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ABSTRACT

This research focuses on the development a dielectrophoresis-enhanced
microfluidic impedance biosensor (DEP-e-MIB) to enable fast response, real-time, label-
free, and highly sensitive sensor for bacterial detection in clinical sample. The proposed
design consists of application of dielectrophoresis (DEP) across a microfluidic channel to
one of the impedance spectroscopy electrodes in order to improve the existent bacterial
detection limits with impedance spectroscopy. In order to realize such a design, choice of
electrode material with a wide electrochemical potential window for water is very
important. Conventional electrode material, such as gold, are typically insulated for the
application of DEP, and they fail when used open because the DEP voltages avoiding
electrolysis do not provide enough force to move the bacteria.

First, the use of nanodiamonds (ND) seeding gold surface to widen the
electrochemical potential window is examined, since diamond has a wider potential
window. ND seed coverage is a function of sonication time, ND concentration, and
solvent of ND dispersion. Examining these parameters allowed us to increase the ND
surface coverage to ~35%. With the highest ND coverage achievable, such electrodes are
still susceptible to damage from electrolysis, however yield a unique leverage for
impedance biosensing. When NDs is seeded at a 3x3 interdigitated electrode array, which
act as electrically conductive islands between the electrodes and reduce the effective gap

between the electrodes, thus allowing to perform impedance

il



iv

spectroscopy in solutions with low electrical conductivity such as ITS. The changes
obtained in resistance to charge transfer with bacterial capture is nearly twice than that
obtained with plain electrodes.

Secondly, the feasibility of using boron-doped ultra nanocrystalline diamond
(BD-UNCD) to apply DEP is tested without constructing a 3x3 IDE array. BD-UNCD
electrodes can be used for DEP through tagging of the bacteria with immunolatex beads.
This allows applying a larger DEP force on the bacteria. Since historically bead based
assays are plagued with problems with non-specific binding, the role of different
parameters including bead bioconjugation chemistry, bead PEGylation, BD-UNCD
surface PEGylation, and DEP on specific and non-specific binding are tested. Most
importantly DEP increases the specific binding and PEGylation of beads decreases the
specific binding.

Finally, a 3x3 IDE array with BD-UNCD was fabricated, and used impedance
spectroscopy to test the suitability of BD-UNCD IDEs for impedance biosensing. The
huge electrode resistance and the charge transfer resistance at BD-UNCD IDEs poses a
problem for impedance biosensing as it will lead to lower sensitivity.

BD-UNCD is the material of choice for applying DEP at open electrodes however
gold is the choice of material for designing the chip interconnects. So the BD-UNCD
layer should be as thin as possible and the interface between gold IDEs and the solution
phase during DEP. The findings in this dissertation put us closer to realizing a DEP-e-

MIB.
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CHAPTER 1

INTRODUCTION

1.1 Statement of the Problem
MEMS biosensor research and application has seen a rapid growth in the last

decade [1]. There are four main components in a biosensor, namely the bioreceptor, the
transducer, the amplifier, and the microelectronic data processor, as shown in Figure 1-1.
Immobilized ss-DNA, aptamers, enzymes, antibodies, microorganisms, or whole cells are
typically used as the bioreceptor layer. The transducer in a biosensor converts the
information of target-bioreceptor interaction into an electrical, optical, or thermal signal.
The amplifier and microelectronics further process this signal into a readable and

quantifiable data.

Sample
analyze

Immobilized enzymes, microorganisms,
Immunoagents, DNA, whole cells

Electrochemical: potentiometric, amperometry
Optical: Absorption, fluorescence, reflection
Plezoelectric

Amplifier —_ signal

Data Processing

Figure 1-1: Components of biosensors.
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Current clinical testing for bacterial infections is carried out using either enzyme-
linked immune-sorbent assay (ELISA), polymerase chain reaction (PCR) or cell culture
methods[2, 3]. The cell culture methods of detecting bacteria in clinical samples achieves
the lowest detection limit, typically few cells/ml, but the whole process takes at least 6
hours, depending on the bacteria, sometimes taking up to several days for difficult to
grow bacteria. The PCR based methods can detect bacterial infections down to 10 cell/ml
with high degree of selectivity, however the reagent preparation is cumbersome and
vulnerable to contamination, and takes up at least 12 hours. The ELISA-based methods
are quicker to process, typically requiring only 4 hours of work time, however it is not as
sensitive as the PCR, the limits of detection are on the order of 1000 cells/ml. Moreover,
neither of the above techniques is field-portable, as they require bulky instruments for
performing the tests. Electrical biosensors hold the potential to meeting the needs of
field-portability, however, the detection limits of such biosensors do not match to the
detection limit of PCR or ELISA.

In this dissertation, to achieve better detection limits through a new electrical
biosensing scheme called dielectrophoresis-enhanced microfluidic impedance biosensing
(DEP-e-MIB) was proposed as shown in Figure 1-2. Impedance spectroscopy is carried
out using a pair of interdigitated electrodes decorated with immobilized bioreceptors
(antibodies, DNA/RNA, proteins, and aptamers). A small sinusoidal excitation potential
is applied across the impedance electrodes and the impedance change is monitored to
detect the binding of target molecules to the bioreceptors. This makes impedance
spectroscopy a rapid, label-free, and real-time detection scheme. Further the small size of

the measurement device makes this technique field deployable. Detection limits down to



10° bacterial cells/ml [2], 10° EIDso (avian influenza virus HSN1)/ml [4], 0.02 fg protein

(interferon- ¥ )/ml [5], and 1 nM ssDNA [6] have been demonstrated with impedance

spectroscopy.
Glass Top
- ITO Electrode
Flow - O DEP
-_— — - DE Voltage
<= Bacteria Impedance Measurement

using LCR meter

Figure 1-2. Scheme of dielectrophoresis-enhanced microelectrode impedance biosensor
(DEP-e-MIB).

To improve the detection limit of impedance biosensing using microfluidics and
DEP-enhanced concentration of bacteria at the impedance sensor has been proposed, as
shown in Figure 1-2. The DEP-e-MIB is packaged with a microfluidic channel to flow
liquid samples containing bacteria and thereby provide a more thorough contact between
the liquid sample and the relatively small area of the impedance sensor. Using DEP for
isolating and concentrating cells has already been reported widely.[7-10] In 2007, Cheng
et al. has reported a 3D DEP gate chip for cell sorting and concentrating to increase the
performance of biosensing.[11] One of the impedance sensor electrode and the indium tin

oxide (ITO) coating on the glass top are used to apply the DEP voltage across the height



of the microfluidic channel and thus ensures deeper penetration of the DEP field. This is
advantageous over the planar DEP electrodes applied over interdigitated electrodes. The
positive DEP force will bring the bacteria in the vicinity of the bioreceptor layer on the
impedance sensor. This way DEP and microfluidic are proposed to improve our sensor’s
sensitivity. After flowing sample, the DEP voltage will be switched off, the microfluidic
channel will be washed to remove non-specifically bound material and the impedance
change of the biosensor will be measured using a portable electrochemical interface and
impedance analyzer.

DERP is typically carried out with insulated electrodes while impedance
spectroscopy is carried out using open electrodes and thus experimentally one would use
two separate sets of electrodes. The unique part of our design is that through the proper
choice of electrode material, to carry out DEP and impedance spectroscopy using a
shared electrode was proposed. This simplifies the design and the fabrication process.
The insulation on the DEP electrodes is used to avoid electrolysis, and Joule heating,
which can damage fragile microfabricated electrodes. The electrode material influences
the voltages at which water oxidizes or reduces, also called its electrochemical window.
In a 1 M KCl solution, the electrochemical window is between +1.5 V and -0.6 V for
gold electrode vs. Ag wire. Comparatively, the electrochemical window of diamond vs.
Ag/AgCl is between +1.9 V and -1 V. Within the last two decades, boron-doped diamond
electrodes have become popular as they present a wider electrochemical window for
water compared to gold and platinum. The electrochemical window is between +2.6 V

and -1.9 V for boron doped ultra nano crystalline diamond (BD-UNCD) electrode.



Diamond thin films have good electrochemical stability [12, 13], high Young’s
modulus, biocompatibility and chemical stability[14]. Moreover, diamond thin films can
now be deposited on silicon and other microelectronic compatible substrates by chemical
vapor deposition (CVD) processes, which are readily integrable with other semiconductor
practices [15]. Until recently, one of the biggest challenges in diamond-based biosensing
was to develop an interface for integrating microelectronics and biotechnology [14, 16-
18]. Multiple electro- and photo- chemical surface functionalization methods have now
been reported to immobilize DNA, enzymes, and antibodies on the diamond surface and
tested for biosensing applications. One of the chemical methods includes the UV-alkene
chemistry where the 254-nm or smaller wavelength UV ejects electrons off the diamond
carbon atoms into the adjacent alkene molecules, leading to covalent attachment of
alkenes to the diamond carbon atoms by Sn1 reaction mechanism. Using this chemistry,
Wang ef al. have shown improved stability of DNA-modified ultra nanocrystalline
diamond (UNCD) films to thermal cycling conditions over DNA-modified silicon, gold,
glass, and glassy carbon surfaces. This is because the UV-alkene chemistry results in a
hydrolytically stable C-C linkage that is able to withstand 30 times thermal cycling of
hybridization-dehybridization of surface bound DNA while glass, gold and silicon
surfaces only lasted for five to ten such cycles.[19] Hartl et al. functionalized enzyme
catalase on nitrogen-doped nanocrystalline diamond surface exhibiting n-type resistivity
between 1 and 3.33 Q-cm and demonstrated suitability of diamond for creating electrical
biosensors. An enzyme-modified diamond electrode showed direct electron transfer
between the enzyme’s redox center and the diamond electrode with a lower background

current and a better stability than gold electrodes decorate with catalase.[17] Recently,



Radadia et al. immobilized antibodies to UNCD using the UV-alkene chemistry and
tested its suitability for bacterial biosensing.[18] UNCD surface chemistry showed
improved temporal stability of antibodies on UNCD compared to glass surfaces when
exposed to saline media at 37 °C for prolonged periods extending up to two weeks. These
results strengthen the need to build and investigate the performance of diamond-based
biosensors.

Thus in this dissertation, DEP-e-MIB with gold electrodes, nanodiamond-seeded
gold electrodes, and boron-diamond electrodes were fabricated and tested to carry out the
daunting task of applying DEP-based concentration at open electrodes and impedance

biosensing.

1.2 Research Objectives
(1) Fabricate a 3x3 interdigitated electrode array with nanodiamond (ND) coated
gold electrodes and test it for DEP and impedance spectroscopy.
(2) Fabricate a 3x3 interdigitated electrode array with boron-doped ultra

nanocrystalline diamond electrodes and test it for DEP and impedance spectroscopy.

1.3 Structure of the Dissertation
Chapter 2 provides the necessary background information about the different
growth methods and properties of diamond thin films, which makes diamond more
suitable for biosensing applications. Also, examples of diamond biosensor developed so
far have been illustrated.
Chapter 3 provides development of the nanodiamond seeding process to generate
a uniform coating of diamond nanoparticle and its application for DEP and impedance

spectroscopy using a 3x3 interdigitated electrode array.



Chapter 4 introduces the concept of using immunolatex beads as DEP tags to the
original DEP-e-MIB design and examines the influence of chemistry of the bead
chemistry and BD-UNCD chemistry in the preconcentration of beads.

Chapter 5 demonstrates the fabrication of a 3x3 interdigitated electrode array
made with boron-doped ultra nanocrystalline diamond. In addition, the suitability of this
sensor for DEP and impedance biosensing has been evaluated.

Chapter 6 summarizes the key findings during my dissertation research and
suggest possible 3x3 interdigitated electrode array design that holds potential to realizing

DEP-e-MIB assay.



CHAPTER 2
DIAMOND MEMS BIOSENSOR DEVELOPMENT AND

APPLICATIONS

2.1 Introduction

Micro-electro-mechanical systems (MEMS) encompass technologies
implemented at characteristic lengths from nanometers to microns. MEMS devices have
already been widely applied in information technology, biosensing, biotechnology and
national security [20-22]. An ideal material for constructing MEMS devices should result
in low cost, stability and reproducibility. Current MEMS technology is dominated by
silicon (Si) based materials and the suite of fabrication technologies inherited from the
microelectronics industry. Hence, Si forms an optimal choice to mass-produce MEMS
biosensors; however, Si lacks the chemical, mechanical and biological stability required
for stable and reproducible sensing results. Further Si has a small energy band gap to start
with in the quest of higher sensitivity for electrical biosensors. This creates a need for an
alternative substrate material for MEMS biosensors. Studies on diamond have unveiled a
number of excellent properties that are absent in Si and other usable materials [23, 24],
which has made the diamond material as an attractive choice for MEMS biosensing
applications. The attractive properties of diamond in MEMS biosensing applications can

be illustrated as of reduced frictional coefficients, increased resistance to wear, higher



Young’s modulus, tensile and fracture strength, excellent thermal conductivity, low
coefficient of thermal expansion, biocompatibility, high mechanical strength and
tribological effective comparing with Si. In addition, suitable doping could diverge the
electrical properties of diamond from insulation to semi-metal.

Usage of diamond in MEMS biosensing applications can be used in two ways, as
a coating material to improve the functionality of an existing MEMS design [25, 26] or as
a structural material to deliver a unique performance [27] which is unobtainable with
other prevalent materials. This chapter will review and highlight the development and
application of diamond-based MEMS biosensors. In Section 2.2, a briefly discussion of
the syndissertation and properties of diamond film has been illustrated. In Section 2.3, the
fabrication method of diamond thin film for MEMS biosensing devices will be presented.
The surface modification of diamond film for biosensing application will be discussed in
Section 2.4. In the last section, development and application of diamond materials in the

MEMS biosensing field will be reviewed.

2.2 Diamond Material Syndissertation and Properties
Diamond growth by chemical vapor deposition (CVD) has been reported since the
1960s [28]. The application of diamond materials in the research and industrial area
became active and extensive beginning in the 1980s. Several types of diamond thin film
have been synthesized and studied on their different microstructures, surface
morphologies and other properties. In this section, the syndissertation and properties of
microcrystalline diamond (MCD), nanocrystalline diamond (NCD), ultra nanocrystalline

diamond (UNCD) and boron-doped ultra nanocrystalline diamond (BD-UNCD) has been
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reviewed, as shown in Figure 2-1. The CVD diamond thin film has different surface

properties with different seeding processes and growth species.

Figure 2-1. Surface morphology of (A) triangular MCD, (B) rectangular MCD film, (C)
cauliflower morphology MCD film, and (D) an NCD film.

2.2.1 Syndissertation of microcrystalline diamond (MCD) and nanocrystalline
diamond (NCD)

For the growth of diamond thin film on non-diamond substrates, substrates are
first seeded with diamond micro and nano particles [25-27, 29-45]. This enhances the
nucleation of diamond grains [44]. Next, the diamond films (MCD or NCD) are grown on

the non-diamond substrate via hot filament chemical vapor deposition (HFCVD) or
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microwave plasma-enhanced chemical vapor deposition (MWCVD) via hydrogen-rich
gas mixture (hydrogen with hydrocarbon, usually methane) [41, 44]. The growth of MCD
thin film is carried out in hydrogen (>98%) and methane (0.1 - 0.4%) at 600 °C to

1000 °C. This typically generates MCD films with 0.1 to 5 pm wide grains and columnar
microstructure which is typically seen when 1% CHas is present. The use of non-
agglomerating diamond micro or nanoparticles is important to create a high seeding
density (> 10" /cm?). Low nucleation densities (< 10'?/cm?) result in MCD films with
rough and highly faceted morphology while the root mean square (RMS) roughness is
typically up to 10% of the film thickness. Nucleation densities greater than 10'? /cm?
were achieved using optimized seeding process [46] result in formation of NCD films
with a relatively smooth and high surface coverage [44, 47].

The growth of MCD and NCD is driven by the CH4/H2 chemistry. Following the
seeding process, the growth of MCD and NCD is typically homoexpitaxial (twinning and
defect formation) on the seeds with some non-diamond carbon incorporated in the grain
boundaries. The principal diamond growth species are CHs- radicals [45, 48]. The atomic
hydrogen drives the hydrogen abstraction reactions that prepare the CHs- radicals by
removing one hydrogen atom from CHas to form CH3- and move it into a nearby site at
the corresponding diamond lattice. Plasma containing 98% to 99% of the hydrogen
results in diamond films that are largely free of secondary phase non-diamond material as
the atomic hydrogen will etch the co-deposited undesirable graphitic or amorphous
carbon phase on the substrate. However, the presence of atomic hydrogen will
continuously etch the diamond at a much lower rate (up to 50 times lower), even that, it

will result a larger surface roughness and the formation of intergranular voids and
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columnar morphology with grain size larger than 1 pm [40, 44]. The NCD film with
reduced grain size (10 to 100 nm) can be grown by increasing the ratio of CHa/H in the
plasma which will result a smoother surface profile than MCD film, even though, this
outcome could be accomplished at the cost of increased non-diamond components at the
grain boundaries [49, 50]. Another class of NCD film with high sp? content [44, 51] can
be grown by a relatively low ratio of CHa (0.3%)/H: with a special diamond seeding
treatment [46]. However, the limitation of this class of NCD is only a few hundreds of
nanometer film thickness which can be surpassed by increasing the film thickness,

though in consequence, the surface roughness increases significantly.

2.2.2 Syndissertation of ultra nanocrystalline diamond

There is a class of nanocrystalline diamond which is grown in an Ar-rich/CH4 gas
mixture without the presence of hydrogen via microwave plasma-enhanced chemical
vapor deposition system. This chemistry produces carbon dimers (C2) in the plasma,
derived by thermal decomposition via the reactions below:

2CHs4 — C2H2 + 3H2
C:H2 — C2+ Hoa

The carbon dimer has been purported to play a critical role in the UNCD
nucleation and growth process, while the plasma creates a complex mixture of carbon
dimers and hydrocarbon species CHs- radicals [30, 52]. The activation energy of carbon
dimers has been predicted to be as low as 6 kcal/mol by calculations. The lower the
activation energy of carbon dimers makes it easier for the insertion into the surface of the

growing film, thus establishing the growth characteristic of UNCD. Recent modeling
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indicated the species of UNCD growth which may contain not only carbon dimer, but
also some other hydrocarbons because when the carbon dimer concentration in the
plasma is high, it will be low at the surface [53, 54]. The relatively low concentration of
atomic hydrogen in the plasma arises mainly from the thermal decomposition of methane
to acetylene (about 1.5%), which also play a key role in this growing process. The growth
of UNCD film can achieve a high-linear growth rate as the formation of continuous films
have low thickness due to the lack of the atomic hydrogen minimizing regasification of
very small grains. The typical UNCD thin film growth happens as low as 350 to 400 °C
with up to 100 sccm of 1% CH4/99% Ar mixture at 100 to 200 Torr.

The unique film nanostructure of UNCD consists of 3 to 5 nm grains having pure
sp® bonded carbon, 0.4 to 0.5 nm wide high energy grain boundaries with an ultra-smooth
grown surface (4 — 6 nm) due to its nucleation and growth process. The grain boundaries
which consist of a mixture of sp®, sp? and other types of high energy bondings, have been
studied in detail and those high energy grain boundaries are more mechanically stable
than the low energy grain boundaries in MCD. The UV Raman spectroscopy {55] and
synchrotron based near-edge X-ray absorption fine structure measurements [56] show the
presence of the sp? bonding in a typical UNCD film which is about 5%. When the
optimized seeding process is introduced, the grown UNCD film had 7 — 10 nm grain size
and 1 — 2 nm grain boundaries with the existing of nitrogen in the gas mixture. It is
believed that the nitrogen was incorporated at the grain boundaries which was promoting
sp? bonds formation as shown in TEM studies [57], optical measurements and spectral
photoconductivity [58]. The UNCD or NCD film can be electrically conductive via

nitrogen or boron doping during the film growth process [59-63].
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There is a new low-pressure bias-enhanced nucleation and growth process (BEN-
BEG) reported by Chen ef al. [64]. The advantages of the BEN process are comparable
which have potentially better seeding efficiency [64], stronger adhesion to the substrate
[64-68], and an integrated fully dry nucleation/growth using a plasma process only. The
new BEN-BEG process includes the following steps: etching of Si (100) substrate for 10
min in a pure hydrogen plasma under bias to remove any native SiO2 layer from the
surface; and in-situ BEN-BEG, the UNCD film is grown in 2.2 kW microwave power at
25 mbar in an MPCVD system with 350 V substrate bias and 850 °C as substrate
temperature using H> (93%)/CH4 (7%) as grown species with growth rate up to 1 um/h.
The BEN-BEG process yields films with low stress, smooth surfaces (up to 4 — 6 nm) and
uniform grain size (3 — 5 nm) throughout the whole film area that makes them potential
candidate materials for fabrication of UNCD-based MEMS devices. The main

characteristics of these materials are shown in Table. 2-1.

Table 2-1. Characteristics of diamond films.

