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Abstract

Over the past decades, surface plasmon resonance (SPR) technology has
gained popularity as a powerful analytical technique for the study of biomolecular
interactions and medical diagnostics. This is made possible thanks to the well-
established gold-thiolate chemistry. However, the limited sensitivity and long-term
stability of gold substrates and alkanethiol self-assembled monolayers motivate us to
explore lamellar carbon-on-metal structures as SPR substrates and the spontaneous
adsorption of aryldiazonium salts as surface functionalization strategies.

Our electron-beam evaporation process allows very thin, defect-free, well-
adhered carbon films to be deposited on metal substrates, leading to minimal
sensitivity loss for carbon-on-gold films and enhanced sensitivity for carbon-on-silver
films in SPR measurements compared with previous reports. With further
optimization of the deposition process and SPR instrumental setup, we believe that
the sensitivity of carbon-on-silver films can be increased even more.

Spontaneous adsorption of aryldiazonium salts provides a fast and simple
strategy to pattern surfaces selectively with stable monolayers of chemical linkers,
which are viable for the covalent attachment of biomolecules on SPR substrates. This
surface chemistry, together with carbon-on-gold films, were utilized to develop a
proof-of-concept immunoassay, showing improved performance compared with the
physical adsorption of biomolecules.

This thesis demonstrates that a combination of carbon-on-metal films and
spontaneously grafted diazonium layers can be a potential alternative to Au-thiolate

SAMs for SPR sensing, thereby improving the performance of SPR-based biosensors.
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What is more, carbon-on-metal substrates also have potential as a versatile analytical
platform that are compatible with not only SPR but also electrochemistry and SERS
techniques, opening a pathway for new, exciting nanostructures and sensing schemes

to be developed with analysis power never seen before.
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Chapter 1. Introduction

1.1 Research Scope and Objectives

Since the first demonstration of surface plasmon resonance (SPR) principle and
application in gas sensing in the early 1980s, SPR-based biosensors have become an
important tool for detecting analytes of importance in medical diagnostics,
environmental monitoring, food safety, and security. Current SPR technology
primarily relies on the use of thin gold substrates and alkanethiol self-assembled
monolayers, which have found limitations in terms of sensitivity and long-term
stability. This thesis explores the viability of employing carbon-on-metal substrates
and aryldiazonium chemistry in SPR biosensors to circumvent the above-mentioned
limitations.

Experimental research objectives include the following: (1) fabricating and
characterizing carbon-on-gold films; (2) demonstrating feasibility of modifying
carbon-on-gold films by spontaneous grafting of aryldiazonium salts; (3)
demonstrating viability of carbon-on-metal films for use as SPR substrates; and (4)
demonstrate application of carbon-on-gold films and aryldiazonium chemistry in a
SPR-based immunoassay.

This chapter introduces relevant topics that are critical to the understanding of
SPR-based biosensor development, including (1) history, physics, and
instrumentation, (2) alkanethiolate self-assembled monolayers, (3) lamellar structures

as SPR substrates, and (4) aryldiazonium surface chemistry.

1.2 History, Physics, and Instrumentation

Surface plasmons, also known as surface plasmon polaritons or surface plasma
waves, are resonant oscillations of conduction electrons at the metal-dielectric
interface stimulated by incident light. Surface plasmons were observed first in 1902
by Wood,' who reported abnormal narrow dark bands in the spectrum of light
diffracted from a metallic diffraction grating. These anomalies were theorized to be

associated with the excitation of electromagnetic waves on the surface of the



diffraction grating in 1941 by Fano® and later explained in terms of surface plasmon
resonance in 1968 by Ritchie et al.®> In 1968, surface plasmons excited optically by
attenuated total reflection configurations were proposed by Otto* and Kretschmann
and Raether,” establishing convenient methods to observe surface plasmons and the
basis for most SPR instrumentation today. The potential of SPR for sensing
applications was realized first in 1983 for the detection of gas and biomolecular
interactions.® Since the first commercial SPR instrument was developed in 1990 by
Biacore (now GE Healthcare),’ SPR sensing has been employed widely in the

8-10

applications of biomedical diagnostics, pharmaceutical ~ development,''

12-15 18,19

biotechnology, security,'®!” food safety, and environmental monitoring.”’

The simplest geometry in which a surface plasmon can exist is at the interface
of two media with dielectric constants of opposite signs, such as a metal and a
dielectric.”! A surface plasmon is a transverse magnetic (or p-polarized) mode, whose
magnetic field lies in the plane of the metal—dielectric interface and is perpendicular
to the direction of propagation.”' The intensity of the magnetic field maximizes at the
interface and decays exponentially into both the metal and dielectric.’ The

propagation constant of a surface plasmon at a metal-dielectric interface can be

_o [emes
ksp_ c 8m+ Eg (1)

where w is the angular frequency, c is the speed of light, and €, and & are the

expressed as:

dielectric constants of the metal film and the surrounding media, respectively. Since
€m1s a complex entity (€m = &mr + 1€mi), Ksp also 1s a complex entity, whose real part is
associated with the effective refractive index of the surface plasmon and the
imaginary part with the attenuation of the surface plasmon in the direction of
propagation.?

Surface plasmons can be supported by a metal having a dielectric constant
with a negative real and small imaginary parts.”> In the visible and near infrared

1

regions, gold and silver fulfil this condition.”’ Gold substrates are employed

preferably because they are optically and chemically stable. Silver exhibits sharper



angular resonance than gold, leading to enhanced sensitivity, but its widespread use is
limited by poor long-term stability due to the ease of surface oxidation.**

Surface plasmons can be excited optically if the component wave vector
parallel to the interface of the incident light (k) matches the propagation constant of
the surface plasmon (ksp);22 kx1s given by:

k=2 2)
where o is the angular frequency and c is the speed of light. As k, is always larger
than k,, surface plasmons cannot be excited directly by light incident onto a metal
surface.’! In order to lower ksp or increase ky for resonance to occur, different optical
configurations and plasmonic materials must be used.” The coupling between light
and surface plasmons can be achieved by prism, grating, or waveguide coupling.'

The most common method to excite surface plasmons optically is by using a
prism coupler in the Krestchmann® attenuated total reflection configuration (Figure 1-
1). In this configuration, p-polarized light is reflected off the base of a high refractive
index prism, and the reflectivity is measured. A thin layer of gold (~50 nm) is placed
in contact with the base of the prism, followed by a bulk dielectric (e.g., water or
buffer). When p-polarized light propagating in a medium of high refractive index n,
(prism) encounters a medium of lower refractive index ng (water/buffer), it is totally
reflected at an incident angle exceeding the critical angle (O.ritica) glven by Snell’s law

as:

U

3)

sinBOcritical = -
This phenomenon is termed total internal reflection, and the reflectivity of light
ideally is 100%. Even though light is reflected totally, the electric field of the light
penetrates the medium of lower refractive index, resulting in an evanescent wave
which decays exponentially from the interface. The evanescent wave can tunnel
through the metal thin film to excite the surface plasmons at the other metal—
dielectric interface. The surface plasmons absorb energy from the incident light and
decrease the reflectivity from 100%, resulting in an observed dip in the light intensity.
The angle at which there is a minimum in reflected intensity is called the surface

plasmon resonance angle. The resonance condition can be expressed as:



k==npsin0 = Re {kyp} (4)
where 0 is the incident angle and Re{k,} is the real part of ks,.>"*
A change in the refractive index of the surrounding media within ~200 nm?® of the
sensing interface alters the propagation constant of the surface plasmon; and
consequently, through the resonance condition it changes the resonance angle,
resonance wavelength, and the intensity and phase of the reflected light. These
changes can be monitored by angular, wavelength, intensity, and phase

21,22

modulation. Intensity modulation, also known as surface plasmon resonance

imaging or SPRi, can be used for high throughput multiplexed sensing.”’
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Figure 1-1. General principle of SPR in the Krestchmann configuration. See text for details. E:
evanescent field; k,: wave vector of incident light; ky,: wave vector of surface plasmons.

SPR-based biosensors consist of a biorecognition element and an SPR

transducer. The biorecognition element (ligand) selectively interacts with an analyte.



The SPR transducer translates the binding event into an output signal (angular,
wavelength, intensity, or phase)."** The principle of a surface plasmon resonance
imaging biosensing system used in this work is demonstrated in Figure 1-2. Binding
of the analyte to the ligand immobilized on the gold surface shifts the SPR curve to a
higher angle, and the resulting increase in reflected intensity is measured with a
charge-coupled device (CCD) detector at a fixed incident wavelength and angle

within a linear part of the SPR curve.”’
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Figure 1-2. General principle of surface plasmon resonance imaging. The reflected light of the whole
array is detected by a CCD detector. Binding of the analyte to the corresponding ligand results in a
shift of the SPR curve to a higher angle and is detected simultaneously at every spot of the array as a
change in the reflectivity (A%R) when measured at a fixed incident angle.

Depending on the detection format (i.e., direct, sandwich, competition, or

inhibition), either the biorecognition element or the analyte is immobilized on the



gold surface, and the other is contained in a liquid sample. In the direct, sandwich,
and competitive detection format, the biorecognition element is physisorbed or
attached covalently onto the gold surface. Covalent attachment often is preferred, as it
offers strong and stable linkages and easy regeneration of the sensor surface, which
can remove the analyte but not the surface-attached ligand. Covalent immobilization
usually includes coupling of amine, aldehyde, or thiol on previously formed self-
assembled monolayers of functional groups.” As such, the choice of surface
chemistry is critical to the performance of SPR-based biosensors and will be

discussed in the next section.

1.3 Alkanethiolate Self-assembled Monolayers

The employed surface chemistry has to enable efficient immobilization while
preserving the biological activity and minimizing non-specific binding to the surface.
The most common strategy to functionalize gold surfaces is self-assembled
monolayers (SAMs) of alkanethiols discovered in the 1980s by Nuzzo and Allara.?®
The thiol containing compounds spontaneously chemisorb onto the gold surface to
form a gold—thiolate bond, which can be summarized by the following reaction:*
R—(CH,),~SH + Au — R—(CH,),~S Au" + % H,

where R is the terminal functional group, such as -COOH, -NH,, —~OH, etc.

Although alkanethiols adsorb spontaneously also on silver,”® copper,”
palladium,’” platinum,* nickel,** and iron,* gold is the most employed substrate, and
SAMs on gold are by far the most extensively studied and well-characterized. The
main reason is that there is no stable surface oxide layer on gold under ambient
conditions, which simplifies cleaning and/or preparation procedures. Adsorption of
alkanethiols on gold generally is performed in 10—1000 uM solutions in different
solvents, depending on the nature of the thiol molecule.”” To form a well-ordered
SAM, adsorption times can vary from 2 to 12 h for long chain alkanethiols to at least
24 h for short chain alkanethiols or thiols with terminal groups different from —CH;.”’

Mixed monolayers can be produced by immersing the gold substrate in a

solution containing a mixture of alkanethiols. The resulting SAMs consist of a



reasonably homogenous mixture of the components,”® and the mole fraction of the
surface component is related to its mole fraction in solution.”” The formation of
mixed SAMs layers can allow for control of the density of surface attached
biorecognition element®™ and produce surface layers that can perform multiple
functions, i.e. immobilizing biorecognition elements and minimizing non-specific
binding.***°

The adsorption of alkanethiols on the gold surface has been shown to proceed

via two distinct steps (Figure 1-3).*"#

The first step involves a surface-head group
interaction and is diffusion limited; a disorganized, incomplete layer is formed within
a few minutes of contact between the clean metal surface and the alkanethiol solution.
The second step, also known as surface crystallization, involves the slow
reorganization of the alkyl chains into an organized, densely packed, two-dimensional
layer over several hours. The order of the monolayer is due to the van der Waals
interactions between the alkyl chains. SAMs with alkyl chains of n > 9 yield more

crystalline structure, whereas shorter chains form more disorganized, liquid-like layer

because of the limited chain-chain interactions.*
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Figure 1-3. Scheme of the different steps during the self-assembly of alkanethiol on a gold surface:
initial adsorption followed by the reorganization and crystallization of the SAM.



The monolayer formed is well characterized, and the alkyl chains have been
shown to be in the all trans-conformation, tilted ~20-30° with respect to the surface
normal.** Alkanethiol SAMs on gold usually are not defect-free. Less defective
SAMs are formed on a smoother surface” and by molecules with longer alkyl
chains® and/or terminal groups smaller than the footprint of the alkyl chain (~20
A).*° The integrity of SAMs also contributes to the thermal stability of SAMs. SAMs
with few defects (i.e., high integrity) are more stable because alkanethiols organized
into the two-dimensional structure are harder to remove than individual
alkanethiols.***’

Gold—thiol chemistry often faces stability issues.***’ The gold—thiol bond
strength is 50 kcal/mol®® and is described as a pseudo-covalent bond.** The sulfur
atom is prone to oxidation to either sulfinates (—SO,) or sulfonates (—SO3).** The rate
of oxidation depends on the alkyl chain length (shorter-chain length SAMs oxidize

5051 and the chemical nature of the terminal

much faster than long-chain ones)
functional group.”” The oxidized SAM is bound less strongly to the gold surface,’
desorbing from the surface and thereby impairing the performance of the final device.
SAMs are typically stable within a potential window between +1.0 and —1.0 V vs
SCE (depending on alkyl chain length, terminal group, and the gold surface

#3354 at temperatures below 100 °C> and for a week or two in air.** The

quality),
poor long-term stability of SAMs is particularly problematic in such applications as
on-surface combinatorial chemistry (due to the harsh chemical conditions used) and
photolithography (due to the oxidation of the gold—sulfur bond by ultraviolet
radiation).”

The readily formed, thoroughly characterized gold—thiol chemistry gives rise
to its popularity in the field of SPR-based biosensors. Additionally, the availability of
alkanethiols with various terminal functional groups enables the convenient formation
of ordered interfaces with a well-defined chemistry. Although alkanethiol SAM on
gold is used extensively, the poor long-term stability of this surface chemistry is a

serious limitation with practical implications. Therefore, alternative surface chemistry

has to be explored for the fabrication of high-performance SPR sensing interfaces.



1.4 Lamellar Structure as SPR Substrates

Gold has been the substrate of choice for SPR sensing due to its stability in aqueous
environments and ease of functionalization by alkanethiol SAMs. However, gold does
not produce the highest SPR sensitivity. Indium tin oxide (ITO) can achieve high
sensitivity in the infrared range,”’ while silver is the most appealing substrate in the
conventional visible range.” Silver can be functionalized with alkanethiol SAMs
similar to gold,*® but its widespread use is limited by poor long-term stability. Silver
is more prone to surface oxidation than gold, and the resulting oxidized surface
complicates the ability to control the interfacial chemistry for biosensing applications.
A strategy to circumvent this limitation is by depositing an overcoating on top of the
surface plasmon active metal film (Figure 1-4); the overcoating thickness has to be
on the order of a few nanometers to retain high sensitivity because the SPR signal
decays exponentially within 200 nm from the interface.”® The overlayer protects the
underlying metal film and simultaneously opens the door for new surface chemistries
other than alkanethiol SAMs to be used. The overlayers under investigation include

oxide-based and carbon-based layers.

. SiOz, SnOZ:Sb, ITO
Overcoating layer Si-C, C, graphene
Au, Ag, Cu, Al, | SPR-supporting layer

Pt, Ir, Pd, ZnO |
__ Adhesionlayer -[Cr, Ti, W, ZnO

Glass

Quartz
Ceramic|[

Silicon

Substrate

Figure 1-4. Different materials used in SPR substrate fabrication.

1.4.1 Oxide-based Overcoatings

Silicon dioxide-based materials, or glass, are routinely used in biosensing,
particularly in the fabrication of DNA and proteins arrays as they are inexpensive and
easily functionalized with the well-developed silane-coupling chemistry.”**® An early

developed silica overlayer suffered from the poor stability of the gold/SiO; interface;
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the thin silica layer peeled off the surface within a few minutes upon immersion into
water and PBS buffer.”” A more recently developed strategy for the formation of 3—
100 nm silica films includes sol-gel deposition of 3-
(mercaptopropyl)trimethoxysilane on gold, followed by hydrolysis of the terminal
trimethoxysilyl groups to silanol groups necessary for the condensation reaction of
spin-coated tetramethoxysilane.”® A different approach employs layer-by-layer
deposition of poly(allylamine hydrochloride) and sodium silicate, followed by
calcination at high temperature to form stable silicate films of 2—-15 nm.*' A stable,
smooth, and very hydrophilic gold/SiO, interface was obtained by spin coating of
poly(hydroxymethylsiloxane) and post-treatment with plasma oxidation.®*® Stable
silica films as thin as 7 nm can be deposited directly on gold using plasma-enhanced
chemical vapor deposition of a silane and nitrous oxide gaseous mixture, negating the
need for an additional titanium adhesion layer between the gold and the silica films.**
The robust silane-coupling chemistry developed for glass bioassay has been exploited
on these silicate films, which have been demonstrated in the fabrication of several
DNA and protein assays.’®® However, silica coating finds limitation in
electrochemical SPR because of the sluggish charge transfer manifested in its
insulating nature.***’

Antimony-doped tin (SnO,:Sb) and indium tin oxide (ITO) have emerged as
promising coatings for electrochemical SPR applications due to a low resistivity of
10%-10 Q cm.®® " The biorecognition element can be coupled on ITO and SnO,:Sb
surfaces using the same silane-coupling chemistry as silica-based lamellar
structures.”? SnO,:Sb has a high imaginary part of the dielectric constant (¢ = 1.91 +
10.249) and thus a yellow color and additional light absorption, leading to a
significant decrease in the photon-plasmon coupling efficiency and broadening of the
SPR curve.” The ITO overlayer is optically transparent and does not deteriorate the
SPR signal like SnO,:Sb as only a shift to larger resonance angle is observed.*

Having an oxide-based overcoating can decrease the sensitivity of the SPR
supporting metals with the surrounding refractive index change; 7 nm SiOy, 8.5 nm
ITO, and 5.5 nm SnO,:Sb coatings on Au decrease the sensitivity of bare Au

substrates by ~20%, 17%, and 35%, respectively.”> The same thicknesses of ITO and
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SnO,:Sb coatings on Ag lowered the sensitivity of bare Ag by 9% and 44%,
respectively.”> Only ITO coating Ag can provide a 35% sensitivity enhancement
rivalling bare Au substrates.”> However, the main drawback of these oxide-like
overcoatings is with the silane chemistry, as it is not entirely well controlled.”” In
addition, the Si—O-Si bonds are prone to hydrolysis when subject to harsh
environments such as highly saline conditions.*
1.4.2 Carbon-based Overcoatings
Carbon-based surfaces can protect the underlying metals effectively while allowing
for more well-developed and robust chemistry to be used, such as UV light-mediated
functionalization with alkene-containing molecules’' and electrografting strategies. >
The bonds formed are often covalent, leading to enhanced stability of the final device.
Lockett et al.”’* demonstrated SPRi-, carbon-based DNA arrays prepared by
sputtering amorphous carbon on gold and silver substrates. Then,
photofunctionalization with alkene-containing molecules was used for the in-situ
synthesis of oligonucleotide arrays, which was impossible with traditional gold/thiol
substrates due to the exposure of the surface to UV light and oxidizing chemical
conditions. A minimum carbon film thickness of 7.5 nm was needed to support array
synthesis adequately, as thinner films sometimes delaminated and rendered the
substrates unusable. An amorphous carbon overlayer resulted in a decrease in photo-
plasmon coupling efficiency and broadening of the SPR curve, and, consequently,
sensitivity loss due to its complex dielectric function (¢ = 2.19 + i0.63).** A 7.5 nm
thick carbon film corresponded to 42% loss of sensitivity relative to a bare gold film.
A carbon film of the same thickness deposited on silver is 12% more sensitive than
the carbon-on-gold counterpart but is inadequate to rival bare gold substrates.”>"”"
Another approach involves depositing amorphous silicon-carbon alloys, or a-
Si;Cy:H, on gold and silver substrates by plasma-enhanced chemical vapor
deposition.” The silicon and carbon contents can be fine-tuned to change the material
properties, such as optical transparency. When deposited on gold, a 5 nm thick a-
Si9.63Co37:H retained the sensitivity of bare gold. When deposited on silver, the same

silicon-carbon layer increased the sensitivity by 175% compared to bare gold. The
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silicon-carbon alloy can be functionalized with alkene-containing molecules through
the formation of stable Si—C covalent bonds. A biotin-streptavidin proof-of-concept
experiment was conducted on the Ag/a-Sij3Co37:H substrates, and a detection limit
of 6 ng/mL of streptavidin was reported. Although such interface represents an ideal
candidate for sensitive SPR, the amorphous silicon-carbon alloy coating was not
homogenous as some pinholes and intermixing with the metal have been observed.
More recently, graphene has been investigated as an alternative coating on
silver and gold. Graphene can be grown by chemical vapor deposition, then
transferred mechanically onto gold; however, unavoidable defects can arise from the
transfer process.”® Recently, graphene directly grown on gold has been
demonstrated.”” Each graphene monolayer has been shown to absorb 2.3% of the
incident light due to its complex dielectric function.”® Additional layers of graphene
shift the resonance angles to higher angles, decrease photo-plasmon coupling
efficiency, and broaden the SPR curve; the effects are more pronounced on gold than
on silver.”*” Aside from the protection that it can provide, graphene also can enhance
the sensitivity of SPR-based sensors by increasing adsorption of biomolecules
through 7-m stacking interactions compared with the gold surface.”® The overall
sensitivity of graphene-based SPR substrates, therefore, depends on the number of

graphene sheets and the enhanced adsorption efficiency on graphene.

