macro-scale environment, (f) lllustration
of microfluidic chip cross-section and the migration of reducing agent toward the channel wall.
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Table 5-1: The apparent rate constants of the formation of gold NPs at different temperatures

Temperature (°C)  Induction Time (min) Ty, (min) k (b

22 0.5 330 3960 0.5x10~
40 £0.5 240 3540 1.1x107
50 +0.5 180 3360 1.4x107

The Arrhenius equation is used to calculate the activation energy E, of a reaction as

follows:

k = Ae”Ba/RT o In(k) = — 222 + In(A) (5-1)

Where 4 is the pre-exponential (or frequency) factor, £ is the rate constant of the reaction
at the temperature 7 (in Kelvin) and R is the universal gas constant (R=8.314 J/mol.K).

The activation energy is expresses in J/mol.

Considering that the gold ion reduction reaction has a rate constant that obeys the
Arrhenius equation, a plot of In(k") (in s~7) versus 7™/ follows a straight line as shown in
Figure 5-2d . The slope of the Arrhenius plot (Figure 5-2d) was used to extract the

apparent activation energy, E7, of the reaction using the following equation:

mol

T

E: = —R x (‘“E”) ~29.8-L (5-2)

The relatively large value of the activation energy (E;~30kJ/mol) shows that the
reaction needs a high energy contribution. The reaction is facilitated at high temperatures

when the migration of the reducing agent is faster.
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The apparent rate constant determined in the microchannel environment is compared to
that corresponding to the reaction carried out at macro-scale [63] under similar conditions
and the results are compared in Figure 5-2e. The reaction rate in microfluidic
environment is k*=4.6x10™*h™" and in macro environment is k*=7.3x10h™". These results
show that the reaction is approximately 16 times slower in the microchannel due to less
favorable conditions for mixing of the reactants. The schematic shown in Figure 5-2f
illustrates how the reduction reaction takes place in the microchannel. The schematic also
shows how migration of cross-linking agent to the channel surface can takes place. The
lower reaction rate indicated in microfluidic environment is also due to the effect of the

channel wall that may adsorb (immobilize) the gold ions and the cross-linking agent.

Therefore, in the case of this in-situ heterogeneous reaction, the microfluidic environment
has not enhanced the rate of reaction as seen. However, as seen in the section 3.2, the size
distribution of gold NPs synthesized in the microchannel was significantly narrower

providing better uniformity of size of the particles

5.3.2 Particle size distribution in micro and macro environments

SEM imaging was used to characterize the size and distribution of AuNPs in the annealed
microchannel. To take the image of the particles inside the channels, the PDMS-PDMS
bonding was removed. Figure 5-3a shows the SEM image of particles formed in a 400-1
microfluidic cell prepared by introducing a 1% solution of gold precursor for 24h in the
channel. The channel edge is shown in the SEM image. The inset of the figure shows a

close-up of gold particles with the size of around 100 nm.
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The annealing process improves the uniformity of the particle morphology and it can be
seen in SEM images by the narrower size distribution and less particle aggregations and
indicated by the blue shift of the Au-LSPR band [63]. The improvement is evaluated by a
blue shift of the band which is ~8nm shift in macro environment compared to only ~2nm
shift in a microchannel environment. This is due to the fact that the distribution of the
synthesized particles in the non-annealed microchannel is more uniform than in the
sample prepared in macro environment even before annealing. Therefore it can be
inferred that the annealing treatment does not have a significant effect of the gold
nanoparticles prepared in a microfluidic environment.

To show difference between the size distributions of gold nanoparticles prepared in the
microfluidic chips compared to particles prepared in a macro environment, gold
nanocomposites were prepared in microchannel as well as in a macro environment. Gold
nanoparticles integrated microfluidic chip was prepared by keeping a 2% solution of gold
salt for 48h in the channel. The same conditions are used to fabricate a gold-PDMS
nanocomposite by incubating of PDMS samples in gold solution (macro environment).
Both samples were annealed.

The SEM image and the corresponding histogram of particle size distribution for the
C400-1 and for macro sample are shown in Figure 5-3b and Figure 5-3c respectively. It is
clear from these two figures that the size distribution of the particles in the microchannel
(Figure 5-3b) is narrower than the distribution in macro environment (Figure 5-3¢) which
is one of the main advantages of synthesis in microfluidic environment. It could be seen
in Figure 5-3b and c that the particle size in the channel has a band of 1254+5nm

compared to bandwidth of 140+35nm in macro sample. This is in agreement with the
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shape of the gold-LSPR band in both micro and macro sample which is shown in Figure

5-3d.

Figure 5-3: SEM images and particle size distribution of annealed cells; (a) a microchannel and
formation of gold NPs on the channel surfaces. At the left side, the channel edge is shown and the
inset shows the shape of particles. (b and ¢) SEM image and the corresponding size distribution
of Gold NPs prepared by 2% solution of gold precursor for 48h of incubation for two different (c:
microchannel and d: macro-scale) environments; (d) Au-LSPR band of nanocomposite prepared
in microchannel and macro-scale environment.

Narrower particle distribution on the surface will result in improved sensing properties of
the microfluidic platform and could enhance the detection limit of the proposed

microfluidic biosensor.
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5.3.3 Sensing experiments

5.3.3.1 Sensitivity test

The sensitivity test is a good way to assess the biosensing capability of a sensing
platform. In order to determine the sensitivity of the platform, experiments were
conducted in media of different refractive indices (RI). By increasing the refractive index
of the surrounding medium, the Au-band is shifted to longer wavelengths. For this
purpose, two sets of five identical 400-2 chip were prepared and one set was annealed.
For each solvent, the solution was introduced into the channel and its spectrum was
recorded. The sensitivity graphs for both non-annealed and annealed cells are shown in

Figure 5-4.

The results show that the annealed sample has a sensitivity as high as 74 nm/RIU which
makes it very useful for label-free biosensing application. The sensitivity for the non-
annealed samples is about 65 nm/RIU. The similar values of the sensitivities shows that
the annealing treatment has less effect on uniformity and sensitivity in a microfluidic

environment as discussed in section 3.2.

16
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Figure 5-4: Sensitivity tests of the 400-2 microfluidic cell prepared from 2% aqueous solution of
gold for 48h.
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5.3.3.2 Biosensing capability of the proposed biosensor and the detection
limit of BGH
The microfluidic biosensor integrated with gold NP, prepared and annealed as described
earlier, tested for biosensing of bST. The biosensing experiment involves the antigen-
antibody interaction detection of the bovine growth hormone in mouse through the
spectra of the sample recorded at different steps. Annealed 400-2 microfluidic cells were
used for these tests. A cross-section of the microchannel with embedded gold
nanoparticles is shows in Figure 5-5-a and the different steps of the biosensing
experiment are schematically depicted in Figure 5-5b.
The Au LSPR band shifts to longer wavelength after each step, as an evidence of
attaching the biomolecule to the AuNPs results creased refractive index of the gold
nanoparticles medium. During the last step (attaching of the Ag) the shift is mainly due
to the Ab-Ag interaction. The spectra corresponding to the different steps of the
biosensing experiment are shown in Figure 5-5d.
To obtain the detection limit of our proposed biosensor for the detection of growth
hormone, antigen with different concentration (80ng/ml, 40ng/ml, and 10ng/ml) were
tested for biosensing. The corresponding LSRP shift was recorded for each concentration.
A detection limit of 4ng/mL is obtained as shown in Figure 5-5e corresponding to 1nm
precision of the measurement. The measured variation of red shift against the

concentration of bovine growth hormone is shown in this figure.
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Figure 5-5: Biosensing experiments performed by using the annealed microfluidic biosensor
(400-2 cells) prepared from 2% aqueous solution of the gold precursor (48h). (a) cross-section of
a microchannel and AuNPs in the channel; (b) four steps of the biosensing protocol; (¢) legend of
the schematics; (d) Au-LSPR corresponding to the four sensing steps depicted in a; (¢) LSPR
band shift corresponding to different Ag concentrations.

5.4 Conclusions

Gold-PDMS nanocomposite was synthesized in a microfluidic channel through an in-situ
reaction between a gold precursor and the cross-linking (curing) agent of the polymer. It
found that the reaction is slower in the micro-environment than at a macro-scale.

However, the size distribution of gold nanoparticles synthesized in the microchannel was
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found to be 120-130 nm (8% size variation) as considerably improved and narrower
compared to macro-scale sample resulted a range of 105-175 nm (67% size variation)
which means around an order of magnitude (8.3 times) improvement in size uniformity.
The kinetics of the synthesis was studied in detail and the apparent activation energy of
the reaction was estimated E; = 30kJ/mol by using the Arrhenius equation.

It was shown that, the annealing of the microfluidic chip affects only slightly the
sensitivity of the platform due to the improved morphology of nanoparticles in
microfluidic chip even before annealing treatment. The capability of the proposed
microfluidic biosensor to detect bovine growth hormone based on antibody-antigen
interaction was successfully demonstrated. The detection limit was found to be as low as
4ng/ml. This strategy demonstrated a successful integration of microfluidics and
nanoparticles that can potentially provide an alternative towards the clinical detection of

proteins.
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Chapter 6: Realization of Polymeric Suspended

Microfluidics

This chapter report, for the very first time, the fabrication of polymeric free-standing
structure with buried microfluidic. The realized device was called “Polymeric Suspended
Microfluidics”. One of the final steps toward the main objective of this thesis is the
integration of PDMS microcantilever with buried microchannel. In this chapter, the
fabrication process of the PDMS microcantilever with buried microchannel which is
called “suspended PDMS-microfluidics (SPMF)” is presented. To the best of our
knowledge, this is the first report for the fabrication of such a Suspended Polymeric
Microfluidics. In addition, the simulation has been performed in order to relate the
deflection of the cantilever with its thickness. The simulation was further used to
optimize the cantilever dimensions, mainly the cantilever thickness, in view of its
application for biosensing. The optimization process is essential to improve the detection

limit of the cantilever sensor.