MCD NCD UNCD

Growth Species CH,- (H9) CH;: (H9) (o

Crystallininity Columnar Mixed diamond &  Equiaxed diamond
Non-diamond

Grain size 0.5-10 um 50 -100 nm 2-5nm

Surface Roughness 400 nm -1 um 50 - 100 nm 20-40 nm

Electronic Bonding sp? Up to 50% sp? 2 —5% sp?(in Grain
(second phase) Boundaries), 95 —

98% sp3
HydrogenContent <1% <1% <1%
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2.2.3 Properties of diamond films
2.2.3.1 Mechanical properties

The aforementioned diamond film has some unique sets of complementary
mechanical and tribological properties which are extremely well-suited for MEMS
devices compared to silicon, as shown in Table 2-2. These properties depend on the
nucleation pretreatment method, the surface chemistry and film growth conditions.
UNCD films have shown hardness about 98 GPa and Young’s modulus of 980 GPa [34]
close to the corresponding values for single crystal diamond, 100 GPa and 1200 GPa,
respectively. In addition, the hardness and Young’s modulus of UNCD films are several
times larger than the values of those of silicon. When adding 3% of nitrogen during the
UNCD film growth to produce electrically conductive UNCD film, Young’s modulus of
nitrogen doped UNCD film decreased to about 880 GPa.[34] Further addition of nitrogen
(5% to 20%) in the plasma led to a decrease in Young’s modulus down to 550 GPa.
Adiga et al. have reported the Poisson’s ratio of hot filament CVD-grown UNCD was
about 0.057+0.038 [69] in 2010, which was within the range of single crystal diamond.
Those properties would make a better understanding of mechanical-based diamond

biosensor design and fabrication.



Table 2-2. Mechanical and tribological properties of Si and UNCD film.

Density (kg/m?) | Latticeconstant | Cohesive Young’s modulus | Hardness (GPa)
(A) energy (eV) (GPa)
Si 2330 5.43 4.64 165 10
Diamond | 33% 3.57 7.36 980 o8
Shear modulus | Fracture strength | Flexure strength | Friction Relative wear
(GPa) (GPa) (MPa) coefficdent life
Si 80 1 1276 0.4-0.6 10
Diamond | 577 53 2944 0.01-0.04 10000

16

Fracture strength is an important bulk parameter for MEMS devices, especially
for the one with moving components, such as cantilever biosensor to make sure it will not
break. The facture strength of UNCD film was measured about five times higher than
silicon materials [34]. However, fracture strength of UNCD film is dependent on the
nucleation pretreatment used. Espinosa ef al. has reported the comparison of the influence
in fracture strength of UNCD films with two different nucleation methods used:
mechanical polishing silicon surface with micron-size diamond powder and ultrasonic
agitation of the silicon substrate in an alcohol solution containing nanodiamonds particles
[70]. With the ultrasonic seeding process to generate a denser and smoother surface in
order to minimize the possibility of defect-prone regions on UNCD film, the fracture
strength was in the range of 4.08 — 5.03 GPa comparing to the range of 1.74 — 2.26 GPa,
which was using mechanical polished nucleation.

The acoustic velocity (AV) is an important factor for RF MEMS resonators,
which is widely used in sensing area.[71, 72] The AV was measured using an atomic
force microscope (AFM) on a fixed-free UNCD resonator in vacuum to avoid damping

effects due to air [69]. The UNCD film has higher AV comparing with any other
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material, 15400 m/s, comparing to 11700 m/s for high-quality AIN and 8100 m/s for

single crystal silicon. The high AV and Young’s modulus of UNCD film makes it an
excellent material for fabricating RF MEMS resonators, which could be operated at a
higher frequency for a given geometry or larger devices for a given frequency.

The surface properties of UNCD film exhibited surface inertness, a very stable
surface chemistry and low nanoscale adhesion. The surface properties of UNCD film
were investigated using surface-sensitive spectroscopies, such as photoelectron emission
microscopy coupled with near edge X-ray absorption fine structure spectroscopy, Auger
electron spectroscopy and X-ray photoelectron spectroscopy [51, 73, 74]. These
experiments could characterize the chemistry and bonding configuration of UNCD
surfaces and its effects on adhesion and friction. This information is important for the
design and fabrication of reliable and working diamond-based MEMS because the
underside of UNCD films may be a part of the tribological interface for given MEMS
geometries. UNCD has the lowest coefficient of friction (COF) of 0.01 — 0.05 compare to
silicon (0.4 - 0.6), diamond-like carbon (DLC) films (~ 0.2), and MCD films (~ 0.4) [34,
75]. Sumant et al. has studied the quantitative information on interfacial adhesion and
friction between AFM tip and UNCD film surface using AFM in ambient air before and
after H-plasma treatment [73]. The UNCD underside shows a lower work of adhesion (55
mJ/m?) before H-plasma treatment which is comparable with that of the untreated <111>
diamond surfaces. The UNCD surfaces exposed to H-plasma to etch the non-diamond
carbon at the interfaces, left the UNCD surface H-terminated with reduced work of
adhesion (10 mJ/m?). This approached the van der Waals’ limit for attraction force

between the native oxide surfaces [74]. The friction force measured of UNCD underside
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was comparable to that of the untreated diamond <111> surface [73]. The friction force
of UNCD reduced due to the H-plasma treatment [74]. With the very low nanoscale
adhesion and friction force of the UNCD surface, it makes the understanding that UNCD
can significantly outperform Si in surface-machining biosensing applications where
surface properties are important for performance.

The surface roughness of the UNCD film which depends on the nucleation density
and initial growth, is another important property for MEMS biosensing devices. Different
nucleation steps have been established to achieve high seeding density, mechanical
polishing, ultrasonic seeding process and bias-enhanced nucleation process. The
mechanical polishing silicon substrate with micro- or nanodiamond particles generates a
relatively low nucleation density (10'° sites/cm?) [44]. The ultrasonic treatment of the
substrate in an alcohol solution with diamond nanoparticles resulted higher nucleation
density (10!! site/cm?) and smoother UNCD film growth, even in the temperature as low
as 400 °C [32]. A nucleation method called NNP or “Rotter nucleation technique”,
generated an extremely high nucleation density (10'? site/cm?) [46]. However, the
limitation of this process for MEMS device fabrication is that this process involves an extra
plasma treatment and high temperature for nucleation, which will make it difficult for some
low temperature materials on the MEMS devices. There was a new nucleation which
deposited of 10 nm of tungsten layer on the substrate as a template layer [74]. The tungsten
template layer significantly increased the initial nucleation density to lower the surface
roughness, eliminating interfacial voids and growth of thinner UNCD film in low

temperature. This structural optimization enabled its integration with a wide choice of
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substrate materials. All the surface properties of UNCD film indicate that the UNCD film

is suitable for MEMS biosensing devices, such as cantilever and resonator biosensors.

2.2.3.2 Electrical, thermal and electrochemical properties

Electrical and electrochemical properties are two important factors for
electrochemical biosensing. The electrical properties of undoped diamond, which has a
band gap of 5.45 €V, is an ideal electrical insulator material with resistivity in the order
of 10%° Q-cm. However, the diamond can be electrically conductive by doping dopants,
such as boron, nitrogen and sulfur [76-79]. Boron is the most widely used dopant because
of it low charge carrier activation energy of 0.37 eV which will lead diamond to a p-type
doping [76]. With the different doping level of boron, the diamond can act as an extrinsic
semiconductor to semimetal. In addition, some other dopant, such as nitrogen with charge
carrier activation energy of 1.6 — 1.7 eV [76, 77], phosphorus with charge carrier
activation energy of 0.6 eV [78, 80], and sulfur [78, 79] can lead an n-type doping in
diamonds. Also, diamond thin film can be doped with two dopants at the same time to
generate a co-doped diamond surface, such as nitrogen-boron [76] and boron-sulfur co-
doping [77, 78]. However, sulfur can only be used as a dopant with the presence of
boron, with the low boron doping level, an n-type doping results. Also, with the heavily
boron doped CVD diamond can switch its conductivity from p-type to n-type after a
deuterium plasma treatment [80]. The conductivity of doped diamond depends on the
doping level. For boron doped diamond, the resistivity lays between 5 — 100 mQ-cm with
the doping level from 500 ppm to 10000 ppm [76, 80]. Another disadvantage of diamond

electrodes is the low conductivity, the diamond can be electrically conductive with the
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different dopants and doping level, which will make its electrical conductivity changing
from insulator to semiconductor or even semi-metal [81].

The highest thermal conductivity of diamond among the varieties of carbon
materials has been reported, which is above 2000 W/mK at room temperature [82].
However, the thermal conductivity of diamond materials decreases with the decreasing of
the grain size of diamond [82]. The sputter-deposited Al, Au, Cr, Cu, Pt and Ti thin film
about 200 nm thick, shows as establish Ohmic contact with the surface of diamond,
which is critical for electrostatically actuated MEMS application as it will require reliable
electrical contact [83]. The high thermal and chemical stability of diamond has been
widely reported [14, 81, 84, 85], especially electrochemical stability which has been
considered as one of the major advantages of diamond electrodes compared to
conventional electrode materials [86]. Doped-diamond was first introduced into
electrochemistry by Pleskov et al. in 1987 [87]. The electrochemical behavior of diamond
in aqueous electrolytes has been studied in the past three decades. The most unique
electrochemical property of diamond is the widest potential window around 3.5 V in 0.2
M H2SOs4 solution, which means it has varying potential for both oxygen and hydrogen
evolution [86, 88-91], however, all the diamond electrochemical biosensing devices will
not be operated in the extreme environment where phosphate buffer is the most
commonly choice to avoid extreme settings.[92] The diamond electrode has larger
potential window measured comparing with metals so far in aqueous electrolytes, which
makes it a totally different electrode material comparing with gold, platinum or mixed
metal oxide. Also, diamond does not encounter surface oxide formation and reduction

reactions which are found at conventional metal or metal-oxide electrode materials
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between oxygen and hydrogen evolution. However, the electrochemical properties of
diamond electrodes depend on the doping level, surface termination and non-diamond
carbon content. On the other hand, the electrochemical properties of diamond electrodes
in non-aqueous electrolytes are additional important factors in the electrochemical
biosensing. The electrochemical biosensing is also widely used in the organic solvent,
acetone, acetonitrile, propan-2-ol and tetrahydrofuran.[93-95] Several organic
electrolytes have been studied, such as propylene carbonate [96, 97], acetonitrile [97, 98],
y-butyrolactone, N, N-dimethylformamide and diethyl carbonate-propylene carbonate
mixture [97]. Boron-doped diamond film electrodes exhibited in a non-aqueous
electrolyte with a 1.5 — 2.5 times wider potential window (approximate 5-7.5 V) than in
aqueous electrolyte, almost the same as glassy carbon or graphite electrode in the same
organic electrolytes [96-98]. The diamond electrodes’ electrochemical stability in
aqueous and non-aqueous electrolytes makes it a better electrode material for biosensing
application. However, there were some reports showing that diamond electrodes were
electrochemically etched under certain experimental conditions [91, 99]. Panizza et al.
has shown a strong decreasing in surface roughness with the electrochemical experiment
performed in 1 M H2S04 + 3 M acetic acid with 1 A/cm? at 40 °C [99]. On the other
hand, the electric current of electrochemical biosensing would only be hundreds of mA
maximum, in such condition, the diamond electrodes would have a very slow losing rate
and usually it lasts for years.[99] The diamond electrode will still be attractive for
electrochemical biosensing applications because of the relatively slow anodic corrosion

rate in electrochemical measurement.
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2.2.3.3 Biological properties

For biosensing applications, it is important to tether biomolecules like DNA,
aptamers, antibodies, and enzymes or to grow a confluent layer of mammalian cells on
the surface of the transducer. Biocompatibility means the material has no toxic or
injurious effects for biological systems and the ability of a material to perform a host
response in a specific application. In 2002, Yang et al. showed that the UV-alkene
chemistry of UNCD surface provided a stable covalent bonding to ssDNA for up to 30
cycles compared to gold, silicon, glass and glassy carbon.[39] In contrast, the thiol
chemistry on gold, silane chemistry on glass, PEG-O-SiCl3 chemistry on silicon,[100]
and self-assembled lipid or electrooxidation chemistry on glassy carbon{101, 102]
showed a decrease in tethered ssDNA from their surface. Similar properties also have
been reported on crystalline diamond and MCD films.[103] Hartl et al. have shown the

" enzyme catalase covalently immobilizing on nanocrystalline diamond electrode which

was very active and sensitive to the presence of hydrogen peroxide comparing with gold
electrode.[104] In 2011, Radadia e al. reported the stability of immobilized antibody on
UNCD film which can be active approaching 2 weeks in PBS at 37 °C and at least 4
weeks in PBS at 4 °C.[105] These results indicated that protein bonding to diamond was
significantly better than other conventional substrates in the long-term bonding stability,
which is especially important for biosensing applications in high-throughput systems.

The cell adhesion properties on diamond material, which is an important factor
for cell-based biosensing devices and cell monitoring devices, have also been studied in
detail in the past decade. The ordered growth of neurons has been demonstrated on a

protein-coated diamond surface using microcontact printing, and the neurons survived in
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culture for at least 1 week.[106] The neuronal cell excitability and adhesion property on
functionalized diamond surfaces has been studied in detail on H-terminated and O-
terminated diamond surfaces with rat hippocampal neurons and chick ciliary ganglia by
Ariano et al..[107] The measurement of cell adhesion force on MCD and UNCD surface
has been first measured using atomic force microscopy (AFM) by Chong et al..[108] The
UV-treated UNCD surface, which has been oxygenated and hydrophobic, showed the
highest cell adhesion force and the biocompatibility of UNCD was better than MCD film
identified using the cell growth method. Bajaj et al. has shown the superior properties of
UNCD film in cell growth of different cell lines comparing with other surfaces.[109]
Xiao et al. reported the in vitro and in vivo studies of UNCD film by implanting UNCD
coated silicon retinal microchips into rabbits’ eyes for up to 6 months.[38] The
implantable devices fabricated or coated with UNCD film also has been reported in the
past years to show the excellent biocompatibility of diamond materials.[110, 111] The
cell properties on BDD have been studied with different terminated surface groups and
different cell lines and showed the excellent biocompatibility of boron-doped diamond
films.[112, 113] All the researches shown above have given a clear evidence of diamond

to be an excellent well-suitable material for biosensing applications.

2.3 Micro/Nanofabrication Methods for Diamond Films

2.3.1 Conformal diamond coating

Since diamond has unique mechanical and tribological properties, such as low
wear and friction, the thin diamond film can be coated on silicon based MEMS to provide
a layer of low friction and low wear. However, before the invention of UNCD growth,

conventional diamond CVD deposition was the only method that could provide a
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discontinuous thin film with low density of large grain and high surface roughness [114].
On the other hand, UNCD films can be coated at a high aspect ratio MEMS structure,
those are even extremely conformal having film thickness up to 10 um. However, the
diamond-coated MEMS may only have the tribological properties of diamond, the
mechanical properties may be dominated by the silicon core. Therefore, the conformal
diamond coating method can only be used in the specific applications which requires the

perfect tribological properties of diamond.

2.3.2 Selective deposition

The second method of diamond devices microfabrication is selective deposition,
which has no analogue in Si microfabrication technology. All the surfaces will be needed
a seeding process, exposing substrate to the diamond particle suspension, before the
diamond growth. In the selective growth process, the substrate can be seceded via three
different methods, as shown in Figure 2-2. Figure 2-2A shows the selective deposition
process using photoresist to prevent the nucleation of diamond particles on selective area.
Figure 2-2B shows the scheme of using diamond-loaded photoresist to generate selective
nucleation patterns. And Figure 2-2C shows the process of seeding the whole substrate
followed by lithographic patterning to generate selective seeding area. The feature

resolution of selective deposition is limited by the grain size.
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Figure 2-2. Processes of selective deposition of diamond, (A) using photoresist to
prevent surface exposing to diamond particles, (B) using diamond-loaded photoresist to
produce a pattern of nucleation, and (C) seeding the whole surface and lithographic etch
the selective area to generate patterns.

2.3.3 Photolithography and reactive ion etching processes

In this fabrication process, blank UNCD layers are typically grown on a sacrificial
release layer, such as thermal or PECVD SiOz. As shown in Figure 2-3, the UNCD film
will be deposited on another layer of SiOz as the mask layer. The lithographic process
will introduce the patterns on the SiO2 mask layer. The UNCD film with patterned mask
will follow the reactive ion etching process in oxygen plasma to etch the UNCD layer
selectively. At last, the SiO2 mask layer can be removed by buffered oxide etching.

Due to the high chemical inertness and mechanical strength, the etching steps for
diamond MEMS devices become complicated. The most suitable method for etching the
diamond thin film is plasma-assisted reactive ion etching (RIE), which includes

inductively coupled plasma (ICP), capacitive coupled plasma (CCP), electron cyclotron



26

resonance (ECR) and ion-beam assisted (IBAE).[115] The ICP-RIE is the most
commonly used technique for vertical-like structure etching with a short processing time
due to the high density of plasma; however, the high plasma density will cause high
temperature on the substrate. There are several reports using ICP-RIE for processing
diamond tips and nanoneedles with higher etching rate and anisotropic.[116-120]
However, due to the high power of the plasma, the selectivity of the masks and diamond
film was varied with the composition of gas mixtures.[117] The advantage of ECR-
assisted plasma is low substrate temperature and pressure to generate a very clean
structure with sharp edges due to the low microwave power, however, ECR-assisted
plasma gives a relatively low etching rate comparing with ICP-RIE.[121] The
conventional CCP-RIE has very good control of surface morphology due to the lower
etching rate, because of the low ion density and power.[122] Zhang ef al. processed a
diamond cone structure with 28 ° and tip radius of 2 nm using CCP-RIE with single and
nano-crystalline diamond.[122] The commonly used active gas species are Oz, CF4, Ar,
and SFe for ICP, CCP, and ECR RIE systems.[123] However, the final properties of
etched diamond surface strongly depend on the primary surface morphology, gas
composition, pressure, reactor type and composition of diamond.[124, 125] The higher
power of the RIE system will increase the etching rate of diamond film, but the surface
roughness will be increased.[123] In contrast, increasing the pressure of the system will
cause the decrease of etching rate significantly.[116, 123] The composition of active
gases is an important factor to influence the selectivity between the diamond film and
mask where aluminum showed the best selectivity.[126] The conventional masks for

diamond etching process are metals, such as Al, Pt, Au, and Ti, silicon nitride and silicon
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dioxide.[126] Although selectivity of the silicon dioxide mask is lower than that of Al,
the silicon dioxide mask can be used for one step fabrication of needle-like
microstructures, such as diamond AFM tips.[118] All the etching methods summarized
above need to be chosen accordingly to get the best result for diamond MEMS biosensing

device fabrication.

uv

U

Figure 2-3. Schematic showing lithographically-based microfabrication process of
diamond MEMS.

2.4 Functionalization of Diamond Surfaces

For the bio-application of diamond thin films, the surface modification generally
addresses two main purposes: the introduction of functional groups and changing surface
properties. For the biosensor applications, the immobilization of functional biomolecules,
such as DNA, antibodies, enzyme and the reduction of non-specific binding are both
important. In another case, the surface modification will also be necessary for increasing
the cell adhesion.

The chemical stability of diamond surface has been reported at the first place to
repel diamond from bio-applications; however, in the past decade, the research on
functionalizing of the diamond surface has started. Since 2002, the diamond surface has

been shown which can be modified with DNA, which made a big step in the bio-
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application field of diamond. The diamond surface can be modified using different
methods, such as plasma, photochemistry, and electrochemistry.

Hydrogen- and oxygen-termination are the most stable terminations of diamond.
In the past decades, other terminations of diamond surface, such as F-termination[127,

128], Cl-termination[128, 129], and amine-termination|128], have been reported.