1.5 Aryldiazonium Surface Chemistry for SPR Sensing

The poor stability of SAMs on gold has prompted researchers to explore the reductive
adsorption of aryl diazonium salts as an alternative.® Diazonium salts can be grafted
electrochemically and form covalent bonds which are more stable than the Au-S

81 The electroreduction of

bonds, leading to enhanced stability of the adlayer.
diazonium salts was pioneered in 1992 by Pinson and coworkers,*” and investigated
further by several groups, including the McCreery,*™ Downard,* ** Bélanger,*” and
Gooding groups.”® Aside from forming strong covalent bonds with the surface, aryl
diazonium salts are easy to prepare, available with a wide range of reactive functional

groups, and rapidly (electro)deposited.”’
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The electrografted aryl layers are formed by a one-electron electrochemical
reduction of the diazonium ion and concomitant dinitrogen loss, resulting in an aryl
radical that reacts with the substrate surface to form the initial film. The generated
aryl radical can attack already grafted molecules on the surface, thereby forming
multilayers.”? The thickness of the layer typically ranges from a few layers up to ~100
nm.” A large number of substrates can be electrografted by aryl diazonium salts,
including different forms of carbon, metals, oxides, semiconductors, and polymers.92
Figure 1-5 illustrates the electrochemical modification of a substrate by diazonium
compounds, resulting in a multilayered structure with possible azo bonds within the
layer or at the substrate-aryl layer interface. Physisorbed dimers also are likely to be
present.”’ Formation of the aryl layers is less ordered and not as homogenous as
alkanethiol SAMs.*® Monolayers can be formed with careful control over the charge
passed during the electrochemical reduction process® by using aryl diazonium salts

with steric hinderance at the 3,5-positions’* or bulky protecting groups.”

Substrate

Figure 1-5. Modification of surfaces by (electro)chemical reduction of diazonium salts.

The lack of control in using aryl diazonium chemistry is compensated by the
greater stability of the resulting structure. The C—C bond formed between the phenyl
radical and the carbon surface is significantly stronger than Au—S bond (~4eV vs ~1.6
eV).”® The strength of Au(l111)-aryl bond theoretically is comparable with the
Au(111)-S bond,”” but experimental work by our group provided direct evidence for
the enhanced stability of aryl diazonium-derived layers over SAMs.*' Aryl layers
have been shown to withstand annealing up to 700 K without being lost from the
surface,” potential cycling between —2 V/SCE to 1.8 V/SCE depending on the para

subs‘[i‘[uent,99 sonication in various solvents,72 and storage for several months in air.”?



14

The formation of mixed layers of aryl diazonium salts via electrografting was
reported first by Dequaire'® and coworkers in 2003 and still is in its infancy, as little
is known about the resulting structures. From a binary mixture of aryl diazonium
salts, the ratio of the components on the surface is shown to be governed by the redox
potential of each salt, i.e., the species with the more positive reduction potential
dominates on the surface.'” It is unclear as of now the distribution of the two
components and the thicknesses of the layers. The level of sophistication of mixed
layer thiolate SAMs has not been achieved with diazonium chemistry.***

The grafting of aryl diazonium salts also can occur spontaneously, i.e., by

immersing the substrate in a solution of an aryldiazonium salt, and it has been

102,103 102,103

reported on carbon, metals, and semiconductors.'® Spontaneous grafting

widens the range of substrates that can be modified by aryl diazonium salts to poor
conductors, nanostructured materials, and nanoparticles in suspension.'® %
Additionally, spontaneous grafting is simple and convenient to scale-up for industrial
production.'’” It is believed that a substrate with enough reducing potential provides
the electrons necessary for the spontaneous reduction of the aryl diazonium cation via
a redox reaction.''’ On glassy carbon (GC), carbon black, and pyrolyzed photoresist
films (PPF), spontaneously grafted aryl films have been shown to have similar
characteristics to those grafted electrochemically, but they generally are thinner and
form more slowly.''" Several parameters have been found to affect the spontaneous
attachment, including immersion time, diazonium salt concentration, and solvents, as
well as the nature of the substrate and the diazonium compound. The mechanism of
the spontaneous grafting reaction is not as well understood as the electrochemical

111
route.

Immobilization of biomolecules''> '

115,116

and formation of low fouling
surfaces on Au SPR chips has been demonstrated with electrochemical
reduction of diazonium salts. The electrochemical deposition allows for localized
functionalization.''” The gold surface can be modified first with the diazonium salt,
followed by attachment of the biomolecule.''*''* Alternatively, an aniline derivative
is conjugated to the antibody, followed by diazotation of the aniline-antibody

conjugation and subsequent electrodeposition on the surface.''? The harsh conditions
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employed for diazotation (20 mM HCI and 20 mM NaNO, at ice cold temperature)
may not be compatible with all proteins;* this can be circumvented by conjugating

the aryl diazonium salt to the protein directly.118

The application of spontaneously
grafted aryl layers to immobilize biomolecules on SPR substrates remains
unexplored, even though it potentially facilitates functionalization of multispot SPRi
chips with various aryl diazonium salts and thus immobilization of the biorecognition

element by simple drop-casting.

1.6 Thesis Outline

This thesis demonstrates the viability of employing carbon-on-metal substrates and
spontaneous grafting of aryldiazonium salts to improve the sensitivity and long-term
stability of SPR-based biosensors. Combination of carbon-on-metal films and
spontaneously adsorbed diazonium layers can be a potential alternative to thiolate
SAMs on Au for SPR sensing.

Chapter 2 thoroughly characterizes the physicochemical properties of carbon-
on-gold films prepared by electron-beam evaporation. Specifically, carbon
microstructure, O/C ratio, wettability, and roughness were probed. In addition, the
electroanalytical performance of carbon-on-gold electrodes was highlighted, focusing
on potential window, capacitance, electron-transfer rates, adsorption, and stability.
Such information is crucial in guiding and understanding the subsequent surface
modification of these films, particularly by electrografting methods. The promising
performance of carbon-on-gold electrodes should open the door to their applications
in electrochemical and electrochemical SPR biosensors.

Chapter 3 explores surface modification of carbon-on-gold films by
spontaneous grafting of aryldiazonium salts. The effects of deposition conditions,
such as immersion time, solvent, aryldiazonium salt concentration, and para-
substituent, on resulting adlayers were studied. A combination of spectroscopic and
electrochemical techniques was employed to optimize grafting conditions as well as
to understand the structure-reactivity relationships of carbon surfaces. Insights into

the reaction mechanism and the nature of the surface—aryl layer bond also were
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presented. Detail examination of spontaneous grafting of aryldiazonium sets the stage
for its application in interfacial design for carbon-based SPR and electrochemical
biosensors and beyond.

Chapter 4 demonstrates the feasibility of carbon-on-metal films as SPR
substrates. The thickness of the carbon layer was varied, and the effects of carbon
thicknesses on SPR sensitivity and pinhole density were investigated. A defect-free,
well-adhered 2 nm thick eC film coating was deposited on goal and silver substrates.
Notably, enhanced sensitivity was observed with carbon-on-silver substrates in
comparison to the gold counterparts. Non-specific adsorption of proteins on carbon-
on-gold films also was presented. A collection of techniques was employed to
quantify and characterize adsorbed protein layers. The results obtained in this chapter
pave the way for future studies on the development of carbon-based bioassays as well
as novel non-fouling surface chemistry.

Chapter 5 reports an SPR-based immunoassay utilizing carbon-on-gold films
as substrates and spontaneous grafting of aryldiazonium salts to immobilize
biomolecules. The grafted aryl layers were characterized and used to immobilize
biomolecules covalently, and their performance was compared with physical
adsorption. Good SPR specific signal, regeneration potentialities, preserved
biological activity of immobilized protein A, and favorable orientation of captured
antibody were obtained. Selective patterning of the sensing surface also was
demonstrated. The results show the viability of spontaneous grafting of aryl
diazonium salts for facile immobilization of biomolecules on SPRi substrates. Based
on the good demonstration results presented in this chapter and the inherent stability
of the covalent aryl-surface bonds, spontaneous adsorption of diazonium salts can be
a potential complement to the prevalent Au-SAM chemistry in the development of

sensitive, stable SPR biosensors.
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Chapter 2. Characterization of Carbon-on-
Gold Films: Physicochemical Properties and
Electrochemical Performance:

2.1 Introduction

Carbon materials have been used for more than a century in various electrochemical
applications, such as electroanalysis, energy storage, and electrosynthesis, with often
cited advantages, including a wide potential window, superior mechanical stability,
and low cost.? Recently, disposable electrodes have received greater attention
because of the rising need for on-spot, in situ monitoring, and point-of-care testing in
biomedical, pharmaceutical, industrial, and environmental fields, where no
pretreatment or cleaning between measurements is preferred.” Of particular interest
are screen-printed carbon electrodes, which can be produced easily and massively
using thick film technology.’* However, these films often yield slow electron-transfer
rates and widely varied analytical performance. This is due to the addition of
polymeric binders and other additives to the carbon inks that tend to pacify the carbon
particles in various ink formulations.™®

Thin carbon film electrodes with high purity and fast electron kinetics have
been developed to overcome the above-mentioned problems. These films are

prepared by various fabrication processes, such as pyrolysis of organic films, "

2,9,10 11-15

chemical vapor deposition of organic gases, sputtering, and electron-beam

1% The bulk and surface chemistry of the films, which dictate their

evaporation.
electrochemical performance, depend greatly on the fabrication procedure. For
example, pyrolyzed photoresist film (PPF) is a disordered, sp® hybridized carbon
material with a very flat surface [~0.5 nm root-mean-square (rms) roughness] and low
surface oxide level compared to polished glassy carbon (GC).* Boron-doped diamond
(BDD) thin films can be made by chemical vapor deposition from a mixture of
methane and a source of boron, often B,Hg in hydrogen plasma.” BDD consists of

sp>-hybridized carbon atoms and has a rough, polycrystalline morphology, with grain

2 The contents of this chapter have been copied and/or adapted from the following publication Nguyen, T. P.; McCreery,
R. L.; McDermott, M. T. Evaluation of the Electroanalytical Performance of Carbon-on-Gold Films Prepared by Electron-
Beam Evaporation. The Analyst, 2020, 145(14), 5041-5052.
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boundaries at the surface and a small fraction of a nondiamond carbon impurity.? PPF
and BDD electrodes exhibit electron-transfer rates for outer-sphere redox systems
similar to polished GC, but they are less reactive to inner-sphere redox systems and
have significantly lower capacitance and adsorption.**°

Carbon films prepared by various sputtering methods, such as electron
cyclotron resonance (ECR) and unbalanced magnetron sputtering, have been studied
extensively by Niwa and co-workers. These carbon films, usually ~40 nm thick, can
be deposited at room temperature with un ultraflat surface and tuneable sp*/sp ratios
by varying deposition conditions; rms roughness ranging from 0.07—0.68 nm and sp’

21,22
d.”>

contents ranging from 13-53% were reporte They generally exhibit a wide

potential window, low background current, electron-transfer rates for Ru(NH3)63 e
and Fe(CN)¢>"* similar to polished GC, high stability, and lower adsorption.? Their
high S/N, resulting from the low background current and suppression of electrode
fouling by electroactive species without pretreatment, proved advantageous in
detecting analytically important molecules, such as bisphenol A, alkylphenols,
serotonin, and oligonucleotides.'***2*

Electron-beam evaporation also has been used to produce thin, amorphous
carbon films, with interesting properties and a wide range of applications.'® "
Compared to sputtered films, evaporated films generally have significantly higher
purity and, consequently, higher conductivity due to a lower inclusion of residual
gaseous impurities.*® Electron beam deposited carbon (eC) was investigated initially
for use as transparent carbon electrodes.!”'® Our group previously reported eC films
deposited on highly doped silicon substrates. Very thin eC films (7 nm thick) exhibit
a near atomic flat surface (rms roughness ~0.1 nm) and electron-transfer rates of
several benchmark redox systems comparable to polished GC and PPF.'® The recent
use of eC to fabricate highly stable carbon-based molecular electronic devices has
been reviewed by Sachan et al.”” The inherently low conductivity of eC and resulting
ohmic potential losses can be overcome by depositing eC on a thin layer of metal like
Au.® A 10 nm eC layer on a 30 nm thick gold layer decreases the sheet resistance

from 10*~10° Q/0 for eC alone to 1.05 /1 for the eC/Au film.” Taking advantage of

the extreme flatness and high conductivity of the eC/Au bilayer, Morteza Najarian et
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al. studied electron-transfer kinetics on a multilayer
KCli000/€C1o/TiCs/Auso/Cr3/Si/Si0,300 film electrode (subscripts indicate thicknesses
in nm) by scanning electrochemical microscopy (SECM)." The KCI layer was
deposited in-vacuo without exposure of the eC/Au film to air, then removed by
dissolution in the aqueous electrolyte under study. Heterogeneous electron-transfer
rates exceeding 14 cm/s and 6.9 cm/s were obtained for
(ferrocenylmethyl)trimethylammonium (FcTMA™) and Ru(NH;)e>" redox systems,
which were and continue to be among the highest rate constants reported for carbon
electrodes due partly to the multilayer film structure and to the SECM measurement
method.**>*

In this chapter, we report the physical, chemical, and electrochemical
characterization of 10 nm eC deposited directly onto an Au film (which will be

36,37
=" and

referred to as eC/Au hereinafter). The direct contact between the eC and Au,
the gold thickness of 42 nm are chosen with an eye towards future surface plasmon
resonance (SPR) applications. Carbon-on-gold films have shown promise as SPR
substrates.””® A thin carbon overlayer can provide protection for the easily oxidized
but more surface plasmon-active metals than gold such as silver to be used as SPR
substrates.**’ Additionally, self-assembled monolayers (SAMs) of thiols have been
the dominant surface chemistry on gold, but the gold-sulfur bond is susceptible to
oxidation and photodecomposition.”® The well-developed carbon-based chemistry,
notably electrochemical grafting, is a powerful and robust alternative to SAMs.***!
The differences in substrate layer composition and film thicknesses relative to that
examined by Morteza Najarian et al.'"” motivated us to explore our eC/Au films
thoroughly. This chapter aims to characterize the electroanalytical performance of
eC/Au electrodes with more commonly used electrochemical methods and to compare
this performance to polished GC. Approaches that are common to characterize carbon
electrodes were applied here to examine the electrochemical properties of eC/Au;
surface properties, electron-transfer kinetics, adsorption, and stability were
investigated. Benchmark redox systems, which previously have been classified

according to the sensitivity of their electron transfer kinetics to the surface chemistry

of a carbon electrode,' were used here to enable comparison between different carbon
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electrodes. An understanding of the physicochemical and electrochemical properties
of eC/Au should promote its use as a disposable electroanalytical material and
electrochemical SPR substrate as well as broaden the surface chemistry for SPR

substrates via electrochemical modifications.

2.2 Experimental

2.2.1 Chemicals and Materials

Concentrated sulfuric acid (95%-98%, Caledon); potassium chloride (ACS reagent,
99.0-100.5%, Aldrich); potassium ferricyanide (certified reagent, Caledon); dopamine
hydrochloride (Aldrich); hexaammineruthenium(IIl) chloride (98%, Aldrich);
ferrocene (98%, Aldrich); perchloric acid (70%, ACS reagent, Fisher);
tetrabutylammonium tetrafluoroborate (TBABF4) (99%, Aldrich); 2-propanol
(certified ACS, Fisher); acetonitrile (for HPLC, gradient grade, >99.9%, Aldrich);
acetone (ACS reagent, >99.5%, Aldrich); 9,10-phenanthrenequinone (PQ) (95%,
Aldrich); sodium anthraquinone-2-sulfonate (AQMS) (HPLC, > 98%, Aldrich);
activated carbon (Caledon); and lead(II) oxide (certified, Fisher). All were used as
received, except PQ was recrystallized from ethyl alcohol. Solutions were prepared
fresh daily and purged with nitrogen gas for 10 min before use. Aqueous solutions
were prepared with deionized water (DI) purified and deionized through a Barnstead

E-Pure system (18.2 MQ-cm, ThermoFisher).

2.2.2 Film Preparation

P-type, (100) oriented silicon wafers were diced into 1.3 x 1.85 cm? chips to serve as
substrates. The substrates were cleaned by sonication in acetone, isopropyl alcohol,
and DI water for 15 min each, dried with nitrogen gas, and loaded into the
evaporation vacuum chamber (Kurt Lesker PVD 75). The chamber was pumped to a
typical pressure of below 5 x 10 Torr and remained between 10 and 10™ Torr
during deposition. Layers shown in Figure 2-1A were deposited without breaking

vacuum, with thicknesses and evaporation rates as follows: Cr adhesion layer (2 nm,
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0.03 nm/s, Au (42 nm, 0.03 nm/s), and eC (10 nm, 0.01 nm/s). The target for eC
deposition was spectroscopically pure graphite rods (SPI Supplies, PA). Evaporation

rates and thicknesses were controlled with a quartz crystal microbalance.

>

10nmC

42 nm Au

Si substrate

Figure 2-1. (A) Illustration of an eC/Au film with indicated thicknesses of deposited layers on Si
substrate. (B) Representative static contact angle image of a 4 uL. drop of DI water resting on a freshly
prepared eC/Au film (~10 min of ambient air exposure).

2.2.3 Surface Characterization

Raman spectroscopy. Raman spectra were collected by a Renishaw InVia Raman
microscope using an Ar excitation laser (514.5 nm) with 30 mW power through a 50x
objective. The instrument was calibrated with a Si standard prior to use.

X-ray photoelectron spectroscopy (XPS). XPS spectra were collected at room
temperature using a Kratos Axis (Ultra) spectrometer with monochromatized Al K,
(1486.71 eV) at nanoFAB. The spectrometer was calibrated by Au 4f;, binding
energy (84.0 eV), with reference to the Fermi level. The analysis chamber pressure is
lower than 5 x 107 Torr. CasaXPS software was used for atomic ratio calculations
and component analysis. Note: Adventitious carbon was likely present and thus

complicated the interpretation of C 1s spectra.
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Water contact angle. Water contact angles were measured with a 4 pL. droplet
using a Réame-Hart goniometer (model 590) equipped with DROPimage advanced
software. The reported values were averages of two measurements on different areas
of each sample (N = 3).

Atomic force microscopy (AFM). Surface roughness was characterized by
AFM using a Veeco/Digital Instruments Multi-Mode NanoScope IV and commercial
Si3N4 cantilevers (Nanosensors) in tapping mode. The scan rate was 2 Hz. Several
images of sizes 500 nm x 500 nm, 1 um x 1 um, 2 um x 2 um, and 4 um x 4 pm
were taken on different areas of each sample (N = 6). The root-mean-square (rms)
roughness values were determined and averaged from these images using Gwyddion

software.