6.1 Introduction

Advances in microfabrication technologies are enabling a wide range of new possibilities.
Over the past few years, progress in the fabrication of transducers technology with a
more comprehensive understanding of the governing rules of biomolecular interactions,

has led to rapid advancements in the development of biosensors [1].

Progresses in the microfabrication technologies made it possible to fabricate mechanical

devices with moving parts in the range of a few microns or sub-micron, meaning even a
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few nanometers [1,2]. These advancements have led to move from fundamental problems
in biological physics toward fabrication of practical sensors that can be fabricated in

batch.

In the past 20 years, the fabrication of microcantilever has advanced rapidly. The initial
cantilevers were only used as AFM tips. Thundat [26] in 1995 opens a new window
towards the application of microcantilever (MCs) in sensing. Many sensitive
microcantilevers-based devices have been developed for different biosensing applications
such as label-free biosensing, antigen-antibody interaction detection and DNA-
hybridization in [30-42]. It should be noted that in all of these applications, the simple

cantilevers were fabricated from silicon by etching of silicon [4].

The next generation of cantilever transducers was proposed by Burg in 2003 [43] when
microfluidic systems have been integrated into the microcantilevers in order to make a
sensitive device to measure the mass of a single molecule, or a nanoparticle with ultra-
high resolution. The term “suspended micro-resonators (SMR)” refers to these types of
integrated microcantilevers. Today many sensitive SMR devices are proposed that use
similar principal for measurement of mass with a high sensitivity to the level of
pico/femto gram resolution. To the best of our knowledge, only silicon was used as
substrate to fabricate SMRs and the fabrication procedure is almost similar [44-47]. The
fabrication of suspended microchannels is a very cumbersome process containing several
complex steps. Generally, the fabrication procedure of SMRs encompasses two main
steps. The first step is to make the buried channel in silicon by using polysilicon

Damascene process, which includes etching of sacrificial layer in hot potassium
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hydroxide. Second step is bulk micromachining to fabricate suspended microchannels

with a wall thickness [43].

Polymers are rarely used for the fabrication of cantilevers. There are only a few works
that used PDMS and other polymers for the fabrication of microcantilevers [157,158] by
using Injection molding process. Furthermore, the suspended PDMS microfluidics
(SPMF), or the fabrication of buried microchannel in a PDMS cantilever has not been
investigated yet. One of the main reasons is the lack of a practical application for these

types of polymeric cantilevers.

The reported PDMS cantilevers have always been used for non-biosensing applications
due to the lack of a method to immobilize biomolecules on their surface. In fact, to the
best of our knowledge, there is no effective method that can ensure effective
immobilization of gold nanoparticles on the surface of PDMS that can be used further as
a probe to immobilize biomolecules on them. This is the main reason that prevented

PDMS microcantilevers from use in biosensing applications.

Earlier to this thesis, in Chapter 2, a simple method for effective immobilization of gold
nanoparticles onto the PDMS surface is proposed. The method is based on the in-situ
reduction of gold into PDMS surface. The prepared Au-PDMS nanocomposite showed
very good biosensing capabilities toward the detection of antigen-antibody interaction.
The method would be further integrated with SPMF toward the fabrication of sensitive

cantilever-based biosensors.

In this chapter, for the first time, we proposed a method for the fabrication of “suspended
polymeric-microfluidics” using PDMS. The fabricated device is referred to “Suspended
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PDMS-microfluidics (SPMF)”. COMSOL simulations were used to simulate the
cantilever deflection behavior in order to optimize its dimensions. The optimized SPMF

cantilever was then fabricated.

The platform will be further used for biosensing applications. For this purpose, following
the fabrication of SPMF, gold nanoparticles (AuNPs) will be integrated onto the buried
channel walls. Then the biomolecules will be immobilized on AuNPs inside the buried
microfluidics. Through the interaction of biomolecules, a surface stress will be induced
which results in bending of cantilever. Therefore, the dimensions of SPMF cantilever

platform have to be optimized in order to reach the maximum deflection of cantilever.

6.2 Design and Fabrication of the SPMF cantilever

For the fabrication of SPMF cantilever with buried microchannel, SU-8 photoresist (from
MicroChem) patterning procedure was used to prepare two molds which were used
further to fabricate the layers of the cantilever. A schematic of a cantilever is shown in
Figure 6-1. As it can be seen in this figure, the cantilever contains 4 layers (two thick and
two thin layers). These layers from top to bottom include: (1) top substrate layer for
holding of the cantilever; (2) top cover layer to close the channel with the thickness of ¢;
(3) a microfluidic-structure layer containing the buried microchannel with the thickness

of ¢, and; (4) bottom substrate layer for holding of the cantilever.

110



Top substrate
PDMS substrates

for Holding of
MC thin layers

Bottom substrate

— Microfluidic-structure layer
: (thin PDMS layer)

b Top substrate layer Top cover layer

S

NN\

Microfluidic-
structure layer

Bottom substrate layer

Figure 6-1: (a) Design of a cantilever with buried microchannel; (b) cross-section of the
cantilever

6.2.1 Fabrication of SU-8 molds

Substrate layers are flat PDMS layers that can be fabricated easily by molding PDMS on
a flat surface. However, for the fabrication of thin layers two SU-8 molds for cover layer
and microfluidic-structure layer were fabricated. Preparation of top thin layer is a one

stage standard SU-8 process. The steps are depicted in Figure 6-2.
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Figure 6-2: Fabrication of SU-8 mold for thin cover layer of SPMF.

For mold fabrication, SU-8 was spin coated with different thicknesses from #;,=15um to
£,=150pum on a cleaned 4” wafer (Figure 6-2, step2) and then soft-baked at 95°C for 10-
20 min. The soft-backed SU-8 was exposed to UV light followed by a post-baking
process for 10-12 min at 95°C as mentioned in Figure 6-2 by step 3. Afterwards, the SU-8
was developed in SU-8 developer. Finally the mold is hard-baked at 200°C for 15
minutes (Figure 6-2, step 4). The mold was silanized in vapor phase to enable the

removal of PDMS cover layer from the mold after curing.

It should be noted that the mold for cover layer were fabricated with different thicknesses
(¢;=15 pum, ;=25 pum, ¢;=40 pm, ¢;=60 pum, and ¢;,=105 pm). The molds with different
thicknesses (¢;) were further used to fabricate cantilevers with different cover layer in

order to find the optimized thickness of the cantilever cover layer.

The fabrication process of SU-8 mold for the microfluidic-structure layer is more
complicated as it contains two different SU-8 levels. One level has a thickness of

h=15um and it forms the buried microchannel with the depth of #=15 um and the other
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level forms the microfluidic-structure layer with the thickness #; (=60 pum). The

fabrication steps of this layer are shown in Figure 6-3 (steps 1 to 6).

The procedure for the fabrication of SU-8 mold of microfluidic (uF)-structure layer starts
with spin coating of SU-8,9;9 with the thicknesses of #=15um on a cleaned 4” wafer
(Figure 6-3, step 2) and then soft-baking at 95°C for 10-20 min. The soft-backed SU-8
was exposed to UV light followed by a post-exposure baking (PEB) at 65 C for 5 min as
depicted in Figure 6-3 step 3. The PEB should be performed at a low temperature of 65 C
due to two main issues: (i) Even at low-temperature PEB, an image of the pattern would
be visible in the SU-8 2010 coated layer. These images can be used as reference to align
the second mask. (ii) Low-temperature PEB avoids the appearance of bubbles on the un-
exposed parts of SU-8. As a result, low-temperature PEB does not deteriorate the
smoothness of first SU-8 (2010) surface which is going to be used for the second SU-8

(2035) spin coating.

The second SU-8,¢35 layer was spin coated on the first layer to the thickness of 7,=45 um
followed by soft baking of the wafer at 95°C for 15 min (Figure 6-3 step 4). Then, the
wafer is exposed to UV light followed by PEB at 95°C for 10 min as shown in Figure 6-3,
step 5. It should be noted that before the second UV exposure, the mask should be
aligned to the previous patterns by using the visible image of the previous layer’s
features. This is a very important step as any miss-alignment, will cause that the buried

microchannel will not be at the center of the cantilever.

In the next step, both SU-8 layers were developed in SU-8 developer and the mold

obtained as shown in step 6 of Figure 6-3. Finally the mold is hard-baked at 200°C for 15
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minutes. The mold was silanized in vapor phase to enable the removal of PDMS from the
mold after curing. Figure 6-4 shows the fabricated mold for the puF-structure layer of
SPMF. In this figure the close-up images show different SU-8 level of patterns. The
lower lever will make the buried microchannels. The inset image in this figure shows the

mold that was used for the fabrication of cover layer.

1 Silicon wafer UV exposure + 95 C PEB
R R

SU-8,010 spin coating + soft baking M
2 5 |
UV exposure + 65 C PEB SU-8 Development (mold)
A R R I [
I I

SU-85035 spin coating + soft baking

|:| Silicon wafer
[T SU-8 2035
B SU-8 210

4 [ PYENS

Figure 6-3: Fabrication of mold for the microfluidic-structure layer of SPMF.
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SU8,p35: 60pm

Figure 6-4: Images of the fabricated mold for thin layers. The SU-8 mold for bottom thin layer is
shown and its SEM images demonstrate two different SU-8 levels. The inset shows the top thin
layer of the SU-8 mold.