2.4.1 Surface terminations

As-produced diamond thin film has an H-terminated surface, which will be stable
in air and aqueous electrolyte at least for a month, due to the hydrogen containing
atmosphere in the diamond growth process.[76, 86, 130] Also, the O-terminated diamond
surface can be reduced in a cathodic treatment in acidic aqueous electrolyte to generate
H-termination surface.[131] A hydrogen plasma treatment will also lead the diamond
surface to a H-termination.[130] The H-termination diamond surface shows hydrophobic
properties, with a typical contact angle of around 90°.[76, 86, 90, 130] The most
important property of the H-terminated diamond surface is its surface conductivity, which
enables the design of diamond biosensors based on H-terminated surfaces. The H-
terminated diamond surface can be used directly for biosensing application without
further surface modifications. The as-deposit H-termination diamond electrode can
electrochemically detect oxalic acid with a linear response range of 0.05 — 10 uM and
detection limit of 0.5 uM.[132] The electrochemical detection of L-cysteine (CySH),
which plays a crucial role in biological systems, has been reported using H-termination
diamond electrodes with a higher sensitivity down to 21 nM compared to glassy carbon
electrode.[133] The O-terminated surfaces can be obtained with different methods, such

as oxygen plasma, ozone exposure, wet oxidation and anodic electrochemical oxidation.
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The nature of these O-termination surfaces depends on the methods of the oxidation
process, the surface orientation and the ratio of sp*/sp’. The H-terminated diamond
surface can be modified into O-terminated surface which shows a hydrophilic property,
having contact angle below 5°, during an anodic oxidation treatment in aqueous
electrolyte.[76, 91, 130, 134] This anodic oxidation process also could remove the non-
diamond sp? carbon impurities on the as-deposit diamond surfaces.[91, 130, 135-137] In
addition, a short oxygen plasma treatment would also lead to oxygen containing
functional groups on the diamond surfaces.[138] Although, the report shows the oxygen-
termination happened naturally on H-termination diamond surfaces stored in air.[137]
The surface conductivity vanishes after the O-termination from the surfaces, which has
been inspected an easy method for the fabrication of conductive/non-conductive patterns
at the surfaces for biosensing applications. Fujishima’s group has shown the
electrochemical selective detection of dopamine (DA) in the presence of ascorbic acid
(AA) with a very low detection limit of S0 nM using O-terminated diamond
electrodes.[139]

The diamond surface can be modified to fluorination-termination in an RF-plasma
with CF4/He atmosphere for a short time, although it has not been attracted much
attention.[140] The F-terminated diamond surface will lead to an extraordinary
hydrophobic surface property and larger potential window in aqueous electrolyte.[141,
142] In addition, the high hydrophobicity of F-terminated electrodes is extremely useful
for tribological applications, and controlling adsorption of biomolecules. Also, the F-
terminated diamond surface can further be biofunctionlized with the C-reactive proteins

with 3900 of signal-to-noise ratio in ELISA assay.[143]
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A Cl-termination surface can be obtained by plasma, photochemical or thermal
decomposition of Cl-containing gases.[128, 129, 144] The Cl-termination surface is also
hydrophobic, but the stability is a significant issue. The C-Cl surfaces can react in air or
water to form C-OH, which can be used as an intermedia state for other surface
functionalization.[128, 145]

Amine-termination has been believed as the most attractive termination for
diamond bio-application because it can be linked with bio-molecules, such as DNA,
antibody, enzyme and other proteins. The amine-termination can be obtained by exposing
Cl-termination or H-termination surface to NH3 gas under UV irradiation.[128] In

addition, the amine-terminated surface is very sensitive to the changing of pH.

2.4.2 Photochemical methods of functionalizing diamond surfaces

The largest amount of research on functionalization of diamond surface are based
on the H-terminated diamond surfaces, although some reports are show functionalization
of O-terminated surfaces. There are three main methods of functionalizing diamond
surfaces: photochemical, electrochemical and chemical methods. For the O-terminated
diamond surface functionalization, only chemical methods are reported.

When Takahashi et al. has first introduced a photochemical of chlorination,
animation and carboxylation process of the as-grown H-terminated diamond surface, it
was a giant step of biofunctionalization of diamond.[146, 147] The mechanism of this
photochemical method is based on the reactivity of alkene molecules with a termination
of double bond towards H-terminated surfaces with the illumination of UV-light, typical
254 nm, as shown in Figure 2-4. The grafting process was believed to occur in the

following steps: first, electron injected from the diamond surfaces in the liquid phase of
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alkene, then formation is done of reactive species such as radicals and a last step was
surface reactions. The electron from defect states were photoexcited into the conduction
band and due to the negative electron affinity of H-terminated diamond surfaces,
electrons can be ejected to the liquid phase.[148] Although, Shin ef al., suggested that
electron were directly excited from the valence band of diamond into the molecular
acceptor level of the alkene molecule.[149] In 2002, Yang ef al. reported a new super
stable photochemistry to modify nanocrystalline diamond surfaces using alkenes,
followed by electrochemical reduction of diazonium salts for immobilizing DNA.[39] In
addition, Radadia et al. reported photochemically grafting UNCD film with
Trifluoroacetamide protected 10-aminodec-1-ene (TFAAD) following with deprotection
of NaBH4 and reduction of glutaraldehydride to immobilize antibodies with a stability at
least for 2 weeks storing in PBS at 37 °C.[105] A one step amine modification on
polycrystalline diamond has been demonstrated by exposing diamond surface to UV
irradiation with the presence of ammonia gas.[150] Bouvier e al. reported that the
diamond surfaces can be treated with ammonia plasma to generate amin-terminated

surfaces.{151]
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Figure 2-4. 254 nm UV-light photochemical functionalization of H-terminated diamond
using alkene molecules.

2.4.3 Electrochemical method of functionalized diamond

In 1999, Swain ef al. reported for the first time on the covalent grafting of
aromatic groups to diamond surfaces by electrochemical reduction of phenyl diazonium
salts in acetonitrile using boron-doped diamond electrodes, as shown in Figure 2-5.[152]
The electrochemical modification was typically carried out in the water-free solutions
with electrical conductive diamond electrodes which could provide electrons during the
anodic polarization to reduce the diazonium ion, such as an organic solution. The electron
from diamond electrodes induced the electrochemical reduction of diazonium ions
forming aryl radicals and nitrogen molecule, followed by covalent bonding of the aryl
radical to the diamond electrodes surface after hydrogen abstraction. Electrochemical
surface modification of boron-doped diamond has also been carried out in organic solvent
and generated amine group on diamond surfaces with the presence of 3-
aminopropyltriethoxysilane.[153, 154] Although, most of the research was carried out

using H-terminated diamond electrodes, Uetsuka et al. reported the electrochemical
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functionalization with O-terminated diamond electrodes with the formation of

multilayers.[155]
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Figure 2-5. Electrochemical functionalization of diamond electrodes using arly
diazonium molecules.

2.4.4 Chemical functionalization of H-terminated diamond surfaces

The high chemical stability of diamond becomes an important issue for the
surface modification of diamond, until photochemical and electrochemical modifications
are invented. However, since 2005, the spontaneous grafting of diazonium salts to
diamond surface has been reported.[156, 157] Figure 2-6 shows the reaction scheme of

the spontaneous grafting of diazonium salts process. In order to reduce the diazonium
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salts, the diamond surface has to be the reducing agent to provide electrons. Biphenyl
radicals can abstract hydrogen from the diamond surface, which allow the reaction of the
dangling bond with another radical. In the case of electrochemical grafting, electrons can
be supplied during the cathodic polarization; however, in spontaneous grafting, no
polarization is required. The grafting efficiency strongly depended on the reducing
capacity of the diamond, the extremely long reaction, up to 72 hours to form a monolayer
coverage, was reported by Andenier ef al..[156] This spontaneous grafting process can be

used for anchoring biomolecules on the diamond surface for biosensing application.
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Figure 2-6. Reaction scheme of the spontaneous grafting process.

2.5 Diamond Surface for MEMS Biosensing Applications
Since the diamond thin films have some special properties, such as a wide
potential window in aqueous and non-aqueous solution, low and stable voltammetric and

amperometric background current, reversible to quasi-reversible electron transfer kinetic
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for several inorganic redox systems, extreme corrosion resistance to strong acids and
other corrosive environments, morphological and microstructural stability at extreme
anodic and cathodic potentials, long-term response stability, and biocompatibility. Those
excellent properties have made diamond an ideal candidate for the MEMS biosensing
applications. Numerous examples of diamond biosensors have already been developed.
Electrochemical biosensors, mechanical-based biosensors and optical biosensors will be

described.

2.5.1 Diamond thin film for electrochemical biosensor applications

For the electrochemical biosensors, the substance of interest is concentrated at the
electrode surface. The amperometric current associated with a redox process, which is
involved with diffusion between the bulk solution and the electrode surface, is measured
during the voltammetric swapping process. The detection limit for this electrochemical
biosensing technique is about the maximum measurable current which is limited by the
rate of bulk diffusion to the electrode surface. There are numerous examples in the
literature of sensing of biomolecules using diamond as electrode material or electrode
coating material. With different surface termination properties of diamond, most of the
termination can be used directly as an electrode material for biosensing, such as H-

termination, O-termination, carboxyl-termination, and amine-termination.

2.5.1.1 Electrochemical biosensing using H-terminated diamond electrodes

The as-deposited diamond electrodes with H-termination have high stability and
sensitivity for analysis of a number of biological species. Ivandini ef al. reported oxalic
acid could be electrochemically detected with well-defined peaks of oxalic acid

oxidation. And the linear response range of 0.05 — 10 uM with a detection limit of 0.5
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nM has been reported.[132] Moreover, for the same case, no peak was observed using O-
terminated diamond electrodes within the cycling potential, which propounded different
surface properties with highly controlled electrochemical reactions. Spataru et al.
reported the voltammetric detection and quantification of L-cysteine (CySH), which is a
sulfur-containing amino acid and plays crucial roles in biological systems, using H-
terminated BDD electrodes with a linear dynamic range of 0.1 — 100 uM and a detection
limit of 21 nM at signal to noise ratio (S/N) of 3.[133] In 2014, Sochr et al. has
developed a simple and sensitive square-wave voltammetric method for the detection of
adrenaline in human urine using unmodified BDD electrodes with a linear detection
range of 0.7 to 60 uM and detection limit of 0.21 uM.[158] Also, H-terminated diamond
electrodes also showed advantages for electrochemical detection of other biological
compounds, especially for negative-charged molecules, such as nicotinamide adenine
dinucleotide (NADH) [159, 160], biogenic amines [161], glucose [162-164], Tyr [165]

and Hb [166].

2.5.1.2 Electrochemical biosensing using O-terminated diamond

On the other hand, some of the biological species are more suitable for detection
with O-terminated diamond electrodes. Dopamine (DA) for instance, is an important
neurotransmitter in mammalian central nervous system. The biosensing of DA has been
widely reported using carbon nanotubes [167], AuNPs [168], and polymer thin films
[169]. However, these materials encountered problems, such as long-term stability and
complicated preparation steps. With the O-terminated diamond electrodes, Fujishima’s
group reported the highly selective detection of DA with the presence of Ascorbic Acid

(AA) with a detection limit of 50 nM (S/N = 3), in addition, the O-terminated diamond
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surface showed a better sensitivity and selectivity than H-terminated diamond
electrodes.[139] The possible explanation is that the O-terminated BDD electrodes
acquire surface dipoles as a result of introducing C=0 functional groups, which
electrostatically repel the oxygen-containing groups on AA with strong dipoles. In 2014,
an integration of diamond microelectrodes and CMOS based electrochemical biosensor
for detection of histamine and dopamine has been developed by Hayasaka et al., which
offers real-time 2-D imaging of histamine diffusion in a solution.[170] In addition, some
of other biomolecule can be electrochemically detected by O-terminated diamond

electrodes, such as uric acid [171] and glutathione[172].

2.5.1.3 Electrochemical biosensing with biomolecule functionalized diamond surfaces
For most of the electrochemical biosensor, a layer of receptor has to be
immobilized on the diamond electrodes to recognize the target biomolecules. Such
receptors can be DNA, antibody, aptamer, enzyme or other kind of proteins. As discussed
in the previous chapter, the biomolecules can be immobilized on the diamond electrodes
by photochemical, electrochemical, chemical and surface absorption; however, surface
absorption is not as stable as other covalent bonding. For the electrochemical biosensing
application, the applied voltage is critical because the covalent linker can be destroyed by
high voltage. Since 2002, Yang et al. investigated the stability of covalent bonding of
DNA on the diamond surface, it made a big step for DNA-based electrochemical
biosensing. Most commonly used DNA detection method is based on DNA hybridizing
events. The probe ss-DNA needs to be immobilized on the diamond surface for the
recognition of the target ss-DNA. Such DNA electrochemical biosensing method can be

used for the detection of bacterial, virus and cancer cells. As shown in Figure 2-7, the
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schematic DNA hybridization electrochemical detection mechanism using Fe(CNe)*"*" as
mediator redox molecules. In the case of the ss-DNA probe immobilized on the diamond
electrode surface, mediator redox molecules are introduced, which can diffuse through
the ss-DNA probe layer. When the negatively charged redox molecules diffuse through
the layer of ss-DNA and interact with the diamond surface to generate a redox current.
After the probe ss-DNA hybridized with target ss-DNA to form ds-DNA, the space
between individual ds-DNA molecules becomes too small for the redox molecules to
reduce the redox current, which can be electrochemically detected. In 2004, Yang et al.
reported the electrochemical detection of DNA hybridization events using Fe(CN¢)*"* as
mediator redox molecules. The diamond electrodes were functionalized with ss-DNA,
and a significant decrease of redox current was detected. In the past decade, a numerous
literature reported the electrochemical detection of DNA.[173-177] For instance, in 2012,
Liu et al. has developed a electrochemical biosensor for the detection of DNA
hybridization, such diamond biosensor surface was modified with zirconia to enhance the
performance.[177] Recently, a DNA electrochemical BDD biosensor has been developed,
such biosensor incorporated immobilized ds-DNA as molecular recognition elements to
monitor the in situ specific binding process with ds-DNA. It could screen and evaluate
the effect caused to DNA by radical and health hazardous compounds.[175] Due to the
better understanding of the electrochemical properties of biomolecules, electrochemical
biosensors with microelectrodes have taken a big step not only for the detection of DNA,
but also for some other biomolecule with a detection limit down uM, or even nM, such as

L-phenylalanine, L-tyrosine[178], tobramycin[179], acetylcholinesterase (AChE), methyl
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parathion[180], captopril[181], urea[182], glucose[183-185], human IgE[186],
dopamine[187], and more.

The negatively
charged redox Target ss-DNA
Probe ss-DNA  molecules Fe(CNg)**

Diamond Electrode Diamond Blectrode

Figure 2-7. Schematic DNA hybridization detection mechanism using Fe(CNe)*"* as
mediator redox molecules.

2.5.1.4 Electrochemical biosensing using nanostructured diamond electrodes

In order to reach even a lower detection limit, such as 10* cells/ml of bacteria the
bare diamond electrodes cannot meet the requirement. There are several literature
published in the recent year to report some alternative ways of modification of diamond
electrode to improve the sensitivity of biosensing. In 2014, Rismetov et al. has developed
an electrochemical biosensor based on the Pt-deposited BDD electrodes for the detection
of hydrogen peroxide with a detection limit of 0.51 ug/ml.[188] In 2014, an integration
of diamond microelectrodes and CMOS based electrochemical biosensor for detection of
histamine and dopamine which offered real-time 2-D imaging of histamine diffusion in a
solution.[170] In 2014, Dai et al. reported an amperometric biosensor based on the
nanoporous nickel modified BDD electrode with excellent stability and reproducibility of
determination of L-alanine in the linear range of 0.5 — 4.5 pM.[189] In 2012, a non-

enzymatic glucose electrochemical biosensor was developed using Cu(OH)2 nanowire
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coated with boron-doped diamond film, where the Cu(OH)2/BDD electrodes gave a linear
detection range of 0 to 6 mM with a detection limit of 9 pM.[190] In 2012, an
electrochemical biosensor for fast detection of phenols has been developed with a
detection limit of 0.07uM, tyrosinase immobilized AuNPs modified BDD electrodes
were used.[191] In 2011, BDD thin film electrodes modified with Pt-NPs dispersed
graphene glucose biosensor have been reported with a wider linear range, a lower
detection limit and a higher sensitivity comparing with other amperometric graphene-
based biosensors.[192] In 2011, a BDD thin biosensor electrodes were modified with Pt-
NPs to improve the electrical performance of the electrodes. Such Pt-NPs decorated
biosensors showed a higher sensitivity, a lower detection limit and good stability.[193] In
2010, Song et al. reported a BDD-based glucose biosensor where electrodes were
decorated with Pt-NPs-polyaniline to improve the electrochemical response. Such
biosensors exhibited an excellent response to glucose with a wide linear range from 5.9
UM to 510 uM and a low detection limit of 0.1 pM.[194] In recent years, the biosensing
activities are not only performed in the ideal environment, such as PBS buffer, there are
also some reports showed the detection of biomolecules in some clinical sample, such as
urine samples [158, 182] and serum samples. In 2014, Skoog et al. has reported titanium
alloy microneedles coated with nitrogen incorporated ultra nanocrystalline diamond (N-
UNCD) film, which improved mechanical strength, hardness, biocompatibility and
electrochemical stability, to perform in vitro electrochemical biosensing of uric acid and
dopamine.[195] In 2013, Picollo ef al. reported an amperometric single crystalline
diamond biosensor for the detection of quantal catecholamine secretion from individual

cell.[196] In 2012, an amperometric biosensor made with a single crystalline diamond for
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the detection and quantification of L-lysine in the serum sample and pharmaceutical
compounds with a linear concentration range of 1 to 100 nM and a detection limit of 4
pM has been developed by Staden’s group.[197] In 2011, Wang’s group reported a
diamond based MEMS electrochemical biosensor for in vivo electrical recording and in

vitro detecting norepinephrine with a limit of 5 nM.[198]

2.5.1.5 Detection using impedance spectroscope

In the classes of electrochemical biosensors, impedance spectroscope biosensor
attracted widespread attention due to their potential for real-time and label-free detection.
For impedance biosensing, a biomolecule used for target recognition need to be
immobilized on the diamond electrodes at the first play, such as DNA, antibody, and
aptamer. The impedance change due to the binding of target biomolecule to the sensing
biomolecules is rendered as detection. The detection sensitivity depends on a variety of
properties: such as electrodes surface properties, functionalization of process and
interactions between target and sensing biomolecules. There are two impedance
measurement methods: non-faradaic and faradaic. For the non-faradaic method which
does not need any redox molecules, the impedance change is mainly due to the change in
dielectric properties of the double-layer or the capacitance. This non-faradaic method is
especially useful for the on-site diagnostic where surface conductivity is changed due to
the specific binding, such as bacterial captured on the surface, or DNA
hybridization.[199] In the faradaic method, the change in charge transfer resistance from
the presence of redox mediator causes the impedance change. Using these two impedance
measurement methods, several kinds of biomolecules have been successfully detected,

such as DNA, antigen, antibody and some other biomolecules.
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Hamers et al. reported a DNA modified BDD surface with ethylene glycol co-
immobilized, to reduce non-specific binding of non-target DNA sequences or other
biomolecules, using impedance biosensing method to detect a target DNA sequence from
complementary and non-complementary samples.[200] Yang et al. reported label-free
and real-time detection of DNA using diamond electrodes via impedance
spectroscopy.[201] In 2007, Vermeeren et al. developed an impedance DNA biosensor
with BDD electrodes functionalized with ss-DNA to monitor hybridization and
denaturing processes with the presence of complementary ss-DNA.[174] Impedance
biosensing can also be used in the detection of other molecules. In 2011, Tran ef al.
developed a label-free electrochemical impedance aptamer based diamond biosensor for
the detection of human IgE with a linear dynamic range from 0.03 ug/ml to 42.8
ug/ml.[186] In addition, Zhu et al. reported an impedance spectroscopy based method
using undoped diamond film to identify the presence of hemoglobin.[202] In 2011, Weng
et al. has for the first time developed an electrochemical impedance biosensor made with
BDD electrodes which were modified with folic acid immobilized AuNPs. Such
biosensor was operated under a constant frequency 10 Hz to perform real-time
monitoring of interactions between folate receptor-rich cancer cells and folic acid
immobilized on AuNPs.[203] In 2011, Vermeeren et al. developed a fast and label-free
immunosensor for detection of C-reactive protein (CRP), which was the key factor of the
high prevalence of cardiovascular diseases (CVD). Such biosensor was operated at a
constant frequency of 100 Hz to measure impedance change in real-time with a detection
limit of 10 nM, which was within the physiological relevant concentration range of CRP

in health control and CVD patients.[204] In order to better understanding what causes the
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changing in the impedance measurement, it is not only focus on the changing in
impedance, but also focus more on the equivalent circuit modeling and analyze to
distinguish whether the impedance change is from specific detection or poor signal
reproducibility. In 2012, Siddiqui ef al. reported an UNCD microelectrodes array for the
detection of E. coli K12, and developed a modeling circuit to better understand the

reasons of the impedance changing on the electrode surface.[92]

2.5.2 Diamond micro-cantilever based biosensor

In the past decade, with the developing of MEMS fabrication process, micro-
cantilever became another type of biosensor. The detection of biomolecules using micro-
cantilever can be operated in static mode as well as dynamic mode in the case of
detecting DNA [205, 206], biotin - streptavidin and antigen - antibody interactions [207],
and bacteria capturing [208]. In the static mode, the cantilever displacement is measured
due to the surface stress, mass changing and temperature variation on the cantilever
surface. With the dynamic mode, the cantilever resonant frequency change, which was
caused by elasticity, mass and temperature change, will be measured. Capacitive
actuation, piezoelectric actuation and laser detection can be used for the determination of
cantilever displacement and resonant frequency change.[209] The potential possibility of
diamond-based micro-cantilever for biosensing application has been investigated in
dynamic mode with detailed investigation of sensitivity of frequency change.[210, 211]
In addition, Manai et al. has reported that the different recognition biomolecule
immobilization method would also cause the response sensitivity difference of diamond

micro-cantilever biosensor.[212] In 2010, Bongrain ef al. reported a diamond coated
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micro-cantilever biosensing to monitor the hybridization and denaturation of DNA due to

the change of cantilever resonant frequency.[213]

2.5.3 Diamond-based field-effect transistor (FET) biosensors

The diamond-based field-effect transistor (FET) has been developed since the
beginning of the last decade due to its higher signal-to-noise ratio, good stability and
increased sensitivity. In addition, due to the electrochemical properties of diamond, such
diamond FET can be operated without the gate oxide. If the pH and concentration of
biosensing buffer is controlled, the recognition molecules immobilized on the diamond
electrodes were within the Debye length, thus specific binding happened within the
measurement range.[214, 215] As a result of specific binding happening within the
electrical double layer in buffer solution, a diamond FET could easily detect changes in
the charge distribution. Varies diamond-based FET biosensor has been developed during
the past decade. In 2004, Song ef al. reported an enzyme surface modified diamond FET
biosensor to detect and quantification of glucose with high sensitivity and
selectivity.[216] The detection of penicillin using O-terminated diamond FET has been
reported.[217-219] The DNA diamond FET biosensor has been widely reported with
higher sensitivity, selectivity and detection limit down to 10 pM with different surface
modification. [173, 220, 221] The diamond-based FET biosensor achieved a big step that
Ruslinda et al. reported a diamond-FET-based biosensor with immobilized RNA aptamer
for the determination of the presence of HIV-1 Tat protein.[222]

2.6 Summary
The excellent tribology, chemical stability, electrochemical properties and

biocompatibility of diamond thin film makes it a suitable material for biosensing



45

applications. For the biosensing application, the diamond syndissertation will create
different surface properties, such as surface morphology and surface terminations. The
successful surface modification of diamond makes this a widely chosen material in the
biomolecule detection application. To achieve high sensitivity, selectivity and a low
detection limit of a diamond biosensor, the surface properties, surface modification and
detection mechanism are the most crucial conditions that need to be considered.