2.2.4 Electrochemical Characterization

All electrochemical measurements were conducted with a three-electrode cell and a
bipotentiostat (model AFCBP1, Pine Instruments) on at least three samples. Home-
made Ag/AgCI/KCl (3.5 M) and Ag/Ag" (0.2 M Ag" in acetonitrile containing 0.1 M
TBABF,) reference electrodes were used for aqueous solutions and acetonitrile
solutions, respectively. A Pt mesh was used as a counter electrode, and eC/Au and
GC were used as working electrodes. GC (Tokai GC 20) plates (2.5 cm x 6 cm) were
polished manually in 1, 0.3, and 0.05 pum alumina slurries with a Microcloth polishing
cloth (Buehler), followed by sonication in DI water for 15 min prior to use. The
geometrical working electrode area was defined by a viton O-ring.
Chronoamperometry in 1 mM Fe(CN)s> in 1 M KCI yielded an electrode area of
0.319 £ 0.005 cm” (N = 3).

Stripping of underpotentially deposited lead. Lead from 1 mM PbO in 1 M
HCIOj4 solution was deposited onto the working electrode by stepping the potential
from open circuit to —0.4 V for 5 s. The underpotentially deposited lead subsequently
was stripped oxidatively at a scan rate of 0.5 V/s.

Electrode kinetics. The redox systems under investigation were as follows: 1
mM Fe(CN)g® in 1 M KCI, 1 mM Ru(NH;)¢*" in 1 M KCI, 1 mM dopamine in 0.1 M

H,SO4, and 1 mM ferrocene in acetonitrile containing 0.1 M TBABF,. Heterogenous
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electron-transfer rate constants were calculated for a simple one-electron redox
system using the method of Nicholson,** as detailed previously.'®

Adsorption measurements. The electrodes were immersed in 10 uM AQMS in
1 M HCIO4 and 10 uM PQ in 1 M HCIOy solutions for 10 min and rinsed well with
DI water. Then, cyclic voltammograms were obtained in 1 M HClOy at a scan rate of
0.1 V/s. Surface coverage of quinones was quantified by measuring the area under the

voltammetric reduction wave using the method described by Brown and Anson.*?

2.3 Results and Discussion

The relationship between the physicochemical properties of carbon materials and
their electroanalytical performance has been a long-term interest to researchers and is
explored here for eC/Au films. Material and surface properties, such as carbon
microstructure, sp’/sp> carbon ratio, O/C ratio, roughness, and wettability, were
probed for these films. Electrochemical properties of eC/Au have been assessed
briefly by cyclic voltammetry'® and are investigated further here, including potential
window, capacitance, electron-transfer rates for four benchmark redox species,
adsorption, and stability of electrochemical response. In a previous report, a TiC
adhesion layer between eC and Au was needed to prevent delamination of the eC film
during electrochemical experiments.”” We did not observe delamination of the eC

layer for our films, indicating good adhesion of the film to the substrate.

2.3.1 Surface Characterization

Carbon microstructure. Raman spectroscopy, which is used regularly to characterize
carbon materials, was used here to investigate the microstructure of the eC/Au films.
The Raman spectrum for a 10 nm thick eC layer on Au (Figure 2-2) contains a broad,
featureless band between 1200 and 1600 cm™. This is similar to that observed for eC
deposited onto Si'® and the multilayer KCl;g9o/eC1o/TiCs/Auso/Crs/Si/Si0,300 film
(subscripts indicate thicknesses in nm) previously reported.'’ The spectrum suggests
that the eC/Au film is comprised of disordered amorphous carbon containing both
sp’- and sp’- hybrids. This spectral feature also is observed for microcrystalline

graphite.* Deconvolution of the Raman spectrum into the G (graphitic) and D
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(disordered) bands observed for graphitic materials and subsequent analysis resulted

in ~30% sp’ hybridized carbon, or an sp*/sp” ratio of ~0.43 (Figure 2-2).
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Figure 2-2. Raman spectrum of eC/Au (514.5 nm, 30 mW, 100 s, 50x). Breit-Wigner-Fano (BWF) and
Lorentzian fittings for D and G bands, respectively, results in excellent deconvolution with low
residuals, as suggested by Ferrari and Robertson.* The relative positions of D (1372 cm™) and G
(1559 cm™) bands were used to estimate sp3 content.*s

O/C and sp’/sp’ ratios. Oxide groups on the surface of carbon materials are
known to influence their electrochemical properties. The amount of surface oxides
typically is quantitated with XPS, which was employed here to determine the O/C
ratio. XPS was also used to quantify the sp’/sp’ ratio of eC/Au films by
deconvoluting the Cls peak. Survey spectra (Figure 2-3) do not contain an Au peak,
consistent with uniform coverage of the Au layer by eC and low pinhole density.
Analysis of the XPS spectrum shows that eC/Au surfaces exhibit an O/C ratio of 5.8
+ 0.2% after brief exposure to air during sample transfer. This is less than the typical
O/C of 8-15% of polished GC.* Analysis of the high resolution C1s peak results in
an sp°/sp” ratio of ~0.38 (Figure 2-4), which is in good agreement with Raman results
and indicates that the majority of carbon atoms are sp” hybridized. Besold et al.
proposed that electron beam evaporated carbon films on SiO, are comprised of
graphitic clusters (sp>-hybridized carbon) arranged within a diamond-like framework

(sp>-hybdridized carbon).* This description is consistent with our results.
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Figure 2-3. XPS survey spectrum of freshly prepared eC/Au.
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Figure 2-4. XPS Cls high resolution spectrum of freshly prepared eC/Au. The Cls peak can be
decomposed into 4 components. The peaks at 284.3 eV (C1) and 285.3 eV (C2) are assigned to sp” and
sp> hybrids, respectively.” The peaks at 286.5 eV (C3) and 288 eV (C4) are assigned to C—O and C=0
bonds, respectively.

Wettability. The wettability of the films was studied by measuring the water
contact angle on the surface. The water contact angle on eC/Au films is 44 + 2°
(Figure 2-1B), indicative of a hydrophilic surface. This value is similar to amorphous

carbon films prepared by magnetron sputtering (44°)* and is lower than diamond-like
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carbon films fabricated by plasma immersion ion implantation (68.4°),% filtered
cathodic vacuum arc technique (77.6°),”° laser arc process (60°),”' and chemical vapor
deposition (75°).°* The contact angle of water on freshly polished GC is 37-45°.%
Roughness. Both the carbon film and the underlying Cr/Au film were
examined to understand the roughness of the eC layer. Figure 2-5 shows AFM images
(A) and line scan profiles (B) of Cry/Aus, and Cry/Aug/eCyg films deposited on a Si

substrate (the subscripts indicate thicknesses in nm).
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Figure 2-5. (A) AFM images of Si/Cr,/Auy, (Au) and Si/Cry/Auyy/eCiy (eC/Au) films (subscripts
indicate thicknesses in nm). (B) AFM line scan profiles of the surfaces shown in panel A.

Island features are observed on the gold film, with a rms roughness (Ry) of
0.89 nm. A 10 nm thick eC layer deposited on top of this relatively rough Au film
exhibits a smoother surface, with a rms roughness of 0.72 nm. The decreased

roughness during eC deposition may be due to the amorphous and non-diffusing
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nature of eC, in addition to more rapid C—C bond formation in depressions in the Au
surface. The eC/Au surface is rougher than PPF (rms roughness 0.5 nm),® eC/Si (rms
roughness 0.07-0.11 nm),'® and ECR-sputtered carbon/Si (average roughness 0.07
nm)."?> Compared to polished GC (rms roughness 4.1 nm),”* however, eC/Au has a

very smooth surface.

2.3.2 Electrochemical Characterization

The presence of pinholes, or incomplete coverage of the 10 nm eC film thus exposing
the underlying Au, was explored here by stripping of underpotentially deposited
(UPD) lead. A monolayer of lead adatoms can be deposited on Au surfaces at
potentials slightly more positive than for bulk deposition of lead.”>®® This lead
monolayer subsequently can be stripped oxidatively from the gold surface. Figure 2-6
contains stripping voltammograms at Au and eC/Au surfaces. Here, an Au film
(S1/Cry/Augy) served as a control. A sharp oxidative stripping wave at —0.2 V can be
observed for the control gold film, which is characteristic of lead stripping from the
Au(111) crystal plane.”® This wave is absent for the eC/Au film, implying that no lead
was deposited and that pinholes are either absent or present in undetectably low
density. A previous investigation of similar eC films used the electrochemical
oxidation of the underlying metal (Cu and Ni) as a probe for pinholes and reported a

similar finding."
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Figure 2-6. Linear sweep voltammograms for the stripping of lead UPD from Au, eC/Au, and
sonicated eC/Au surfaces (v =10.5 V/s).

Adsorbed organic impurities are known to influence the electrochemical
reactivity of carbon electrodes, and a treatment involving ultrasonication in a mixture
of activated carbon and 2-propanol has been shown to reduce the amount of adsorbed
impurities significantly.' The ability to mass produce eC/Au film electrodes and store
them may prompt researchers to use this procedure in the future to clean the surface
following storage. We thus monitored the stability of our eC films following
ultrasonic treatment. eC/Au films were sonicated in 2-propanol/acetonitrile
(50:50 v/v) with an equal volume of activated carbon for 10 min, followed by
sonication in DI water for 10 min. Figure 2-6 also contains the UPD lead stripping
result following this treatment. Exposure of the gold layer is confirmed by the sharp
oxidative wave observed at —0.2 V, similar to that of the control gold film. Thus, the
ultrasonic treatment clearly caused observable delamination of the carbon layer and
exposure of the gold layer. This electrode cleaning procedure will not be applicable to
eC/Au films. However, commercial production of hundreds of eC/Au electrodes on Si
wafers, with protection by KCI or other dissolvable films without eC exposure to air,
may provide an effective alternative to sonication.®’

Potential window and electrode capacitance. Carbon electrodes, in general,
enjoy the advantage of a wide potential window in most solvents. Voltammetric scans

in 0.05 M H,SO;4 reveal similar potential limits for polished GC (2.5 V) and eC/Au
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(2 V) (Figure 2-7). Compared to BDD (potential window of 3.5 V)* and ECR-
sputtered carbon films (potential window of 3.4-3.7 V),” the potential window of
eC/Au is not as wide. However, it is still wider than most metal electrodes and thus
applicable for a wide range of redox analytes. Also, the background current is less
than 50 uA/cm2, between —0.6 and 1.4 V at eC/Au, which is much lower than
polished GC (typically 200 pA/cm?). This suggests that the surface is composed of a
low level of electroactive and ionizable surface carbon—oxygen functionalities,

consistent with the XPS results described above.

1500 -

& i

£ 1000

9

é 500 -

>

=

2 0

Q

©

c 500 A

[}

=

=

O -1000
1500

A 05 0 05 % 15 2
Potential (V vs. Ag/AgCl)

Figure 2-7. Background voltammograms of eC/Au and polished GC in H,SO4 0.05 M, v = 0.1 V/s.
The current is normalized to the electrode area to give current density. Black arrow indicates scan
direction.

A more quantitative measure of background current is electrode capacitance.
Capacitance values were obtained from cyclic voltammograms in 1 M KCl and 1 M
HCIO,4 over a range of scan rates (0.05—1 V/s) (Figures 2-8 and 2-9) and are reported
in Table 2-1. Capacitance values for eC/Au in 1 M KCI and in 1 M HCIO;, are less
than 50% of those for polished GC. The electrode capacitance of eC/Au in 1 M KCI
is comparable with sputtered carbon films (11.1-11.6 pF/cm?®) and slightly higher
than BDD and PPF (4-8 and 9.2 pF/cm?, respectively).>®* The low capacitance of
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eC/Au can be attributed to reduced electroactive or ionizable surface carbon—oxygen
functionalities, a smoother surface, and space-charge effects, as is observed at the
basal plane of HOPG.®*® We attribute the higher capacitance in 1 M HCIO,
compared to 1 M KCIl observed on both eC/Au and polished GC to a mild
electrochemical pretreatment effect. Electrochemical pretreatment has been reported
to increase roughness and oxygen-containing groups for GC and sputtered carbon
electrodes, which is assumed to contribute to the increased background current.”
Clearly, eC/Au offers a reasonably wide potential window and low background
current and capacitance, both of which are attractive for improved signal-to-

background in electrochemical measurements.
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Figure 2-8. Scan rate dependent background current for eC/Au in 1 M KCI. Black arrow indicates scan
direction.
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Figure 2-9. Scan rate dependent background current for eC/Au in 1 M HCIO4. Back arrow indicates
scan direction.

Table 2-1. Electrochemical Results for eC/Au and GC

£ (cr/s) AE, (mV) C* (uF/em?) I (pmol/cm?)
(v=0.1V/s)

Electrodes  Fe(CN)s™  Ru(NH;)¢"™*"  ferrocene™  dopamine KCl HCIO, AQMS PQ

(1MKCD) (1 MKCl) 0.1 M 0.1M aM) aM am am
TBABF,) H,S0,) HCIO,) HCIO,)

eC/Au 7.4 % 107 2.5x 107 3.9 % 107 226+ 7 12+1 19+2 ND 1.6+0.1
(4.5%)° (13%) (7.5%)

GC 1.2x 107 1.4 x 107 3.4 %107 138+ 8 312 45+5 136450 105 + 30
(9.2%) (10%) (9.1%)

*All £° values were determined from AE, values corrected for iR, error and from 5 different scan rates per sample.
®Values in parentheses are the relative standard deviation of the mean for at least 3 different eC/Au electrodes.

Electrode kinetics. As noted above, very high electron-transfer (ET) rates have
been measured at similar eC electrodes by SECM. " There is a large body of literature
that employs cyclic voltammetry (CV) to measure the ET kinetics of carbon
electrodes;' thus, for a more complete comparison, we used CV to measure the ET
rate constants of several aqueous as well as non-aqueous based benchmark redox
systems at eC/Au electrodes and compared them with polished GC electrodes. These
redox systems were chosen based on their different sensitivity to the carbon surface
structure. Figure 2-10 contains cyclic voltammograms of Fe(CN)s™  (A),
Ru(NH;)s*" (B), dopamine (C), and ferrocene (D) at eC/Au and polished GC. eC/Au
electrodes show well-defined, symmetric voltammograms, which are qualitatively

comparable to GC for all redox systems under study. In addition, the peak current is
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linear with v'’? over a range of scan rates (0.05—1 V/s), and the cathodic to anodic
peak currents ratio is nearly 1 for all scan rates, consistent with currents controlled by
semi-infinite linear diffusion and quasi-reversible ET kinetics. Heterogeneous ET rate
constants were calculated for simple one-electron redox systems using the Nicholson
method and are summarized in Table 2-1. All reported £° values were corrected for
sample resistance by the method detailed previously.*'® The uncompensated cell
resistance R, was determined to be 47.0 £ 0.5 Q (Figure 2-11). The effects of
electrode resistance on electron transfer kinetics at pyrolyzed photoresist films (PPF)
were observed in a report by Ranganathan et al.** Specifically, AE, of Fe(CN)g™*
and Ru(NHs)s'"*" increased with higher concentrations, implying a significant
contribution from the iR drop in the PPF electrode due to its thinness. In a later
report,” they noted that the resistance within the PPF increases the observed peak
separation according to:

AEpcomected = AEpsapserved — 2 | i | Ry (1)
where i is the peak current in amperes, R, is the uncompensated cell resistance in
ohms, AEp,observed 15 the observed AE, in the presence of the uncompensated cell
resistance in volts, and AE,,comected 18 the corrected AE, in volts. Rearranging Eq. (1),
we obtain:

A pobserved = 2 | i | Ry + ABpscomected 2)
In our previous work,66 we reported that a plot of AEpopservea VS i from
voltammograms at a common scan rate would yield a linear relationship, in which the
slope of the fit equals to 2R,. The concentrations of Fe(CN)g”™ can be varied to affect
the different peak currents. Since #,¢/ipa ~ 1 for Fe(CN)63 “at eC/Au electrodes, either

ipc OF ip, can be used in the calculations.
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Figure 2-10. Cyclic voltammograms of 4 benchmark redox systems at eC/Au and polished GC. (A) 1
mM Fe(CN)¢> (I M KCI, v = 0.05 V/s). (B) I mM Ru(NH;)s’" (1 M KCI, v = 0.2 V/s). (C) 1 mM
dopamine (0.1 M H,SO4, v = 02 V/s). (D) 1 mM ferrocene (0.1 M tetrabutylammonium
tetrafluoroborate in acetonitrile, v = 0.1 V/s). Black arrows indicate scan direction.
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It is now known that F e(CN)63'/ * is not a simple outer-sphere system, and its
ET rate depends on the electrode surface condition. The rate is influenced by the
fraction of edge plane as well as surface cleanliness, but it is relatively insensitive to
surface oxides as long as anionic oxide groups are absent.* The ET rate also is
influenced by adsorbed monolayers, the extent of which depends on the type and
coverage of the adsorbate.*® Here, eC/Au yields a somewhat lower rate constant for
Fe(CN)e>™ compared to polished GC, which can be ascribed to the reduced sp
content of eC/Au in comparison with GC.

Ru(NH3)63+/ " and ferrocene™ in acetonitrile are known to be insensitive to
surface chemistry or adsorbed monolayers and, therefore, are considered to be simple
outer-sphere redox systems.' For these systems, the ET rate depends on the electronic
properties of the electrode and the self-exchange rate of the redox systems but not on
the interaction with a surface site or functional group.™® The cyclic voltammetric
determined rate constants at eC/Au electrodes are slightly higher than those at a
polished GC surface. These results suggest that the density of electronic states of
eC/Au is sufficient to support rapid ET for outer-sphere redox systems. eC/Au
exhibits a much larger peak separation for dopamine, reflecting a slower ET rate
compared to polished GC (Table 2-1). However, this value is still among the smallest

reported for thin carbon film electrodes (Table 2-2).
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Table 2-2. Comparison of Electron-transfer Kinetics at Various Carbon Film Electrodes

K for Ru(NH;) >~ &” for Fe(CN)¢ ™™ AE, of dopamine

Electrode
(x 107 cm/s) (x 107 cm/s) (mV)

ECR-75% reversible 1.22 472
ECR-20% reversible 0.24 464
BDD (NRL*)* 1.2 1.7 480
BDD (USU*)* 1.7 1.9 509
Pyrolyzed 7-nm eC/Si' 4.6 1.4 119
7-nm eC/Si'® 1.9 0.27 227
Pyrolyzed 200-nm eC/Si'® 2.7 2.9 130
200-nm eC/Si'® 43 0.57 243
PPF® 2 1.2 287
eC/Au (this work) 2.5 0.74 226

*NRL: Naval Research Laboratory; USU: Utah State University

A slow ET rate for dopamine also was observed on PPF,® sputtered carbon
films,** and BDD.* Dopamine oxidation is known to require adsorption sites.** Thus,
dopamine ET kinetics slow significantly when such interactions are unfavorable. The
slow kinetics of dopamine at eC/Au can be attributed to several factors such as
decreased ionizable surface carbon-oxygen functionalities, which facilitate proton
transfer, low roughness, and a low density of edge plane adsorption sites. The
sluggish kinetics resulting from weak electrocatalysis for dopamine is consistent with
weak quinone adsorption discussed below.

Table 2-2 compares ET kinetics of Ru(NH3)63+/2+, Fe(CN)63'/4', and dopamine
at different carbon film electrodes. Overall, eC/Au exhibits fast electron kinetics for
these three redox systems and is comparable to ECR-sputtered carbon films, BDD,
and PPF. Interestingly, eC behaviors most resemble non-pyrolyzed 200-nm eC/Si,
implying similar surface and bulk properties. The voltammetric results in Table 2-2
indicate that eC/Au is electrochemically active and yields reproducible response
without any pretreatment. The most favorable electrochemical results for GC, BDD,
and PPF are often accompanied by a pretreatment procedure. There have been
numerous pretreatment procedures reported for GC, including mechanical polishing,
sonication in solvent suspended activated carbon, vacuum heat treatment, and laser

activation.' The results for BDD in Table 2-2 correspond to electrodes that were
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treated with acid and hydrogen plasma to remove nondiamond carbon impurities and
produce a hydrogen terminated surface.”’ PPF® and eC/Si films from our previous
work'® also were sonicated in activated carbon/isopropanol, followed by deionized
water prior to use. In summary, eC/Au electrodes can provide high electrochemical
reactivity without the need for surface pretreatment procedures.