6.2.2 Fabrication of suspended PDMS microfluidics (SPMF)

After fabrication of SU-8 molds, the PDMS was used for the fabrication of cantilever
with buried microchannel. PDMS compound was prepared by mixing the base polymer
(pre-polymer) and the curing agent (cross-linking agent) with the weight ratio of 10:1.
The process is followed by the removal of air bubbles in a vacuum desiccator for 10
minutes. Substrate layers are fabricated by using a simple flat surface as a mold. PDMS
was poured to a thickness of 1-2 mm in the flat mold and then cured at 60°C for at least
4h. The layers were then peeled off from the surface and were cut into rectangular
shapes. Thin layers of the SPMF were fabricated by using the PDMS thin layer
fabrication method. The fabrication process for two thin layers of cover layer and pF-

structure layer are shown schematically in Figure 6-5-a and b, respectively.
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Figure 6-5: thin layers fabrication procedure (a) fabrication of cover layer; (b) fabrication of puF-
structure layer; (¢) PDMS-PDMS bonding of thin layers for form a closed microchannel.
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The fabrication of cover layer and pF-structure layer is similar. First, PDMS was poured
into the mold and then a semi-silanized glass slide was placed on PDMS to let the excess
of PDMS to be squeezed out of the mold (Figure 6-5, step 1). While keeping the pressure
one the glass slide, the PDMS thin layer was cured at 80°C for two hours (Figure 6-5,
step 2). Afterwards the semi-silanized glass slide along with PDMS thin layer can be
easily peeled off from the mold as the mold was already fully silanized (Figure 6-5, step

3). Figure 6-5-c shows the bonding of two thin layers for form a closed microchannel.
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The fabricated cover layer and pF-structure layer are shown in Figure 6-6 and Figure 6-7

respectively.

Cover layer
thickness t;=105 um

Semi-salinized
glass slide

Microcantilever
1.2 mmx 4 mm

.

Figure 6-6: Cover layer of the cantilever on a semi-salinized glass slide.

pF-structure layer (thickness t,=60 pm)
attached to a semi-salinized glass slide

Microchannel
h= _,15p:m

Figure 6-7: Fabricated puF-structure layer with the microchannel features on a semi-salinized glass
slide. The buried microchannel with the depth of 15 pm is clear in the image.
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After the fabrication of all four layers, in order to fabricate the SPMF, first the top
substrate was bonded to the cover layer by using oxygen plasma. Then the bonded top
substrate carrying cover layer can be removed from the semi-silanized glass. Then the pF-
structure layer was bonded to the cover layer and then the whole cantilever was removed
from the other semi-silanized glass. Finally, the bottom substrate was bonded (using

oxygen plasma) to have the whole PDMS cantilever.

One important issue in the fabrication of the cantilever is the correct alignment of the
cover layer and pF-structure layer before PDMS-PDMS bonding. Any miss-alignment in
the bonding process will result in the malfunctioning of the microfluidic system. All the

process should be performed under an optical microscope.

A complete fabricated SPMF is shown in Figure 6-8. The size of the fabricated cantilever
used in this work is 1.2 mm width by 4 mm long. The thickness of cover layer in this
image is t;=105 pm and the thickness of pF-structure layer is t,=60 pum therefore the

thickness of the whole microcantilever is 165 pm.
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Microcantilever with embedded
microchannels

Figure 6-8: Fabricated PDMS-microcantilever with buried microchannels. The thickness of
cantilever is 165 um.

6.3 Snapping problem

During the fabrication of the SPMF, some issues should be considered due to the bonding
limitations. One of the steps in the fabrication procedure of SPMF is the plasma bonding
of thin layers. Our results show that when the thickness of the cover layer is very low,
upon its bonding with the pF-structure layer, the channels in the cantilever will be
blocked due to snapping of the top layer into the bottom layer. This closure of the
channel due to very high tension of activated PDMS surfaces (plasma activated) from
both sides which causes the surfaces to attract and stick to each other. It results in
blockage of the microfluidic channel. This phenomenon is shown schematically in Figure

6-9-a and a real snapping problem shown in Figure 6-9-b.
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Figure 6-9: (a) Schematics of closure of the microchannel due to snapping problem of two thin
layers; (b) the fabricated device while two layers are snapped.

Our fabrication results show that the cover layer with the thicknesses less than ;= 40 um
will result in the snapping of the channel. Therefore it can be concluded that the thickness
of cover layer should be selected higher than 40 um (¢; > 40 um) in order to avoid the

snapping problem.

It should be noted that the obtained threshold value of ¢;,= 40 um to avoid snapping is
strongly dependent on the microchannel width and it will decrease when the channel
width is decreased. As a result of the above snapping problem, a thickness range of

t;=15-40 um cannot be selected for the fabrication of microcantilever.
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6.4 Optimization of cantilever thickness

A schematic of a microcantilever and its cross-section are shown in Figure 6-10. Upon
interaction of biomolecules that are immobilized in the buried microfluidic channel, a

surface-stress will be induced. This surface-stress results in the bending of cantilever.

The stress away from the neutral axis is responsible for the cantilever deflection and its
orientation, because stress causes forces which result in the bending moments with
respect to the neutral axis. In the proposed microcantilever, the surface-stress is assumed
to be induced inside the microchannels where are placed in the pF-structure layer with a
fixed thickness of 7,=60 um. Therefore, the thickness of the cantilever cover layer,
parameter ¢; in Figure 6-10, plays an important role in the location of the neutral line.
Indeed, changing the thickness of this top layer can result in the displacement of the
neutral line. For a known induced surface-stress, the parameter d (Figure 6-10), the
distance between the neutral line and the microchannel’s center line, determines the
cantilever deflection. The variation of parameter, d, against the change in the thickness of

cantilever top layer, ¢;, is shown in Figure 6-11 and is stated by the Equation 6-1.

Upon increasing ¢, first d decreases linearly and reaches to d=0 (at ¢;=45 um). Then it
increases linearly as a function of ¢;. The parameter d, can be obtained from the
geometrical data shown in Figure 6-10, and can be calculated mathematically as

following:
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Where ¢; is the thickness of cover layer, 1,=60um is the thickness of puF-structure layer,

and A=15um is the depth of the buried microchannel.

AN

Cross-section A-A b

Figure 6-10: Schematic of the SPMF cantilever and its dimension, (a) cantilever subjected to
bending; (b) cross section of the cantilever.

The variation of d against #; is shown in Figure 6-11. As seen in this graph, there is a
condition when ¢;,=45 pum, the value of d = 0, which means the center of microchannel is
placed at the cantilever neutral line. In this condition, the induced surface-stress can
results only the elongation of the cantilever with no bending and therefore o;;, = 0 which
is not suitable for biosensing. Indeed, the best choice is to select the parameter d as

maximum as possible in order to maximize the cantilever deflection due to bending. On
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the other hand, the increase of d, increase the stiffness of the cantilever correspondingly

resulting in decrease in bending of the cantilever.
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Figure 6-11: The variation of parameter d with respect to the thickness of cantilever cover layer
;.

6.4.1 Finite Element Modeling

To find the optimum value of ¢;, the deflection of cantilever under a known induced
surface-stress was modeled. The COMSOL® Multiphysics MEMS module is used for the
finite element (FE) analysis of Euler-Bernoulli equation. One can also use the Stoney's
formula to calculate the cantilever tip deflection. The FE results and those obtained by
using Stoney equation would be very close but not exactly similar due to presence of a
buried microchannel in the cantilever. For simulation, FEM of the 3D CAD model is used
for simulation. The whole 3D volume is discretized with the maximum element size of
10um. Figure 6-12 shows the FEM model of the cantilever and the boundary condition

that was used for the simulation.
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/> Fixed end

Figure 6-12: FEM model of the microcantilever and its boundary condition

The Euler-Bernoulli equation describes the relationship between the beam's deflection
and the applied load as following:

d? d*w
d—(“d—Jq (6-2)

Where w(x) describes the deflection of the beam in the z direction (vertical beam

deflection) at position x, ¢ is a distributed load, in force per unit length. E is the elastic

modulus and / is the area moment of inertia. / must be calculated with respect to the

centroidal axis perpendicular to the applied loading. For an Euler-Bernoulli beam not

under any axial loading, E7 is a constant, so the Equation 6-2 can be simply rewritten as:
d*w

EI? = Q(.X) (6-2)

The mechanical properties of PDMS were used in the analysis. However it should be
noted that it has been showed that both the mechanical strength and the Young’s modulus
of the PDMS membranes are thickness dependent. In particular, for the PDMS membrane
with a thickness of less than 200 pm, there is a high non-linearity between the

mechanical properties and thickness of the membrane [159]. We have implemented these
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thickness dependent properties in the FE simulation. The values of these properties were
taken from a work published recently by Liu et al [159]. This non-linear relationship
between the modulus of elasticity and the thickness of PDMS membrane is shown in

Figure 6-13.
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Figure 6-13: Variation of elastic module of PDMS membrane against thickness [159].

Following values used for the simulation: p=0.97 gr/cm’, v=0.5 (Poisson ratio), and the
magnitude of the surface-stress induced by biomolecular interaction o= 5 mNm ™’ from a
work done by Fritz et al [4]. Though we do not have the exact value of the stress induced
by bST antigen/antibody interaction, the value of this stress is not the main issue as there
is a linear relation between the o;;, ando. A simulated cantilever with the real dimensions
and its deflection is shown in Figure 6-14. In this figure the deflection of cantilever is
normalized while the blue color shows zero deflection, the red color corresponds to the

maximum deflection of 1.
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Figure 6-14: Simulation of a microcantilever with buried microchannel. A surface stress of o=
5 mNm—1 is applied on the surface of the channel walls.

The cantilever with different top layer thicknesses was simulated. For each case the value
of Young’s modulus of the PDMS was selected based on the thickness of the cantilever
(from Figure 6-13). The normalized tip deflection against the thickness of top cantilever
layer was plotted in Figure 6-15. From this graph it can be seen that for a low thickness
of t = 15 um top layer, we have the maximum deflection. By increasing the thickness, the
deflection will be decreased as a result of reducing of the parameter d. By approaching to
d = 0, the deflection will approach to zero. Upon further increasing of ¢;, the deflection
will first increase and then will decrease. The increase is due to increasing of parameter
d, however, by more increasing of the thickness, the stiffness of the cantilever will
increase which results in decreasing of the cantilever deflection. Therefore, from this
figure, it can be inferred that the optimized thickness of the top layer can be either in the

range of t1;=15-40 um or t;=80-130 um.
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Figure 6-15: optimization of the thickness of cantilever top layer for achieving the highest tip
deflection.