Table 2-3 summarizes the different biosensor designs from some of the literatures in the
past two decades, sorted with different target biomolecules or cells, a different sensing

mechanism and detection limit.

Table 2-3. Diamond biosensor appears in the past two decades and references.

Target Sensing Detection Surface References
Biomolecules Mechanism Limit Termination
Glucose Spectrophotometric 12mM | H-terminated | [223]
FET - NHz and O- | [216]
terminated
Electrochemical 13 mM | H-terminated | [162, 164,
224-226]
Electrochemical - Glucose [183, 184,
Oxidase 227, 228]
covalent
modified
0.1 uM | Pt NPs- (192, 194]
polyaniline
modified
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9 uM Cu(OH)2 [190]

nanoflower

modified
Dopamine Electrochemical - H-terminated | [139, 159,

187, 195,
229, 230]
NADH Electrochemical 10 nM H-terminated | [159, 160]
Uric acid Electrochemical 15 nM O-terminated | [195]
Horseradish Electrochemical - O-terminated | [231]
peroxide
Chlorophenols | Electrochemical - H-terminated | [232]
Theophylline Electrochemical - H-terminated | [232]
I-Cysteine Electrochemical - H-terminated | [133]
Estrogenic Electrochemical 1 uM Tyrosinase [233-236]
phenol covalent
derivatives modified
Ccr Field-effect - H-terminated | [237]
transistor

2,4,6- Electrochemical S ppm H-terminated | [238]
trinitrotoluene
S. aureus ELISA - Antibody [239]
bacteria covalent

modified
Human Electrochemical - H-terminated | [166, 240]
haemoglobin
Human Electrochemical - AuNPs [166, 240]
haemoglobin Electrochemical 0.5nM | modified [132]

Oxalic acid

H-terminated
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DNA FET 10pM | DNA [173, 174,
covalent 176, 177,
modified 220, 221,
241]
DNA Impedance - DNA [173, 174,
Spectroscopy covalent 176, 177,
Optical & FET - modified 220, 221,
241}
Aspartame Electrochemical 23 uM | O-terminated | [242]
Hemoglobin Electrochemical 0.4 uM | H-terminated | [202]
Penicillin FET 5 uM O-terminated | [217-219]
Acetylcholinest | FET - Enzyme [243]
erase covalent
modified
E. coli Electrochemical 4x10* | o- [244]
cfu/ml | Nitrophenol
covalent
modified
Mouse IgG Electrochemical 10 ng/ml | Anti-mouse [245]
IgG covalent
modified
H202 Electrochemical 0.7 uM | Cytochrome | [188, 246,
c covalent 247]
modified,
HRP covalent
modified
C-reactive Capacitor based 25 ng/ml | Anti-CRP [204, 248]
protein (CRP) covalent
modified
Tyrosine Electrochemical - H-terminated | [165]
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Tyrosinase Electrochemical - Polyaniline [191, 249]
modified
Human Optical - Aptamer [222, 250]
immunodeficien covalent
¢y virus (HIV) modified
Human FET - Aptamer [222, 250]
immunodeficien covalent
cy virus (HIV) modified
Human IgE Impedance 0.03 pg/ml | Aptamer [186]
Spectroscopy covalent
modified
Norepinephrine | Electrochemical 5 nM Antibody [198]
covalent
modified
Folate receptor- | Impedance - folic acid [203]
rich cancer cells | Spectroscopy covalent
modified
L-alanine Electrochemical 0.5 pM | Nanoporous | [189]
nickel
modified
Urea Electrochemical 3.87 Urease [182]
mg/dL
Adrenaline Electrochemical 0.21 uM | H-terminated | [158]
Captopril Electrochemical 0.165 uM | H-terminated | [181]
Acetylcholin Electrochemical - Carbon [180]
-esterase spheres
coated with

AuNPs




CHAPTER 3

NANOSTRUCTURING OF BIOSENSING ELECTRODES WITH
NANODIAMONDS FOR ANTIBODY IMMOBILIZATION

3.1 Introduction

Microfabricated biosensor research and application has seen a rapid growth in the
last decade exploring a variety of nanomaterials to interface between biomolecules and
electronics; although no clear evidence shows an advantage of a specific material.[251]
Some of these new nanomaterials include carbon nanotubes,[252-254] gold
nanoparticles,[255-257] zinc oxide nanorods,[258] and graphene.[259, 260] In this
chapter, the first application of detonation nanodiamonds (NDs) to biosensing electrodes
through a seeding process is reported. ND seeded electrodes can be biofunctionalized
using previously published UV-alkene surface chemistry of diamond films and used for
pathogen detection.[101]

Silicon surfaces and metal oxide nanomaterials have been attractive to create
biosensors due to the existing semiconductor infrastructure.[261] However, the widely
reported silane chemistry-based for anchoring biosensing molecules on silicon and metal
oxide nanomaterial biosensors is susceptible to hydrolysis in biological buffers and hence
unstable.[262, 263] In contrast, chemical vapor deposition (CVD) diamond films
composed predominantly of sp’-hybridized carbon atoms are known to have high
chemical inertness, and a wide range of electrical conductivity.[264-266] As an

electrochemical electrode, CVD diamond has proven to be highly reproducible, stable
49
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over several months of storage in ambient air, produce low background (noise), and
hence better detection limits than the conventional glassy carbon electrodes.[160, 161,
267] Fujishima and co-workers have shown diamond electrodes improve enzymatic
biosensing of hydrogen peroxide and bis-phenol A.[231, 233] Hamers and co-workers
demonstrated label-free biosensing of protein-protein binding and DNA hybridization
using diamond-based impedance biosensors and field-effect transistors.[268, 269] Hartl
et al. showed that electrons can directly transfer between the redox center of the enzyme
catalase and the nitrogen-doped diamond films (n-type, 1-3.33 Q-cm) with a lower
background current and a better stability than gold electrodes.[270] Recently Nebel et al.
showed that nano-structuring of the diamond electrodes with nanowires extends the
electrochemical detection of complimentary DNA down to 10 pM, which is 100 times
smaller concentration compared to those demonstrated by gold electrodes.[271]
Moreover, CVD diamond films have also been widely reported as biocompatible coatings
during multiple in-vivo studies on orthopedic [272, 273] and dental implants,[274, 275]
and in-vitro studies.[109, 276, 277] These findings also imply potential of diamond for
cell-based biosensors or in-vivo smart implants with sensors.

Additionally, among the many biomolecule immobilization chemistries of CVD
diamond surfaces,[266, 278] the UV-alkene chemistry has gained considerable interest,
and have been reported to withstand severe hydrolysis conditions and result in better
biomolecular stability.[279] During this chemistry, a 254-nm or smaller wavelength UV
photon ejects electrons off the diamond surface carbon atoms into the adjacent alkene
molecules, leading to covalent attachment of alkenes to the diamond carbon atom by Sn1

reaction mechanism.[280, 281] Using this chemistry, Yang ef al. have shown improved
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stability of DNA-modified diamond films to thermal cycling conditions over DNA-
modified silicon, gold, glass, and glassy carbon surfaces.[263] This is because the UV-
alkene chemistry results in a hydrolytically stable C-C linkage that is able to withstand 30
times thermal cycling of hybridization-dehybridization of surface bound DNA, while
glass, gold and silicon surfaces only lasted for five to ten such cycles.[282] Recently,
Radadia et al. tested the stability of immobilized antibodies to diamond films using the
UV-alkene chemistry.[105, 279] Diamond surface chemistry showed improved temporal
stability of antibodies compared to glass surfaces when exposed to saline media at 37 °C
for prolonged periods extending up to two weeks. These studies show the potential of
using diamond as an interfacing material for biosensor construction.

However, the use of diamond surface for biosensor construction is currently
limited by (1) high temperature requirement for growth (~700 °C), hence not allowing
deposition on substrates with low melting point such as microscope slides, aluminum or
gold, and (2) high costs associated with the CVD process. CVD diamond films are
synthesized by seeding a sub-monolayer of high purity monocrystalline NDs as
nucleation points, followed by its growth into a continuous film in methane, hydrogen
and argon gas flows using a hot filament CVD reactor or a microwave plasma CVD
reactor. Thus, in this chapter the process of ND seeding as a means for creating lower-
cost biosensors was investigated while leveraging benefits of the UV-alkene chemistry of
diamond surfaces.

ND synthesis was discovered as a green chemistry in the late USSR in the 1960s
while studying the shock compression of non-diamond carbon modifications in blast

chambers. The purification of the resulting mixture leads to colloidal suspensions of
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single-digit diamond particles with diameters of 4-5 nm.[283] Development of
environmentally friendly purification processes have now allowed high-purity ND
powders to be produced in large volumes at a low cost with controlled surface
chemistry.[284] Seeding NDs with high density has been an area of high interest in CVD
diamond film syndissertation, and it has been explored extensively using sonication, and
electrophoretic deposition.[285-288] During the sonication process, the collapse of
microscopic cavitation bubbles causes acceleration of nanoparticles towards the
substrates and lodges them on the substrate with huge amount of pressure. Shenderova
and co-workers provided details of solvent selection and ND concentrations on the
coating process and resulting surfaces for CVD diamond growth.[289] Commercially a
large ultrasonic batch is used to uniformly seed NDs over the wafer; however, such high
power sonication is known to cause milling-induced mechanical damage to the substrate.
In contrast electrophoretic deposition can achieve higher surface coverage, but requires a
conductive substrate, hence unable to coat insulating substrates such as oxides. Schmidlin
and co-workers recently demonstrated deposition of a 5-nm thick dense layer of NDs on
highly oriented pyrolytic graphite through electrophoretic deposition from an ultra-
centrifuged suspension.[290] New techniques such as layer-by-layer assembly,[291, 292]
inkjet printing,[293] and microcontact printing[294] have been reported to increase the
seeding density. However, none of these methods have been evaluated by itself as a
means to create biosensors. The sonication assisted seeding process is chosen as it allows
even coating to non-conformal MEMS surfaces, while the sonication related abrasion was

reduced using a bath setup as described in the methods section.
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In this chapter, the simplest yet versatile approach of low power sonication-
assisted seeding was used, and reported the effect of seeding solvents, concentrations,
and time on ND surface coverage, and capture capability as a pathogen sensor. Also, the
ND seeding technique was applied to an interdigitated electrode (IDE) array, characterize
the changes introduced by ND seeding at the IDEs using impedance spectroscopy, and
finally demonstrate label-free pathogen detection upon biofunctionalization of ND-
seeded IDEs.

3.2 Methods
3.2.1 Materials

All stock solutions were prepared by deionized water from a Millipore
deionization system to obtain minimum resistivity of 18.0 MQ-cm. Sodium borohydride,
1-dodecene, glutaraldehydride (50%), sodium cyanoborohydride coupling buffer, casein
blocking solution, and 3,3’-dihexyloxacabocyanine iodide stain (DiOC6(3)) were bought
from Sigma Aldrich. Phosphate-buffered saline (PBS), PBS with Tween 20 (PBS-T20)
and bovine serum albumin (BSA) were bought from Bioexpress. Methanol, chloroform,
isopropanol alcohol (IPA), and polydimethylsiloxane (PDMS) were obtained from Fisher
Scientific. NDs were purchased from International Technology Center in the form of 0.5
w/v% nanocrystalline diamond (Blue seeds) solution. E.coli O157:H7 antibodies were
bought from Kirkegaard & Perry Laboratories, and anti-E. coli O+K FITC conjugate was

bought from Pierce Thermo Scientific.

3.2.2 ND seeding and analysis
A silicon wafer with evaporated gold (200 nm Auw/25 nm Cr) was diced in to 1-cm

x 1-cm pieces that were used as substrates for ND seeding. The as obtained ND solution
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consisted of 0.5 w/v% of average 5 nm monocrystalline diamonds in dimethylsulfoxide
(DMSO). According to the manufacturer, the NDs were size separated by centrifugation
and were found to be within 3-10 nm while the peak of the distribution was around 5 nm.
These NDs show a positive zeta potential and DMSO as a solvent provides strong
resistance to settling of these NDs.[289] As obtained ND solution was diluted with
acetone, ethanol, IPA, methanol or water in 1:1, 1:3, or 1:5 ratio. Brookhavens
Instruments ZetaPlus™ was used to measure the zeta potential and make particle size
measurements using dynamic light scattering (A = 660 nm). The zeta potential
calculations were performed using the Smoluchowski equation because the ND particles
were of wide size range (10 — 200 nm). The use of Huckel approximation did not change
the trend seen in the zeta potential measurements. For sonication treatment, samples were
immersed in ND-containing solutions in a tightly sealed 20 ml scintillation vial, and the
vials were placed in a Branson 5510 sonication bath (40 kHz, 185 W) equipped with a
stainless steel basket. A very low power sonication approach has been used as opposed to
the relatively high sonication power immersion horns used commercially. This way the
abrasion of gold electrodes was reduced. After sonication for the required amount of
time, the seeded substrates were cleaned with methanol, deionized water, isopropyl
alcohol, and blow-dried with nitrogén. Surface morphology of a nanocrystalline diamond
seeded surface was investigated using Hitachi S-4800 field emission scanning electron
microscopy (SEM) and further 2D fast Fourier transform filtering of the SEM images

using the Gwyddion software package.
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3.2.3 Functionalization of NDs

Some of the ND seeded surfaces were reduced in 65 mM sodium borohydride
solution in methanol at 70 °C for 6 hours. Trifluoroacetamide protected 10-aminodec-1-
ene (TFAAD) was mixed with 1-dodecene in 2:1 ratio (v/v) to form the functionalization
mix. The 1-dodecene spaces the TFAAD molecules and enhances the efficiency of
deprotection in the subsequent step to UV-functionalization. The photochemistry
attachment was carried out in a nitrogen purged reaction chamber. Functionalization mix
at about 2 ul/cm? was applied uniformly between the ND seeded surface and a piranha-
cleaned quartz slide, then radiated with 254 nm UV at ~2 mW/cm? for 6 hours. Excess
reaction mix was removed by sonication in chloroform and IPA for 5 minutes each. The
trifluoroacetic acid group from the functionalized surfaces was deprotected in a tight-
sealed vial containing 65 mM sodium borohydride in anhydrous methanol for 6 hours at
70 °C.[295] The sample was then rinsed with deionized water and dried with nitrogen and
the primary amine groups on the sample surface were then reacted with glutaraldehydride
in a sodium cyanoborohydride coupling buffer at room temperature for 4 hours to yield
an aldehyde termination by reductive amination.[296] The aldehyde terminated surface
was rinsed with deionized water and dried with nitrogen. The functionalized surface was
incubated for 18-22 hours at 4 °C with a 100 pg/ml antibody solution, which was printed
using a Nano-eNabler™. The Nano eNabler™ uses microcantilevers containing a
microfluidic channel that delivers solutions from the reservoir to the tip. Tips that had 30-
micron wide channels was used. After printing, a PDMS well was placed over the printed
region and a coverslip to prevent evaporation. On the next day, the wells were washed

with PBS-T20 twice and PBS once to remove non-specifically adsorbed antibodies.
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Further non-specific binding sites were blocked with a casein-blocking buffer for 1 hour
at room temperature. The well was then washed again with PBS-T20 twice and PBS once

to remove excess casein.

3.2.4 Fluorescent labeling of bacteria

E. coli O157:H7 was inoculated in Luria-Bertani broth (LB) at 37 °C for 12 hours.
Based on plating culture at the 12% hour, all bacteria were found to reach a stationary
phase of growth. The concentration of the labeled culture was estimated by agar plating
of the 10 and 106 dilution. Culture at the 12" hour was washed with a phosphate saline
buffer (PBS) through pelleting (12k rpm, 2 min) and suspension in fresh PBS. Heat-
inactivated bacteria (70 °C for 15 min) were used for work in this chapter. Labeling was
performed by mixing 2 ul DiOC6(3) (Smg/ml) in the inactivated culture at 37 °C
incubator for 30 minutes. Excess labeling dye was removed by pelleting and suspension

in fresh PBS. The labeled culture was then suspended in PBS prior to capture studies.

3.2.4 Bacteria capture experiment

A 100 pl solution of 10°, 10® and 107 cells/ml was deposited in the PDMS wells,
which were attached on the antibody-functionalized ND surface. A cover slip was placed
on the top of the PDMS well to prevent evaporation. The surface exposed to the bacterial
solution was placed in the 37 °C incubator for 30 minutes. Then the surfaces were washed
with PBS (thrice) to remove non-specific bound bacteria. For use with the electrical
biosensor, isotonic trehalose solution was used instead of PBS to reduce the conductivity
of the media. The surface captured bacteria were imaged using an Olympus BX41
fluorescence microscope equipped with a Photometrics Coolsnap K4 camera and

enumerated using ImageJ. Five images for each of the nine NCD samples was collected.
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3.2.5 Biosensor fabrication and testing

Biosensor substrates consisted of 525 pum thick silicon with a 280 nm thick
thermal oxide layer. The gold/chrome (200nm/25nm) was patterned through lift-off
processing. A 300 nm thin PECVD oxide layer was deposited on the gold pattern as an
insulation layer. Circular windows were opened in the insulation layer by buffered oxide
etching to expose the interdigitated electrodes. Electrical connections were made using a
high-density card-edge connector. Impedance measurements were made with a
CompactStat (Ivium Technologies). The excitation voltage was limited to 10 mV to
prevent the restructuring or delamination of the gold electrodes, the denaturing of
attached biomolecules, or electroporation of capture bacteria. Control measurements were
made using an isotonic trehalose solution (ITS) that measured a conductivity of 3 uS/cm.
First impedance measurements were made after exposing the sensor to 10° cells/ml ITS
for 1 hour, followed by rinsing with ITS thrice. Subsequently the sensor was exposed to
108 cells/ml ITS for 1 hour, followed by rinsing with ITS thrice, and impedance

measurement again.

3.3 Results and Discussion
Monocrystalline NDs of an average particle size of 5-nm and a positive zeta
potential were obtained as 0.5 (w/v)% in dimethyl sulfoxide (DMSO). The highly polar
S=0 bond in DMSO is proposed to form strong hydrogen bonds with acidic hydrogen
atoms of the hydroxyl groups or the protonated forms of pyrone-like structures that are
hypothesized to exist on the surface of NDs with positive zeta potential; thus a more
stabilized ND suspension is formed in DMSO.[289] Seeding of ND is typically carried

out in alcohols, ketones, DMSO, water, or their mixtures to reduce surface tension,
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viscosity, volatility, boiling point, or environmental hazards specifically in case of water.
Shenderova and co-workers have reported dilution of DMSO with methanol to produce
the best seeding.[289] As shown in Figure 3-1, photon correlation spectroscopy shows
that the 1:1 dilution of ND-DMSO with acetone, ethanol, IPA, methanol or water leads to
the formation of ND aggregates when sonicated for 30 minutes and rest for 1 hour before
particle size measurements in each case. Similar results were also achieved with 1:3 and

1:5 dilutions as shown in Figure 3-2.