Adsorption. It is known that carbon electrodes are susceptible to passivation
via the adsorption of organic molecules. Typically, quinone-type molecules are used
as model systems to study adsorption to carbon since adsorbed quinones are
electroactive and their coverage can be measured easily. The adsorption of two
quinones from a low concentration (10 uM) on eC/Au was investigated using CV.
Figure 2-12 contains cyclic voltammograms of 9,10-phenanthrenequinone (PQ) and
anthraquinone-2-sulfonate (AQMS) at eC/Au and polished GC. Both of these species
are known to adsorb strongly to carbon electrodes and undergo a reversible two-

. 43,67
proton, two-electron redox reaction.™”

Figure 2-12A shows the voltammograms of
PQ on both electrodes, and Figure 2-12B shows the voltammogram of PQ on eC/Au
with a reduced current scale. Parts C and D are similar data for AQMS. For both
quinones, pairs of symmetric peaks are observed at GC, which is characteristic of
surface-confined redox species. In contrast, PQ yields very little current on eC/Au,
and the adsorption current for AQMS is negligible. These observations indicate very
weak adsorption for both quinones on eC/Au. Integration of the voltammetric redox
waves was used to evaluate surface coverage, and the results are presented in Table 2-
1. eC/Au shows negligible adsorption of PQ (~2 pmol/cm?) compared to GC (~105
pmol/cmz), and the adsorption of AQMS is below the voltammetric detection limit.
The negligible adsorption indicates that eC/Au is potentially less subjective to

electrode fouling, leading to improved stability and reproducibility in electrochemical

measurements.
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Figure 2-12. Cyclic voltammograms of PQ (A) and AQMS (C) at eC/Au and polished GC. Cyclic
voltammograms of PQ (B) and AQMS (D) at eC/Au with a reduced current scale. The concentration of

the quinones was 10 uM in 1 M HCIO,. The scan rate was 0.1 V/s. Black arrows indicate scan
direction.

The low measurable adsorption of PQ and AQMS on eC/Au is due to either
low coverage or adsorption in an electro-inactive configuration. We believe that the
former factor is more relevant here. PQ and AQMS have been shown to physisorb
strongly at monolayer coverage to disordered carbon surfaces, like pyrolytic graphite
and GC.**® However, low coverage of quinones has been measured at other carbon
electrodes, such as the basal plane of highly oriented pyrolytic graphite (HOPG)
(< 1 pmol/cm?®),*” BDD (~3 pmol/cm?),” PPF (~20 pmol/cm?),® and non-pyrolyzed
eC/Si (28-30 pmol/cm®).'"® In addition, weak adsorption of alkylphenols and
bisphenol A was observed at sputtered carbon films.'>** Adsorption of species like
quinones can be promoted by two electrode properties, surface chemistry and
electronic effects. For the basal plane of HOPG, the adsorption mechanism of
quinones is thought to depend on an electrostatic attraction between the adsorbate and

artial surface charges.®” Xu et al. compared the adsorption of anthra uinone-2,6-
p g p p q
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disulfonate at GC, hydrogenated GC, HOPG, and BDD and proposed that surface
chemistry plays a more important role in the adsorption than do electronic effects.®’
Weak adsorption on PPF was explained partly by surface effects, such as a low
roughness factor and O/C ratio.® Niwa and co-workers also attributed the weak
interactions between the adsorbates and sputtered carbon films to the extreme flatness
of the surface and the low concentration of oxygen-containing groups.'>* In our
previous study, we observed an increase in quinone adsorption after pyrolyzing eC/Si
films. The increased surface roughness and adsorption sites followed graphitization
result in increased quinone adsorption.'® In light of the above-mentioned studies, we
attribute the insignificant adsorption of quinones at eC/Au, in part, to a reduced
density of adsorption sites due to lower sp” content (~70% vs 100% of GC). In
addition, the ultraflat surface and low carbon-oxygen functionalities of eC/Au likely
contribute. The minimal adsorption of quinone molecules points to a beneficial

property of eC/Au electrodes regarding electrode stability due to fouling.

2.3.3 Stability

The shelf-life stability of eC/Au electrodes was evaluated using several observations.
The O/C ratio of eC/Au films increased from 5.6-6% to 8.0—8.4% after one week.
Aging in air for 15 days increased water contact angle from 44 + 2° to 71 + 3°
(Figure 2-13A), suggesting that the surface becomes more hydrophobic with air
exposure. This phenomenon also was observed on polished GC,” HOPG,” and
graphene,”’ and was ascribed to the adsorption of hydrocarbons or similar
hydrophobic impurities present in ambient air. Unlike HOPG" and graphene’' whose
water contact angles quickly increased by ~40% within 15-20 min of air exposure,
eC/Au films show a much slower increase in water contact angles with time (~16%
increase after 1 day, Figure 2-13B). Stability of electrochemical performance was

3+/2+

investigated by tracking voltammetric peak separations of Ru(NH3)e and

dopamine over time (Figure 2-13C and D). Similar trends were observed for both

eC/Au and GC electrodes. For an outer-sphere redox system like Ru(NHz)s* />, th

e
peak separation and thus electrochemical reactivity did not change significantly after

2 weeks (two-tailed t-test at 95%, N = 3). For the inner-sphere redox system
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dopamine, the peak separation increased significantly after 2 weeks (two-tailed t-test
at 95%, N = 3). We attribute the slower ET rate of dopamine to reduced adsorption
sites resulting from the adsorption of airborne impurities. Adsorption of airborne
contaminants have been reported previously to have minor effect on the ET rate of
Ru(NHs)s*", but they decelerate the ET rates of Fe(CN)¢' at aged HOPG™* and
dopamine at aged GC.>> BDD shows weak adsorption of quinone and good
electrochemical reactivity for Fe(CN)s'* and Ru(NHi)s' "*" after exposure to
ambient air for two weeks.” Although eC/Au exhibits negligible quinone adsorption,
it is still prone to air oxidation and adsorption of airborne hydrocarbons, like most
graphitic carbon electrodes, albeit slower than that reported for graphene and HOPG.
Graphitic carbon materials are subject to surface oxidation and fouling because they
tend to react with oxygen and water to form various oxides, such as phenols, lactones,
carbonyls, ethers, and caurboxylates.73 eC/Au possesses significant sp® carbon (~70%),
thus behaving similarly to GC in this respect. Nonpolar, hydrogen-terminated
surfaces, like BDD and hydrogenated GC, are less subject to deactivation because of
a lower affinity for polar impurities in ambient air and a stable chemical composition
due to slow reaction with oxygen/water.””’* As noted above, a KCl protective layer
has been shown to improve the shelf-life of eC/Au films for storage and shipment

purposes and may enable commercial production of disposable eC/Au electrodes.'’
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Figure 2-13. (A) Representative static contact angle image of a 4 uLL drop of DI water resting on an
eC/Au film after 15 days of ambient air exposure. (B) Bar graph of water contact angle (WCA)
measured on eC/Au over time. (C) Bar graph of AE, of 1 mM Ru(NH;)s*" (1 M KCI, v = 0.5 V/s)
measured on eC/Au and GC over time. (D) Bar graph of AE, of 1 mM dopamine (0.1 M H,SO,,
v =0.2 V/s) measured on eC/Au and GC over time. Error bars are 1 standard deviation.

2.4 Conclusion

Electron-beam deposited carbon on a gold layer provides an ultraflat surface and a
disordered amorphous structure consisting of ~30% sp> hybridized carbon. The
electrochemical reactivity of eC/Au is generally similar to polished GC for outer-
sphere redox systems but yields slower electron-transfer rates for systems that require
surface interaction (dopamine). eC/Au differs from polished GC in that it has lower
background current and abnormally weak adsorption of quinones, which are attractive
for electroanalytical applications. eC/Au is still subject to surface oxidation and
adsorption of airborne impurities similar to graphitic materials, which slowed the
electron-transfer kinetics of dopamine over time but did not impact Ru(NHs)s "
significantly. The differences in electrochemical reactivity between eC/Au and
polished GC might stem from surface properties (low roughness factor, low oxygen

functionalities, and lower fraction of edge plane) and, possibly, bulk electronic
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properties. eC/Au can be deposited on cheap, non-conducting substrates, like plastic,

to mass-produce disposable electrodes with higher purity than carbon paste or screen-

printed carbon electrodes. The electrochemical reactivity of eC/Au can make it useful

as an electrochemical SPR substrate. Also, eC/Au should be more widely applicable

as a SPR substrate compared to Au by providing access to a richer pool of attachment

chemistries available via electrochemical modifications.
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Chapter 3. Spontaneous Grafting of
Aryldiazonium Salts on Carbon-on-Gold
Substrates

3.1 Introduction

Carbon materials have found applications in environmental remediation, energy
conversion/storage, optical coatings, bioimaging, and medical devices due to their
versatility in electronic, optical, and chemical properties.'" Amorphous carbon,
prepared by either sputtering or electron-beam evaporation, has been employed as
electrodes,”™ optically transparent electrodes,”'® surface plasmon resonance

11,12 13,14
substrates, ’

and molecular electronic junctions. Many of these applications
depend on the control of the interfacial structures, properties, and reactivities of the
surface, which can be enabled by grafting molecular layers to the surface. Therefore,
strategies to functionalize of carbon surfaces have been the subject of intense
investigations.

Aryldiazonium attachment, which can be induced electrochemically or occur
spontaneously from solution, is a versatile approach to modify carbon surfaces.
Electrochemical grafting of aryldiazonium salts offers stable covalent attachment of a
wide variety of useful functional groups to a surface but often with difficulty to
control the film structure; hence, it usually leads to formation of disordered
multilayers.”” ' The spontancous grafting of aryldiazonium salts is less well-
understood but potentially more advantageous since no electrical contact is required,
thus, is applicable to a wide range of substrates, such as poor conductors,

20-24 . .
0-2% This “device-less”

nanostructured materials, and nanoparticles in suspension.
approach is also simple and convenient to scale-up for industrial production.?

The spontaneous grafting of aryldiazonium salts to amorphous carbon
substrates has not been studied extensively. Colavita and co-workers demonstrated
that the rates and yields of the spontaneous attachment from aqueous solutions
correlate with the graphitic content of the amorphous carbon substrates, as does the

1,26-28

proportion of azo linkages in the resulting adlayers. However, deposition

conditions other than immersion time, i.e., solvent, aryldiazonium ion concentration,
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and para-substituent other than nitro group, remain unexplored, as do the thicknesses
and properties of the resulting organic films from the spontaneous attachment.

In this chapter, we aim to address these questions by studying the spontaneous
attachment of several aryldiazonium salts at amorphous carbon substrates prepared by
electron-beam evaporation. The carbon layer is 10 nm thick and was deposited on a
42 nm gold layer for future SPR applications. Carbon-on-gold substrates also have
been used in molecular electronic junctions. Here, we would like to investigate
whether the spontaneous grafting at amorphous carbon surfaces can be extended to
other aryldiazonium salts in addition to 4-nitrobenzene diazonium tetrafluoroborate
(NBD). Also, we would like to investigate whether the electron withdrawing abilities
of the para-substituents influence the grafting. Therefore, 4-carboxybenzene
diazonium tetrafluoroborate (CBD) and 4-bromobenzene diazonium tetrafluoroborate
(BBD) were chosen. CBD gives grafted carboxyphenyl (CP) groups, which would be
useful as tether layers for subsequent coupling reactions. The modified surfaces will
be referred to by the symbol of the substrate and followed by the para-substituent of
the diazonium salt used for the derivatization, for example, eC-NO,. A combination
of spectroscopic and electrochemical techniques was used to optimize the grafting
conditions as well as to understand the structure and properties of the grafted layers

and the structure-reactivity relationships of carbon surfaces.

3.2 Experimental

3.2.1 Chemicals and Materials

Concentrated sulfuric acid (95-98%, Caledon); potassium chloride (ACS reagent,
99.0-100.5%, Aldrich); potassium ferricyanide (certified reagent, Caledon);
tetrabutylammonium tetrafluoroborate (TBABF4) (99%, Aldrich); 2-propanol
(certified ACS, Fisher); acetonitrile (ACN, for HPLC, gradient grade, >99.9%,
Aldrich); acetone (ACS reagent, >99.5%, Aldrich) were used as received.
4-nitrobenzenediazonium tetrafluoroborate (NBD), 4-bromobenzenediazonium
tetrafluoroborate (BBD), and 4-carboxybenzene diazonium tetrafluoroborate (CBD)

were synthesized and recrystallized before use, as detailed elsewhere.” Solutions
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were prepared fresh and purged with nitrogen gas for 10 min before use. Aqueous
solutions were prepared with deionized water (DI), purified, and deionized through a

Barnstead E-Pure system (18.2 MQ c¢m, ThermoFisher).

3.2.2 Film Preparation

Chromium, gold, and carbon layers were deposited onto p-type, (100) oriented silicon
wafers, which were diced into 1.3 x 1.85 cm? chips. The silicon chips were cleaned
by sonication in acetone, isopropyl alcohol, and DI for 15 min each, dried with
nitrogen gas, and then loaded into the evaporation vacuum chamber (Kurt Lesker
PVD 75). The chamber was pumped to a typical pressure of less than 5 x 10 Torr.
Layers shown in Figure 3-1 were deposited without breaking vacuum with
thicknesses and evaporation rates as follows: Cr adhesion layer (2 nm, 0.02 nm/s), Au
(42 nm, 0.03 nm/s), and eC (10 nm, 0.01 nm/s). The target for carbon deposition was
spectroscopically pure graphite rods (SPI Supplies, PA). Evaporation rates were

controlled with a quartz crystal microbalance.

COOH

* BF,” * BF,” * BF,”

42 nm Au

Si

Figure 3-1. Illustration of an eC electrode with indicated thicknesses of deposited layers on a Si
substrate and the aryldiazonium salts that were used in this work.
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3.2.3 Surface Modification

Modified surfaces were prepared by immersing electron-beam evaporated carbon
electrodes (eC) and glassy carbon electrodes (GC) in DI or ACN containing the
aryldiazonium salts. The aryldiazonium salts used in this work are shown in Figure 3-
1. The surface reactions were carried out in the dark to avoid photodecomposition of
the diazonium salts.*® Before modification, GC plates (Tokai GC 20, 2.5 cm x 6 cm)
were polished manually in successively 1, 0.3, and 0.05 um alumina slurries on
Microcloth polishing cloth (Buehler), followed by sonication in DI for 15 min. The
eC electrodes were used as deposited. After modification, the eC and GC electrodes
were rinsed well with DI or ACN to remove physisorbed material and dried with
nitrogen gas. Removing physisorbed material by sonicating the modified substrates in

organic solvents was not used because it would delaminate the carbon layer.

3.2.4 Surface Characterization

Cyclic voltammetry (CV) and open circuit potentials (OCPs) were performed with a
three-electrode cell and a bipotentiostat (model AFCBP1, Pine Instruments). Home-
made Ag|AgCI[KCI (3.5 M) and Ag|Ag" (0.2 M in ACN containing 0.1 M TBABF,)
reference electrodes were used for aqueous and non-aqueous solutions, respectively.
A Pt mesh was used as a counter electrode. Modified eC or GC served as working
electrodes, the geometrical area of which were defined by a Viton O-ring.
Chronoamperometry in 1 mM Fe(CN)s> in 1 M KCI yielded an electrode area of
0.319 +0.005 cm” (N = 3). CV experiments were conducted in nitrogen-purged 0.1 M
H,SO4 at room temperature (22 = 1 °C). The surface coverage of nitrophenyl groups
was determined by integrating the peak area associated with the reduction of nitro
groups obtained during the first scan using Origin software. OCPs were measured
using the above-described three-electrode cell in ~10 mL of DI or ACN, all contained
in a 20 mL beaker. The cell was stirred with a magnetic stirring bar during these
measurements. The electrode was equilibrated in DI or ACN for about 5 min before a
small volume of NBD (dissolved in the respective solvent) was added to the stirred
cell to bring the final cell concentration of NBD to 1 mM.

Infrared reflection-absorption spectroscopy (IRRAS) spectra were collected
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on a Nicolet 8700 Fourier transform infrared (FTIR) spectrometer (Thermo Fisher
Scientific) equipped with a mercury cadmium telluride (MCT) detector, a specular
reflectance accessory (80 Spec, Pike Technologies). 1024 spectra were collected at
80° incidence and 4 cm™' resolution using a bare gold slide as background.

X-ray Photoelectron Spectroscopy (XPS) experiments were performed at
room-temperature at nanoFAB using Kratos Axis (Ultra) spectrometer with
monochromatized Al K, (1486.71 eV). The spectrometer was calibrated by Au 4f7),
binding energy (84.0 eV) with reference to the Fermi level. The analysis chamber
pressure is better than 5 x 10"° Torr. CASA XPS was used for atomic ratio
calculations and component analysis. Note: Adventitious carbon was likely present
and thus complicated the interpretation of C 1s spectra.

Water Contact Angle measurements were performed with a 4 uL droplet
volume using a Rame-Hart goniometer (model 590) equipped with DROPimage
advanced software. The reported values are the averages of two measurements on
each sample (N = 3).

Atomic Force Microscopy (AFM) images were collected with a Dimension
Edge Atomic Force Microscope (Bruker) using commercial Si tips with a resonant
frequency of 300 kHz and a force constant of 40 N/m (Tap300, Ted Pella, Inc.). The
scan rate was 1-2 Hz, and the scanning density was 512 lines/frame. The thicknesses
of the organic layers were determined by “AFM scratching”, as previously described

by Anariba et. al.’!

The applied force was determined empirically so that it is
sufficient to remove the organic layers without damaging the surface. A set point
voltage of 0.5 V was used for all experiments. AFM images were processed with
NanoScope Analysis v1.40. The images, with the exclusion of the ‘scratched’
regions, were flattened with a first-order polynomial before analysis. Then, a line-
scan profile was drawn across the scratched region to determine the thickness of the
organic layer. At least 9 line-scan profiles were averaged to determine scratch depths

reported in Table 3-2.
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3.3 Results and Discussion

Electron-beam deposited carbon on a gold substrate (eC) has been characterized
thoroughly in Chapter 2. Specifically, eC provides an ultraflat surface with a root-
mean-square (rms) roughness of 0.72 £ 0.08 nm and is composed of disordered
amorphous carbon with ~30% sp’ content. The surface of eC is hydrophilic (water
contact angle 44° £ 2°) and low in oxygenated functionalities (O/C ratio 5.8 £ 0.2%).
The electrochemical performance of eC also was studied and compared with the
conventional glassy carbon electrode. eC exhibits low background current and fast
electron-transfer kinetics for benchmark redox systems, which makes it attractive as
an electrode material for sensor applications and useful as a working electrode for
cyclic voltammetry (CV) and open circuit potential (OCP) measurements in this
chapter.

First, we tested whether aryldiazonium salts can be grafted on eC without
electrochemical induction. Successful modification of eC with NBD was confirmed
by FT-IRRAS and water contact angle measurements. Figure 3-2 contains an
absorbance spectrum obtained from eC-NO, after eC was immersed in 1 mM NBD
aqueous solution for 30 min. Based on spontaneous grafting of NBD at sputtered
amorphous carbon substrate,”’ the two peaks at 1524 and 1354 cm™ are assigned to
the asymmetric and symmetric stretching modes of the nitro group. A band at around
2300 cm™ due to the diazo stretch is absent in the spectrum, indicating that the

nitrophenyl (NP) film was formed by a radical attachment mechanism.

0.02
1524 1354
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Figure 3-2. FT-IRRAS spectrum showing the stretching mode region of the nitro group recorded on
eC modified by immersion in 1 mM NBD aqueous solution for 30 min.
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Polished GC gives a water contact angle of 50° and increases to 58 + 4°
(N = 4) after grafting with NP film.>> Water contact angle on eC-NO, (Figure 3-3A)
increased from 44° + 2° to 51° + 3°, slightly more hydrophobic than bare eC and
consistent with the presence of a surface-attached NP film. From this, we went on to
investigate the effects of grafting conditions, i.e., deposition time, concentration of
NBD, solvent, para-substituent, and substrate, on grafting yields, and the properties of

the grafted organic layers.

(A) eC-NO, (51° £ 3°) (B) eC-COOH (20° £ 3°) (C) eC-Br (73° £ 3°)

Figure 3-3. Contact angle measurements on eC modified by immersion in | mM NBD (A), CBD (B),
and BBD (C) aqueous solutions for 30 min.