However, it has been observed that any thicknesses less than 40 um will results closure
of the microchannel in the cantilever due to the snapping problem in the bonding step.
Hence, the only possible range for the fabrication of microcantilever is #,=80-130 pm

which would result in maximum cantilever deflection.

6.5 Conclusion

In this chapter, the realization of a PDMS microcantilever with buried microchannel
called “suspended PDMS microfluidic (SPMF)” is presented. The cantilever was
fabricated by using two SU-8 molds which forms two thin layers of the cantilever. The
cantilever was simulated to find the optimum range for the maximum deflection with
respect to the cantilever cover layer. The fabrication shows any thickness less than 40 pm

will result in the closure of the cantilever channels due to snapping of the PDMS thin
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layers during the plasma bonding. Therefore the optimum range for the cantilever top
layer was optioned to be ¢;,=80-130 um. The fabricated cantilever with optimum
dimensions has a length of 4 mm, width of 1.2 mm and thickness of 165 pm. the width of

the buried channel is selected to be 200 um with the depth of 15 um.
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Chapter 7: Hybrid Synthesis and Integration of gold

nanoparticles (AuNPs) on Suspended PDMS- Microfluidics

Integration of gold nanoparticles on the surface of PDMS-microfluidics for biosensing
applications is a challenging task. In this chapter we address this issue by integration of
pre-synthesized gold nanoparticles (AuNP) solution in a microfluidics. This method
explored the affinity of AuNPs toward PDMS surface so that, the particles will be
adsorbed onto the channel walls. AuNPs were synthesized inside a microreactor before
integration. In order to improve the size uniformity of synthesized AuNPs, a micromixer
which was proposed earlier in this thesis (Chapter 4), was integrated with the
microreactor for providing full mixing. The method of integration of AuNPs in the SPMF
in presented in this chapter. The fabrication of suspended PDMS-microfluidics (SPMF)
cantilever in discussed in detail in the previous chapter (Chapter 6). Finally the integrated

biosensing platform was used for the detection of antigen-antibody interaction.

7.1 Introduction

The development of immunosensors that uses gold nanoparticles is increasing
explosively in the recent years [136]. The interest in the AuNP-based biosensors relies on
their unique properties allowing label-free and real-time biomolecular analysis with
possible detection of biomolecular interactions at low-concentrations [137]. Specifically,
integration of AuNPs in PDMS microfluidic chips opens new opportunities for the
development of ultra-sensitive biosensors [65]. It is well-established how to immobilize

biomolecules (proteins, polypeptides, antigens and antibodies) on the gold nanoparticle
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through appropriate functionalization of the particle [63]. The immobilized molecules
enable researchers to locally observe and study the behavior of the biomolecular

interactions.

Several works on the integration of nanoparticles into the microfluidic devices for
biosensing application have recently been published [142,143]. There are two main
approaches to integrate AuNPs into a microfluidic system: (1) by using AuNPs that were
pre-synthesized outside and then introducing them into the microfluidic system
[145,146,148] and (2) by using an in-situ method to synthesize AuNPs in the main

sensing microfluidics [151].

In this work, for the integration of gold nanoparticles on the surface of PDMS, AuNPs
are synthesized in a hybrid integrated microreactor. For the synthesis purpose, aqueous
solutions of gold precursor and reductant are mixed in the microreactor. Upon mixing the
analytes, the gold ions in the solution are reduced to nanoparticles. This process results in
the preparation of gold nanoparticle red solution. Performing the synthesis process in
microfluidic environment has several advantageous compared with macro-synthesize.
Due to large surface area to volume ratio, heat and mass transport are considerably
enhanced which leads to better uniformity of particles in terms of size distribution
[108,138]. However, one drawback in microfluidic synthesis is insufficient mixing. A
micromixer may be integrated with a microreactor to resolve this issue [119,152]. After
preparation of AuNPs, it is introduced into a microchannel and the particles will be
immobilized on the PDMS surface upon suitable surface treatment such as plasma

activation of PDMS surface which is used in this work [160]. The integrated
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(immobilized) particles inside a microfluidics provide a proper sensing platform for wide

range of biosensing applications.

In clinical diagnostics a challenging task that is highly demanding is to obtain high
sensitivity platform in short period of time [1]. Mechanical transducers-cantilever
biosensors have a simple sensing mechanism with high sensitivity which makes them
useful for clinical applications. Many research groups are focusing on these types of
biosensor platforms in the last decade. This is due to their simple transduction mechanism
as they can simply translate biomolecule interactions into a measurable signal.
Particularly, in microcantilever biosensors, the biomolecular interaction such as
antigen/antibody interaction, take place on the cantilever surface [38]. The biomolecular
interaction induces a surface stress which results in the cantilever bending [2,26,27]. In
the previous chapter, a polymeric cantilever with buried channel was fabricated (SPMF).
In order to use this cantilever as a platform for biosensing application, a method to
integrate AuNP homogenously on the PDMS surface of microfluidic is critical. The
integrated particles, allow us to immobilize different biomolecules on the surface of

AuNPs in order to use the SPMF device for different biosensing applications.

This chapter addresses this issue by reporting a method for the integration of AuNPs on
the surface of the PDMS microfluidic sensing platform. Here, the AuNPs are first
synthesized in a microreactor with is connected to a micromixer. The synthesized AuNPs
then were introduced into the SPMF and allowed to be immobilized and integrated on the
PDMS microfluidics (SPMF). The AuNP integrated SPMF platform was then used as a

biosensor for the detection of bovine growth hormone.
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7.2 Material and methods

7.2.1 Materials

Dow Corning Corporation’s PDMS Sylgard® 184 elastomer kit was used. SU-8 from
MicroChem and Gold chloride trihydrate (HAuCl4.3H,0O) from Alfa Aesar were
purchased. 1-pentanol, toluene, 2-propanol ethyl alcohol, and N, N-dimethylformamid,
bought from Sigma-Aldrich was used in the experimental work. Mmonoclonal Bovine
Growth Hormone antibody (anti-BGH or bST) in mouse and Bovine Growth Hormone
(BGH) antigen were supplied from Dr. Parlow National Hormone and Peptide Program
in California, USA. Furthermore, from Sigma Aldrich we purchased Nanothink® 18,
TWEEN® 20, N-Hydroxysuccinimide (NHS), and N-(3-Dimethylaminopropyl)-N'-

ethylcarbodiimide hydrochloride (EDC).

7.2.2 Fabrication of microreactor

Standard SU-8 process was used to fabricate a mold for the fabrication of a microreactor.
The fabrication steps are schematically shown in Figure 7-1-A. For the mold fabrication,
SU-8 was spin coated at 1500rpm for 30s on a cleaned wafer and then soft-baked at 95°C
for 15 min. The soft-backed SU-8 was exposed to UV followed by a post-baking process.
The SU-8 was then developed. The mold was silanized to enable remove of PDMS chip

from the mold after curing.

PDMS compound was prepared by mixing PDMS and its curing agent (by weight ratio

10:1). The fabrication is followed by degasifying the mixture. The mixture is then poured
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into the SU-8 mold and the mold is kept in oven at 70°C for curing for a minimum 4
hours. The cured molded PDMS is peeled off from the mold as shown in a Figure 7-1-1.
A flat PDMS layer (Figure 7-1-2), was then bonded with the microreactor layer (Figure
7-1-1) by using oxygen plasma treatment. A fabricated microreactor is shown in Figure

7-1-B.

| Sllicon wafer
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Figure 7-1: (A) Fabrication steps of a PDMS microreactor for the synthesis of gold nanoparticles;
(B) fabricated PDMS-microreactor chip of size 2 mmx>4 mm.

7.2.3 Synthesis of AuNPs in a microfluidic environment

One method of preparing of gold-PDMS nanocomposite is to introduce the pre-
synthesized AuNPs into the microchannel and allow them to be embedded on the surface.
In this procedure, the particles will be integrated onto the channel wall as a result of their
affinity of the particles toward the polymer. This affinity is as the result of plasma
activation of the PDMS surface in the chip fabrication stage which is discussed in detail

in [160].

In general, AuNPs are synthesized in a macro-scale environment (in batch). The main

advantage of this type of reduction reaction is the complete mixing of the gold precursor
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(gold salt) and the reductant (sodium citrate). However, as it has been already mentioned,
miniaturization of the reaction platforms provides new opportunities for advanced
synthesis [108,138] properties. In microreactors, due to enhanced heat and mass
transportation, the quality of the produced particles is generally improved in terms of size
distribution [65]. In this work, we used a microreactor for the AuNP synthesis. A

schematic of the synthesis in a microreactor is shown in Figure 7-2.

Gold precursor
preeu > , o=
Reaction chamber -

Reductant
(citrate) AuNPs
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Figure 7-2: Schematic of synthesis of AuNPs in a microreactor.
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A syringe pump was used to pump chloroauric acid (gold precursor) and sodium citrate
(reductant) with the flow rate of 10ul/min into the microreactor as shown in Figure 7-3.

The output was collected (the close-up image) to characterize the AuNP solution.

| Inlet2 (citrate solution)

Figure 7-3: Synthesis of gold nanoparticles in a microreactor.
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Upon synthesis of AuNPs in the microreactor, particles will be adsorbed onto the PDMS
surface to form gold-PDMS nanocomposite. As we mentioned earlier, one of the main
concerns in the microfluidic synthesis is insufficient mixing. Indeed, incomplete mixing
causes AuNPs to be obtained only at the contact area of the two analytes where mixing is
happening as it shown in Figure 7-4. In this figure, the close-up shows that the AuNPs are
integrated on the PDMS surface along the center line of the channel which shows
incomplete mixing of fluids. In order to improve the mixing for complete reaction, the

3D-micromixer, discussed in Chapter 4 of this thesis, was integrated with microreactor.