1:1 dilution of ND:DMSO with solvents

- -
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3

25 4

Figure 3-1. Measurement of ND particle sizes after dilution of the original ND
containing DMSO with acetone, ethanol, isopropyl alcohol (IPA), methanol, and water.
Average values are reported from five repeats.
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Figure 3-2. Results from photon correlation spectroscopy showing size distribution of
ND aggregates obtained by diluting the original ND:DMSO solution with acetone,
ethanol, water, IPA, and methanol.

It is that in case of polar protic solvent addition to DMSO, the aggregation of NDs
occurs through displacement of polar aprotic DMSO molecules in the solvation sphere
that is around the ND, by polar protic molecules of ethanol, IPA, methanol or water, and
then this catalyzes the ND aggregation through hydrogen bonding.[289] The extent of
ND aggregate size is also dependent on factors such as viscosity, density, and surface
tension. Electrophoretic mobility in each case (Figure 3-3) was measured, and calculated
zeta (C) potentials of the ND aggregates (Figure 3-4). The electrophoretic mobility is
highest in case of methanol followed by ethanol, the p values of methanol and ethanol is
lower than 0.05. Zeta potential calculations show that the suspensions of ND aggregates
are stable ( { >20 mV) in case of dilution with alcohols compared to dilutions with

acetone or water. This shows that although NDs clump together on the addition of



alcohols, the suspension will provide a stronger resistance to sedimentation in alcohols

compared to water and acetone.
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Figure 3-3. Measurement of ND particle mobility (ue) after dilution of the original ND

containing DMSO with acetone, ethanol, isopropyl alcohol (IPA), methanol, and water.

Average values are reported from five repeats.
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Figure 3-4. Measurement of ND particle zeta potential (Z) after dilution of the original
ND containing DMSO with acetone, ethanol, isopropyl alcohol (IPA), methanol, and
water. Average values are reported from five repeats.

60



61

Further the NDs were seeded on 200 nm thin evaporated gold films on silicon
substrates via sonication in ND-DMSO diluted with acetone, ethanol, IPA, methanol and
water. See Methods section for specific procedure on seeding and analysis of coverage on
seeded substrates. Figure 3-5 (left image) shows a representative SEM image obtained for
surfaces seeded for 30 minutes with an ND-DMSO diluted (1:1) with methanol. NDs
show up as bright white spots in the SEM image. The large white grains in the
background are the evaporated gold clusters. It can be seen that NDs were seeded
continuously and uniformly irrespective of the topography of underlying gold film; no
clustering of NDs was found at the grain boundaries of gold in case of methanol. In order
to further extract information on seeding coverage and average seed size, a two-
dimensional fast Fourier transform-based filtering was performed to remove the gold
background. Figure 3-5 (right image) shows the SEM image obtained upon filtering.
Figure 3-1E shows the surface coverage obtained with 30 minutes seeding with a 1:1
dilution of ND-DMSO with acetone, ethanol, IPA, methanol, and water. Methanol
provides the highest surface coverage (33.6 + 3.4%) compared to the other solvents.
Methanol dilutions lower the surface tension, solution viscosity, and solution density, and
provide the correct surface forces, while maintaining the small size of the NDs and the
high surface area to volume ratio; thus methanol dilutions create the correct proportion of
dispersion, polar, and hydrogen bonding forces to lodge particles onto the surface with

the highest surface coverage.
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SEM image of NDs on 20 Fast Fourier Transform-
evaporated Au based fikered image of the SEM
image showing only the NDs

Figure 3-5. On the left is the SEM image showing NDs (bright white spots) seeded on
gold surfaces by sonication in solution containing NDs at 0.25% (w/v) for 30 minutes. On
the right is the SEM image after 2D FFT filtering highlights the seeded NDs as red
regions.

Thus, it is shown that with our low power sonication setup, methanol produces
better surface coverage among the many solvents used for ND seeding. Hence, methanol
dilutions of ND-DMSO was used for further work in this chapter. In an attempt to reduce
the seeding times, Figure 3-6 shows a plot of ND surface coverage on surfaces seeded
with solutions of three different ND concentrations (0.25%, 0.125%, 0.083% w/v) for
three different seeding times (5, 15, and 30 minutes). As expected, the surface coverage
increased with ND concentration and seeding time. The surface coverage to plateau at
some point of time and this time point would be earlier for high concentration solutions,
all the p values are smaller than 0.05. While using the 0.25% (w/v) solution, the seeding
coverage starts to plateau to about 33% coverage at 30 minutes seeding. While such
plateau points were not obtained for 0.125% and 0.083% (w/v) solutions within 30
minutes of seeding. Seeding times can be further reduced through the use of ND

concentrations higher than 0.25% (w/v).
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Figure 3-6. Surface coverage of NDs obtained on surfaces seeded for varying amounts of
times with methanol solutions containing 0.25%, 0.125%, and 0.08% (w/v) NDs.

Figure 3-7 and Figure 3-8 confirms that ND seeded surfaces can be functionalized
using previously reported UV-alkene surface chemistry of CVD diamond films. Surface
modification was tested by attachment of FITC-conjugated anti-£. coli (O+K) and
measuring the fluorescence intensity as shown in Figure 3-7A. Antibodies were spotted
in a 10x10 array using a Nano eNabler™ (~12 pm spot size). Since the functionalization
scheme relies on the presence of hydrogenated carbon atoms, the effect of sodium
borohydride assisted mild reduction for improvements expected through an increase in
antibody attachment was tested. See Figure 3-7B. Quantification of the fluorescence from
spotted arrays as shown in Figure 3-8 shows the reduction step does not provide the
anticipated enhancement in fluorescence with p value of 0.245. This shows that the as-
seeded NDs were adequately hydrogenated for the UV-alkene chemistry. In our
experiments, control surfaces (without NDs) record any fluorescence with our

microscopes proving insignificant attachment of antibodies.
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-Without Reduction - With Reduction

Figure 3-7. Fluorescence images obtained from a 10x10 array of 12 pm spots of FITC-
labeled anti-E. coli O+K attached to ND-seeded surfaces without (A) and with (B)
sodium borohydride reduction treatment prior to performing UV-assisted TFAAD
linkage to NDs.
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Figure 3-8. Normalized fluorescence intensity obtained from seven 10x10 arrays on ND
surface with and without reduction.

Figure 3-9 shows the effect of surface coverage of NDs on the bacteria capture
capability from solutions of different bacterial concentrations (10°, 10% and 107 cells/ml).
Heat-inactivated E. coli O157: H7 were used along with a specific antibody for these
experiments. The bacteria capture density was found to increase with surface coverage of
NDs. The bacteria capture density would plateau for higher surface coverage values;

however, it must not have reached high enough ND surface coverage to achieve the
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plateau point. Nevertheless, the capture densities obtained were about 800 cells per sq.
mm, which is higher than that reported previously with diamond surfaces for the exact

same antibody-antigen pair.[105]
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Figure 3-9. Bacteria capture density obtained using the antibody-ND coating as a
function of surface coverage of NDs on the sample.

Figure 3-10 shows the microfabricated 3x3 IDE array seeded with NDs using the
above recipe that gave us the highest surface coverage. The electrodes were fabricated of
200 nm Aw25 nm Cr, and each finger is 9 pm thick with 9 um spacing. PECVD oxide
was coated to insulate the wiring from the solution and a circular window in the oxide
was opened to expose the IDEs to the solution. In order to elucidate the effect on IDE
nanostructuring via ND seeding, impedance measurements in solutions were performed
with varying conductivity before and after ND seeding. Impedance spectra of IDEs in
deionized water (as shown in Figure 3-11) shows that the resistive or the charge transfer
contribution to the overall impedance decreased with ND seeding. This implies that the

ND seeds form electrically conductive islands between the electrode fingers. This is
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consistent with previous reports that hydrogen-terminated diamond surfaces become
conductive when exposed to water.[297] Figure 3-12 shows that the decrease in overall
impedance and shift in phase at the IDEs upon ND seeding were consistently seen in
deionized water and phosphate buffered saline (PBS) dilutions. Moreover, as the solution
became more conductive the charge transfer took place less through surface conduction
and more through solution conductance. Specifically, at 1000 Hz the reduction in
magnitude of impedance due to ND seeding changes from 40% to 20% as the solution
conductivity increases from 3.95 uS/cm to 16500 uS/cm. Typically in impedance
spectroscopy, the conductivity of the solution is adjusted through addition of potassium
chloride to achieve an overall magnitude in the range of 10 to 30 kQ prior to carrying out
detection. ND seeding can be used to lower the required impedance without altering the
solution conductivity; thus increasing the potential to combine impedance spectroscopy
with on-chip pre-concentration mechanisms like dielectrophoresis that require low

conductivity solutions.
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28cm

Figure 3-10. Optical images of a biosensor chip containing an array of nine interdigitated
electrode (IDE) pairs that were fabricated to demonstrate the application of ND seeding
layer for chemically stable covalent linkage of antibodies to electrodes. Each IDE
contained sixty finger pairs with each finger 9 ym wide and spaced 9 um apart.
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Figure 3-11. A representative plot of real versus imaginary part of the impedance measured
in de-ionized water on an IDE before and after ND seeding.
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Figure 3-12. Representative plot of impedance magnitude and phase plotted against
frequency as obtained on an IDE exposed to solutions with different electrical
conductivity.

Further IDEs were seeded with NDs to create non-faradaic impedance biosensors
for bacterial detection without using redox probes, where the capture agent was
immobilized on the NDs with the UV-alkene surface chemistry. The IDE portion of the
chip was seeded with NDs, followed by selective functionalization of some of the IDEs
with anti-E. coli O157:H7 as described in the Methods section. Further, two control IDEs
were created by skipping the antibody attachment step. A polydimethylsiloxane well was
then applied on the IDE region, and bacteria were captured from the solution containing

10° or 108 cells/ml. Changes in overall impedance and phase across each of the IDEs
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were recorded over a frequency range from 100 Hz to 10° Hz. Figure 3-13 shows sample
magnitude and phase curves obtained on one of the active sensors. Although insignificant
shifts in impedance magnitude was observed, significant phase shifts on all of the active
sensors were observed; such phase shifts were not seen on control sensors. In order to
understand the physical basis of the impedance changes, the response of the interface was
compared with a variety of different equivalent circuit models, including those discussed
by Varshney and Li.[298] While a number of models were investigated by complex non-
linear least square fitting using Zview, the circuit shown in Figure 3-14 provided a good
fit to the data with a reasonable number of components with errors less than five percent.
The equivalent circuit model consists of a double layer capacitance Cai, a generalized
finite Warburg element for a short circuit terminus Ws (Z =R tanh( [Vi T ®]? )}/ [Vi T o]°
) with a continuously varying exponent (0<P<1), a charge transfer resistance Rc, a
solution resistance Rs, and a resistance Ra and capacitance Ca arising due to the presence
of the functionalization layer, including the antibody and the blocker protein molecules.
During the dissociation of pure water through 2H20 - H3O0" + OH", a total ion
concentration (¢) of 2 x 10" mol/L can be achieved, and hence the maximum Debye
length achieved is (A = 0.3/Nc =) 680 nm at 20 °C. However, in deionized water, due to
the presence of impurities, Debye lengths of a few hundred nanometers was expected.
Because the Debye screening length is comparable to the height at which antibody binds
to the cell surface, the resistance and capacitance of the functionalization layer have been

considered discretely as shown in Figure 3-14.
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Figure 3-13. Example impedance spectra on an active sensors before (baseline) and after
exposure to 10° cells/ml or 10® cells/ml of E. coli O157:H?7 cells.
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C, — capacitance from double layer

C, — capacitance from functionalization layer
R, — charge transfer resistance

R, — solution resistance

R, ~ resistance from functionalization layer

Ws - Warburg's diffusion related impedance
Ws has three components

Was-R - real part of impedance at low frequency
Ws-T - diffusion component

Ws-P —~ exponent part

Figure 3-14. A modified Randles circuit that best fit our impedance results.

Equivalent circuit fits obtained for one of the active and the control sensors are

given in Table 3-1. Fit results for other active and control sensors are provided in Tables

3-S1 and 3-S2 in the supplementary information respectively. The parameter Rct, Ra, and

Ws-R change by more than 5% during the cell capture process with respect to the values

obtained after antibody functionalization and blocking as shown in Figure 3-15. The

values for Rt decreases by 38.8 + 2.3% and 45.9 + 5.8% only on the active sensors

during the capture from 10° cfu/ml and 10® cfu/ml respectively, with a minimal change of

6.5% between the two concentrations. This reduction in Rt is because the bacterial

attachment causes non-flagellar protein filaments (pili and fimbriae) and
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lipopolysaccharides, all primarily negatively charges in case of E. coli O157:H7, to
replace the less electrically conductive water molecules and lower the charge transfer
resistance. This process also reduces the effective diffusion length between adjacent
electrodes and thus a decrease in the Warburg diffusion element Ws-R was observed. The
values for the exponent P were found to be higher than 0.5, which suggests existence of
charge transfer mechanisms other than pure diffusion between the two ND-seeded
electrodes. The value of Ra also reduces during the cell capture steps; however, this drop
was also seen on the control sensors. The reduction in Ry is due to the loss of casein
blocker molecules during the repetitive washing steps post cell capture to remove non-

specifically bound bacteria.
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Table 3-1. Equivalent Circuit Fit Values For One Of The Active and Control Sensors.

Active Sensor Control Sensor
Parameter | After antibody | After | After | After antibody | After | After
s immobilizatio | captur | captur | immobilizatio | captur | captur
n and e from | e from n and e from | e from
blocking with 10° 10 blocking with 10° 10°
casein cfu/ml | cfu/ml casein cfwml | cfu/ml
R1 (Q) 12,541 7,864 6,864 ~0 ~0 ~0
R2 (QQ) 1,807 1176 932.3 1,713 1,259 913
Wsl1-R 536,160 497,20 | 512,23 999,220 980,11 | 982,31
«Q) 0 0 0 0
WsI-T 49x10° 72x10°
Wsl-P 0.77 0.56
R2 (QQ) 25 25
C1 (F) 24x10° 22x10°
C2 (F) 1.38x 10" 14x10°
60 0 -15
T 50 | £ 50 | ;
£ 40 1 £ 40 T 10"
[ ]
=30 1 30
-20 52 § -5 -
*® -10 * .10 4 4
o o
0 - 0 -
10%6 chw/ml 10%8 cf/ml 106 cfu/mi 1078 cfumi 106 cfu/mi 1078 chwmi

8 Active Sensors ®Control Sensors

Figure 3-15. Significant changes observed in charge transfer resistance (Rai), (Ra), and
(Ws1-R) upon binding of bacterial cells to the sensor surface.

The change in Ra obtained using the ND-seeded gold electrodes for 10° cf/ml E.
coli O157:H7 (~38.8%) is nearly 1.5 times higher than the 27.8% change reported by

Yang et al. using indium tin oxide (ITO) impedance biosensor in combination with



73

[Fe(CN)s]** redox probes.[299] In case of ND-seeded electrodes, the sensor was
exposed to 200 ul in a PDMS well, while Yang et al. evaporated the 20 pl pure culture on
the sensor. The changes in Ret obtained using ND-seeded biosensor for 10% cfu/ml E. coli
0157:H7 (~46%) is nearly 225% of those reported by Varshney and Li using gold
impedance biosensors (-20.9%).[300] Varshney and Li only saw such magnitude of
improvement when magnetic nanoparticle based sample enrichment was performed prior
to impedance detection. Moreover, one of the active sensors in our test was later tested
after storage in ITS at room temperature for four days test, and the fit results were found
comparable to the fresh sensors. An extensive testing on stability of antibodies on ND-
seeded gold surfaces is being tested. Similarly, while our tests here were limited
primarily to 10® and 10® cfu/ml, and detection limits were not evaluated, the combination
of the ND-seeded biosensors with the use of redox probes, microfluidics, and
preconcentration techniques such as dielectrophoresis or magnetophoresis for real-time
pathogen sensing is being tested out.

Table 3-2 shows the properties of solvent mixtures estimated from molar ration
weighted calculation. Table 3-3 is equivalent circuit fit values for the other two active

sensors, and Table 3-4 is equivalent circuit fit values for the other control sensor.
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Table 3-2. Properties of solvent mixtures estimated from molar ratio weighted calculations.

Solvent | Dilution | Molar Dielectric | Refractive | Density | Viscosity

Ratio Ratio Constant Index g/ml mPa-s

Acetone 1:1 0.4919 34.0572 1.4200 0.9390 0.5802
1:3 0.7439 27.5817 1.3897 0.8625 0.4225

1:5 0.8288 25.3997 1.3795 0.8370 0.3870

Ethanol 1:1 0.5506 34.5036 1.4140 0.9405 1.4465
1:3 0.7861 29.2870 1.3862 0.8648 1.2705

1:5 0.8597 27.6580 1.3776 0.8395 1.2239

IPA 1:1 0.4831 32.8357 1.4297 0.9385 2.2453
1:3 0.7371 25.5455 1.4038 0.8618 2.3049

1:5 0.8237 23.0594 1.3950 0.8362 2.3259

Methanol 1:1 0.6385 37.9524 1.3826 0.9415 0.8028
1:3 0.8412 35.1749 1.3520 0.8663 0.6699

1:5 0.8983 34.3934 1.3434 0.8412 0.6401

Water 1:1 0.7985 73.2897 1.3624 1.0450 1.1253
1:3 0.9224 77.4161 1.3443 1.0215 1.0481

1:5 0.9520 78.4000 1.3400 1.0137 1.0313
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Table 3-3. Equivalent Circuit Fit Values for the Other Two Active Sensors.

Parameters

R1(Q)
R3 (Q)
Wsl-R (Q)
Wsl-T
Wsl-P
R2 ()
Cl1 (F)
C2 (F)

Active Sensor 2

Active Sensor 3

After
antibody c:f:::e
immobilizatio p
from
n and 10
blockmg' with cfu/ml
casein
13,591 9,148
1,774 1,170
489,690 469,680
5.02x 103
0.7679
25
2.75x 107
1.46 x 10°

After
capture
from 10°

cfu/ml

8,269
1,039

480,090

After
antibody After
immobilizati | capture
on and from 10°
blocking cfu/ml
with casein
21,655 13,498
1,720 1,055
721,470 612,930
5.07x 1073
0.73527
25
2.10x 107
1.55x 10°

After
capture
from

108
cfu/ml

10,105
925

648,700
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Table 3-4. Equivalent Circuit Fit Values for the other Control Sensor.

Control Sensor 2

After antibody After After

immobilization | S2Pture | capture
Parameters and blocking f;((),? fll'((),:n

with casein cfuw/ml cfu/ml

R3 () 1,773 1,348 1,077
Wsl-R (@) 1.13x 10° 9.5x10° [ 9.3 x 10°
Ws1-T 8.6x103
Wsl-P 0.54
R2 (Q) 25
C1(F) 2.1x10°
C2 (F) 1.3x10°
R1(Q) 1x107

3.4 Conclusion

In summary, a new method using nanodiamond seeding to immobilize antibodies
on impedance biosensors has been demonstrated and improve the overall detection
sensitivity than that obtained with gold or ITO electrodes. Methanol forms the ideal
solvent in seeding gold sensing surfaces with NDs with positive zeta potential, in
comparison to solvents such as acetone, ethanol, IPA and deionized water. Further, the
seeding has to be performed in solutions with higher ND concentration and for seeding
times as long as 30 minutes to produce maximum surface coverage, and to consecutively
achieve maximum bacterial capture density. These NDs with positive zeta potential can
be functionalized with the UV-alkene chemistry without further reduction step. NDs

when seeded at IDEs, act as electrically conductive islands between the electrodes and
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reduce the effective gap between the electrodes, thus allowing to perform impedance
spectroscopy in solutions with low electrical conductivity such as ITS. This ND seeding
procedure along with the UV-alkene chemistry is applicable to a wide range of sensing
methodologies, including quartz crystal microbalance, surface plasmon resonance,
microarray technology, and electrochemical sensing. Bacterial sensing can be performed
in ITS and the changes obtained in resistance to charge transfer with bacterial capture is

nearly twice than that obtained with plain electrodes.



CHAPTER 4

REDUCTION OF NON-SPECIFIC BINDING IN BEADS-BASED
DIELECTROPHORETIC PRECONCENTRATION AT
DIAMOND ELECTRODES

4.1 Introduction

Detection of pathogens is becoming increasingly important in public health
applications such as food safety and epidemiology of infectious disease. With the
increasing push to lower pathogen detection limits, sample volume, and processing times,
preconcentration schemes, or referred to as purification schemes for pathogens from
complex sample matrices have become important to integrate with existing biosensors.
Many microfluidics-based approaches have been proposed and offer the possibility of
automated sample handling with high degree of parallelization. There are several novel
preconcentration schemes combined with a microfluidic platform, which is potentially
automated, miniaturization, and massparallelization, have been reported, such as
dielectrophoresis (DEP) [301-303], magnetophoresis [304-306], acoustophoresis{307,
308], and hydrophoresis[309]. Dielectrophoretic (DEP) can work across a wide range of
particle size from DNA to large cells or bacteria. The particles become polarized in the
presence of a non-uniform electric field which will generate DEP force. Particles in the
field will be attracted to the high or low field gradient depending on the particle electrical
properties relative to those of the suspension medium, and the frequency of excitation.