Deposition time. eC was immersed in 1 mM NBD aqueous solution for
predetermined times, then removed from the deposition solution, rinsed with DI,
dried with nitrogen gas, and characterized by CV in 0.1 M H,SOj. Surface-attached
NP groups can be reduced electrochemically to phenylamine groups, and the charge
associated with the electroreduction of surface-bound NP can be calculated to give
the yield of the spontaneous grafting reactions. Figure 3-4A depicts a representative
CV on eC-NO; after 30 min immersion. On the first scan, the broad irreversible wave
at —0.6 V is attributed to the 6-electron reduction of NP to aminophenyl groups
(eq 1), and the small anodic wave near 0.4 V is attributed to the reoxidation of
hydroxyaminophenyl groups (eq 2) produced as intermediates of the reduction. On
the second scan, the reduction wave disappeared completely, indicating that all
surface-bound NP groups have been reduced. The reversible wave observed near
0.3 V is ascribed to the interconversion of hydroxyaminophenyl/nitrosophenyl groups
(eq 3).34

eC—Ph-NO, + 6H" + 6e” - eC—Ph—NH, + 2H,0 (1)
eC—Ph-NO, + 4H" + 4¢" - eC-Ph-NHOH + H,0 ()
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eC—Ph—NO + 2H" + 2¢ <> eC—Ph—-NHOH 3)

The absence of a reduction peak near 0 V suggested that no physisorbed
aryldiazonium cations were present.’® CV demonstrates that eC has been readily
modified with NP groups by spontaneous grafting with NBD in aqueous medium and
that the nitrobenzene diazonium cations did not simply physisorb to the surface, in

agreement with FT-IRRAS (see above) and XPS results (see below).
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Figure 3-4. (A) Cyclic voltammogram obtained in 0.1 M H,SO, at 0.2 V/s on eC modified by

immersion in 1 mM NBD aqueous solution for 30 min. (B) Surface coverage of nitrophenyl (NP)
groups, I'vp, on eC as a function of deposition time in 1 mM NBD aqueous solution.

Surface coverage of NP groups, I'np, can be calculated from the total charge
passed during NP reduction and hydroxyaminophenyl oxidation according to
I'ne = O/nFA, where Q is the charge integrated under the CV peak, n = 6 is the
number of electrons involved per NP group, F is the Faraday constant, and A4 is the
geometric electrode area determined from chronoamperometry.”” Given that the NP
reduction peak is much larger than the hydroxyaminophenyl oxidation peak, the latter
was ignored in determining I'np. The NP reduction peak was integrated and
normalized to the electrode area to obtain I'xp in Figure 3-4B. Grafting occurred at eC

for all immersion times, and a rapid increase in ['np was observed during the first 10
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min of the deposition, followed by a plateau at longer immersion times. I'yp reached a
steady-state value of (7.3 £ 0.5) x 10" mol/cm?® after 30 min, less than the ideal
closest packing concentration of 12 x 10™"° mol/cm® for a monolayer determined
theoretically.’’ In comparison with other carbon substrates, the steady-state I'xp at eC
is comparable to the value of ~8 x 10" mol/cm” reported for NBD-grafted sputtered

carbon electrodes deposited on stainless steel substrates’’” and is 59% of that found at

GC under the same deposition conditions, as shown in Figure 3-5.
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Figure 3-5. Surface coverage of nitrophenyl groups, I'np, on modified eC (solid gray columns) and GC
(striped gray columns) electrodes. “echem”: electrochemical grafting by two sweeps CV at 0.2 V/s
with 1 mM NBD and 0.1 M TBABF, in ACN. “sspon/ACN”: spontaneous grafting by immersion in
1 mM NBD in ACN for 30 min. “spon/DI”: spontaneous grafting by immersion in 1 mM NBD in DI
for 30 min.

Concentration of NBD. To study the effect of NBD concentration on I'np, €C
was immersed in various concentrations of NBD while keeping the immersion time
constant. After 30 min, eC was removed from the deposition solution, rinsed with DI,
dried with nitrogen gas, and characterized by CV in 0.1 M H;SO4. I'np was
calculated, as described above, and plotted against NBD concentration in Figure 3-6.
Higher concentrations of NBD resulted in higher I'xp, and I'np reached a steady-state
value at a concentration of 10 M or higher. The dependence of surface coverage of
NP groups on NBD concentration also has been studied at other substrates. For
example, Mesnage et al. reported that similar amounts of NP groups were obtained on
gold when the diazonium salt concentration was higher than 10° M and that this

amount was undetectable when the concentration was below 10 M, as determined by



67

IR-ATR.*® Adenier et al. observed that doubling NBD concentrations quadrupled NP

surface coverage on GC and doubled NP film thickness on iron.*

800

600

400
o LA

1E-6 1E-5 1E4 1E3 1E-2
Concentration of NBD (M)

e (pmol/cm?)

Figure 3-6. Surface coverage of nitrophenyl groups, I'np, on ¢C immersed in various concentrations of
NBD in aqueous solutions for 30 min.

Solvent. The spontaneous grafting process also was carried out in a non-
aqueous medium with the use of ACN, the solvent usually used in the electrochemical
grafting of aryldiazonium salts. eC was immersed in 1 mM NBD dissolved in either
DI or ACN. After 30 min, eC was removed from the deposition solutions, rinsed with
DI or ACN, dried with nitrogen gas, and characterized by CV in 0.1 M H,SO4 and
XPS. Surface coverage of nitrophenyl groups on eC electrodes, I'np, was determined
from CV and presented in Figure 3-5. Electrochemical grafting of 1 mM NBD in
ACN by two potential cycles from 0.1 V to —0.7 V at 0.2 V/s was included for
comparison because this procedure was classified as producing near monolayer
coverage.’” Spontaneous grafting of NBD in an aqueous medium (spon/DI) produced
NP surface coverage slightly higher than electrochemical modification (echem) and
higher than spontaneous grafting in ACN (spon/ACN) by a factor of 8. The effect of
solvent on spontaneous grafting of aryldiazonium salts varies at different substrates.
Downard et al. reported that GC shows similar reactivity toward spontaneous grafting
of NBD in ACN and aqueous acid, reaching a surface coverage of ~32 x 107'°
mol/cm? after 30 min in both media.** In our lab, we observed a lower surface
coverage of NP at GC in ACN than in DI (Figure 3-5). These different observations
could stem from the differences in sources of GC and polishing and deposition

procedures that were used. Lower grafting yield in ACN than aqueous medium also
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was reported for gold®® and PPF,* but it is unclear why. On copper, however,
Chamoulaud et al. reported that spontaneous grafting of in-situ generated NBD in
aqueous acid is less efficient than in ACN and attributed this to the spontaneous
formation of Cu(II) and a less favorable OCP value in aqueous media.*'

We then conducted XPS analysis to characterize the NP films at NBD-
modified eC. Survey spectra of modified eC exhibit the characteristic C 1s, O 1s, and
N 1s at about 285, 530, and 400 eV, respectively (Figure 3-7A). Table 3-1
summarizes the atomic composition of unmodified eC and eC modified by
spontaneous and electrochemical reduction of NBD. In line with CV results,
spontaneous grafting of NBD in aqueous solutions yielded %N/C and %O/C higher

than in ACN and comparable to electrochemical induction method.
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Figure 3-7. XPS survey spectra of eC modified by immersion in 1 mM NBD (A), 1| mM CBD (B), and
1 mM BBD (C) aqueous solutions for 30 min.



69

Table 3-1. Chemical Composition of Bare and Modified eC Electrodes Obtained from XPS

%C 1s* %0 1s° %N 1s° %0/C %N/C N400/N406
bare eC 94.4 55 ND 5.8+0.2 ND ND
spo/ACN 854 12.0 24 14.1 2.8 0.79
spon/DI 81.0+06 12.7+05 6.0£0.1 156+00 74+£02 0.54+0.03
echem 81.4 12.8 5.7 15.7 7.0 0.55

iC 1s corresponds to the peak at 284.5 eV, "0 1s corresponds to the peak at 532.5 eV, °N 1s corresponds to the sum of the peaks
attributed to nitro and azo groups.

Figure 3-8 contains N 1s regions of unmodified and NBD-modified eC
electrodes. The N 1s spectra of modified electrodes display two peaks with maxima
centred around 406 and 400 eV, with the former assigned to the nitro groups® ="+
and the latter to the azo moieties"™ or the reduction of the nitro groups inside the

spectrometer by the X-ray beam.”*

The presence of azo linkages can result from the
attack of non-reduced aryldiazonium ions on the surface (direct grafting) or on
already grafted NP moieties (multilayer formation). The N Is core-level spectra of
modified electrodes shows no peaks at 403.8 and 405.1 eV, which are characteristic

. . . 44
of diazonium ca‘uons,35 ’

indicating that nitrobenzene diazonium cations did not
simply physisorb to the electrode surface. The N 1s region of the unmodified
electrode shows no peak, indicating that the observed peaks arise from grafting of NP

groups.
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Figure 3-8. XPS N 15 core level spectra of bare (blue) and modified eC electrodes. “spon/ACN” (red):
spontaneous grafting by immersion in 10 mM NBD in ACN for 150 min. “spon/DI” (green):
spontaneous grafting by immersion in 1 mM NBD in DI for 30 min. “echem” (purple): electrochemical
grafting by 2 sweeps CV at 0.2 V/s with | mM NBD and 0.1 M TBABF, in ACN.

From the integrated signal intensities of N 1s peaks, N 1s 400/N 1s 406 of
spon/DI eC is similar to that of echem eC and lower than that of spon/ACN eC.
Compared to other substrates, the proportion of azo linkages of spon/DI eC (~35%) is
structurally similar to NBD spontaneously grafted and electrografted gold® (~35%)
and electrografted GC** (34-42%). Given that the expected N 1s 400/N 1s 406 for
NBD molecules adsorbing with a diazo group intact is 2:1 and attributing the peak
located at 400 eV to the presence of azo bridges, it can be calculated that the
percentages of total NP groups attached through azo linkages are 40% for spon/ACN
and 27% for spon/DI and echem electrodes. Since low surface coverages of NP in
ACN were obtained by both CV and XPS, it can be deduced that most of the azo
bonds are located at the surface of eC. In summary, XPS results demonstrate that NP
films formed by spontaneous reaction in DI appear similar to those electrografted but

different from those spontaneously grafted in ACN in terms of yield and structure.
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Herein, we have focused our attention on spontaneous grafting of aryldiazonium salts
in aqueous media because the reaction appears substantially more facile and rapid.

It is worth noting that physisorbed materials likely present in the aryl films for
both solvents and perhaps more so for DI because cleaning by sonication cannot be
used for eC/Au substrates, as discussed in Chapter 2. In addition, as the pH of DI in
our lab is ~5.5, diazonium salts dissolved in DI are likely transformed into the less
stable diazohydroxides and diazoates.”” These derivatives can also graft
spontaneously on metals*® and graphene sheets.” Even though diazonium salts are
more stable in aqueous acid, spontaneous grafting of diazonium salts has been
observed at neutral*® or basic pH.**

Para-substituent on aryldiazonium salt. The spontaneous grafting on
amorphous carbon reported to date concerns aryldiazonium salts bearing only nitro
groups;l’%*28 thus, it is our intention to expand this reaction to other less electron-
withdrawing para-substituents such as carboxy and bromo groups. The reduction peak
potentials of 0.1 mM NBD, CBD, and BBD vs SCE were reported to be 0.20, 0.10,
and 0.02 V (at GC in 0.1 M TBABF4+/ACN), which correlates well with the electron-
withdrawing properties of these substituents.*” Additionally, carboxyphenyl (CP)
films that resulted from grafting of CBD are useful as tether layers for subsequent
coupling reagents. CP and bromophenyl (BP) films are not electroactive, but their
presence can be detected by water contact angle measurements and XPS. eC was
immersed in 1 mM aqueous solutions of the salts for 30 min, then removed from the
deposition solution, rinsed with DI, dried with nitrogen gas, and characterized by

water contact angle, XPS and AFM. The results are summarized in Table 3-2.

Table 3-2. Results from water contact angle (WCA), XPS, and AFM characterization of bare eC and
eC modified with NBD (eC-NO,), CBD (eC-COOH), and BBD (eC-Br)

WCA/Wettability XPS/Atomic composition AFM/Film thickness

eC 44° £ 2° O/C: 5.8% - 8% NA

eC-NO, 51°+3° N/C: 7.4 £0.2% 1.9£0.3 nm
eC-COOH  20°%3° O/C:11.9+£0.1% 1.2+0.2 nm
eC-Br 73°+3° Br/C: 1.77 £ 0.02% 0.6 £0.2 nm

Water contact angle. Successful modification is evident from a decrease in

water contact angles for eC-COOH and an increase for eC-Br, rendering hydrophilic
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surfaces for the former and hydrophobic surfaces for the latter (Figure 3-3B, C).
Microcontact printing of CBD in acidic medium on PPF decreases water contact
angles from 68 + 2° to 31 £ 2°, consistent with the attachment of hydrophilic CP
groups.*®

AFM. The thicknesses of organic films were measured with AFM scratching,
which is ideally to be conducted on low roughness surfaces like PPF.>® The low
surface roughness of eC facilitates AFM measurements of the organic film
thicknesses. Briefly, the surface was scratched with an AFM tip to remove a small
section of the grafted film; next, without changing the tip, the ploughed area was
profiled to determine the film thickness. Figure 3-9 shows a topographic image
following scratching at eC-NO; and the corresponding cross-sectional depth profile of
the top image. The high topographical features on the side of the scratch are debris
that has built up during the scratch. The procedure also was carried out for eC-COOH
and eC-Br, and the average film thicknesses are reported in Table 3-2. Spontaneous
grafting of aryldiazonium salts slightly smoothen the substrate surface (modified
substrates have a roughness of ~0.5-0.6 nm) and resulted in the formation of
homogenous layers. NBD yielded the highest thickness, and BBD the lowest, which
appears to correlate with the trend in electron withdrawing effect of the para-
substituents. Anariba et al. also found a correlation between the ease of reduction of
the diazonium salt and the resulting film thickness electrochemically grafted to PPF
substrates.”’ As a monolayer of NP groups oriented vertically to the surface has a
calculated thickness of 0.79 nm,* we can estimate that NBD formed 23 layers, CBD
1-2 layers, and BBD close to a monolayer at eC, resembling those formed by

microcontact printing of NBD and CBD inks at PPF.*’
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Figure 3-9. AFM topographic image followed scratching at eC modified by immersion in 1 mM NBD
aqueous solution for 30 min and cross-sectional depth profile of the top image.

XPS. Successful modification of eC with CBD and BBD is evidenced from an
increase in the O/C ratio (Figure 3-7B) and the presence of Br 3d peak at 71 eV
(Figure 3-7C), respectively. Figure 3-10 shows the high-resolution spectrum of Br 3d
peak which was fitted with Br 3d5/2 and Br 3d3/2 due to spin-orbit coupling; this
peak is absent on unmodified eC. Table 3-2 contains the atomic ratios of unmodified
and modified substrates. The O/C ratio of eC-COOH increased to 12%, ~8% of which
can be attributed to the native oxides on unmodified eC surface and the rest to the
carboxyl functional groups. XPS atomic ratios suggest that NBD results in the highest
grafting yields and BBD the lowest, which again corresponds with the electron-

withdrawing effect of the para substituents.
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Figure 3-10. XPS Br 3d core level spectra of bare eC and ¢C modified by immersion in 1 mM BBD
aqueous solution for 30 min.

eC-COOH and eC-Br also show peaks at 400 eV in the N 1s core level
spectra, as shown in Figure 3-11. This peak corresponds to a reduced nitrogen atom
identified as azo linkages, as discussed above. This suggests the existence of azo
bonds in the structure of the organic layers formed by all three aryldiazonium salts,
and the reduction of nitro groups by X-ray beam alone cannot explain the emergence
of N 1s peak at 400 eV. Since very thin organic layers were formed as determined by

AFM, these azo bonds likely are located at the film-substrate interface.
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Figure 3-11. XPS N 1s core level spectra of bare (blue) and modified eC electrodes obtained by
immersion in 1 mM NBD (green), CBD (orange), BBD (grey) aqueous solutions for 30 min.
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Role of the substrate in film formation. We have shown that spontaneous
grafting of aryldiazonium salts on amorphous carbon substrates prepared by electron-
beam evaporation is feasible, grafting is more facile in aqueous medium than in ACN,
and that grafting yield at eC is lower than GC under the same deposition conditions.
As an attempt to explain the different grafting yields observed in different media and
substrates, we monitored the OCPs of eC and GC electrodes in response to the
addition of NBD. Monitoring OCP is assumed to give an indication of the reducing
power of the substrate and has been used to study the behavior of gold,* copper,**
and GC.>**!

Figure 3-12 demonstrates that eC and GC are qualitatively similar: in both
media, adding NBD resulted in an immediate and significant jump in the OCPs, while
adding just the solvents caused no sudden change in OCPs. There was no clear
association between the magnitude of potential jump and grafting yield for both eC
and GC electrodes. The surge in OCPs is followed by a slow decrease in DI and a
slow increase in ACN. Reproducible behavior was obtained when different electrodes
were used, but the initial potentials of eC could vary by as much as ~0.15 V. Among-
sample variation in OCP was also observed at GC***' and gold® and was thought to
stem from variations in surface structure, cleanliness, residual solution O,

concentration, as well as the electrolytic solution used.
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Figure 3-12. Left panel: OCP of eC electrodes vs immersion time in DI (A) and ACN (C). Right
panel: OCP of GC electrodes vs immersion time in DI (B) and ACN (D). After 5 min (arrow), a small
volume of (<1 mL) NBD was added to the solution to give a final concentration of 1 mM. Control
experiments are depicted in black where the same volumes of the solvents (blank) were added to the
solution.

The increase and decay of OCPs can be associated with the accumulation of
positive charge on the electrode surface and the discharge of that accumulation. We
thus assign the charging process to electron transfer from eC to NBD cations and/or
to the attachment of cationic species and the discharge to an oxidation process whose
details were not investigated here. The discharge process was attributed to the
oxidation of adventitious solution impurities at gold®”> and GC,° and we assume
similar mechanisms operate in this work. A discharge process was not observed in
ACN during the time window in this study, and this could be due to the sustained
charging and/or a slower discharge mechanism. Alternatively, the continued charging
process in ACN might render the electrode substrate too positive to maintain film
growth, thus resulting in a lower grafting yield. Lehr et al. reported that for
spontaneous grafting of NBD to GC in acidic aqueous medium and ACN, slow film
growth occurred in ACN for at least 13 h and increased the film density rather than
thickness.”® Seinberg et al. observed that diazonium-derived anthraquinone
spontaneously grafted to GC at a faster rate in (neutral or acidic) aqueous media than
in ACN; the same coverage was achieved after 30 min in DI and 24 h in ACN.>
Thus, our OCPs results are consistent with the lower grafting yield/rate in ACN

observed for both GC and eC in this work as well as with other researchers’ findings.
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The increase in OCP is consistent with the role of eC as an electron donor.
While the OCP is low enough, electrons can be transferred from eC to the diazonium
cations, and the NP film grows. As the OCP becomes too positive to favor NBD
reduction, film growth slows to a stop, and the discharge process becomes dominant
by oxidizing the electrode or solution impurities. Diazonium ions decompose in
acidic water when a nucleophile such as an electron-donating n-electron system is
present.” Here, eC (or GC) acts as a nucleophile, transferring electrons to reduce
diazonium cations to phenyl radicals. Carbon is thought to supply electrons for
spontaneous reduction processed by hole injection in its 7 system, as demonstrated by
conductivity measurements.”* This hole injection would lead to an increase in open
circuit potential of carbon electrode until the reaction is self-limited.

OCP results, however, inadequately explain the different grafting yields
obtained at GC and eC under the same deposition conditions since qualitatively
similar behavior was obtained. Strano and co-workers proposed a two-step
mechanism for the spontaneous attachment of 4-chlorobenzen diazonium salt at a
single-walled carbon nanotube, with the first step involving the physical adsorption of
aryldiazonium cations via formation of a charge-transfer complex and the second step
involving nitrogen elimination and covalent bond formation.” This model has been

suggested to be valid for disordered carbons as well.”® Adsorption of quinones’>**’

and the electron-transfer kinetics of dopaminesg’59

(which requires adsorption sites as
the first step) at carbon electrodes are thought to be promoted by surface roughness,
graphitic content, and surface oxygenated functionalities. Therefore, in light of these
studies, we speculate that the differences in roughness, graphitic content, and surface
oxides between eC and GC might influence the first physisorption step and
consequently the grafting yields.