Gold precursor solution

ctant (citrate solution)

Redu

Microreactss
chamber

400um } BSECOMP 100Pa’

TMG 10.0kV 9.7mm x140 B.\ECOMP 100Pa

Absence of
nanocomposite

formation

TMG 10.0kV 9.7mm x370 BSECOMP 100Pa 100u

Figure 7-4: Formation of gold nanoparticles in a microfluidic reactor and immediate adsorption of
synthesized AuNPs onto the PDMS microchannel surface. The micrographs show that the
insufficient mixing causes the nanocomposite to form only in the contact area of two analytes.
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7.2.4 Integration of 3D-micromixer with microreactor

As mentioned earlier in this thesis, a 3D-PDMS micromixer was designed, fabricated and
successfully tested [67]. The mixing mechanism is based on split-and-recombinant flows

and is discussed in detail in Chapter 4.

The micromixer was integrated to the microreactor and the output was connected into the
suspended PDMS microfluidics (SPMF). Through this layout, AuNPs are allowed to be
immobilized onto the surface of PDMS of buried microchannel. The sensing platform
will be further used for the detection of biomolecular interaction. The schematic of the
integrated platform and the fabricated device are shown in Figure 7-5-a and b,

respectively.

In the absence of a micromixer, in the previous part, it was observed the formation of
gold only along the center-line of the channel. However, upon integration of the
microreactor with micromixer, our results show the immobilization (adsorption) of gold
nanoparticles on the whole cross-section of the outlet channel. SEM images of the
channel walls are obtained and showed in Figure 7-5-c. This SEM shows the integrated

AuNPs on the surface of PDMS of channel walls.
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Figure 7-5: Introduction of pre-synthesized AuNPs into the SPMF; (a) Schematic of the
integrated micromixer-microreactor-biosensor platform; and (b) The fabricated device (¢) SEM
image of the microreactor outlet channel wall.
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Different concentrations of gold precursor (0.005%, 0.01%, 0.02%, 0.05%, and 0.1%)
and sodium citrate solution (0.2%, 0.4%, 0.5%, 0.8% and 1%) were used to obtain the
optimum conditions for preparation of the nanocomposite while the inlets’ flow rate was
kept at a constant flow rate of 10ul/min. SEM images of the PDMS-nanocomposite were
obtained in each case. It should be noted as we mentioned earlier in Chapter 2, gold salt
solution with the concentration less than 0.25% will not results in the formation of AuNP
through the in-situ process. Therefore the concentrations of gold in this chapter are

selected much less that this limit to minimize the formation of AuNPs by in-situ process.

In addition, based on our previous experiments, the AuNP integrated SPMF platforms
were annealed to improve the size distribution of NPs. For heat treatment, the device
have been heated from room temperature to 300°C in 10 minutes and then kept at this

temperature for 30 min.

7.2.5 Biosensing protocol and experiment

The bST antibody (Ab) (anti-BGH) and its corresponding antigen (Ag) were used for

biosensing experiments using the annealed devices.

Functionalization of AuNPs with SmM ethanol solution of 11-mercaptoundecanoic acid
(NanoThink® ACIDI11) is the first step of biosensing protocol. The solution was
introduced into the SPMF and kept for 5 h. After that, in order to activate the carboxyl
groups, the conventional carbodimide coupling chemistry (EDC/NHS) is used. This step
was carried out by injecting a 1:1 ratio mixture of 0.4M N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride (EDC) and 0.1M N-hydroxysuccinimide (NHS) for 1 h.
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Upon activation of AuNPs, Ab can be immobilized on the gold nanoparticles. 200ng/ml
antibody dissolved in a PBS buffer solution was introduced into the SPMF for 8 h. The
procedure was followed by washing the SPMF several times with a 0.05% TWEEN® 20
solution in PBS. All these steps were carried out by introducing the corresponding
analyte using a syringe. The last step is introducing the solution of Ag in PBS into the
microchannel by using a syringe pump at a flow rate of 10 pl/min. The syringe pump
introduced the Ag solution for 60 second to make sure the microfluidic channels are full
of the solution. Upon interaction of Ag-Ab, the cantilever bends due to the induced
surface-stress. The deflection of cantilever was measured by using an optical microscope.

The schematic of the deflection measurement setup is shown in Figure 7-6.

8
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Microscope

J j, measurement

Microcantilever

Anti-bST (antigen)

Holder and A
cantilever

Syringe pump

Figure 7-6: Deflection measurement of the cantilever (a) Schematic of the experimental setup; (b)
Device under test (DUT) in an experiment

As we already mentioned in the introductory part, the interaction of antigen with antibody
will induce a surface stress in the microchannel which will results in bending of the

cantilever. The whole biosensing experiments were performed under an optical
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microscope to track the cantilever tip as schematically shown in Figure 7-6. The tip
deflection was calculated from the analysis of microscope images. Different antigen
concentrations were tested to estimate the detection limit of the proposed cantilever
biosensor considering a minimum detectable tip deflection of Ium. A cross section of
the microchannel with AuNPs immobilized on PDMS is shown in Figure 7-7-a. In Figure
7-7-b, four steps of the biosensing protocol are shown schematically. Figure 7-7-d shows

cantilever bending due to the interaction of biomolecules.
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Figure 7-7: (a) A cross section of the microchannel and the position of AuNPs; (b) biosensing
protocol; (c) legend of the figure; (d) schematic of the deflection of cantilever tip upon interaction
of antigen-antibody [34].
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7.3 Results and discussions

7.3.1 Au-PDMS nanocomposite fabrication and SEM characterization

SEM images of the nanocomposite were taken under different conditions. Gwyddion
2.28, a modular program for data visualization and analysis was used, to obtain the size

distribution of particles from SEM images.

Experimental test were carried out under different concentrations of gold precursor and
citrate solution to estimate the most suitable condition of nanocomposite preparation. The
samples were then annealed to improve the size distribution. SEM images of the Au-
PDMS nanocomposite were obtained from the microfluidics (the channel of SPMF)
under different solution concentrations were recorded. In addition, the gold plasmon
bands of the collected solution from the microfluidic chip were measured using a UV/Vis

spectrophotometer (LAMBDA 650 UV/Vis Spectrophotometer from PerkinElmer).

Our results show that the optimized condition for the preparation of gold-PDMS
nanocomposite is when a 0.02% aqueous solution of gold chloroauric acid (gold salt
precursor) and 0.5% of aqueous solution of sodium citrate (reductant) were introduced
into the microreactor in the room temperature. These conditions resulted in a narrow size
distribution of synthesized AuNPs in a microfluidic channel with minimum aggregation
of the AuNps. Figure 7-8-a shows Au-LSPR spectra of the collected red solution for the
optimum condition (0.02% of gold salt and 05% of citrate) and another mixing condition

while the concentrations of the gold and reductant was 0.05% and 0.5% respectively. In
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Figure 7-8-b and Figure 7-8-c, the SEM images of the nanocomposite for these conditions

and their corresponding size distribution histogram are shown.

The Au-LSPR spectra of the collected gold nanoparticle solutions show that the spectrum

in the optimum condition is narrower meaning narrow size distribution. Indeed, the size

histogram graphs show the optimum condition resulted in a narrow size distribution of 27

nm + 3.5 nm compared with the other condition with a wide size distribution of 29 nm +

7.5 nm.
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Figure 7-8: Au-LSPR spectra of the collected solution for two different concentrations and their

corresponding SEM images
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7.3.2 Static deflection of PDMS cantilever tip

As we mentioned in section 7.2.5, the images of the cantilever were used for deflection
measurement. On important issue in the measurement of deflection is to justify that the
cantilever tip is deflected as a result of an induced surface stress and not a simple
cantilever movement. We prove this by showing that a part of the cantilever that is
recorded undergoes bending. Figure 7-9 proves this issue by selecting two fixed points
along the cantilever in each image. Then the angle of the line that passes through these
two points was calculated. Changing of slope of this line is an evidence of bending of
cantilever in the image. Generally we assume that the base of the cantilever is fixed and

rigid.

Before deflection

Top layer

After deflection Top layer

Figure 7-9: Calculation of the cantilever bending by measuring the slope of the cantilever
deflection.
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7.3.3 Antigen-antibody interaction and determination of detection limit

The biosensing experiments were performed on integrated SPMF with the cantilever of
size of 1.2 mm width, 4 mm long and 165 um thick. At the final step of biosensing
protocol, the antigen was injected into the buried microchannel and at the same time the
deflection of the cantilever was recorded through a CCD camera connected to an optical
microscope. The frequency of CCD imaging was set to be one image per second and

deflection of the cantilever calculated in each image.

Figure 7-10 shows the response of the cantilever for 12 min during the last step of
biosensing experiment which is the injection of anti-bovine growth hormone (Ag). At the
beginning of the test before injection of Ag, the cantilever is at its static equilibrium with
the tip deflection of zero. The antigen solution was injected into the SPMF at t=240 sec
(at the flow rate of 10 pl/min) and then the syringe-pump was turned off at =300 sec.
These times are also marked in Figure 7-10-a. One important issue that is shown in
Figure 7-10-b is the existence of three phases in the response of the cantilever during the
biosensing experiments. The first phase is when the cantilever is at its static condition
(with the deflection of 8:,=0). The second phase starts at t=240 sec when the Ag is
injected into the microchannel via the pump. The transience phase lasts for around 80 sec
when the cantilever reached to its steady-state response of 19 um. A permanent cantilever

deflection of 19 um is obtained after the completion of Ag-Ab interaction.
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Figure 7-10: (a) Response of the cantilever for the Ag concentration of 4nM; (b) three phases of
biosensing including: Before injection of Ag, during the stress induction, and the final response .