Combining DEP with the use of microfluidic channel become practical because sufficient

78
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field strength is achievable at sub-millimeter scale with only few volts applied. Selective
concentration can be achieved in a single automated device. Isolator-based DEP
concentrator has successfully separated polystyrene beads[310-312], DNA[313, 314],
yeast cells[315], virus[316], and bacteria cells[310, 317-319]. The microelectrode of the
DEP device is offering a variety of configurations, such as parallel or interdigitated [320],
castellated [321], insulator-based or electrodeless [322], extruded [323-325], and top-
bottom patterned [326-329]. The configuration of interdigitated or parallel, castellated,
insulator-based DEP device are formed as a 2-D configuration, which means the
electrode are on the same platform. Top-bottom DEP device forms with the DEP
electrodes in a 3-D configuration, the top and bottom of the microfluidic channel of the
DEP device need to be patterned with DEP electrodes. Most of the DEP devices have
been reported use insulator-based configuration, which means the DEP electrodes are
covered with an insulator layer, except extruded configuration [323-325]. Plus, the
magnitude of DEP force decreases exponentially with distance above the electrodes,{330]
the DEP-based pre-concentrator typically only sample a small portion of the liquid stream
unless the devices use shallow channel (< 100 pl), low flow rate (< 1 ul/min), or both in
the reasonable voltage[331]. The reasonable voltage range is limited because of the Joule
heating and electrolysis of the electrodes. In this chapter, a boron-doped ultra-
nanocrystalline diamond (BD-UNCD)-based DEP pre-concentrator was introduced,
which can be operated with a much higher voltage range because of the largest
electrochemical potential window of diamond in an aqueous electrolyte [90, 265, 332].
The DEP device setup which contains microfluidic channel made with an indium tin

oxide (ITO) coated glass, pre-patterned double side tape and a BD-UNCD chip. The ITO-
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coated glass and BD-UNCD chip were connected with two alligator clips, which could
apply AC. The DEP working efficiency and deduction of non-specific bonding by
introducing polyethylene glacol (PEG) during the DEP application period have been
demonstrated in this chapter.

In the pathogen detection application of DEP concentration, cell damage from
DEP should be considered. Yang et al. proved 4 hour or greater DEP (5 MHz, 20 Vp.p)
applied on Listria monocytogenes cells caused significant delay on cell growth in the low
conductive growth media[333]. No evidence shows influences in immuno-assay based
biosensing with DEP damaged cells. However, the antibody-coated beads for detecting
bacteria and toxin using a microflow cytometer has been attractive in recent years[334-
337]. In this chapter, an antibody/polyethylene glycol (PEG) functionalized beads-based
pathogen isolating method was introduced to pre-select the target cells, E. coli O157:H7
was chosen as model bacteria in this chapter. The 4 pm carboxylate-/sulfate-, epoxy-
/sulfate-, and aldehyde-/sulfate- surface modified beads were chosen for the study. The
amount of protein loading was characterized by MicroBCA and 280 nm UV protein
assays. The immobilization of PEG was investigated using zeta-potential measurement.
The 4 um antibody/PEG functionalized beads was added to bacteria culture and mixed
for 30 min, the mixture of beads and bacteria was separated using centrifugation because
the different size and diameter of beads and bacteria. The isolating efficiency and
selectivity has been studied in this chapter. Plus, the deduction of non-specific bonding of
functionalized beads with PEG immobilization has been demonstrated, and the chemical

reaction scheme of immobilizing antibody/PEG is shown in Figures 4-1, 4-2, and 4-3.
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Epoxy-/Sulfate-Modified Bead Chemistry
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Figure 4-1. Co-immobilization of IgG and PEG on epoxy-/sulfate-modified beads.
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Figure 4-2. Co-immobilization of IgG and PEG on carboxylate/sulfate-modified beads.
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Figure 4-3. Co-immobilization of IgG and PEG on aldehyde-/sulfate-modified beads.
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4.2 Materials and Methods

4.2.1 Materials

fhe boron-doped ultracrystalline diamond (BD-UNCD) wafer with 2 pm
diamond film with resistivity of 0.2 Q-cm on a 1 um thick silicon dioxide and 500 pm
thick silicon wafer was acquired from Advanced Diamond Technology. Indium tin oxide
coated polished float glass with a sheet resistivity of 15-25 Q/square was bought from
Delta Technology Ltd. The double-sided tape of 25 pm thickness was obtained from
Nitto Denko America, Inc. All stock solutions were prepared by deionized (DI) water
with a minimum resistivity of 18.0 MQ-cm. Phosphate-buffered solution (PBS), PBS
with 0.1% Tween 20 (PBS-T20), casein blocking buffer and bovine serum albumin
(BSA) were bought from Sigma-aldrich. The 2-(N-morpholino)ethanesulfonic acid
(MES) buffer (50 mM pH 6.0), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
hydrochloride (EDC), micro-BCA kit and bovine gamma globulin (BGG) standards were
procured from Thermo Scientific. Diethylamine (DEA) was obtained from Sigma.
Cy3™ _labeled mouse IgG, goat anti-mouse IgG and FITC-labeled goat anti-mouse IgG
were obtained from Jackson ImmunoResearch. The 4 um epoxy-/sulfate-, carboxylate-
/sulfate-, and aldehyde-/sulfate- modified PS beads and epoxy-modified magnetic beads
were procured from Invitrogen. Pentaerythritol triacrylate (PETA) was obtained from
Alfa Aesar. Trimethylolpropane tris-(3-mercaptopropionate) (TMPTMP) was obtained
from Evans Chemetics LP. The m-polyethylene glycol amine (PEG, M. W. 5000) was

bought from Laysan Bio, Inc.
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4.2.2 Coimmobilization of 1gG and PEG on epoxy-/sulfate- modified PS beads or
epoxy-modified magnetic beads

A 50 pl, 4 (w/v)% bead solution (as received) was mixed with 950 ul of MES
buffer (50 mM, pH 6.5) and 17.5 pl of 2 mg/ml FITC-labeled goat anti-mouse IgG fixing
the total amount of IgG at 35 pg/mL which is five times more than the saturation value
calculated as follows. The total amount of IgG required to achieve surface saturation S

mg/g of beads can be calculated as shown in Eq. 4-1,

_ 6C _  6x25mg/m? mg
5= psd ~ 1.055g/cm3 x 4pm 3.55 1g 4um beads Eq. 4-1

where, ps is the density of solid sphere (1.055 g/cm? for polystyrene), C is the monolayer
protein capacity of the beads surface (2.5 mg IgG/m2 of sphere surface) and d is the
diameter of the sphere. The mass of beads in the 50 pul, 4 (w/v)% bead solution calculates
to be (0.05 mL x 1 g/mL x 4 (w/v)% =) 0.002 g. Therefore the amount of antibody needed
to achieve surface saturation of the added beads will be ( 3.55 mg/ 1 g of 4 um beads x
0.002g=)7.1 pg.

The beads were incubated with antibody for 4 h at 20 °C. The solution was then
centrifuged at 5000g for 20 min, the supernatant was removed and the pelleted beads
were washed thrice with 50 mM PBS through subsequent vortexing and centrifuging. The
beads were then resuspended in 50 mM PBS with 1 mg/mL of PEG and incubated for 2 h
at 20 °C. The beads were then washed thrice with 50 mM PBS and resuspended in BSA
blocking buffer. After incubation for 1 h at 20 °C, the beads were washed thrice and
resuspended in 50 mM PBS buffer with 130 pg/mL sodium azide. The beads were stored

at 4 °C until ready to use. The beads were discarded after 1 month of storage at 4 °C.
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4.2.3 Coimmobilization of IgG and PEG on carboxylate-modified PS beads

A 50 pl, 4 (w/v)% bead solution (as received) was mixed with 950 ul of MES
buffer (50 mM, pH 6.0) containing 40 mg EDC, and incubated for 30 min at 20 °C to
create the acylisourea intermediate. The solution was then centrifuged at 5000g for 20
min, the supernatant was removed and the pelleted beads were resuspended in MES
buffer (50 mM, pH 6.5) with 17.5 ul of 2 mg/ml FITC-labeled goat anti-mouse IgG. This
solution was incubated for 4 h at 20 °C. The solution was then centrifuged at 5000g for
20 min, the supernatant was removed and the pelleted beads were washed thrice with 50
mM PBS through subsequent vortexing and centrifuging. The beads were then
resuspended in 50 mM PBS with 1 mg/mL of PEG and incubated for 2 h at 20 °C. The
beads were then washed thrice with 50 mM PBS and resuspended in BSA blocking
buffer. After incubation for 1 h at 20 °C, the beads were washed thrice and resuspended
in 50 mM PBS buffer with 130 pg/mL sodium azide. The beads were stored at 4 °C until

ready to use. The beads were discarded after 1 month of storage at 4 °C.

4.2.4 Coimmobilization of IgG and PEG on aldehyde-/sulfate-modified PS beads

A 50 pl, 4 (w/v)% bead solution (as received) was mixed with 950 ul of MES
buffer (50 mM, pH 6.5) and 17.5 pl of 2 mg/ml FITC-labeled goat anti-mouse IgG. This
solution was incubated for 4 h at 20 °C. The solution was then centrifuged at 5000 g for
20 min, the supernatant was removed and the pelleted beads were washed thrice with 50
mM PBS through subsequent vortexing and centrifuging. The beads were then
resuspended in 50 mM PBS with 1 mg/mL of PEG and incubated for 2 h at 20 °C. The
beads were then washed thrice with 50 mM PBS and resuspended in BSA blocking

buffer. After incubation for 1 h at 20 °C, the beads were washed thrice and resuspended
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in 50 mM PBS buffer with 130 pg/mL sodium azide. The beads were stored at 4 °C until

ready to use. The beads were discarded after 1 month of storage at 4 °C.

4.2.5 Coimmobilization of mouse IgG and PEG on BD-UNCD

As shown in Figure 4-4, as obtained BD-UNCD wafer was diced into 12 mm x 16
mm chips. Subsequently each BD-UNCD chip (12x16 mm) was first rinsed with acetone,
IPA, DI water, and dried with nitrogen. Trifluoroacetamide-protected 10-aminodec-1-ene
(TFAAD) was custom synthesized was mixed with 1-dodecene in 2:1 ratio (v/v) as the
functionalization mix. The 1-dodecene provides space for TFAAD molecules and
enhances the efficiency of deprotection. The photochemical attachment was carried out in
a nitrogen purged reaction chamber. The functionalization mix was applied uniformly
between the BD-UNCD surface and a piranha-cleaned quartz slide at about 2 uL/cm?,
then radiated with 254 nm UV at ~2 mW/cm? for 8 h. Excess reaction mix was removed
by sonicating the chip in chloroform and isopropyl alcohol for 5 minutes. The TFAAD
attached BD-UNCD film was deprotected in a tightly sealed vial containing 65 mM
sodium borohydride in anhydrous methanol solution. The solution was incubated for 6 h
at 70 °C to create a primary amine group termination. The sample was then rinsed with
DI water and dried with nitrogen. The primary amines on the sample surface were further
reacted with glutaraldehydride in sodium cyanoborohydride coupling buffer at 20 °C for
4 h to yield an aldehyde group termination. The aldehyde-terminated surface was rinsed
with DI water and dried with nitrogen. The functionalized surface was incubated for 18-
22 h at 4 °C with a 100 pg/ml mouse IgG solution. The next day, the surface was washed
with PBS-T20 twice and PBS once to remove non-specifically adsorbed antibodies. The

surface was further reacted with PEG-NH: for 1 h at 20 °C. The basic washing routine
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was performed to remove non-specific absorbed PEG. The non-specific binding sites
were blocked with a casein-based blocking buffer for 1 h at 20 °C. The surface was then
washed again with PBS-T20 twice and PBS once to remove loosely bound casein.
N
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Figure 4-4. Co-immobilization of IgG and PEG on BD-UNCD surface using the UV-
alkene chemistry. (A) As-deposited BD-UNCD is hydrogen-terminated. (B) TFAAD
grafted to BD-UNCD surface. (C) Trifluoroacetic acid group is deprotected to create
primary amines. (D) Reductive glutaraldehydation of the primary amines on the BD-
UNCD surface. (E) Reaction with primary amines on the IgG with the aldehydes on the
BD-UNCD surface followed by reaction of remainder of the aldehyde groups with the
primary amines of the PEG.

4.2.6 Preparation of microfluidic channel with BD-UNCD functionalized surface
Figure 4-5A shows the exploded view of different layers of the microfluidic
preconcentrator which contains the glass slides with ~100 nm ITO layer coated
underneath, the 25 pum thick double side tape patterned with xurography, the 1 um thick
BD-UNCD layer, the 1 um thick silicon dioxide layer and the 525 pm thick silicon layer.

Using a diamond tipped pen, the surface of the functionalized BD-UNCD chip was



87

scratched in the middle which is shown in Figure 4-5B. This created two discontinuous
areas on the chip, right half of the chip where DEP was applied and left half where DEP
was not applied. The pattern of a 2 x 10 mm microfluidic channel was drawn in Adobe
Illustrator software, and a cutting plotter was used to pattern the 25 um thick, 12 mm x
16 mm double sided tape. One side of the tape was attached to the 12 mm x 18 mm ITO
coated glass, and 1/32” holes were drilled on the ITO coated glass slide using a diamond-
coated wire (Lasco Diamond Products). The ITO-coated glass chip with the patterned
double-sided tape and the BD-UNCD chip were clipped together using a vise for 1 h to
seal the channel. The DEP bias was applied between the ITO layer and the right side of
the BD-UNCD film. Microfluidic connections to the holes drilled in the ITO-coated glass
were made using in-house machined L-shaped connectors. An 8 mm thick thiol-acrylate
resin block was formed as previously published by Bounds ef a/.[338]. Briefly, DEA and
PETA were mixed in a ratio of 16.1 mol% DEA based on acrylate groups (%DEA = (mol
DEA)/ (mol Acrylate groups + mol DEA)) for at least three hours at 20 °C. This solution
was then mixed with the same volume of TMPTMP. The mixture was centrifuged at
5000 rpm for 3 min to remove bubbles. The mixture was poured over a double-sided
sticky tape laying in a petri dish and cured for 1 hr at 20 °C. The cured polymer was cut
into 5x5 mm pieces, and drilled with a 1/32” hole on the side and the bottom to create an

L-shaped channel.
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Figure 4-5. (A) Exploded view of the microfluidic preconcentrator showing different
layers of construction. (B) A packaged microfluidic preconcentrator under testing.

4.2.7 Specific and non-specific adsorption of functionalized beads on functionalized
BD-UNCD surface

The tubings and microfluidic connectors were blocked with casein by pumping
the blocking solution at 10 pL./min for 1 h. The blocked tubes and channels were washed
with PBS-T20 for 20 min at 100 pL./min and PBS for 20 min at 100 pL/min. To perform
the tests, 1 mL of 10° beads/mL solution was pumped into the channel at 10 pL/min to
perform the specific and non-specific absorption with a 6 Vpp, 40 kHz, square wave
applied between the ITO and one side of the BD-UNCD film. The channel was then

washed with PBS-T20 for 20 min at 100 uL/min and PBS for 20 min at 100 pL/min to
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remove the non-specifically bound beads prior to quantification of beads using

fluorescence microscopy under an Olympus BX-41 microscope.

4.2.8 Comparing the pathogen capture performance of different beads
Epoxy-/sulfate, aldehyde-/sulfate and carboxylate-modified PS beads, and epoxy-
modified magnetic beads were functionalized with anti-E. coli O157: H7 with and without
co-immobilization with PEG (M.W. 5000) as explained above. Capture of E. coli
0157:H7 from isolate cultures containing approximately 1000 E. coli O157: H7 cfu/ml or
co-cultures containing 500 E. coli O157:H7 cfu/ml and 500 E. coli K12 cfu/ml
approximately. The beads were mixed with cultures for 1 h at 20 °C using a shaker. The
PS beads were separated from bacteria by centrifuging at 2000 rpm for 9 min and washed
twice with PBS. Negative control samples were created by eliminating the bead addition
step; this allowed enumerating the bacteria that settled during the selective centrifuging
of beads and beads with bacteria. The beads from the bacteria capture experiments were
then plated on the LB and MacConkey Sorbitol agar plate for 12 h at 37 °C to determine
the capture efficiency and selectivity of the beads is to count the plate. The LB agar
plates are non-selective and allow enumeration in capture experiments with isolate
cultures. The MacConkey Sorbitol (SMAC) agar allows differentiation between E. coli
0157:H7 and E. coli K12 when captured by the beads from the co-cultures. E. coli
0157:H7 produces clear colonies on the SMAC agar whereas the E. coli K12 produces

pink colonies.

4.3 Result and Discussion
Binding of IgG was confirmed with a quantifiable 280 nm UV protein assay as

well as micro-BCA assay to measure the amount of IgG before and after
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functionalization of each bead type, and the amount of IgG loading on each bead type
was determined by subtracting the latter two measurements. As shown in Figure 4-6A
and 4-7A, calibration was created relating the optical densities in either protein
quantification assay to the concentration of BGG, which BGG is an accepted reference
protein for total protein quantitation of purified antibodies. As shown in Figure 4-6B and
4-7B, 280 nm UV absorption tends to overpredict IgG loading compared to the micro-
BCA assay. Overall, a reaction time of 2 h is adequate for IgG attachment to either type
of bead, and epoxy-/sulfate PS beads and epoxy-modified magnetic beads showed higher
IgG loading compared to aldehyde-sulfate and carboxylate-modified PS beads. The IgG
loading on the aldehyde-sulfate and carboxylate-modified PS beads indicated formation
of a near monolayer coverage (7.1 pg as calculated in the Methods section), while the
IgG loading on epoxy-functionalized beads tend to load nearly double the amount of IgG.

The p values are shown in Figure 4-6B and 4-7B.
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Figure 4-6. (A) Calibration chart correlating the 280 nm UV absorption to the BGG
standard concentrations. (B) Amount of antibody reacted with carboxylate-modified (blue
columns), aldehyde-/sulfate (red columns) and epoxy-/sulfate (green columns) PS beads,
and epoxy-modified magnetic beads (yellow columns) as a function of incubation time as
calculated using UV absorption at 280 nm.
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Figure 4-7. (A) Calibration chart correlating the absorption at 652 nm when measured
using the micro-BCA assay to the BGG standard concentrations. (B) Amount of antibody
reacted with carboxylate-modified (blue columns), aldehyde-/sulfate (red columns) and
epoxy-/sulfate (green columns) PS beads, and epoxy-modified magnetic beads (yellow
columns) as a function of incubation time as calculated using the micro-BCA assay.