The rms roughness of GC was reported to be 5.8 + 1.3 nm,” higher than that of
eC (0.72 £ 0.08 nm) by a factor of 8. Gold deposited on glass (roughness 5.1 nm)
doubled nitrophenyl groups grafted to the surface in comparison with gold deposited
on the smoother substrate silicon (roughness 2.9 nm).*® GC is a graphitic material

(100% sp” content), while eC has ~70% sp” hybridized carbons. Cullen et al. studied

the spontaneous attachment of NBD from aqueous solutions onto amorphous carbon
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materials that differ in sp” content and demonstrated that high graphitic sp® content is
a strong predictor of high nitrophenyl grafting yields.”” Freshly polished GC in
alumina slurries typically has an O/C of 14% with phenols, carbonyls, and
carboxylates among the various functional groups that are present;*’ the as-prepared
eC has an O/C of ~6%. The phenol groups present at GC surface were proposed to
undergo a coupling reaction with the diazonium cation and yield a hydrazine, which
tentatively explains the presence of azo bonds directly on the surface. TOF-SIMS
experiments with a close to monolayer of phenylene films electrografted to GC
revealed the existence of a fragment that is in good agreement with this proposed
scheme.®’ The carboxylates present at carbon black surfaces also were proposed to
undergo a concerted dediazoniation of the diazonium cations and decarboxylation
mechanism in the spontaneous reaction with NBD.®* This mechanism also allows for
the formation of an azo bond at the surface if the nitrogen departure does not occur.
Deconvolution of XPS C 1s spectra of unmodified and modified eC
electrodes points to the involvement of surface carboxylates in the spontaneous
grafting of aryldiazonium salts (Figure 3-13). The component at ~288 eV (C4),
corresponding to the C=0 linkages,"” significantly decreased following modification
with NBD and BBD, suggesting a significant loss of surface carboxylates (Table 3-3,
two-tailed t-test at 95%). The disappearance of the COOH component in the C 1s
spectrum also was observed after oxidized carbon black was functionalized with
NBD.** Modification with CBD resulted in an increase in the component at ~288 eV,
consistent with the attachment of CP groups to the surface. Thus, the spontaneous
attachment of aryldiazonium salts to carbon electrodes is also available through a
mechanism that involves surface phenolic and carboxylate groups, when oxygen
functionalities are present, which occurs in concert with the heterogeneous electron
transfer between eC surface and diazonium cations as discussed above. This
mechanism partly would explain the lower grafting yields observed at eC as well as at

the low surface oxides PPF substrate (O/C ~2-3%)’’ in comparison with GC.
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Figure 3-13. XPS C 1s core level spectra of bare (A) and modified eC electrodes obtained by
immersion in 1 mM NBD (B), CBD (C), BBD (D) aqueous solutions for 30 min. The peaks at 284.3
eV (C1) and 285.3 eV (C2) are assigned to sp” and sp’ hybrids, respectively.® The peaks at 286.5 eV
(C3) and 288 eV (C4) are assigned to C—O and C=0 bonds, respectively.

Table 3-3. Deconvolution of XPS C 1s spectra of unmodified and modified eC substrates

eC eC-NO, eC-COOH eC-Br
sp /sp” (%) 3843 109 +2 93.9+0.8 61 +6
C=0 (%) 3.0+0.6 2.01 £0.09 47+05 1.89 +0.08

Deconvolution of XPS C 1s spectra of bare and modified eC also points to the
conversion of sp> C to sp® C during the modification with aryldiazonium salts, that is
observed similarly for the spontaneous functionalization of carbon nanotubes with

6455 The extent of this conversion can be taken as a crude

diazonium compounds.
measure of grafting yields and is consistent with the AFM thickness results, with eC-
NO, having the highest sp’/sp> and eC-Br the lowest. The sp” to sp’ conversion also
signifies the covalent attachment of NP, CP, and BP groups to eC, consistent with the
stability test discussed below. However, sp to sp° ratios obtained by XPS are
estimates which should be interpreted with caution and ideally cross-validated with
Raman spectroscopy.

In summary, we believe that the spontaneous grafting to amorphous carbon

electrodes occurs via at least two mechanisms: the well-known radical mechanism
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and one that involves surface oxygenated functionalities (Figure 3-14). The reaction
is self-limited, as increasing immersion time by 2-fold and NBD concentration by 10-
fold does not lead to an increase in grafting yield, as discussed above. The reaction
likely is limited by the availability of active edge sites and surface oxygenated
functionalities. The initial monolayer is formed when the diazonium cation in solution
accepts an electron from the eC substrate and eliminates nitrogen. When surface
oxygenated functionalities are present, the initial layer also could be formed by a
coupling reaction between surface phenol and carboxylate groups with diazonium
cations, leading the formation of azo derivatives.”*® After the formation of the initial
monolayer, the subsequent layer, if any, is formed by reducing diazonium cations in
solution by electrons that tunnel through the attached phenyl layer or were conducted

29,67,68

through the conjugated m-system to a radical that attacks the para position of an

already attached phenyl ring. Azo coupling also could occur within the

. 49,69
multilayers.
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Figure 3-14. Proposed mechanisms of diazonium salts spontaneously grafted at eC/Au surface that
involve oxygenated functionalities (top and middle) and the well-known radical mechanism (bottom).

Blocking properties of spontaneously grafted organic films. We examined
the voltammetry of a Fe(CN)s> redox probe at bare and modified surfaces to give a

measure of the blocking properties of the grafted layers. eC was modified, rinsed with
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corresponding solvent, and dried before being transferred into an aqueous solution of
Fe(CN)s>". Figure 3-14A illustrates the response of Fe(CN)¢> '+ at bare eC, spon/DI
eC, spon/ACN eC, and echem eC. At pristine eC, the cyclic voltammogram of
Fe(CN)63'/4' in 1 M KCI shows a reversible couple with AE, = 98 mV (scan rate

0.2 V/s). Spon/ACN eC increased the AE, to 556 mV, and the response is suppressed

3-/4-

almost completely at spon/DI eC. The response of Fe(CN)g was blocked

completely at the electrochemically modified electrode when a procedure that can
produce thick NP films was used.”® Suppression of the redox response of Fe(CN)g’ -
can be attributed to the hydrophobicity of the NP film as well as the change in
electronic properties of eC during spontaneous grafting that consequently leads to a

decreased electron transfer rate.
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Figure 3-15. (A) Cyclic voltammograms of 1 mM Fe(CN)¢” in 1 M KCI at bare eC (blue), eC
modified by immersion in I mM NBD in DI for 30 min (green), eC modified by immersion in 10 mM
NBD in ACN for 150 min (red), and eC modified by chronoamperometry in 10 mM NBD and 0.1 M
TBABE, in ACN (-0.3 V for 5 min) (purple). (B) Cyclic voltammogram of 1 mM Fe(CN)s” in 1 M
KCI at bare (blue) and modified eC electrodes obtained by immersion in 1 mM NBD (green), CBD
(orange), BBD (grey) aqueous solutions for 30 min. Scan rate 0.2 V/s.
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These results are indicative of a lower surface coverage or thinner film that
was formed in ACN, even when a higher NBD concentration and a longer immersion
time were used in this experiment. The NP film that spontaneously formed in aqueous
solution is almost as nearly blocking as the thick electrochemically grafted film,
consistent with the presence of a compact and homogenous layer.

In contrast, the NP films formed at GC under the same conditions have

negligible effect on the electron-transfer rate of Fe(CN)s "'+

(Figure 3-15), even
though they have higher surface coverage and potentially higher thickness, suggesting
that non-uniform or defective films were formed at GC. It is likely that uniform and
compact NP films formed at eC as suggested by CV of Fe(CN)¢ """ data, makes them
more blocking to electron tunnelling, thereby stopping film growth at lower surface

coverage and/or thickness in comparison with GC.
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Figure 3-16. Cyclic voltammograms of 1 mM Fe(CN)> in 1 M KCI at bare GC (blue), GC modified
by immersion in 1 mM NBD in DI for 30 min (green), GC modified by immersion in 10 mM NBD in
ACN for 150 min (red). Scan rate 0.2 V/s.

The blocking properties of CP and BP films used also were investigated and
presented in Figure 3-14B. The NP film is the most blocking because of its relative
thickness and hydrophobicity. The CP film is thicker than the BP and likely is to be
deprotonated at neutral pH, as the pK, of a multilayer CP film was estimated to be
2.8.% As such, the CP film will bear a negative charge, and the electrostatic
interaction with the negatively charged Fe(CN)¢’ is expected to hinder the electron
transfer process at eC-COOH. However, the hydrophobic effect may play a more

3-/4-

important role here in suppressing the response of Fe(CN)s” " at eC-Br. In summary,

spontaneous grafting of aryldiazonium salts from aqueous solutions does not hinder
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the electron transfer processes completely as does electrochemical modification and
could prove advantageous in the subsequent modification of the tethered layer with
biomolecules, especially for CP films.

Stability of spontaneously grafted NP film. As a test of the strength of the
C—C bond between the NP film and eC surface, we heated eC-NO, at 200 °C for 2 h,
then conducted CV to confirm that the NP groups were still present on the electrode
surface (Figure 3-16). The NP groups were still present after eC-NO, was left on the
lab bench for 1 month. In both cases, we obtained cyclic voltammograms similar to
that observed in Figure 3-2A. The stability of the NP film is indicative of covalent
attachment of NP groups to eC electrode.
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Figure 3-17. Cyclic voltammograms obtained in 0.1 M H,SO, at 0.2 V/s on eC modified by immersion

in 1 mM NBD aqueous solution for 30 min and similarly modified eC after heat treatment at 200 °C in
a vacuum oven for 2 h.

3.4 Conclusion

Amorphous carbon substrates prepared by electron beam deposition or eC, show
similar reactivity toward diazonium salts as those deposited by sputtering (aC). The
nature of the surface, the deposition conditions, and the particular diazonium reagent
used affect the grafting rates, yields, and the structure of the resulting organic films.
eC gives lower surface coverage of NP groups than GC under the same deposition
conditions. The spontaneous attachment has been found to be more efficient in
aqueous solutions than in acetonitrile, and the structure of NP film grafted from

aqueous solution is similar to that produced electrochemically. Homogenous and thin
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organic layers were formed from the spontaneous grafting of all aryl diazonium salts
used in this study, and the thicknesses of the resulting organic layers were found to
correlate with the electron withdrawing abilities of the para-substituents.
Derivatization of eC with aryl diazonium salts at OCP in aqueous medium offers a
fast, simple method for functionalizing the surface, with minimal waste disposal
issues. It could be a good alternative to SAM of thiols in the functionalization of SPR
chips, where the multispots on the surface can be addressed by simple drop-casting.
The good thermal stability of the C—C surface bond can accommodate the local
temperature rise of molecular electronic devices during metal deposition and thus is

important to successful fabrication of these devices.
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Chapter 4. Protein Adsorption at Amorphous
Carbon Surfaces by Surface Plasmon
Resonance Imaging

4.1 Introduction

Surface plasmon resonance (SPR) has been used routinely in the study of
biomolecular interactions because it offers highly sensitive, in situ, real time, and
label-free detection.' The sensing layer commonly consists of a thin metal film, which
is capable of supporting surface plasmons in the near infrared and visible regions of
the spectrum.” Surface plasmons are sensitive to changes in the refractive index of
the sensing medium brought about by the binding of analyte molecules to their
ligands immobilized on the SPR chip.* Gold thin films are used preferably as SPR
substrates because they have stable optical and chemical properties.* Self-assembled
thiolate monolayers on gold have been studied and characterized thoroughly and are,
by far, the most widely used surface chemistry for SPR.*’" However, gold-thiol
interactions are subject to oxidation and photodecomposition, which limits
applications such as on-surface combinatorial chemistry and photolithography.®
Silver films as SPR substrates have sharper angular resonance and thus increased
sensitivity in the visible region compared with gold.* However, silver films are not
commonly used like gold because they are oxidized easily in aqueous solutions; the
oxidized surface complicates the ability to control the interfacial chemistry of
biosensing.

Lamellar structures consisting of a thin protecting film deposited on top of the
surface plasmon active metals have been proposed to circumvent the limitations
discussed above. Lockett et al.”” deposited a thin layer of amorphous carbon (7.5 nm)
on gold and silver substrates to fabricate DNA arrays. The presence of a carbon
overlayer allows for a robust surface modification based on covalent carbon—carbon
bonds to be used. However, the sensitivity of carbon-on-metal substrates is 42%
lower than that on gold because amorphous carbon layers absorb light in the visible
range. Touahir et al.'” reported the use of amorphous carbonated silicon as an

optically transparent coating film in the visible range. A 5 nm thick layer of the
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silicon—carbon alloy can enhance the sensitivity of the substrate significantly, but the
reduced thickness of the coating resulted in a nonhomogeneous layer, as pinholes and
intermixing between the amorphous alloy and the metal have been observed. More
recently, graphene has been demonstrated theoretically and experimentally as an
attractive coating on silver and gold because of the enhanced sensitivity resulting
from increased adsorption of biomolecules to the high surface-to-volume graphene
compared with gold."* The current major limitation of the graphene-based SPR chips,
however, is its lack of specificity as m-m stacking interactions are not specific; any
organic molecules or biomolecules bearing aromatic structures can adsorb strongly to
graphene."*

Chapter 2 describes electron-beam evaporated carbon-on-gold films (eC/Au)
for use as a disposable electrode material."' All layers can be deposited without
breaking vacuum and have shown good adhesion to the substrate. The resulting films
are very smooth and exhibit good electroanalytical performance, notably abnormally
low quinone adsorption. eC is amorphous and hydrophilic, and possesses significant
sp> content (~30%) and considerable O/C ratio (~6%), thus resembling sputtered
amorphous carbon.'? However, eC is not as well-studied as other carbon films."? To

date, eC has been examined only for fabricating transparent carbon electrodes,'*"

11,16 17,18

disposable electrode materials, >~ and molecular electronic devices.

In this chapter, we explored various thicknesses of electron-beam evaporated
carbon films deposited on gold as SPR substrates. Carbon films were deposited
thinner, without pinholes or defects, resulting in minimal sensitivity loss compared
with previous reports by Lockett et al, in which the carbon film thickness is 7.5 nm.>”
Then, eC/Au films are applied to study the nonspecific adsorption of proteins at the
carbon surface. Nonspecific protein adsorption on surfaces is a universal phenomenon
and the first event that happens when the surfaces come into contact with biological
fluids. It often dictates subsequent events, such as activation of platelets and
leucocytes, and blood coagulation.” Non-specific protein adsorption can impair
performance of such devices as medical implants, drug delivery carriers,

20,21

electrochemical sensors and biosensors in contact with biological fluids. Since

surface plasmons are sensitive to any binding occurring within a few hundreds of
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nanometers at the sensor—solution interface,* nonspecific adsorption of proteins is
the major roadblock in translating SPR sensing technologies to clinical applications.”
Therefore, control over the nonspecific adsorption of proteins to surfaces is crucial in
predicting and optimizing the performance of devices in biological applications. The
results presented here also should be of interest to researchers in the field of
biomaterials because the physicochemical properties of eC, as previously noted,
resemble sputtered amorphous carbon which has emerged as a suitable coating for

biomedical implants.**2°

4.2 Experimental

4.2.1 Chemicals and Materials

P-type, (100) oriented silicon wafers (University Wafers), SF-10 glass (Schott Glass),
concentrated sulfuric acid (95%—-98%, Caledon), hydrogen peroxide (Aldrich, 30%
w/w), 2-propanol (certified ACS, Fisher), acetonitrile (ACN, for HPLC, gradient
grade, >99.9%, Aldrich), acetone (ACS reagent, >99.5%, Aldrich), anhydrous ethyl
alcohol (Commercial Alcohols), potassium chloride (ACS reagent, 99.0-100.5%,
Aldrich), potassium ferricyanide (certified reagent, Caledon),
hexaammineruthenium(IIl) chloride (98%, Aldrich), SDS (Bio-Rad Japan,
electrophoresis purity reagent), bovine serum albumin (BSA, Aldrich, >= 98%, pH
7), fibrinogen from bovine plasma (Fib, Aldrich, Type I-S , 65-85% protein),
ChromPure Rabbit IgG (whole molecule, Jackson ImmunoResearch), and phosphate
buffered saline (PBS, Aldrich, 10x concentrate, BioReagent) were used as received.
Solutions were prepared fresh daily with deionized (DI) water purified and deionized
by a Barnstead E-Pure system (18.2 MQ cm, ThermoFisher). Solutions used in

electrochemistry experiments were purged with nitrogen gas for 10 min before use.

4.2.2 Substrate Preparation
Chromium (2 nm), gold (42 nm), and carbon (1-10 nm) layers deposited onto Si
substrates were prepared, as detailed in Chapter 2. SPR substrates were chromium (2

nm), gold (42 nm), and carbon (1-10 nm) layers deposited onto SF-10 glass cut into



93

1.8 x 1.8 cm? chips. Prior to deposition, glass chips were cleaned with hot piranha
solution (1:3 v/v H,O; : conc. H,SOy, ), followed by thorough rinsing with DI and
dried with nitrogen gas. [Warning: Piranha solution presents an explosion danger and
should be handled with extreme care; it is a strong oxidant and reacts violently with
many organic materials. All work should be performed under a fume hood. Wear
personal safety equipment.] Substrates were prepared fresh daily and stored in a

desiccator under vacuum at room temperature, until use.

4.2.3 Surface Characterization

Surface plasmon resonance imaging (SPRi) was obtained using a SPR Imager (GWC
Technologies). The SPR imager has been described in detail elsewhere.” Protein and
buffer solutions were introduced to the substrate surface via peristaltic flow through a
fluid cell. Langmuir isotherms were obtained by fitting the experimental data using
the one site ligand binding model included in SigmaPlot (Systat Software, Inc., San
Jose, CA).

Infrared reflection-absorption spectroscopy (IRRAS) spectra were collected
on a Nicolet 8700 Fourier transform infrared (FTIR) spectrometer (Thermo Fisher
Scientific) equipped with a mercury cadmium telluride (MCT) detector, a specular
reflectance accessory (80 Spec, Pike Technologies). 1024 spectra were collected at
80° incidence and 4 cm™' resolution using a bare gold slide as background.

Contact angle measurements were performed with a 4 pL droplet volume
using a Rédme-Hart goniometer (model 590) equipped with DROPimage advanced
software. The reported values are the averages of two measurements on each sample
(N = 3). The contact angle of water at eC,/Au is 41° + 3°.

Atomic Force Microscopy (AFM) images were collected with a Dimension
Edge Atomic Force Microscope (Bruker) using commercial Si tips with a resonant
frequency of 300 kHz and a force constant of 40 N/m (Tap300, Ted Pella, Inc.). The
scan rate was 1-2 Hz, and the scanning density was 512 lines/frame. The thicknesses
of the organic layers were determined by “AFM scratching,” as previously described

127

by Anariba et. al.”" The applied force was determined empirically so that it is

sufficient to remove the organic layers without damaging the surface. A set point
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voltage of 0.5 V was used for all experiments. AFM images were processed with
NanoScope Analysis v1.40. The images, with the exclusion of the ‘scratched’
regions, were flattened with a first-order polynomial before analysis. Then, a line-
scan profile was drawn across the scratched region to determine the thickness of the
organic layer.