The steady-state deflection of the cantilever was obtained for three different
concentrations of 80 ng/ml, 40 ng/ml and 10 ng/ml. After each biosensing experiments,
the cantilever washed several times with 0.01% tween solution and DI water (around 10
times) and dried to remove the immobilized Ab and Ag. These results were used to obtain
the limit of detection of the cantilever sensor as shown in Figure 7-11. The detection limit
was found to be as low as 10ng/ml (500pM) by extrapolation of the line when crossing
the 1pm error (minimum detectable deflection) in the deflection measurement of the
cantilever. The horizontal error bars in this figure shows 4% error in the preparation of
Ag solution in PBS and the vertical bars shows lum error in the measurement of

cantilever tip deflection.
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Figure 7-11: Deflection of the cantilever tip due to different antigen concentration and calculation

of detection limit

One could notice from Figure 7-10 that the proposed biosensor can respond to the
presence of anti-bST in less than 1 min. Indeed, the final response of the cantilever was
obtained only around 30 sec upon the stopping the injection of the antigen. This fast
behavior proves that the presence of a microfluidic system results in the enhancement of

the response time.

7.4 Conclusions

In this chapter, a method for the integration of AuNPs on the surface of PDMS is
proposed. The gold nanoparticles are synthesized inside a microfluidic environment, a
microreactor, and then introduced inside a microfluidic system and allowed to be
adsorbed on the PDMS surface after plasma treatment. The spatial distribution of gold
nanoparticles on the polymer surface was improved by integration of a 3D micromixer to

the reactor to enhance the mixing.
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The biosensing capability of the immobilized AuNPs was tested by using the fabricated
SPMF as a sensing platform. The gold NPs are integrated on the buried channel of SPMF
and the device was further used for the detection of growth hormone based on Ag-Ab
interaction. The biosensing experimental results show that the microfluidic sensor
responses in less than a minute to the antigen-antibody interaction. The experimental
results also show that the proposed sensor has the detection limit of 10 ng/ml (500pM)
for the detection of growth hormones. These results show that the proposed micromixer-
microreactor platform is an effective method in order to synthesize gold nanoparticles
with a narrow size distribution and to suitably integrate them of the surface of PDMS
with high uniformity. The prepared Au-PDMS nanocomposite has a lot of application in

other microfluidic biosensing applications.
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Chapter 8: Towards Femtomolar (fM) Sensing of

Biomolecular Recognition

The development of sensitive biosensors for the detection biomolecular interaction is an
extremely important and high demanding issue in life sciences. Biosensors based of
mechanical transducers, such as microcantilevers, provide a sensitive platform with for
applications. Indeed, integration of microfluidics with polymeric microcantilevers would
be a suitable choice due to their simple and cheap structure while reducing the analytes
consumption as well as enabling fast sensor response towards biomolecular detection.
Moving from silicon-based suspended microfluidics towards polymeric suspended
microfluidics (PSM) allows us to take rapid strides towards the next generation of ultra-
sensitive biosensors to detect micro-organisms with concentrations as low as femto-molar
(fM). This chapter reports a method to integrate gold nanoparticles (AuNPs) in a
suspended PDMS-microfluidics for biosensing application. The results show that the
sensor can reach very high sensitivity of 100pM toward detection of antigen-antibody

interaction.

8.1 Introduction

The development of biosensors for the detection of biomolecular interaction is a
challenging problem in life science. Progresses in the fabrication of transducers
technology along with clear understanding of the governing rules of biomolecular
interactions, has led to rapid advancements in the development of biosensors [1].
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Recently, fabrication of mechanical biosensor devices with moving parts from a few
nanometers to hundreds of microns has become possible. This will enable the fabrication

of practical sensors for clinical diagnostics [1,2].

Recent advancements in nanotechnology, microfabrication and microfluidics enabled
biosensing methods to be elaborately combined to make simple, sensitive, and cheap
integrated biosensors. These three factors drive the biosensor world from laboratory use

to wide applications in clinical and point-of-care diagnostics [62].

Microfluidic biosensing methods are of interest for a wide range of researchers due to
their high-throughput and low-cost mass fabrication [141]. Indeed, microfluidic devices
dramatically reduce the required sample/reagent volume. In addition, they accelerate

immunoreactions enabling fast response [121].

Integration (or immobilization) of AuNPs inside PDMS microfluidics is a tedious task
due to the high hydrophobicity of PDMS. Several methods to integrate AuNPs into the
microfluidic devices have been reported [142,143] which can be categorized into two
approaches: (1) integration of pre-synthesized AuNPs inside a microfluidic system
[145,146,148] and; (2) synthesis of AuNPs inside the microchannel through the in-situ
synthesis method [151]. In general, the in-situ methods show better quality of
immobilized AuNPs on PDMS surface in terms of size uniformity while they ensure high
stability of particles on the surface [65].

A successful integration of NPs in microchannel opens up new opportunities for the
development of ultra-sensitive microfluidic-based biosensors [65]. It is well-established

how to immobilize biomolecules (proteins, polypeptide, etc.) on the surface of pre-
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immobilized gold nanoparticle through AuNP functionalization. The immobilized
biomolecules enable researchers to locally observe and study the behavior of the

biomolecular interactions [63].

Besides microfluidic biosensors, microcantilevers transducers are in the focus point of
large number of researchers groups due to their simple transduction mechanism which
enable label-free biosensing [4,34,38]. Upon interaction of biomolecules, which are
already immobilized on the AuNPs integrated in the cantilever, a surface stress (o) are
induced that results in bending of cantilever [4,17,34,38]. The Stoney's formula relaters

cantilever end deflection J to the induced surface stress o as follows [12]:

3o(-v)(LY )
5= (J (8-1)

Where L and ¢ are cantilever length and thickness. This estimation is valid for the cases
with large aspect ratio (L/t >10). For devices with L/t <10 the more detailed analysis of

Sader must be used [161].

Unique properties of cantilever biosensors include: (1) Provide exquisite mass sensitivity
proportional to their mass and the size of cantilever [3]; (2) The compliance of the
mechanical cantilevers can be decreased in the order of three by scaling down the device
dimensions. It will allow us to measure forces as small as ~10pN and it corresponds to

few nanometer cantilever deflection [1,4].

However there are some drawbacks associated with cantilever biosensors. In biosensing,
the cantilever has to be submerged into the sample solution which considerably increase

the analytes consumption [4]. Furthermore, the presence of fluids in the optical paths
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provide significant challenges for the accurate measurement of cantilever deflection using
optical method and in some cases it necessitates usage of complex electrical read-outs to

measure the cantilever deflection [21-23,25].

Burg [43] pioneered the integration of microchannels into silicon microcantilevers in
2003 and developed new sensors called “suspended microchannel resonator (SMR)”. The
proposed sensor reduced the consumption of sample volumes and at the same time
exhibited very low response time (in the range of few minutes) compared with regular
cantilever sensors [1,138]. To the best of our knowledge, up to now, all of the proposed
SMR sensors used only for different mass detection applications based on frequency
shift measurement [44-48,51]. The only issue that kept the SMRs away for applications
in biomolecular interaction detection was the lack of a method to immobilize gold

nanoparticles inside the buried silicon channels of SMRs.

One of the important issues in the design of biosensors is the sensitivity. As we
mentioned earlier, a review paper recently published [1] explains the sensitivity of
different sensing mechanisms. Figure 8-1 shows the detection limit of different
biosensing mechanisms. As it can be seen in this figure, microfluidic sensors generally
have a very good response time (few seconds) in spite of their high detection limit. In
contrast, microcantilevers' detection limit is very promising while they have a few hours
(=1-3 hrs) response time. Obtaining high sensitivity in short period of time is a
challenging problem with immediate application in clinical medicine [1]. This work
competes this challenge by reporting, for the first time, a method to integrate gold
nanoparticles inside a suspended PDMS-microfluidics (SPMF) as a ultra-sensitive and

fast-responding biosensor. The elasticity of PDMS-based platforms is around 5 orders of
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magnitude less than that of silicon-based SMRs which enables the improved sensitivity of

the device.
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Figure 8-1: The limit of detection in moles and grams per millilitre versus the analysis time for
the different types of biosensor for mechanical and non-mechanical sensors. (SPR: surface-
plasmon resonance; SMR: suspended microchannel resonantor; NW: nanowire; LFA: lateral flow
assay; MRR: microring resonator; QCM: quartz crystal microbalance; BBA: biobarcode
amplification assay; [FA: immunofluorescent assay; MC: microcantilever [1].

In this work, a developed SPMF is used as a sensor platform. At the beginning, an in-situ
method was used to integrate AuNPs into the buried microchannel. Finally the SPMF
platform was used for the detection of bovine growth hormone under different conditions.
The results show that polymeric suspended microfluidics (PSM) allows us to take rapid

strides toward to the next generation of biosensors with sensitivities as low as femto-

molar (fM) concentrations.

152



8.2 Material and methods

8.2.1 Materials

The antibody and antigen used in biosensing are a monoclonal bovine growth hormone
(BGH) also known as bovine somatotropin (bST) in mouse, purchased from Dr. Parlow
National Hormone and Peptide Program in California. For PDMS compound, Dow
Corning Corp’s Sylgard® 184 elastomer kit was used and SU-8 was purchased from
MicroChem. Gold chloride trihydrate (HAuCl4.3H,0) was purchased from Alfa Aesar.
In addition, Nanothink® 18, TWEEN® 20, N-Hydroxysuccinimide (NHS), and N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC) were purchased from

Sigma Aldrich to be used in biosensing steps.

8.2.2 Integration of gold nanoparticles (AuNPs) into microchannel

An in-situ method was used to integrate of gold nanoparticles into the buried
microchannels of SPMF in the form of Au-PDMS nanocomposite. Aqueous solution of
chloroauric acid with 2% concentration was prepared and then introduced into the buried
microchannel with a syringe (~5ul). Then the whole chip was kept at room temperature

for 48 hours. The inlet/outlet was closed in order to avoid evaporation of the solution.