To characterize the attachment of PEG to the PS beads, as shown in Figure 4-8
the electrophoretic mobilities of the beads as received, after attachment of IgG and after
attachment of PEG were measured using a Brookhavens Instruments’ ZetaPlus™. The
values for zeta potential were calculated using the Smoluchowski equation. Since zeta-
potential is the potential difference between the dispersion medium and the slipping layer

of the particle, a change in zeta potential with the attachment of PEG on the bead surface



93

can be observed. Further, it is known that when the zeta potential of colloids is between 0
to +5 mV leads to instant coagulation, between £10 to £30 mV leads to incipient
stability, between +30 to +40 mV leads to moderate stability, between +40 to £60 mV
leads to good stability, and greater than +60 leads to excellent stability. Since the
aldehyde groups present a mild negative charge, the sulfate-groups in the as received
beads were responsible for the zeta potential of -51.45 mV as shown in Figure 4-9 (blue
columns). The attachment of IgG adds positively charged amine residues to the surface,
which counteracts the stabilizing effect of the negatively charged sulfate groups and
reduces the net charge per bead; thus increase the zeta-potential to -42.64 mV. Further,
the co-immobilization of PEG adds its negatively charged backbone to the bead surface
and thus reduces the zeta-potential to -51.45 mV. The as received epoxy-/sulfate beads
showed a zeta potential of -38.54 mV, which is higher than that of as received aldehyde-
/sulfate beads (-51.45 mV). This may be due the low polarity of the epoxy group in water
compared to an aldehyde group. The attachment of IgG makes the zeta potential of the
epoxy-/sulfate beads (-45.65 mV) similar to that of IgG coated aldehyde-/sulfate beads (-
42.64 mV). The attachment of PEG increases the average zeta potential to -49.56 mV;
however, it was a statistically insignificant increase. Since the carboxylate-modified
beads lacked ionizable sulfate groups like the other beads, the zeta potential of the as-
received beads was high (-20.78 mV). Attachment of IgG dropped the zeta potential to -
33.34 mV, a value closer to that of other IgG coated beads. Attachment of PEG to the
carboxylate-modified beads dropped the zeta potential further to -47.94 mV, which is

close to the values for other IgG/PEG co-immobilized beads. Overall, the zeta potential
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values show that PEG co-immobilization was achieved on the all the PS beads and it

dropped the zeta potential close to -50 mV, thus improving the stability of the beads.
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Figure 4-8. The electrophoretic mobility experimentally measured for carboxylate-
modified, aldehyde-/sulfate and epoxy-/sulfate beads as received, after antibody
attachment, and after PEG co-immobilization.
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Figure 4-9. The zeta-potential measurement of CML, aldehyde/sulfate and epoxy/sulfate
beads after antibody and PEG attached.
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Next, how PEG coimmobilization influenced the effectiveness of epoxy-/sulfate,
aldehyde-/sulfate, and carboxylate-modified PS beads and epoxy-modified magnetic
beads in capturing live pathogen E. coli O157:H7 is measured. Figure 4-10 shows
capture efficiency % (CE%) for tests conducted from PBS containing ~1000 E. coli
0157:H7 cfu/ml. CE% was defined as ([E. coli O157: H7 count captured by beads — E.
coli O157:H7 count in negative controls] / E. coli O157:H7 count initially present x 100).
The carboxylate-modified beads with IgG and PEG coimmobilization resulted in highest
CE% (~64.8 + 3.7%). This was found statistically higher than the 45.26 + 2.7 CE%
demonstrate by the carboxylate-modified beads without PEG co-immobilized (p=0.011).
However, statistically significant increase or decrease in CE% with coimmobilization of
PEG was not found with the aldehyde-/sulfate and epoxy-/sulfate PS beads and epoxy-
modified magnetic beads with all p values larger than 0.05. The coimmobilization of
PEG on carboxylate-modified beads forces the antibody into a favorable position for
increased antibody-antigen interactions. Meanwhile, it is unable to explain why such
enhancements are not seen on other types of beads. While the epoxy-modified magnetic
beads did not show enhancement with PEG coimmobilization, a significant reduction in
the standard deviation in CE% was observed. One would expect that since epoxy-
/sulfate-modified PS beads showed a higher IgG loading, it would result in higher CE%.
However, the epoxy-/sulfate-modified PS beads showed the lowest CE%, ~32.8 + 8.6%
with PEG and ~30 =+ 8.82% without PEG. This is possibly because most of the Fab sites
are not available for antigen binding. There are some reports show that the random

orientation of immobilized antibody causes reduction the effect of antigen binding.[339]
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Figure. 4-10 CML, aldehyde/sulfate, epoxy/sulfate and magnetic epoxy E. coli O157:H7
antibody and PEG functionalized beads bacteria isolating efficiency study in E. coli
0157:H7 cell culture.

Figure 4-11 shows the influence of PEG coimmobilization on CE% for tests
conducted from PBS containing ~500 E. coli O157:H7 cfu/mL and ~500 E. coli K12
cfu/mL. Here, carboxylate-modified beads showed higher CE% compared to other beads
and the effect of PEG coimmobilization did not change the average CE% obtained by the
carboxylate-modified beads (p values smaller than 0.05), ~65.1 + 8.8% with PEG and
~64.9 + 6.9% without PEG (p value of 0.712). Also, compared to the capture study from
isolate cultures, the CE% obtained with carboxylate-modified beads with PEG was not
statistically different; however, a higher CE% for carboxylate-modified beads without
PEG was observed when the capture was conducted from mixed culture. In general,
coimmobilizing PEG on beads did not show statistically significant change in CE% when
capturing E. coli O157:H7 from mixed culture. The epoxy-/sulfate-modified beads gave

the lowest CE% among the beads tested and showed similar CE% with PEG (37.3 +
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6.3%) and without PEG (36.6 + 5%). Also, compared to the capture study from isolate
cultures, the average CE% obtained with epoxy-/sulfate-modified beads with PEG was
higher but statistically insignificant (p=0.876). Similarly, for the aldehyde-/sulfate-
modified PS beads and epoxy-modified magnetic beads, the CE% obtained from isolate
and mixed cultures were statistically indifferent. However, higher standard deviations in
the CE% were obtained during the capture tests from mixed cultures.
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Figure. 4-11 CML, aldehyde/sulfate, epoxy/sulfate and magnetic epoxy E. coli O157:H7
antibody and PEG functionalized beads bacteria isolating efficiency in E. coli O157:H7
with E. coli K12 mixed culture.

Figure 4-12 shows selectivity % (S%) for E. coli O157:H7 capture test from
mixed cultures. S% was defined as ([E. coli O157:H7 count captured by beads — E. coli
0157:H7 count in negative controls] / [total bacteria count captured — total bacteria count
captured in negative controls] x 100). While high standard error was recorded due to the
low bacterial counts in our experiments, by comparing the mean values S% >95 were

obtained using with PEG coimmobilization on carboxylate-modified PS beads and
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epoxy-modified magnetic beads. Meanwhile, the lowest %S was obtained with epoxy-
/sulfate PS beads. The increase in S% with coimmobilization of PEG was also seen with
carboxylate-modified PS beads (p=0.038) and epoxy-modified magnetic beads (p=0.040).
There is no such improvement in %S with coimmobilization of PEG on aldehyde-/sulfate
(p=0.800) or epoxy-/sulfate beads (p=0.426). From the test results in Figure 3,
carboxylate-modified PS beads give the best CE% and S% when capturing pathogen

from an isolate or mixed culture.
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Figure. 4-12 CML, aldehyde/sulfate, epoxy/sulfate and magnetic epoxy E. coli O157:H7
antibody and PEG functionalized beads bacteria isolating selectivity study in E. coli
0157:H7 with E. coli K12 mixed culture.

In Figure 4-13, 4-14, and 4-15 shows the accuracy, sensitivity, and specificity of
antibody immobilized beads capture E. coli O157:H7 in the mixed E. coli O157: H7 and

E. coli K12 culture. From the t-test evaluation, there is no significant change of the



accuracy, sensitivity, and specificity of three kinds of beads with or without PEG

immobilization due to all the p values are bigger than 0.05.
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Figure 4-13. The accuracy of antibody immobilized beads capture E. coli O157:H7 in
the mixed E. coli O157:H7 and E. coli K12 culture.
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Figure 4-14. The sensitivity of antibody immobilized beads capture E. coli O157:H7 in
the mixed E. coli O157:H7 and E. coli K12 culture.
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Figure 4-15. The specificity of antibody immobilized beads capture E. coli O157:H7 in
the mixed E. coli O157:H7 and E. coli K12 culture.

As shown in Figure 4-16, BD-UNCD chips were functionalized with anti-mouse
IgG, with or without PEG, and further treated with a blocking protein (casein). The
functionalized BD-UNCD chips were then packaged with a microfluidic channel on top,
and epoxy-/sulfate, aldehyde-/sulfate, or carboxylate-modified beads decorated with
mouse IgG were passed through the microchannel to learn how coimmobilization of PEG

and IgG on the BD-UNCD affected the bead capture. The magnetic beads were not
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chosen, as they tend to settle faster in microfluidics channels compared to PS beads due
to the density of magnetic beads. A 4 mm? area of the microfluidic channel was imaged
to enumerate bead capture. Statistically with or without PEG on BD-UNCD, specific
capture of the aldehyde-/sulfate- (green columns), the epoxy-/sulfate- (red columns) and
the carboxylate-modified (blue columns) beads showed statistically insignificant
difference (p values larger than 0.05), however the mean values did show an increase in
specific capture with PEG on BD-UNCD, with the epoxy-/sulfate-modified beads
captured the most (p=0.031). Next, as illustrated in Figure 4-17, how coimmobilization of
PEG and IgG on the BD-UNCD affected the non-specific binding of bead was tested.
BD-UNCD chips were functionalized with PEG, and blocked with casein. The
coimmobilization of PEG reduces the non-specific binding of carboxylate- beads by
~28% (p=0.023), while a statistically insignificant difference was observed in the cases of

aldehyde-/sulfate- (p=0.489) and epoxy-/sulfate- (p=0.156) modified beads.
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Figure. 4-16 The specific capture test of anti-mouse IgG functionalized microspheres on
BD-UNCD surface with or without PEG immobilization without DEP applied. (**
represents p>0.05)
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Figure. 4-17 The non-specific capture test of anti-mouse IgG functionalized
microspheres on BD-UNCD surface with or without PEG immobilization without DEP

applied.
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Next, the same capture experiment as above while applying a DEP field between
the ITO coated glass top and the BD-UNCD floor of the microfluidic channel were
performed. The surface chemistry of BD-UNCD will hold up to DEP for 1 h, specifically
if the specific and non-specific binding was altered due to changes in the IgG, PEG, or
blocker protein content on BD-UNCD. As shown in Figure 4-18, BD-UNCD chips were
functionalized with anti-mouse IgG, with or without PEG, and blocked with casein prior
to flowing mouse IgG coated beads in the presence of a DEP field. Like above, a 4 mm?
area of the microfluidic channel was imaged to enumerate beads capture. The specific
capture of epoxy-/sulfate beads was highest, irrespective of PEG presence on BD-UNCD.
Also, the presence of DEP did not change the influence of PEG coimmobilization as
noted above in the absence of DEP, statistical indifference in specific capture was found
with and without PEG on BD-UNCD (p values larger than 0.05). Overall, the use of DEP
resulted in higher specific capture of all the beads. The use of epoxy-/sulfate beads
showed an increase in specific capture of ~60% with PEG on BD-UNCD and ~63%
without PEG. Carboxylate beads showed an increase in specific capture of ~19% with
PEG on BD-UNCD and ~43% without PEG. Aldehyde-/sulfate beads showed an increase

in specific capture of ~37% with PEG on BD-UNCD and ~50% without PEG.
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Figure. 4-18 The specific capture test of anti-mouse IgG functionalized microspheres on
BD-UNCD surface with or without PEG immobilization with DEP applied. (**
represents p>0.05)

Next, as illustrated in Figure 4-19, how coimmobilization of PEG and IgG on the
BD-UNCD affected the non-specific binding of beads in the presence of DEP were
tested. BD-UNCD chips were functionalized with PEG, and blocked with casein prior to
flowing mouse IgG coated beads in the presence of a DEP field. The addition of PEG on
BD-UNCD reduced the non-specific binding of the epoxy-/sulfate beads by ~37%
(»=0.026), which is higher compared to that found in the absence of DEP. The non-
specific binding of aldehyde-/sulfate and carboxylate-modified beads showed statistically
insignificant change on adding PEG to the BDUNCD surface (p values larger than 0.05).
Overall, like the observations on specific binding in Figure 4-17, the non-specific binding
of all beads had increased with DEP compared to the non-specific binding without DEP.
To examine closely the extent of DEP-mediated increase in specific binding over non-

specific binding, specificity % (Sp%) as (bead captured specifically / bead captured
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specifically and nonspecifically x 100) was calculated. Table 4-1 shows the Sp% values
calculated from data in Figure 4-16, 4-17, 4-18, and 4-19. The Sp% in experiments
without PEG coimmobilization on BD-UNCD with DEP and without DEP is found
within £5% error of each other. The same holds true for Sp% in experiments with PEG
coimmobilization on BD-UNCD with DEP and without DEP. This shows that DEP did
not increase the non-specific binding over non-specific binding, neither vice versa.
Further, the Sp% in experiments without DEP show that the addition of PEG to the BD-
UNCD surface did not improve non-specific binding above and beyond a £5% error of
each other. The same holds true for Sp% from experiments with DEP. Examining the
mean values, the epoxy-/sulfate beads show some improve in Sp%, but still within a £5%
error margin. This shows that the coimmobilization of PEG on BDUNCD did not majorly

improve the specific binding over non-specific binding.

Non-Specific Binding with or without PEG on BDUNCD in presence of DEP

# Carbox ylate/Suifate
Eeads
Dielectrophoretic Field ®Epoxy/Sulfate Beads
s Aldehyde/Sulfate Beads
50 + FT
5 45 1 ] ! % \ !
<A l 3 40 4 p p=0.026
Eeol :
\ L 35 4
. t. l [ 30 E s
°
£
3
§201
(&)
. 15 4
z 10 4
@ g4
0

With PEG Without PEG

Figure. 4-19 The non-specific capture test of anti-mouse IgG functionalized microspheres
on BD-UNCD surface with or without PEG immobilization with DEP applied. (**
represents p>0.05)



Table 4-1. Specificity of capture calculated from data in Figure 4-16, 4-17, 4-18, and

4-19.
without DEP with DEP
Bead Type PEG on on PEG on on
BD- BD- BD- BD-
UNCD UNCD UNCD UNCD
Epoxy-/Sulfate 72+6.2% 78+5.4% 724+6.7% 81+6.6%
Aldehyde- 69+4.3% | 67+4.2% | 67+5.1% | 69+4.1%
/Sulfate
Carboxylate 64+4.0% | 69+3.8% | 65+4.5% | 65+3.3%
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As shown in Figure 4-20, the BD-UNCD surface is functionalized with anti-
mouse IgG and blocked with blocking protein (casein). The carboxylate- (blue columns),
aldehyde- (green columns), and epoxy- (red columns) beads with mouse IgG
immobilized were applied on the BD-UNCD surface for 1 hour to test the specific
binding ability with the present of PEG on the bead surface. Aldehyde-/sulfate-, epoxy-
/sulfate- and carboxylate-/sulfate- functionalized beads show similar behavior on specific
capture. There is no significant decreasing of specific capture with or without PEG
attachment on the beads (p values larger than 0.05). In Figure 4-21, it illustrated the test
of non-specific binding of beads with or without the present of PEG immobilization,
which shows a great reduction of non-specific binding of beads on BD-UNCD surface
when the beads are decorated with PEG (p values smaller than 0.05). The
dielectrophoresis (DEP) is an important factor to improve the specific capture efficiency
of IgG functionalized beads on the BD-UNCD surface. The specific capture was

improved by applying DEP force to grab down the functionalized beads onto the BD-
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UNCD surface to have more chance of physical contact for all three different surface
modified beads, however, there is no decreasing of specific capture whether with the
immobilization of PEG on the bead surface (p values larger than 0.05), as shown in
Figure 4-22. Although, with the DEP applied, the beads will have a greater chance to
have physical contact with BD-UNCD surface which will also give a higher chance of
non-specific binding. Figure 4-23 illustrates the non-specific bonding of functionalized
beads has a slightly increase comparing with no DEP present, but the non-specific
binding was greatly decreased by coimmobilizing PEG on beads surface for epoxy-
/sulfate- beads (p=0.012). Table 4-2 shows the Sp% values calculated from data in

Figures 4-20, 4-21, 4-22, and 4-23.
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Figure. 4-20 The specific capture test of anti-mouse IgG functionalized microspheres on
BD-UNCD surface with or without PEG immobilization without DEP applied. (**
represents p>0.05)
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Figure. 4-21 The non-specific capture test of anti-mouse IgG functionalized
microspheres on BD-UNCD surface with or without PEG immobilization without DEP
applied. (* represents p<0.05)
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Specific Binding with or without PEG on BDUNCD in presence of DEP
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Figure. 4-22 The specific capture test of anti-mouse IgG functionalized microspheres on
BD-UNCD surface with or without PEG immobilization with DEP applied. (**
represents p>0.05)
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Figure. 4-23 The non-specific capture test of anti-mouse IgG functionalized
microspheres on BD-UNCD surface with or without PEG immobilization with DEP
applied. (** represents p>0.05)
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Table 4-2. Specificity of capture calculated from data in Figure 4-20, 4-21, 4-22, and 4-

23.
without DEP with DEP
Bead Type without with PEG without with PEG
PEG on PEGon B

Bead on Bead Bead on Bead

Epoxy-/Sulfate | 78+5.6% | 86+6.7% | 81+5.4% | 85+5.8%
Aldehyde- | 5,4 g0 | 7845.1% | 68+5.8% | 76+5.8%

/Sulfate

Carboxylate 67+4.2% | 78+t4.4% | 63+4.9% | 80+4.9%

In this chapter, the co-immobilization of IgG and PEG were performed on the
BD-UNCD surface, epoxy-/sulfate-, aldehyde-/sulfate-, and carboxylate- modified
microsphere surface in order to reduce the non-specific binding of non-target

biomolecules. With the immobilization of PEG on the bead surfaces, the capture

4.4 Conclusion

efficiencies in isolated bacteria culture and mixed culture was increased, in addition, the

capture selectivity was improved. With the presence of DEP, the specific capture is

significantly increased, and at the same time with immobilization of PEG on both BD-

UNCD surface and beads surface, the non-specific binding can be reduced.



CHAPTERSS

BD-UNCD IMPEDANCE BIOSENSOR MICROFABRICATION AND
POTENTIAL BIOSENSING APPLICATIONS TESTING

5.1 Introduction

Electrochemical biosensors have been widely developed for many applications in
food safety, environmental monitoring, detection of bacteria, and clinical chemistry due
to their specificity, sensitivity, accuracy, fast respond, and portability [340-342].
Impedance spectroscopy especially focuses on investigating the electrochemical
properties of interfaces and materials [6, 343]. Impedance spectroscopy-based biosensors
[344-347] are the most suitable for detecting antigens [348-350], because of to the
simplicity in transducing the detection signal and high sensitivity in monitoring
bimolecular interactions at the interface. In impedance measurements, an AC current with
a sinusoidal signal v(t) = V,,sin(wt) are applying to the electrodes, and generating a
current i(t) = I,,sin(wt + 6) is measured. The ration of v(t)/i(t) at a particular
frequency is defined as impedance (Z) of the cell. The V,, aﬁd I,,, are the amplitude of
voltage and current, respect. The w is the frequency, and 8 is the phase. This
measurement is performed through a range of frequency to generate the changing of
impedance as a function of frequency, Z(w). The experimental impedance data then need
to be fit into an equivalent circuit for investigating the electrode surface behavior. In
impedance biosensors, the antigens binding to the sensor surface, which is functionalized

with biomolecules (enzyme, antibody, aptamer, and DNA), result in the changing of
111
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impedance. Long et al. have reported to fit the changing impedance data into a Randles
circuit, which consists of an uncompensated resistance (Rs) in series with a charge
transfer resistance (Rct) of a faradic reaction and the parallel combination of the
capacitance (C) [343]. The concentration of antigen binding influences the changes in
transfer resistance (Ret), which provides the quantity information of binding antigen.
However, a Randles circuit was too simple to present the real electrochemical systems,
and did not describe the physical change on the electrodes surfaces properly, which will
lead to the misunderstanding of experimental data. In this chapter, first, a new equivalent
circuit was presented which will fit the physical meaning of each element of our
biosensor. Each element in the circuit is quantified as the changing in physical properties.

Secondly, boron-doped ultra nanocrystalline diamond has been chosen as the
material for fabricating biosensors. Although, silicon surfaces have been attractive to
create the biomolecule-materials interface in the initial microfabricated biosensors due to
the potential reduced manufacturing costs from mass-production by the existing
semiconductor industry[351]; however, the poor chemical instability of silicon surface
and surface chemistry in saline solutions create a need for an alternative substrate
material. In contrast, diamond is well known for its extremely chemically stable electrode
material with a large electrochemical potential window, reduced non-specific binding of
protein, low noise to signal ratio results low detection limit, dimensional stable and the
ability to regenerate surface multiple cycles [14, 39, 60, 352-355]. Yang ef al. has
developed label-free diamond-based biosensor and field-effect transistor for monitoring
of DNA hybridization and protein-protein binding [201, 269]. Fujishima et al. have

shown an enhanced detection limit of hydrogen peroxide and bisphenol A[231, 233]. The
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electrochemical detection of complementary DNA was reported by Nebel ef al. with a
detection limit of 10 pM with nanostructuring of the diamond electrodes with extended
nanowires, which is 100 times smaller than the detection limit of gold electrodes[271].
Also, the diamond coating surface has been reported as biocompatible in dental
implants[356], vivo studies on orthopedic[272, 273] and vitro studies[109, 112, 277].
Moreover, thin diamond films can now be deposited on silicon and other microelectronic
compatible substrates by chemical deposition processes readily integrable with other
semiconductor practices [15]. With the invention of conducting diamond material, which
is doped with boron, makes diamond an even more attractive material for biosensing
applications. In this chapter, a 3 x 3 array of BD-UNCD interdigitated microelectrodes
impedance biosensor was presented to monitor the changes between electrodes and

multiple mediums for the potential biosensing applications.