Cyclic voltammetry (CV) was performed with a three-electrode cell and a
bipotentiostat (model AFCBPI, Pine Instruments). Home-made Ag|AgCl|KCl (3.5 M)
was used as a reference electrode, and a Pt mesh was used as a counter electrode.
eC/Au or Au served as working electrodes, the geometrical area of which were
defined by a Viton O-ring. Chronoamperometry in 1 mM Fe(CN)s” in 1 M KClI
yielded an electrode area of 0.319 £ 0.005 cm’ (N = 3). CV experiments were
conducted in nitrogen-blanketed solutions at room temperature (22 = 1 °C).
Heterogenous electron-transfer rate constants were calculated for simple one electron

redox system using the method of Nicholson as reported previously. "'

4.3 Results and Discussion

A 10 nm eC overlayer on Au results in a significant decrease in sensitivity and an
increase in the angle of resonance due to broadening of the SPR curves and decreased
photo-plasmon coupling (Figure 4-1), which can be ascribed to the complex dielectric
function of amorphous carbon.”*’ The decreased slope of the scanning angle curve
induced by eC coating leads to sensitivity loss in SPRi measurements (Figure 1-2).
This was demonstrated in studies by Lockett et al.,> in which a 7.5 nm thick
sputtered carbon layer induced up to 42% loss of sensitivity relative to a bare gold
film. In that work, 7.5 nm is the minimum thickness to support the fabrication of
DNA arrays consistently; carbon films thinner than 7.5 nm often delaminated during

array synthesis, making the substrates unusable.
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Figure 4-1. Scanning angle reflectivity curves of Auy, and eC,y/Auy, electron-beam evaporated onto
BKY7 glass substrates. Data were collected using a custom-built scanning angle SPR instrument with a
632.8 nm HeNe laser.

Fixed angle SPRi measurements were conducted for substrates with varying
eC thicknesses (1-10 nm) to determine the effect of eC overlayer on the sensitivity of
eC/Au substrates. The sensitivity of Au and eC/Au substrates was investigated
experimentally by measuring the change in reflectivity (A%R) after the substrate is
exposed to a series of water/ethanol solutions. Figures 4-2A and B show the typical
continuous SPRi sensorgrams obtained at Au and eC,/Au substrates (subscript
indicates thickness in nm) after water/ethanol solutions (0—1% w/v ethanol solutions
corresponding to a refractive index change of 3.0 x 10 are injected into the cell.
The staircase responses were used to generate a calibration plot, as shown in Figure
4-2C, which indicates that A%R varies linearly with refractive index, and the slopes
of the curves can be taken as a measure of sensitivity. As can be seen from Figure 4-
2, changes in reflectivity resulting from changes in the medium refractive index are
larger at Au than at eC,/Au. Comparing the slopes of the two calibration curves, (2.9
+0.4) x 10° for Au and (2.6 £ 0.2) x 10’ for eC,/Au, a 2 nm thick eC coating resulted
in 10% loss of sensitivity relative to a bare gold film. This loss is minimal compared

with the previously reported 42% loss determined by a similar method.™’
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Figure 4-2. Sensitivity test at Au (red) and eC,/Au (black) substrates. Representative continuous SPRi
sensorgrams obtained at Au (A) and eC,/Au (B) surfaces after water/ethanol solutions of different
refractive indices are injected into the cell (indicated by black arrows). (C) Calibration plot of
measured A%R vs refractive index of water/ethanol solutions. The slopes yielding the sensitivity
calculated for Au, eC,/Au, and eC,/Ag are (2.9 + 0.4) x 10°, (2.6 + 0.2) x 10°, and (3.3 + 0.4) x 10°,
respectively. Error bars are 1 standard deviation.

The slopes of the calibration plots for 4 nm and 10 nm thick eC overlayers
also were determined and presented in Table 4-1. Increasing eC thickness results in
increasing sensitivity loss compared with the bare Au substrate. A carbon overlayer
thus presents a trade-off between the sensitivity and stability of the substrate. Carbon
layers prepared by electron-beam evaporation without breaking vacuum have shown
good adhesion to the substrate, as we did not observe delamination of the eC layer

from the substrate.!' However, films that are too thin might form incomplete layers,
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thereby exposing the underlying Au film. It is necessary to determine the minimum

thickness of eC to minimize sensitivity loss while having adequate coverage.

Table 4-1. Sensitivity of various substrates determined by calibration of at least 3 replicate substrates
with a series of water/ethanol solutions

Substrates  Slopes (x 10°, A%R/refractive index unit)

Au 29104
eCy/Au 26102
eCy/Au 24+£02
eClo/Au 1.9+0.1
eC,/Ag 33+04

In Chapter 2, we study the electrochemical performance of Si/Cr,/Aug/eCiy
electrodes (subscripts indicate thicknesses in nm) and probed the presence of
pinholes, or incomplete coverage of 10 nm thick eC film, by stripping of
underpotentially deposited (UPD) lead." Briefly, a monolayer of lead adatoms can be
deposited on Au surfaces at potentials slightly more positive than for bulk deposition
of lead.”® ™ Subsequently, this lead monolayer can be stripped oxidatively from the
gold surface, giving a sharp oxidative stripping wave at —0.2 V in a linear sweep
voltammogram. We found that 10 nm thick eC can cover the Au layer completely.
We thus used this method to probe the coverage of various eC layer thicknesses, and
the results are reported in Figure 4-3. A sharp oxidative stripping wave at —0.2 V can
be observed for the gold film (0 nm eC), which is characteristic of lead stripping from
Au(111) crystal plame.30 This wave is absent for other eC/Au substrates, indicating
that no lead was deposited on these surfaces and that the Au layer was covered
completely by eC. Additionally, 2 and 4 nm thick eC layers give almost identical
voltammograms with smaller background current than 1 nm eC. While 1 nm eC films
do not show any lead deposition and stripping, we interpret the larger background
current as indicative of a defective film that does not cover the Au under layer
completely. Figure 4-3 shows that 2 and 4 nm eC films are uniform and defect free.
McCreery and co-workers have fabricated molecule/eC/Au junctions and reported
that devices made from 1 nm eC thickness displayed characteristics similar to those
without eC, while eC thicknesses between 2 and 30 nm show statistically

indistinguishable nonlinear J-V responses.'’ This indicates that an eC thickness as
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low as 2 nm can prevent Au from penetrating into the molecular layer effectively.
Thus, in light of these findings, 2 nm thick eC was chosen for subsequent SPR
experiments to minimize sensitivity loss while completely covering the underlying
Au layer. The minimal sensitivity loss reported here makes carbon-on-gold films

more useful as a SPR substrate.
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Figure 4-3. Overlay of linear sweep voltammograms of lead UPD stripping from Glass/Cr/Au/eC
electrodes with various eC thicknesses ranging from 0 to 4 nm. The thicknesses of the Cr and Au
layers were 2 and 42 nm, respectively (v =20 mV/s).

Silver has been shown to have higher sensitivity than gold as a plasmonic
material since it has higher reflectivity and lower absorption in the visible and near-
infrared regions.9 However, silver is more readily oxidized than gold. The oxidized
surface complicates the ability to control the interfacial chemistry for biosensing.*
Thus, a thin carbon film acting as a protective overlayer and altering the surface
chemistry of the silver substrate would be advantageous. Carbon-on-silver substrates
have been reported to be ~12% more sensitive than carbon-on-gold counterparts, but
this sensitivity increase is not enough to compete with bare gold films.” Thus, we
prepared carbon-on-silver substrates by electron-beam evaporation and determined
their sensitivity with a series of water/ethanol solutions, as detailed above. The silver
layer thickness was chosen to be 41 nm, as this is the optimum thickness when a
carbon overlayer is present.” We found that eC,/Ag substrates have a sensitivity of
(3.3 £ 0.4) x 10’ (Figure 4-2C), which provides a 14% and 27% increase from those
of bare Au and eC,/Au films, respectively; the sensitivity of the eC/Ag is likely
higher than reported here. Our measurements were made using 830 nm light, which is

optimal for the resonance at 42 nm Au films. Measurements under conditions optimal
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for the Ag resonance are expected to result in higher sensitivity. This result is
promising for promoting the use of carbon-on-silver substrates in SPR sensing.
It is important to note that the carbon layer in our work can be made

159 Defect-free, well-

significantly thinner than previously reported by Lockett et a
adhered 2 nm thick eC films are possible due to the deposition process used here. In
our work, the glass substrates were cleaned thoroughly with piranha solution before
loading into the vacuum chamber, and all layers were deposited by electron-beam
evaporation without breaking vacuum. In previous work, glass substrates were
cleaned with DI, and layers of Cr and Au were deposited with a metal evaporator
before amorphous carbon films were applied to the surface by DC magnetron
sputtering. We speculate that our deposition process results in enhanced adhesion of
the carbon layer to the substrate, thereby enhancing the stability of the substrate.

Protein adsorption at eC/Au and Au surfaces was monitored in real time and
quantified by SPR imaging (SPRi). In our previous study, we found that eC/Au
exhibits abnormally low quinone adsorption and slow air passivation compared to
other carbonaceous materials.'' Here, we investigate whether eC/Au also shows low
activity towards plasma proteins since low non-specific protein adsorption can benefit
eC/Au as a SPR substrate over Au in the analysis of clinical samples.” We choose
BSA and Fib as two model plasma proteins. Albumin is routinely used in many
studies on biocompatibility of surfaces, as it is the most abundant plasma protein in
humans and other mammals (40 mg/mL in blood plasma).*® Fib has a high molecular
weight and high surface affinity, which usually displaces preadsorbed proteins, as
described by the Vroman effect.’” Albumin adsorption on surfaces inhibits thrombus
formation,”® while Fib participates in blood coagulation, facilitates adhesion and
aggregation of platelets, and is important in the processes of both haemostasis and
thrombosis.”

Au and eC/Au were exposed to BSA and Fib solutions and monitored in real
time by SPRi. The protein concentration was chosen to be 7 uM to facilitate
comparison with another study on protein adsorption at amorphous carbon surfaces
by localized SPR sensing.'? All substrates were calibrated using at least three

water/ethanol solutions prior to protein exposure. After calibration, PBS was injected,
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followed by the protein solution and a final rinsing step with PBS to remove
unadsorbed protein. Figure 4-4 demonstrates the full experiment including the

calibration step.
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Figure 4-4. BSA adsorption experiment measured at an eC/Au substrate.

Figure 4-5A shows typical sensorgrams obtained at Au and eC/Au substrates
after the injection of PBS and BSA solutions. For comparison, the sensitivity
differences between eC/Au and Au are compensated by normalizing the SPRi signal
of each substrate by the sensitivity determined from the calibration with water/ethanol
solutions. The normalized A%R vs time was calculated as A%R /M, where m is the
slope obtained from the calibration of the corresponding substrate, and the results are
reported in Table 4-2. BSA adsorbs at both Au and eC/Au to the same extent. The
BSA adsorbed at eC/Au surface could not be displaced by PBS or SDS (1% w/w in
PBS).
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Figure 4-5. (A) Representative sensorgrams measured at Au (red) and eC/Au (black) substrates for in
situ BSA adsorption. (B) Representative sensorgrams measured at eC/Au substrates for in situ 7 uM
BSA and 7 uM Fib adsorption. The arrows indicate when proteins and PBS solutions were injected
into the flow cell.

Table 4-2. Summary of results from SPRi and AFM measurements

Surface Protein Normalized A%R  RMS Roughness AFM Thickness Kp

(x 107 (nm) (nm) M)
BSA 3.9+0.1 _ _ _
Au
Fib 7.1+0.8 - - -
BSA 3.9+0.1 0.7+0.1 1.1+0.1 33x10°
eC/Au .
Fib 57+04 0.8-2.5 2-3% 2.5 %10

*This excludes tall protrusions.
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BSA often is used as a blocking layer against protein adsorption for sensing in
complex media. A layer of BSA is pre-adsorbed to the sensor surface before exposure
to the analyte solution. Subsequent flow of Fib solution over the pre-adsorbed BSA
surface resulted in an increase in A%R (Figure 4-6); the overall A%R shift is (4.7
0.3) x 10” (normalized for sensitivity), which lies between the adsorption values of
each individual protein (Table 4-2). This suggests that the larger Fib molecule either
displaces BSA or adsorbs on top the BSA layer. It is likely that a mixed layer of BSA
and Fib resulted rather than multilayer adsorption, in accordance with the Vroman
effect.’”* Adsorption of plasma proteins follows a competitive process, where
initially adsorbed low-molecular weight protein (BSA) is displaced by a high-
molecular weight protein (Fib) since it is more thermodynamically favorable; when
the high-molecular weight protein adsorbs to the surface first, it is not displaced by
the low-molecular weight protein.””** The presence of a mixed protein layer can be
verified by monitoring the A%R shift after introducing an antibody specific to either

of the proteins to the mixed protein layer.*

Calibration PBS BSA PBS PBS
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Figure 4-6. An SPR adsorption profile of a two-part adsorption experiment at an eC/Au substrate.
Initially BSA is adsorbed to eC/Au followed by flowing Fib over the surface, producing an observed
increase in A%R.
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Adsorption of Fib was also compared at Au and eC/Au surfaces and the
results are reported in Table 4-2. The A%R shift at Au is higher than at eC/Au,
indicating that Fib adsorbed more at the Au surface. Figure 4-5B shows sensorgrams
of Fib and BSA adsorption at eC/Au surface; a sharper step and higher intensity can
be seen in the sensorgram of Fib, indicating that Fib adsorbs faster and more than
BSA at eC/Au surface. Pre-adsorbed Fib was not displaced by PBS or BSA, as
flowing these solutions over the surface did not result in significant A%R shift. From
the normalized A%R vs time calculated in Table 4-2, Fib adsorbs 50% more than
BSA at eC/Au, which was observed similarly by Zen et al. at sputtered amorphous
carbon surfaces.'? The difference in adsorption between BSA and Fib is likely a result
of kinetic control because the molar concentration of the proteins is identical.'* A
mass transport-controlled process would favor BSA, as it is a smaller protein with a
higher diffusion coefficient than Fib (6 x 107 vs 2 x 10”7 cm*s™).*!

Figure 4-7 presents adsorption isotherms of BSA and Fib at eC/Au. The
isotherms of BSA and Fib reach plateaus at relatively low protein concentration (0.5
mg/mL), suggesting the saturation of binding sites at eC/Au above this concentration.
The surface coverage of Fib is 50% higher than that of BSA for the same bulk
concentration. The Langmuir model is used widely to model protein adsorption

42

because it is simple and compatible with experimental data.” The hyperbolic

Langmuir model as given by the following equation:

normalizedA%Rpax [protein]

normalized A%R = :
Kp + [protein]

where normalized A%Rny.x 1S the normalized A%R at saturation and Kp is the
dissociation constant of the interaction between protein molecules and eC/Au, yields
reasonable fits to both BSA and Fib isotherms (dashed lines, Figure 4-7). Kp values
of BSA and Fib are listed in Table 4-2. The Kp of Fib is one order of magnitude
lower than that of BSA, suggesting that Fib interacts more strongly with eC/Au than
BSA. The Kp of BSA is comparable with the value obtained for BSA adsorbing at
graphene (1.5 x 10® M),* and lower than BSA adsorbing at carbon nanotubes (1.0 X
10° M)+
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Figure 4-7. Adsorption isotherms of BSA (diamond) and Fib (circle) at eC/Au.

The adsorbed protein layers at eC/Au also was characterized via ex-situ
IRRAS and AFM experiments. Figure 4-8 shows IRRAS spectra in the region
1300-1900 cm™ of eC/Au surfaces after incubation in BSA and Fib solutions,
followed by rinsing with PBS buffer. The two bands at 1664 and 1535 cm™ were
assigned to amide I and amide II nodes of amide groups in polypeptides,
respectively.** The strong amide bands indicate that both BSA and Fib adsorbed
irreversibly at eC/Au, and the higher intensity of Fib amide bands is consistent with a

thicker adsorbed layer of Fib than BSA, in agreement with SPRi results.

Q
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Figure 4-8. IRRAS spectra of eC/Au substrates showing the regions of amide I and II bands after 1 h
incubation with 7 uM BSA (bottom) and 7 pM Fib (top) solutions.
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The morphology of adsorbed protein layers at eC/Au was characterized by
AFM. The root-mean-square (rms) roughness of bare eC/Au (Figure 4-9A) is 0.39 +
0.05 nm. The formation of protein layers roughens eC/Au surfaces, leading to an
increase in the root-mean-square (rms) roughness of eC/Au surfaces after protein
adsorption (Table 4-2). AFM images in Figure 4-9B and C show eC/Au surfaces after
incubation with BSA and Fib. BSA typically forms smooth layers, whereas Fib can

5.
0
Figure 4-9. AFM images of bare ¢C/Au (A) and eC/Au surfaces after 1 h incubation with 7 uM BSA
(B) and 7 uM Fib (C) solutions.

form 5—-40 nm thick agglomerates (data not shown).

1nm

The thicknesses of the adsorbed protein layers were determined by AFM
scratching and reported in Table 4-2. Briefly, the surface was scratched with an AFM
tip in contact mode to remove a small section of the protein film; without changing
the tip, the ploughed area was imaged in tapping mode, and the layer thickness was
determined by cross-section analysis. Figure 4-10 shows a topographic image of
eC/Au after incubation with BSA for 1 h, followed by scratching, and the
corresponding cross-sectional depth profile of the top image. The high topographical
features on the side of the scratch are debris that has built up during the scratch. AFM
results indicate that Fib yields thicker layers than BSA at eC/Au surface, in good
agreement with SPRi and IRRAS experiments.
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Figure 4-10. AFM of eC after incubation in BSA solution for 1 h after the scratching process (top) and
the corresponding height profile across the step (bottom).

In summary, BSA adsorbs similarly at Au and eC/Au surfaces, but Fib
adsorbs more at Au. Adsorption of protein at surfaces is thought to depend on both
the properties of the protein and the physico-chemical properties of the surface.
Surface properties, e.g., wettability, chemical composition, charge, heterogeneity,
topography, and roughness, are believed to contribute greatly to adhesion,
composition, and conformation of the adsorbed protein layer.'® Both clean eC/Au and
Au surfaces are hydrophilic, with water contact angles of ~40° after ~10 min air
exposure after deposition.” The surface of Au can be contaminated quickly and
become hydrophobic upon air exposure (water contact angle increases from 40° to
50°—60° after 90 min),* while the passivation of eC/Au is much slower (water contact
angle increases from 44° to 51° after 1 day).11 Additionally, the topography of eC/Au
(rms roughness 0.39 nm) is smoother than that of Au (rms roughness 0.89 nm).'' The
difference in roughness is too small to have any significant effect on the contact angle

values but likely could make a difference in Fib adsorption. We believe that the
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quicker passivation with air exposure and the rougher surface of Au likely contribute
to increased Fib adsorption. Diamond-like carbon having smooth topography has
been shown to interact strongly with human albumin and inhibit the adsorption and
retention of mid- and high-molecular weight proteins. 19

Fib adsorbs to a greater extent than BSA from solutions of the same molar
concentration, regardless of the surface examined, which can be attributed to the
molecular dimensions of the proteins and their conformation at the surface/solution
interface.”® BSA has a molecular weight of 66.7 kDa and a globular structure with
dimensions 4 x 4 x 7 nm’, while Fib has a molecular weight of 340 kDa and a rod-
like structure with dimensions 5 x 5 x 47 nm>.* Thus, BSA, with a smaller molecular
weight and dimensions, yields a thinner adsorbed layer than Fib. From the normalized
A%R shifts reported in Table 4-2, a BSA/Fib ratio of 0.7 can be calculated for eC/Au,
which is higher than the value of 0.5 for Au under the same experimental conditions.
The BSA/Fib ratio at eC/Au is very similar to that obtained at sputtered amorphous
carbon surfaces studied by localized SPR,'* which is probably due to similar physico-
chemical properties such, as sp2 content, O/C ratio, and wettability of these surfaces.
Haemocompatibility of diamond-like carbon is known to be associated with the high
albumin/fibrinogen ratio,"” as it is known that albumin reduces while Fib enhances the
adhesion and activation of platelets.*® Intermediate equilibrium contact angle values
of 40°-50° have been shown to be favorable for the blood compatibility of the carbon
coatings in regard to plasma protein adsorption and platelet activation.'” Thus,
electron-beam evaporated carbon potentially can act as an attractive coating for
biomedical applications.