As we already mentioned in detail in Chapter 2 of this thesis, the curing agent (cross-
linking agent) in PDMS compound reduces the gold ions to gold nanoparticles embedded
into the polymer network [63]. The relatively high concentration of the gold precursor

(2%) were used in order to increase the rate of the reaction.
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After keeping the solution for 48h inside the SPMF, the channel turns to red showing the
presence of AuNPs inside the microchannel. A heat treatment then used in order to
improve the size distribution of AuNPs in PDMS [63,65]. Indeed, annealing process
reduces the particle aggregation and results in uniformly distribution particles on PDMS
surface. For annealing, the nano-integrated SMPF devices are heated from room

temperature to 300°C in 10 minutes and then kept at this temperature for 30 min.

8.2.3 Biosensing protocol and experiment

Label-free biosensing tests have been performed by using the annealed SPMF
microcantilevers. The bST antibody (anti-BGH) and its corresponding antigen (Ag) were

used for the biosensing experiments.

Immobilization of Ab on the gold nanoparticles is carried out though functionalizing the
nanoparticles with SmM 11-mercaptoundecanoic acid (NanoThink® ACID11) in ethanol
(5mM), by introducing the solution into the microchannel and keeping it for at least 5 h.
Before attaching the Ab to the linkers, which are connected to AuNPs from the previous
step, the linkers should be activated. The conventional carbodimide coupling chemistry
(EDC/NHS) is used to activate the carboxyl groups. The activation step was carried out
by injecting a mixture (volume ratio of 1:1) of 0.4M N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC) and 0.1M N-hydroxysuccinimide (NHS) into the
buried channel for 1 hour. The activated linkers are now ready to host Ab. Upon
introduction of 200ng/ml solution of antibody in PBS buffer solution for 8 h, the Ab
immobilized on the AuNPs. The process followed by washing the microchannel several
times with a TWEEN® 20 solution in PBS (0.05%). The last step in biosensing protocol
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is the introduction of complementary Ag dissolved in PBS buffer solution using a syringe
pump. The antigen solution was introduced into the channel by using a syringe pump at a
flow rate of 10ul/min. When the Ag solution is injected into the channel, they interact
with the immobilized Ab molecules and induce a surface-stress which bends the

cantilever.
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Figure 8-2: (a) A cross section of the buried microchannel of SPMF and the formation of AuNPs
on the PDMS surface; (b) four steps of the biosensing protocol to immobilize Ab of the surface of
AuNP; (c) legend of the figure; (d) schematic of the deflection of cantilever tip due to the
interaction of antigen-antibody [34].
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In Figure 8-2-a the schematics of formation of AuNPs on the surface of buried
microchannel of SPMF is shown. Furthermore, the immobilization steps of Ab on the
surface of AuNP are schematically shown in Figure 8-2-b. Figure 8-2-d shows that the
cantilever response in form of bending due to the interaction of Ag—Ab that result in

induced surface-stress.

The magnitude of cantilever deflection is proportional to the induced surface stress which
is related to the concentration of Ag solution. The schematic of cantilever deflection
setup and the device under test (DUT) are shown in Figure 8-3 and Figure 8-4-a
respectively. In Figure 8-4-b, an image of the cantilever tip, under microscope is also

shown.
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Figure 8-3: Schematic of the experimental setup for the deflection measurement of the cantilever
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Microcantilever

(b)

Figure 8-4: (a) Device under test (DUT); Image of the cantilever tip recorded by CCD camera
The biosensing experiments were performed under an optical microscope to track the
cantilever tip as shown in Figure 8-4-a. The tip deflection was calculated by using the
analysis of the obtained images from the microscope (Figure 8-4-b). Different antigen
concentrations were tested to obtain the detection limit of the proposed integrated

cantilever biosensor.

8.3 Results and Discussion

8.3.1 Au-PDMS nanocomposite fabrication and SEM characterization

After the in-situ synthesis of AuNPs on the surface of PDMS microchannel, in the form
of Au-PDMS nanocomposite, the devices are annealed. To characterize the Au-PDMS
nanocomposite formed inside the buried microchannel, SEM imaging was used. The size
distribution histograms were extracted from the SEM images using Gwyddion 2.28 data
visualization modular program. The following in-situ reduction reaction has been

suggested between the gold ions and cross-linking agent of PDMS [74]:
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| | |
3Si-H+3/2 Hy,0+2A4uCl; — 3/2-Si-0-Si-2Au+8Cl” +6H"

The reduction reaction is schematically shown in a cross-section of the buried channels of
SPMF in Figure 8-5. Upon introduction of the gold solution, the curing (cross-linking)
agent of the PDMS will act as a reductant and initiate the gold nanoparticle to crystalize
and grow into the PDMS polymer network as illustrated in Figure 8-5. The in-situ
reduction reaction ensures high stability of the AuNPs on the PDMS surface as the
particles are embedded in the polymer and interact strongly with the polymer network.
Indeed, our experiments verify that the leaching of particles can be ignored. However the
in-situ process is a slow process (take around 48 hours) because of the heterogeneous
nature of the reaction. The amount of the cross-linking agent (curing agent) available for
the reduction of Au’" is not enough and therefore migration of the cross-linking agent
toward the PDMS surface during the reaction is the another issue that explains the slow
reaction. Possible migration of cross-linking agents of PDMS is schematically shown by

dashed arrow in Figure 8-5.

Cross-linking agent 726>
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Figure 8-5: Illustration of the in-situ reaction at the cross-section of microcantilever and the
migration of reducing agent toward the channel wall.
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Figure 8-6: gold nanoparticle integrated microfluidic buried microcantilever biosensor. The SEM
image shows the size distribution of AuNPs inside the channel.

A fabricated SPMF with integrated AuNPs is shown in Figure 8-6. In this figure, the
SEM images of the annealed PDMS nanocomposite and close-up images of the AuNPs

are also shown.

The size distribution histogram of the nanocomposite shows a very narrow size
distribution of the particle with less than 8% size variation (125 nm + 5 nm). High
uniformity of the synthesized particles makes the composite cantilever platform a suitable

candidate for sensitive biosensing experiments.
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8.3.2 Kinetics of the in-situ reduction reaction

The in-situ reaction carried out at three different temperatures including room
temperature (22°C), 40°C, and 50°C in order to study the temperature-dependent behavior
of the in-situ synthesis, kinetics of the reaction. In each temperature, the Au-LSPR peak
absorbance band of the nanocomposite was obtained during the first 48 h of the reaction.
Our results show a linear relationship between the time of reaction and the Au-LSPR
absorbance. The slope of this line (in each temperature) corresponds to the apparent rate
constant of the in-situ reaction, £* which is tabled in Table 8-1. It should be noted that
for the reaction times more than 120 h, the graph starts to saturate. The results in Table
8-1 show that there is a high dependency between the £* and temperature meaning the in-
situ reaction rate can be enhanced at higher temperatures. Detailed discussions of the

kinetic data are included in Chapter 5 of this thesis.

Table 8-1: The apparent rate constants of the formation of gold NPs at different temperatures

T (°C) k (b

22 +0.5 0.5x10~
40 0.5 1.1x107
50 +0.5 1.4x107

Furthermore, the Arrhenius equation was used to estimate the activation energy £, of the

in-situ reaction as following:

k = Ae”Ba/RT S In(k) = — 222 + In(A) (8-1)
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Where £ is the rate constant of the reaction at the temperature 7 (in Kelvin), 4 is the pre-
exponential or frequency factor, and R is the universal gas constant (R=8.314 J/mol.K).

The activation energy is expresses in J/mol.

Considering the reduction reaction has a rate constant that obeys the Arrhenius equation,
a plot of In(k") (in s~ %) versus 7™/ follows a straight line. The slope of this line (the slope
of Arrhenius plot) can be used to calculate the apparent activation energy, E;, of the

reaction using the following equation:

E: = —R X (‘““‘”) =298-L (5-2)

1
T

The relatively large value of the activation energy (E;~30kJ/mol) shows that the
reaction needs a high energy contribution. The reaction is facilitated at high temperatures
when the migration of the reducing agent is faster. It should be noted that the data were
calculated here are obtained from spectrometric measurements, and therefore, they are

indicated as apparent rates and apparent activation energy.

8.3.3 Static deflection of SPMF cantilever

The deflection measurement of the cantilever tip was performed by using the setup
shown in Figure 8-3. The images obtained from the tip of the cantilever were recorded and
analyzed in order to calculate the deflection of the cantilever tip. A concern that should
be considered in the deflection measurement is that the cantilever was deflected as a
result of surface-stress induced as the result of biomolecular interaction and not the

rotation of whole cantilever. In order to justify this issue, two fixed points were assumed
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along the cantilever and then a line was passed through them to measure the cantilever

angle before and after deflection as shown in Figure 8-7. Variation of the slope of this line

is an evidence that the cantilever is bended (and not moved) by assuming this fact that the

base of the cantilever is fix and rigid enough which is our assumption.
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Figure 8-7: calculation of the cantilever bending by measuring the bending of the cantilever.

8.3.4 Biosensing experiment and estimation of detection limit

The biosensing experiments performed using a SPMF with the cantilever dimensions of 4

mm long, 1.2 mm width and 165 pm thick. The antigen was injected into the buried

microchannel at the last step of biosensing and at the same time the deflection of the

cantilever was recorded using a CCD camera that was mounted on an optical microscope.
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Figure 8-8 shows the response of the cantilever deflection for 12 min of biosensing
experiment upon injection of 4nM growth hormone. The antigen solution was injected
into the microchannel at ¢t = 240 sec with a flow rate of 10 ul/min. Then the syringe-
pump was stopped at /=310 sec when the antigen solution filled the buried microfluidic
completely meaning the antigens are in contact with immobilized antibodies. The time
zone that correspond to different phases that occur during the biomolecular interaction
are marked in Figure 8-8-a. The response in this figure shows that the cantilever is finally

deflected by 35 um as the result of induced surface—stress upon Ag-Ab interaction.