5.2 Materials and Methods

5.2.1 Materials

The boron-doped ultracrystalline diamond (BD-UNCD) wafer with 2 um
diamond film with resistivity of < 0.1 Q-cm on a 2 um thick silicon dioxide and 500 um
thick silicon wafer was acquired from Advanced Diamond Technology. All stock
solutions were prepared by deionized (DI) water with a minimum resistivity of 18.0 MQ-
cm. Phosphate-buffered solution (PBS), PBS with 0.1% Tween 20 (PBS-T20), casein
blocking buffer and bovine serum albumin (BSA) were bought from AMRESCO. FITC-

labeled goat anti-mouse IgG were obtained from Jackson ImmunoResearch.
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5.2.2 BD-UNCD impedance biosensor fabrication

As shown in Figure 5-1, the first step in the BD-UNCD impedance biosensor
fabrication, the BD-UNCD wafer with 2 um thick BD-UNCD film was sent to the
University of Texas at Dallas to deposit 1 um thick silicon dioxide film as the mask
(Figure 5-1B) for dry etching BD-UNCD film. However, the adhesion force between BD-
UNCD film and silicon dioxide film is weak. The BD-UNCD film is pre-treated with
H2S04:H20: (v/v) = 3:1 at 120 °C for 10 min to have the BD-UNCD with —OH group
terminated. The —OH group terminated BD-UNCD surface can increase the adhesion
force for silicon dioxide deposition to avoid peeling-off of the silicon dioxide film. The
silicon dioxide is deposited via Unaxis 790 PECVD system at 250 °C, pressure 900
mTorr, 400 sccm of 2% SiHa in He and 900 sccm of N2O, with 50 W power for 30 min
(growth rate 35 nm/min). After silicon dioxide deposition, a regular photolithography
process using SPR-220-4A positive photoresist was performed to generate the mask for
silicon dioxide etching, which will become the pattern of impedance biosensor. The
photoresist pattern wafer was transfer into a RIE system for drying etching silicon
dioxide film with 56 sccm of CHF3 at 35 mTorr using 200 W power for total 50 min
process ( 5 min x 10 times to prevent overheat of the photoresist) at etching rate of 22.8
nm/min, as shown in Figure 5-1C. The BD-UNCD film is etched using ICP-RIE system
(silicon dioxide as mask) with Oz plasma with 50 sccm of Oz at 50 mTorr using 1800 W
RF power and 100 W substrate power, which has the etching rate of 50 nm/min, for 40
min. The silicon dioxide mask was removed with 7:1 buffered oxide etchant (BOE), as
shown in Figure 5-1D. The BD-UNCD pattern was covered with 500 nm thick silicon

dioxide layer which was deposit using a PECVD system in the University of Texas at
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Dallas, as shown in Figure 5-1E. The sensor electrodes and connection fingers was
exposed by etching the silicon dioxide which was patterned using a regular
photolithography process (S1813 positive photoresist as the mask), as shown in Figure

" Om
'I >
'H—»’ﬂ

Figure 5-1. Process flow of fabricating BD-UNCD impedance sensor. (A) 2 um thick
BD-UNCD film on 525 um thick silicon wafer which has 1 um thick silicon dioxide on
it, (B) 1 pm thick silicon dioxide was deposit on BD-UNCD film via PECVD, (C) the
wafer processed through regular photolithography and buffered oxide etching process to
generate patterns on silicon dioxide, (D) the silicon dioxide patterns were used as mask to
etch BD-UNCD film in ICP-RIE system and removed with BOE after etching BD-UNCD
film, (E) 500 nm silicon dioxide was deposit on the wafer via PECVD as an insulation
layer, (F) a regular photolithography and buffered oxide etching process were performed
to open the windows on sensor electrodes parts and connection fingers parts.
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5.2.3 Coimmobilization of FITC-labeled goat anti-mouse IgG and PEG on BD-
UNCD

Obtained BD-UNCD wafer was diced into 12 mm x 16 mm chips. Subsequently
each BD-UNCD chip (12x16 mm) was first rinsed with acetone, IPA, DI water, and dried
with nitrogen. Trifluoroacetamide-protected 10-aminodec-1-ene (TFAAD) was custom
synthesized was mixed with 1-dodecene in 2:1 ratio (v/v) as the functionalization mix.
The 1-dodecene provides space for TFAAD molecules and enhances the efficiency of
deprotection. The photochemical attachment was carried out in a nitrogen purged reaction
chamber. The functionalization mix was applied uniformly between the BD-UNCD
surface and a piranha-cleaned quartz slide at about 2 uL/cm?, then radiated with 254 nm
UV at ~2 mW/cm? for 8 h. Excess reaction mix was removed by sonicating the chip in
chloroform and isopropyl alcohol for 5 minutes. The TFAAD attached BD-UNCD film
was deprotected in a tightly-sealed vial containing 65 mM sodium borohydride in
anhydrous methanol solution. The solution was incubated for 6 h at 70 °C to create a
primary amine group termination. The sample was then rinsed with DI water and dried
with nitrogen. The primary amines on the sample surface were further reacted with
glutaraldehydride in sodium cyanoborohydride coupling buffer at 20 °C for 4 h to yield
an aldehyde group termination. The aldehyde-terminated surface was rinsed with DI
water and dried with nitrogen. The functionalized surface was incubated for 18-22 h at 4
°C with a 100 pg/ml FITC-label goat anti-mouse IgG solution. On the next day, the
surface was washed with PBS-T20 twice and PBS once to remove non-specifically
adsorbed antibodies. The surface was further reacted with PEG-NH: for 1 h at 20 °C. The

basic washing routine was performed to remove non-specific absorbed PEG. The non-
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specific binding sites were blocked with a casein-based blocking buffer for 1 h at 20 °C.
The surface was then washed again with PBS-T20 twice and PBS once to remove

loosely-bound casein.

5.2.4 Biosensor testing

Electrical connections were made using a high-density card-edge connector.
Impedance measurements were made with a CompactStat (Ivium Technologies). The
excitation voltage was limited to 10 mV to prevent the restructuring or delamination of
the BD-UNCD electrodes, the denaturing of attached biomolecules, or electroporation of
capture bacteria. The measurements were made using DI water that measured a
conductivity of 3.95 uS/cm. The first impedance measurements were made when
exposing the sensor to 0.001x PBS. The sensor surface was rinsing with DI water for
three times. Subsequently, the sensor was exposed to 0.01x PBS and impedance
measurement again. The impedance measurement was followed the sequence of
mediums, 0.025x PBS, 0.05x PBS, 0.1x PBS, 0.5x PBS, 1x PBS and human serum.

Between each measurement, the sensor was rinsed with DI water for three times.

5.3 Result and Discussion
Figure 5-2 below shows the camera images and microscope images of the
fabricated BD-UNCD sensor with 9 IDE electrodes. During the fabrication of BD-UNCD
biosensor, the BD-UNCD surface was treated with the mixture of H2SO4/H20:2 to gain
additional adhesion force for SiO2 deposition due to the O-termination of BD-UNCD
surface. However, this process will change part of the surface H-termination group into
O-termination group. Since the previously reported UV-alkene surface chemistry scheme

for attaching protein on a CVD diamond surface is based on the hydrogenated carbon
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atoms, the ability of immobilizing protein on the fabricated BD-UNCD biosensor surface
has been tested. Figure 5-3A confirms the attachment of FITC-label goat anti-mouse IgG
on the fabricated BD-UNCD sensor surfaces, compared with which on the H-terminated
BD-UNCD surface, shown in Figure 5-3B. The quantification of fluorescent intensity
from both of the BD-UNCD surfaces has been studied, as shown in Figure 5-4. There is
no significant difference of fluorescent intensity between fabricated BD-UNCD surface
and H-terminated surface (p=0.022), even for the negative control. In our experiment, the
negative control (without UV-alkene chemistry) recorded any fluorescent from our

microscope, provides the evidence of insignificant attachment of antibodies.

Figure 5-2. The images of fabricated BD-UNCD impedance sensor (A). The microscope
images of IDE electrodes with different magnifications (B) 100x, (C) 200x, and (D)
500x.
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L : Negative Control

Figure 5-3. Fluorescent image of (A) fabricated BD-UNCD surface and (B) non-
fabricated BD-UNCD surface with the attachment of FITC-label goat anti-mouse IgG via
UV-alkene chemistry.
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Figure 5-4. Fluorescent intensity of both surface with negative control.

Table 5-1 shows the different circuits used to fit the data obtained via impedance
spectroscopy at the BD-UNCD interdigitated electrodes. Impedance spectroscopy at
interdigitated electrodes is typically modeled using a Randle’s circuit as shown in Table
5-1, which accounts for solution resistance (R5s), the capacitance of the double layer (Ca)
formed on the electrode, the resistance to diffusion of ions (W;s) through the double layer

and interfacial electron transfer (R.s). The diffusion of ions in the double layer modeled

R tanh(iTw)PM

via a Warburg diffusion element (Z, = TrayPR where Phi = 0.5) is a constant

phase element (CPE), with a frequency-independent phase of 45° and with a magnitude
inversely proportional to the square root of the frequency. The Nyquist plot of such a

model results in a semicircle followed by a line at an angle of 45° typically.



Table 5-1. Equivalent circuit on impedance spectroscopy.
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Rs QPE1
I\ E)——
QPE2
pu—

Phase Element 2

Equivalent Circuit Notation Reference
Rs ca R;- Solution {357]
N\ I Resistance
Rct Ws1 Ca - Double layer
Capacitance
R.; - Charge Transfer
Resistance
Wl - Warburg
Diffusion element
Ce Rs ca C.- E!ectrode Electrode-:
| WV, } capacitance model with
l Re I Ret wst R, - Electrode Randle’s
Resistance Circuit
CPE Rs ca CPE - Constant CPE in
> VAN { } Phase Element for electrode
| Re I Ret Ws1 electrode maodel
CPE1 R CPE2 CPE?2 - Constant Ca
>~ Phase Element for replaced by
Re Ret Ws double layer effect CPE2
pon Qu - Constant Phase | [358]
> Element 2 for double
Rf layer
Ry - Field resistance
Ret c‘. Ws ; C; - Space Charge
Capacitance
CPEY Rs CPE2 Cs- Space Charge Modified
—t: j—\/V‘ C > Capacitance Circuit
Re Ret Cs Ws I model
QPE - Constant [92]

The Randle’s equivalent circuit is one of the simplest possible models describing

processes at the electrochemical interface but fails to account for electrode capacitance

and resistance. BD-UNCD films are non-homogeneous in nature, composed of 5-10 nm

grains with boron dopant mostly present at the grain boundaries. Such doped semi-
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conducting electrodes can be modeled as a capacitor representing the bulk of the BD-
UNCD grain in parallel with a resistor that represents the conducting pathway along the
grain boundaries[359]. Thus, circuit 2 shown in Table 5-1 was tried, as well as circuits 3
and 4, which were modification of circuit 2 replacing either the electrode capacitance or
the double layer capacitance with a CPE to account for anomalous relaxation effects. The

CPE (Zcpg = ) is a simple distributed element which produces impedance having

1 _
T (iw)Phi
a constant phase angle in the complex plane. In this model, the CPE acts as a capacitor if
Phi > 0.5, as resistor if Phi < 0.5 and as inductor if Phi =-1.

Recently Siddiqui ef al. proposed an equivalent circuit for BD-UNCD electrodes
where two modified constant phase elements (CPEs) were used for modeling the double

layer, the diffusion of ions and the solution resistance as shown in circuit 7 [92]. This model

does not use a separate charge transfer resistance (R.) as in Randle’s circuit, but this lumps

._.._5_____.)
(i RT w)PhV”

it with the CPEs as modified CPEs (Z¢opg, =
With semiconducting electrodes, the charges at the surface of the electrode can
often be separated to form a space-charge region that controls the flow of electrons. In
case of BD-UNCD, the surface is typically hydrogenated as deposited. However, during
photolithography and reactive ion etching process, the BD-UNCD surfaces are
oxygenated to form carboxylate, alcohol or aldehyde terminations. These surface states
can lead to formation of a space-charge region within the electrode, which is often
modeled using a capacitor in parallel with charge transfer resistance. Van de Lagemaat et

al. modeled their homoepitaxial CVD diamond electrode with ‘oxidized’ surface as the

circuit 5 shown in Table 5-1 with a capacitance (Cs) modeling the space charge
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region[358]. A modification of circuit 4 with the C; in series with the Rc was tested as
shown in circuit 6.

While all the circuits above failed to model our data, the data best fit with a
modified Randle’s circuit placing Cs in series with the R.r as shown in Figure 5-5. The Z
arising from C. and CPE] was high, suggesting the neglection of such elements and
lumping the Re and Rs into a single element. From Nyquist plots shown in Figure 5-6,
incongruity is found on impedance data patterns for sensor 7 and 8 compared with those

obtained from other sensors.

Rse Ca
L]
Rat G W,

Rse — Solution and electrode resistance

Cd — Double layer Capacitance

Rt — Charge transfer resistance

Cs — Space charge capacitance

Ws — Warburg short circuit diffusion element
W — Consists of three components:

Ws-R - Resistance

W;-T — Time constant or capacitance

Ws-P — Exponent

Figure 5-5. Equivalent circuit diagram for curve fit using impedance spectroscopy.
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Figure 5-6. Nyquist Plots on impedance spectroscopy obtained from nine sensors (for
0.1xPBS).

From Figure 5-7, the chart on charge transfer resistance on all nine sensors infers
the malfunction of sensor 7 and 8 due to electrode surface damage as they are exhibiting
high resistance beyond the average with the corresponding values from other sensors. In
Figure 5-8, it shows Bode Plots on nine sensors for 0.1xPBS. Figure 5-9 to 5-14 shows

Parameter plots, Figure 5-9 electrode resistance, Figure 5-10 double layer capacitance,
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Figure 5-11 space charge capacitance, Figure 5-12 Warburg resistance, Figure 5-13
Warburg parameter W1-T, and Figure 5-14 Warburg parameter W1-P for all nine sensors

in 0.1x PBS.
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Figure 5-7. Charge transfer resistance (R.:) in ohm obtained for all nine sensors.
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Figure 5-8. Bode Plots on nine sensors for 0.1xPBS
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Figure 5-9. Parameter plots, electrode resistance for all nine sensors in 0.1x PBS.
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Figure 5-10. Parameter plots, double layer capacitance, (C) space charge capacitance

W1-P for all nine sensors in 0.1x PBS.
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Figure 5-11. Parameter plots, space charge capacitance parameter for all nine sensors in
0.1x PBS.
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Figure 5-12. Parameter plots, Warburg resistance for all nine sensors in 0.1x PBS.



129

1.30E-03
£
S 1.10E-03 |
3

 9.00E-04 |
[

£ 7.00e-04 |
(1]

5 5.00E-04 |

2
€ 3.00E-04 |

2 . soros ﬁﬂﬂ ALALA

1
Sensor #

Figure 5-13. Parameter plots, Warburg parameter W1-T for all nine sensors in 0.1x PBS.
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Figure 5-14. Parameter plots, Warburg parameter W1-P for all nine sensors in 0.1x PBS.

5.4 Conclusion
In this chapter, a BD-UNCD based IDE microelectrodes impedance sensor was
developed, and test for potential biosensing applications. A new simulation model has
been developed to fit the impedance mesurament of this sensor. The impedance change of
the sensor was demonstrated in different concentration of PBS solution with different
solution conductivities to test the working properties of those sensors. The charge transfer

resistance is the main parameter to determine if the sensor is working properly.



CHAPTER 6

CONCLUSION AND FUTURE WORK RECOMMENDATIONS

6.1 Conclusion

This dissertation provides meaningful insight to realizing our proposed DEP-e-
MIB scheme to detect bacteria in clinical samples. The operation of the biosensor is only
feasible upon realization of a unique electrode structure that can withstand DEP
conditions while the sample is being flowed over the sensor and that can provide
adequate sensitivity to impedance changes upon binding of the target to the bioreceptors.

Conductive diamond electrodes have a wide electrochemical window for
oxidation and reduction of water compared to gold electrodes and thus hold the potential
to realizing the DEP-e-MIB scheme. However, such diamond electrodes have not been
found conductive enough. So the process of making nanodiamond-seeded gold electrodes
was tested and using such electrodes for DEP and impedance spectroscopy. Although the
gold-electrodes with an ND surface coverage of nearly 35% did not hold up to the DEP
conditions, these electrodes provided excellent sensitivity for impedance biosensing.
Methano! forms the ideal solvent in seeding gold sensing surfaces with NDs with positive
zeta potential, in comparison to solvents such as acetone, ethanol, IPA and deionized
water. Further, the seeding has to be performed in solutions with higher ND
concentration and for seeding times as long as 30 minutes to produce maximum surface

coverage, and to consecutively achieve maximum bacterial capture density. These NDs
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with positive zeta potential can be functionalized with the UV-alkene chemistry without
further reduction step. NDs when seeded at a 3x3 interdigitated electrode array, act as
electrically conductive islands between the electrodes and reduce the effective gap
between the electrodes, thus allowing to perform impedance spectroscopy in solutions
with low electrical conductivity such as ITS. This ND seeding procedure along with the
UV-alkene chemistry is applicable to a wide range of sensing methodologies, including
quartz crystal microbalance, surface plasmon resonance, microarray technology, and
electrochemical sensing. Bacterial sensing can be performed in ITS and the changes
obtained in resistance to charge transfer with bacterial capture is nearly twice than that
obtained with plain electrodes.

Next, the use of boron-doped ultra nanocrystalline diamond electrodes for DEP
was tested without actually fabricating a 3x3 interdigitated electrode array out it. When
using a flat BD-UNCD electrode in a microfluidic channel, it was difficult to apply
adequate DEP force on bacteria and hence the need to use immunolatex beads as a DEP
tag to apply more force on the bacteria and also help purify bacteria from sample was
realized. All bead-based assays are plagued with non-specific binding and hence the
effect of bead bioconjugation chemistry, bead PEGylation, and PEGylation of BD-UNCD
surface were examined. When performing tagging and isolation of bacteria from isolated
cultures of E. coli O157:H7, PEGylation of the beads only increases the capture
(isolation) efficiency in case of carboxy-modified beads. Whereas when performing
tagging and isolation of bacteria from mixed cultures of E. coli O157:H7 and E. coli K12,
PEGylation of the beads does not influence the capture efficiency or selectivity. The

following was found with different types of beads without PEGylation. The PEGylation
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of the BD-UNCD electrode does not impact the specific capture regardless the type of
bead, however the non-specific capture of epoxy-/sulfate- beads was found to decrease,
while that for the carboxylate and aldehyde-/sulfate- beads was found to be statistically
similar. The presence of DEP was found to amplify any differences in capture or non-
specific capture of beads on the PEGylated and non-PEGylated BD-UNCD surfaces.
Application of DEP led to higher specific captures of epoxy-/sulfate- beads overall,
regardless of the PEGylation condition of the BD-UNCD. The following was found with
the BD-UNCD surface PEGylated. In the absence of DEP or PEGylation of beads,
specific binding is not statistically different between the beads with different
bioconjugation chemistry, however, the non-specific binding was found to be lower for
the epoxy-/sulfate- and aldehyde-/sulfate- chemistries compared to the carboxylate
modified beads. On application of DEP, the differences in specific and non-specific
capture amplified causing clear differences amongst the beads with different
bioconjugation chemistries. In the absence of DEP, PEGylation of beads does not affect
the specific capture of the beads, however it reduces the non-specific capture of the
beads. This holds true also in the presence of DEP. Overall, for each type of bead, DEP is
found to increase the specific capture as well as non-specific capture of the beads,
regardless of the PEGylation conditions.

At last, a BD-UNCD based 3x3 IDE microelectrodes array sensor was developed,
and tested for potential biosensing applications. After inspecting the fluorescent intensity
from the immobilized fluorescent-labeled antibodies on the fabricated and non-fabricated
BD-UNCD surface, the patterned BD-UNCD surface can be immobilized with antibody

as good as deposited BD-UNCD surface. The impedance spectroscopy data obtained
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using BD-UNCD IDEs in 0.1X PBS was acquired, and an equivalent circuit model has
been identified to fit this data. Examining sensors with high charge transfer resistance
allows identifying sensors that might not provide adequate sensitivity. Overall the charge
transfer resistance and the electrode resistance were high compared to a similar structured
gold IDEs. This indicates that open BD-UNCD IDEs although capable of applying DEP

may not be suitable for impedance biosensing.

6.2 Future Work Recommendations

The DEP-e-MIB has been fabrication with gold, nanodiamonds-seeded gold and
boron-doped ultra nanocrystalline diamond, and tested out for DEP application and
impedance spectroscopy. Gold and ND-seeded gold IDEs cannot be used for DEP
application due to electrode damage from electrolysis and joule heating, however BD-
UNCD IDE:s are suitable for application of DEP but its relatively high electrode resistant
and charge transfer resistance make it less sensitive for impedance spectroscopy. For
future work, a new design of DEP-e-MIB was recomended as shown in Figure 6-1A.
Here the IDEs and the wiring would be made with gold, and only the IDEs will be
selectively covered with 200 nm thick BD-UNCD as shown in Figure 6-1B. This protects
the gold from getting damaged from electrolysis. Another advantage of such design is
that the electrode resistance will be lower compared to our BD-UNCD IDEs and hence

enable impedance spectroscopy.
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Bl Gold B BD-UNCD

Figure 6-1. (A) Scheme of the new design of DEP-e-MIB, and (B) cross view of IDE.
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