Figure 8-8-b shows the response of cantilever encompasses three different phases during
the interaction. The first phase is when the cantilever is at its rest condition with the
deflection of 6.;,=0. The second phase starts at t=240 sec when the syringe pump starts to
inject the Ag solution. This phase can be considered as a transient phase and it includes
disturbances and noises and it lasts for around 120sec when the cantilever tip reached to
its final steady-state response of 35 um approximately. The last phase (steady-state

response) is when the cantilever deflects fully due to the induced surface-stress.
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Figure 8-8: Response of the cantilever while the gold NPs were obtained by an in-situ method in
the channels of the cantilever.
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After each experiment, the buried microchannel was washed several times with the
0.01% Tween solution and DI water and dried in an oven at 50°C to make sure there is no
more antigen/antibody immobilized on the AuNPs. After the washing process, the
cantilever was used for another biosensing experiments. The steady-state cantilever tip
deflection measurement was obtained for three different concentrations including 80
ng/ml, 40 ng/ml and 10 ng/ml. These results were used to estimate the detection limit of
the SPMF sensor. Biosensing experiments under different Ag concentrations revealed
that the SPMF biosensor has a high sensitivity as low as 2 ng/ml (100 pM). This limit is
obtained by extrapolation of the obtained graph and by assuming 1um precision in the
cantilever deflection measurement (minimum detectable deflection), as it shown in
Figure 8-9. The horizontal error bars in this figure shows 4% error in the preparation of
Ag solution in PBS and the vertical bars shows lum error in the measurement of

cantilever tip deflection.
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Figure 8-9: Deflection of the cantilever tip due to different antigen concentration and estimation

of the limit of detection
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A promising achievement in the biosensing results is the response time of the cantilever
due to the induced surface-stress. As it can be seen from the Figure 8-8, the cantilever has
reached its steady-state position of 35 um only about 60 sec after the injection of Ag
solution inside the buried microchannel. The fast response time can be accounted by the

occurrence of Ag-Ab interaction in a microfluidic environment.

8.4 Conclusion

In this chapter a method for the integration of gold nanoparticles inside a suspended
PDMS-microfluidics is proposed. Gold nanoparticles were integrated into the buried
microchannel using an in-situ method on the basis of the reductive properties of cross-
linking agent of the PDMS compound. Strong interaction between the gold nanoparticles
and PDMS surface ensures high stability of immobilized particles into the surface. The
fabricated Au-PDMS nanocomposite provides a suitable platform toward effective
immobilization of biomolecules on the surface of gold nanoparticles for biosensing
applications. The integrated platform was finally used toward for the detection of bovine

somatotropin (bST) based on Ag-Ab interaction.

The results show that the sensor can reach very-low detection limits, as low as 2ng/ml
(100pM) toward the detection of bST. In addition, the results show a high response time
of 60 sec for the detection of Ag. The sensitivity of the system can be easily improved by
decreasing the platform size and improving the cantilever deflection measurement
system,. The results of this work presents successful demonstration of application of
integrated polymeric cantilever for ultra-high sensitive detection of biomolecular

recognition. Indeed, utilization of polymeric suspended microfluidics (PSM) compared
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with silicon-based suspended microfluidics allows us to take rapid strides toward to the
next generation of ultra-sensitive biosensors and proves that the detection of biomolecule

with concentrations as low as femto-molar (fM) is totally possible.
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Chapter 9: Conclusions

9.1 Summary and conclusions

In the present thesis the integration of gold nanoparticles inside a suspended microfluidic
system is performed. The integrated device has been used as an ultra-sensitive biosensor

for the detection of growth hormones.

Process methods were developed to integrate gold nanoparticles inside a suspended
polymeric microfluidic called SPMF. Moreover, a fabrication method was proposed to
fabricate a PDMS microcantilever with buried microchannel. In short, the key features of

different steps toward the fabrication of final integrated biosensor are listed below:

a. Gold-PDMS nanocomposite was fabricated by using a novel in-situ method by
using different carrier fluids of gold salt including water and ethanol. The results
show that due to high permeability of ethanol into the polymer network, the
reaction is around one order of magnitude faster than water as the carrier fluid.
The results showed that the process can be performed as fast as 7 hours by using
ethanol while it takes around 50 hours with aqueous solution of gold salt. The
platform was used for the antigen-antibody interaction based of the plasmonic
properties of the gold nanoparticles. The results show that the samples prepared
with water solution show better sensing properties than ethanol samples.

b. Post-processing of the Au-PDMS nanocomposite can effectively improve the

biosensing capability of the platform such as annealing and swelling of the
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polymer network. In particular, the combination of annealing and swelling can
double the sensitivity of the platform toward the refractive index of medium.

A microwave-assisted reduction of gold ions into the PDMS polymer was
proposed. The fabrication procedure resulted in a narrow size distribution of the
particles into the polymer surface. The sensitivity of the platform toward the
refractive index of the medium was obtained as high as 102nm/RIU showing a
promising method for the fabrication of biosensor platforms. The method has the
capability to be integrated with microfluidic systems.

A novel, simple and low-cost PDMS micromixer was proposed to improve the
mixing at low Reynolds number flow rates in microfluidic environment. The
designed micromixer was simulated under real conditions and the mixing
efficiency was defined by introducing a new method. Furthermore, the
micromixer was fabricated and the flow was visualized in the channel. At the final
step, a mixing experiment was accomplished to evaluate its performance
quantitatively in the real conditions using mixing of acid and base. The results
show a mixing efficiency of 85% for the flow rates up to 40 pl/min meaning fully
mixing for R,<5.5. Due to the simplicity of the proposed micromixer, the mixing
unit can be easily integrated with micro-total analysis systems (u-TAS).
Gold-PDMS nanocomposite was synthesized in a microfluidic channel through an
in-situ reaction. It was found that the reaction is slower in the micro-environment
than at a macro-scale. The SEM images show that the size distribution of AuNPs
synthesized in the microchannel was found to be 120-130 nm (8% size variation)

which was considerably improved and narrower compared with macro-scale
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sample which resulted in a range of 105-175 nm (67% size variation). This means
that the reaction in microfluidic environment improves the uniformity around an
order of magnitude (8.3 times).

f. The kinetics of the synthesis of AuNPs in the microfluidic environment was
studied in detail and the apparent activation energy of the reaction was estimated
E; = 30kJ/mol by using the Arrhenius equation. The LSPR-based microfluidic
biosensor was finally used for hormone detection and the results show the
proposed sensor obtained a detection limit as low as 4 ng/ml toward the Ag-Ab
interaction detection of bST.

g. To the best of our knowledge, for the first time, a method for the fabrication of
PDMS microcantilever with buried microchannel by using SU-8 process for mold
fabrication was proposed. The fabricated device is referred to "suspended PDMS-
microfluidics (SPMF)". The simulation results show a non-linear behavior of the
cantilever to the applied surface stress. Therefore, the cantilever thickness was
optimized for the high cantilever tip deflection for a pre-determined induced
surface—stress during the biosensing applications.

h. By using the in-situ method, AuNPs was integrated with the SPMF platform and
the response of the cantilever was obtained during the Ag-Ab interaction. The
results show the proposed integrated biosensor can reach a sensitivity as low as

100pM toward the Ag-Ab recognition of growth hormones.

9.2 Future works

The objective of this thesis was to develop a method to integrate gold nanoparticles in

polymeric free-standing structures for biosensing applications. Several steps have been
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done towards the integration of gold nanoparticles in suspended PDMS-microfluidics.
However, there are still a number of considerations that can be implemented for the
further improvement of the presented biosensor. Such improvements are discussed

below:

a. The preparation of PDMS-nanocomposite sensing platform by using microwave-
assisted synthesis of gold ions performed in batch. Due to high sensitivity of the
fabricated platform, it is suggested that the integration of the method in a
microfluidic chip can be performed to achieve high sensitive LSPR-based
biosensor. Indeed, the kinetics of the reaction in the microfluidic environment
should be thoroughly discussed. Furthermore, the integration of the microwave-
assisted AuNPs formation method with the SPMF can also lead towards a
promising ultra-high sensitive cantilever biosensor that can easily explore the

femtomolar region.

b. The in-situ reduction reaction in a microfluidic chip was performed under the
static condition. In another word, there was no flow in the microfluidic chip
during the in-situ reaction. However, one of the main advantages of microfluidics
is the considerably accelerated heat and mass transport due to improved diffusion
in the small scales. There would be a great possibility to have a very uniform size
distribution of gold nanoparticles in the dynamic in-situ synthesis.

c. The reduction of gold nanoparticles inside the microreactor should be investigated
in more detail under various conditions. In particular, the effect of temperature

and that of the flow rate should be studied in detail.
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d. The size of the microcantilever was assumed to be 1.2mm by 4mm. However,
based on the proposed method, for the fabrication of the cantilever, there is a
possibility to reduce the cantilever size as well as the thickness of the cantilever.
The detection limit of the proposed biosensor depends strongly on these
dimensions. Indeed, by decreasing the width of buried microchannel, the
thickness of thin cover layer of cantilever and therefore the whole cantilever
thickness can be reduced. This will result in the reduced stiffness of the cantilever

which can directly enhance the sensitivity of the device.

e. The biosensing experiment performed on this thesis was based on the interaction
of a specific antigen/antibody of growth hormone. More biosensing experiments
including DNA-hybridization and another antigen/antibody interaction
experiments should be performed to qualitatively and quantitatively assess the
suitability of the proposed biosensor for different bimolecular interactions.

f. The fabricated SPMF may be used as a flow-sensor. It is suggested to measure the
cantilever deflection with different flow-rates (Q) and find a relationship between
the cantilever deflection and flow rate. The resulting curve can be used to

calibrate the device for flow measurements.
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