In Chapter 2, we have evaluated the analytical performance of eC/Au as a
disposable electrode material, and we have shown that eC/Au exhibits comparable
heterogeneous electron transfer rates for benchmark redox systems with glassy carbon

electrodes.'" Protein interactions at electrodes have long been of interest to

49-51 52-54

researchers in the development of biosensors, switchable membranes, and
biomedical implants.”>>’ Adsorption of proteins onto electrode surfaces is known to
disturb electrochemical analysis of clinical samples.”®” TIts influence on the

voltametric behavior should, therefore, be examined carefully to permit reliable
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electrochemical analysis of biological fluids.®® Thus, we investigate the effects of
protein adsorption on electron-transfer rates of eC/Au electrodes because of its
potential use as a disposable electrode material. The eC thickness is 10 nm to
facilitate comparisons with our previous electrochemical experiments. We also
conduct the experiments with Au electrodes for comparison purposes. eC/Au exhibits
similar electron transfer rates for Ru(NH;)s' ™ and Fe(CN)s> as Au electrodes (Table
4-3) but with smaller background currents (Figure 4-11 and 12). Exposure of eC/Au
or Au electrodes to BSA or IgG solutions dramatically changes the electrochemical
response of Fe(CN)s>™ at both Au and eC/Au electrodes (Figure 4-11), namely a
decrease in peak current and broadened peak separation, and, consequently, a
decrease in electron-transfer rates. The rate and extent of electron transfer blocking
for both adsorbed BSA and IgG appear to be the same at both Au and eC/Au

electrodes. This has been observed similarly by Moulton et al.®'%?

at a gold electrode,
and Guo et al.** at platinum, gold, and glassy carbon electrodes. Adsorbed protein
layers have negligible impacts on the electron transfer rate of Ru(NH;3)s** (Figure 4-
12) for both Au and eC/Au electrodes. Ru(NH3)63+/2+ has been classified as an outer-
sphere redox system, i.e., insensitive to the surface chemistry or adsorbed monolayers
at the electrode.” Therefore, the presence of a protein layer has no effect on the

electron transfer between the electrode and Ru(NH3)63+/ 2+

redox system. In contrast,
the electron transfer rate of Fe(CN)63'/4' depends on the electrode surface condition;**
thus, it is hindered by the presence of the protein layers. In short, protein adsorption at
Au and eC/Au electrodes might seriously hinder electron-transfer rates of redox

systems that require direct interaction with the electrode surface.
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Figure 4-11. Cyclic voltammograms of 1 mM Fe(CN)s"in 1 M KCI aqueous solution at (A) Au and
BSA-Au and IgG-Au electrodes and (B) eC/Au and BSA-eC/Au and IgG-eC/Au electrodes. The black
arrows indicate the direction of the scan. Scan rate = 200 mV/s. The electrodes were immersed in 10
mg/mL BSA and 0.5 mg/mL IgG solutions prepared in PBS buffer for 30 min.
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Figure 4-12. Cyclic voltammograms of 1 mM Ru(NH;)¢’"in 1 M KCl aqueous solution at (A) Au and
BSA-Au and IgG-Au electrodes and (B) eC/Au and BSA-eC/Au and IgG-eC/Au electrodes. The black
arrows indicate the direction of the scan. Scan rate = 200 mV/s. The electrodes were immersed in 10
mg/mL BSA and 0.5 mg/mL IgG solutions prepared in PBS buffer for 30 min.

Table 4-3. Electron transfer rates of Au and eC/Au electrodes

Kk’ (cm/s)

Electrode Fe(CN)s™ (1 MKCl)  Ru(NH;3)s " (1 M KCI)

Au 1.3 x 107 1.2 x 107
(3.1%) (7.8%)
eClAu Sy e
BSA-Au - 1(11 nylgz
BSA-eC/Au - 1'(21 E%gz
I¢G-Au : oaon
TeG-¢C/Au ] 1('8. ;6;?)_2

Values in parentheses are the relative standard deviation of the mean for 3 different electrodes.
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4.4 Conclusion

In this chapter, we explored the feasibility of carbon-on-metal films prepared by
electron-beam evaporation as SPR substrates. All layers were deposited without
breaking vacuum and show good adhesion to the substrate. A 2 nm thick layer of
amorphous carbon deposited on an SPR-active gold or silver film offers a smooth,
defect-free coating, which can significantly enhance the sensitivity of the substrate for
SPR sensing. The eC/Au substrates were then applied to study the adsorption of
plasma proteins in situ by SPRi. SPRi results show that BSA and Fib adsorb
irreversibly at eC/Au, the extent of which is similar to that observed at Au and
sputtered amorphous carbon surfaces. The low activity of eC/Au towards quinone
molecules does not translate to protein molecules. However, this should not come as a
surprise since carbon surfaces are known to have strong interactions with proteins,
even for the relatively chemically inert low temperature isotropic carbon.®® The
readily adsorption of plasma proteins at eC/Au surfaces can hamper their
performance as SPR substrates and electrode materials, pointing to the need for
protein resistance modifications if eC/Au substrates are to be used in measurements

of clinical samples.
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Chapter 5. Immobilization of Biomolecules on
SPR Carbon-on-Gold Chips by Spontaneous
Grafting of Aryl Diazonium Salts

5.1 Introduction

Surface plasmon resonance (SPR) spectroscopy is a powerful and widely used
analytical technique to study biomolecular interactions and biosensing.'” It offers
sensitive, real time measurement of binding events, without the need for labelling the
target biomolecules.” The advance of SPR imaging (SPRi) in the 1980s has opened
the door for multiplex detection, that is, monitoring simultaneously multiple events in
an array format.* This is promising to reduce time and cost in high-throughput studies
of enzyme kinetics, pharmaceutical screening, and biomolecule interactions (e.g.,
DNA /protein, protein/protein).”

In SPR-based biosensors, either the biorecognition element or the target
molecule is immobilized on the solid surface, and the other one is in the solution.® As
such, sensor performance, i.e., sensitivity, specificity, and robustness, depends on
reproducible coverage and orientation of the immobilized species.'"'*> Common types
of biorecognition elements that have been used in SPR affinity biosensors include
antibodies, peptides, and aptamers.™'® Antibodies are used the most often, as they can
be designed to have high affinity and specificity against a target molecule.” Hence,
the following discussion is dedicated to the immobilization of antibodies. Chapter 4
introduced our work on eC/Au films for SPR applications. As already noted, Au films
are the predominant substrates for SPR, and the previous work described below on
antibody immobilization is primarily on Au surfaces.

The immobilization of antibodies to the surface can be done via physical
adsorption, covalent attachment, and affinity capture.’ The chosen surface attachment
should provide a sufficient number of the antibodies on the sensing surface, retain
their biological activity, and minimize non-specific binding.> Physical adsorption is
straightforward and simple: the surface is placed in contact with the protein solution
to promote adsorption, mainly based on the electrostatic interaction between the

protein and the sensor surface.> While preserving the biological activity of the
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. 14,15
biomolecule, ™

physical adsorption might result in poor reproducibility and low
sensitivity due to leaching of the adsorbed proteins. '

Covalent attachment represents an attractive alternative to physical
adsorption, as it potentially enhances the stability of the protein—surface attachment."
Here, the protein is coupled to an activated surface functionalized with moieties with
binding capacity. Since a thin layer of gold (~50 nm) typically is used as an SPR
substrate, self-assembled monolayers (SAMs) of alkanethiolates have been used
widely to functionalize gold surfaces. Usually, a mixture of SAMs, long-chained
(n=12 and higher) alkanethiolates containing the desired end group and short-
chained alkanethiolates containing an oligo(ethylene glycol) group for nonfouling
background, have been developed.'®'” Because proteins contain many functional
groups (e.g., thiol, amino), covalent attachment can result in random orientation of
the immobilized proteins as well as restrict their conformational flexibility, thereby
impairing their function.’

Affinity capture represents yet another approach for antibody immobilization,
which results in specific orientation of the antibody through selective binding. This is
achieved by a high affinity or selective interaction between a surface bound species
and an antibody.” The most common example of this approach is based on avidin—
biotin chemistry: a biotinylated antibody can be attached to an avidin (or streptavidin)
modified surface.” Alternatively, an unmodified antibody can bind to a protein A (or
protein G) modified surface.’ Protein A is a 42 kDa cell wall protein of the bacteria
Staphylococcus aureus and interacts preferentially to the F. region of the antibody,
directing the binding sites F,, away from the surface. The orientation of protein A
dictates the orientation of the antibody and thus needs to be controlled.'®

Although SAMs of alkanethiolates are almost exclusively used to immobilize
biomolecules on SPR chips, the Au—S bonds are prone to oxidation and thus
unstable.”” The rate of oxidation depends on the alkyl chain length (shorter-chain

20,21 .
921 and the chemical nature

length SAMs oxidize much faster than long-chain ones)
of the terminal functional group.” The oxidized SAM is bound less strongly to the
gold surface,” desorbing from the surface, thereby impairing the performance of the

final device. The drawbacks of using Au and SAMs in SPR spectroscopy point to the
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need for alternative surface chemistries. Electroreduction of aryl diazonium chemistry
has been investigated as an alternative surface chemistry to SAMs due to the
enhanced stability of the covalent Au—C bonds.**

Immobilization of proteins on SPR Au chip surfaces by electrochemical
grafting of aryl diazonium salts has been demonstrated by several groups. In one
approach, an aniline derivative is conjugated to the antibody, followed by diazotation
of the aniline—antibody conjugation and subsequent electrodeposition on the
surface.”” The harsh conditions employed for diazotation (20 mM HCI and 20 mM
NaNO; at ice cold temperature) might not be compatible with all proteins and can
impact protein integrity.”® Alternatively, the gold surface was modified first by
electroreduction of aryl diazonium bearing a carboxylic function, followed by a
carbodiimide activation and subsequent protein immobilization.”” > Notably,
diazonium-modified gold chips showed a higher specific signal and a lower non-
specific signal in comparison with thiol-modified surfaces.”® To date, there has been
no report on the use of spontaneous grafting of aryl diazonium salts for protein
immobilization on SPR substrates.

In this chapter, we explored the use of spontaneous grafting of diazonium salts
to immobilize proteins on eC/Au SPR chip surfaces. Thick multilayers produced on
Au by the electroreduction approach have been shown to modify surface plasmon
waves drastically, and even passivate them completely;” this could decrease the
sensitivity of the SPR substrate. Previous work in our group also showed that
controlling the thickness of electrochemically grafted aryl diazonium-derived films to
monolayers resulted in the highest concentration of antibody immobilized.”” The
spontaneous approach, as has been shown in Chapter 3, produced monolayers and
thus could increase the sensitivity of SPRi detection. Spontaneous grafting is not as
fast as electroreduction but still within a reasonable timeframe (0.5 h) compared to
SAMs (~24 h). In addition, it is simple to carry out and negates the use of
electrochemical instrumentation, while still allowing for patterning of multispot SPRi
chips by a robotic or handheld microspotter. In Chapter 4, eC/Au films were
investigated as SPR substrates, and a thickness of 2 nm eC demonstrated minimal

surface plasmon loss. Therefore, 2 nm eC on Au films continue to be used in this
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chapter to explore the aryl diazonium surface chemistry for SPR sensing. This study
may open the pathway for the combination of spontaneously adsorbed diazonium
layers and eC/Au films to be a viable alternative to thiolate SAMs on Au for SPR

sensing.

5.2 Experimental

5.2.1 Chemicals and Materials

P-type, (100) oriented silicon wafers (University Wafers), SF-10 glass (Schott Glass),
concentrated sulfuric acid (95% to 98%, Caledon), hydrogen peroxide (Aldrich,
30% w/w), glycine (99%, Caledon) adjusted to pH 2.3 with hydrochloric acid
(concentrated, Caledon), N-hydroxysuccinimide (NHS, 98%, Aldrich), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC, >98%, Aldrich), 4-
aminobenzoic acid (Aldrich), tetrafluoroboric acid (48% wt in H,O, Aldrich),
sodium nitrite (Aldrich), 4-aminophenylacetic acid (Aldrich) polyoxyethylene-
sorbitan monolaureate (Tween 20, Aldrich), tridecafluoro-1,1,2,2-
tetrahydrooctyl)trichlorosilane  (Gelest, Inc), recombinant protein A from
Staphylococcus aureus (Aldrich, aqueous solution, >95% , HPLC), bovine serum
albumin (BSA, Aldrich, >98%, pH 7), fibrinogen from bovine plasma (Fib, Aldrich,
Type I-S , 65-85% protein), ChromPure Rabbit IgG (whole molecule, Jackson
ImmunoResearch), ChromPure Goat Anti-Rabbit IgG (whole molecule, Jackson
ImmunoResearch), and phosphate buffered saline (PBS, Aldrich, 10x concentrate,
BioReagent) were used as received. 4-carboxybenzene diazonium tetrafluoroborate
salt (CBD) and 4-carboxymethylbenzene diazonium tetrafluoroborate salt (CMBD)
were synthesized and recrystallized before use, as detailed elsewhere.*® Solutions
were prepared fresh daily with deionized (DI) water, purified and deionized by a

Barnstead E-Pure system (18.2 MQ-cm, ThermoFisher).
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5.2.2 Substrate Preparation

The SPR substrates were chromium (2 nm), gold (42 nm), and carbon (2 nm) layers
deposited onto SF-10 glass cut into 1.8 x 1.8 cm? chips by electron-beam evaporation,
as detailed in Chapter 2. The substrates consist of nine spots, each with a diameter of
I mm. For AFM and FR-IRRAS measurements, chromium (2 nm), gold (42 nm), and
carbon (2 nm) layers were deposited on silicon wafers. Prior to deposition, glass and
silicon pieces were cleaned with hot piranha solution (1:3 v/v H,O; : conc. HySOy ),
followed by thorough rinsing with DI water and dried with nitrogen gas. [Warning:
Piranha solution presents an explosion danger and should be handled with extreme
care; it is a strong oxidant and reacts violently with many organic materials. All work
should be performed under a fume hood. Wear personal safety equipment.] Substrates
were prepared fresh daily and stored in a desiccator under vacuum at room

temperature, until use.

5.2.3 Surface Modification

Diazonium salt deposition. SPRi chips were immersed in 1 mM aqueous solutions of
CBD and CMBD for 30 min, then rinsed thoroughly with DI water, and dried with
nitrogen gas.

Protein A immobilization. For covalent attachment, following surface
modification with diazonium salts, the SPRi chips were exposed to a vapor of neat
tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane under reduced pressure overnight
(~18 h), rendering the glass surface hydrophobic and permitting the localization of
aqueous solution drops on the spots. Then, the chips were immersed in an activating
solution composed of 0.1 M EDC and 0.1 M NHS for 90 min. A 2.5 pL drop of 7 uM
protein A'' was deposited manually on four spots of the chips with a micropipette and
incubated for 30 min at 37 °C. Then, the chips were immersed in PBSTA (1% BSA
and 0.1% Tween 20 in PBS) for 20 min at 37 °C to block the non-specific binding
sites of the surface.”® The chips were rinsed thoroughly with DI water and dried with
nitrogen gas after each step.

For physical adsorption, a 2.5 pL drop of 7 uM protein A'' was deposited

manually on four spots of the chips with a micropipette and incubated for 30 min at
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37 °C. The substrates were subject to the same steps to create a hydrophobic
background prior to protein A immobilization and block non-specific adsorption as

described above.

5.2.4 Surface Characterization

Infrared reflection-absorption spectroscopy (IRRAS). IRRAS spectra were collected
on a Nicolet 8700 Fourier transform infrared (FTIR) spectrometer (Thermo Fisher
Scientific), equipped with a mercury cadmium telluride (MCT) detector, a specular
reflectance accessory (80 Spec, Pike Technologies). 1024 spectra were collected at
80° incidence and 4 cm™' resolution using a bare gold slide as background.

X-ray Photoelectron Spectroscopy (XPS). XPS experiments were performed
at room temperature at nanoFAB using a Kratos Axis (Ultra) spectrometer with
monochromatized Al K, (1486.71 eV). The spectrometer was calibrated by Au 4f7),
binding energy (84.0 eV) with reference to the Fermi level. The analysis chamber
pressure is lower than 5 x 10"° Torr. CASA XPS was used for atomic ratio
calculations and component analysis. Note: Adventitious carbon was likely present
and thus complicated the interpretation of C 1s spectra.

Contact Angle. Contact angle measurements were performed with a 4 pL
droplet volume using a Rame-Hart goniometer (model 590), equipped with
DROPimage advanced software. The reported values are the averages of two
measurements on each sample (N = 3).

Atomic Force Microscopy (AFM). AFM images were collected with a
Dimension Edge Atomic Force Microscope (Bruker) using commercial Si tips with a
resonant frequency of 300 kHz and a force constant of 40 N/m (Tap300, Ted Pella,
Inc.). The scan rate was 1-2 Hz, and the scanning density was 512 lines/frame. The
thicknesses of the organic layers were determined by “AFM scratching”, as
previously described by Anariba et. al.*' The applied force was determined
empirically so that it is sufficient to remove the organic layers without damaging the
surface. A set point voltage of 0.5 V was used for all experiments. AFM images were
processed with NanoScope Analysis v1.40. The images, with the exclusion of the

‘scratched’ regions, were flattened with a first-order polynomial before analysis.
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Then, a line-scan profile was drawn across the scratched region to determine the
thickness of the organic layer.

Surface plasmon resonance imaging (SPRi). Experiments were carried out
using a SPR Imager (GWC Technologies) and V++ software. The SPR imager has
been described in detail elsewhere.’” Antibody and buffer solutions were introduced
to the substrate surface via peristaltic flow through a fluid cell. After an equilibration
step with PBS, rabbit IgG solution (10 pg/mL*® in PBS) was introduced into the flow
cell, followed by a regeneration step by injecting 0.2 M glycine, pH 2.3. Figure 5-1 is

a schematic representation of the experimental procedure described here.
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Figure 5-1. Schematic representation of the experimental procedure. (A) Surface modification with
aryl diazonium salt. (B) Protein A immobilization onto the diazonium layer. SPRi measurement setup
for the capture of goat anti-rabbit IgG, shown in (C) and subsequently rabbit IgG, shown in (D).



123

5.3 Results and Discussion

In Chapter 4, we have reported that 2 nm thick eC coating resulted in a minimal 10%
loss of sensitivity relative to a bare gold film in SPRi measurements. Hence, we chose
to proceed with a 2 nm thickness of eC layer in this chapter. The gold layer was
42 nm to support SPR. The goal of this chapter is to explore biofunctionalization of
SPRi chips, based on pre-modification with aryl diazonium salts. Figure 5-1 presents
a two-step procedure, in which spontaneous grafting of an aryl diazonium salt bearing
a carboxylic functional group was introduced to the surface, followed by a
carbodiimide activation of the modified surface. Covalent immobilization of a
biomolecule using two diazonium salts bearing carboxylic functional groups was
compared with the physical adsorption approach. Protein A is used as a model target
to compare and optimize the immobilization strategy in terms of preservation of
immobilized protein activity and regeneration of chip surface.

Diazonium deposition by spontaneous grafting. The eC/Au substrates were
modified with diazonium salts bearing carboxy functional groups (4-carboxybenzene
diazonium tetrafluoroborate/CBD and 4-carboxymethylbenzene diazonium
tetrafluoroborate/CMBD) by immersion in the aqueous solutions thereof. Both
CBD*"*** and CMBD****™** are used in the electrografting of surfaces, but CMBD
has been suggested to be less prone to protein fouling™ and more reactive in the
immobilization of enzymes than CBD.*

It has been shown that the aryl diazonium cation is dediazonized
spontaneously via electron transfer from the surface in either aqueous or organic
solutions.*® Several parameters have been found to affect the spontaneous attachment,
including immersion time, diazonium salt concentration, and solvents, as well as the
nature of the substrate and the diazonium compound.’® A detailed investigation of the
spontaneous grafting on eC/Au is presented in Chapter 3. Based on this, a
concentration of 1 mM in aqueous solution and a deposition time of 30 min were
chosen as the deposition conditions here. The modified substrates were characterized
by water contact angle, FT-IRRAS, XPS, and AFM to confirm the presence of the
diazonium-derived layers on eC/Au substrates. A summary of the characterization

results is presented in Table 5-1.
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Table 5-1. Summary of Characterization Results on eC/Au and eC/Au Modified with CBD and
CMBD Salts

Surface Water XPSC288.5 AFMrmms  BSA-SPR Fib-SPR
contact eV roughness A%R A%R

angle (%) (nm) (x 107 (x 107

eC/Au 41°+3° 5.8 0.39+0.05 39+0.1 57+0.4

eC/Au-CBD 22° £ 4° 89+02 0.57+0.03 39+0.2 6.7+0.3

eC/Au-CMBD 44° £2° 74+04 056+0.05 45+0.1 6.7+0.3

Water contact angle measurements. Figure 5-3 shows the water contact
angles on unmodified and aryl diazonium-modified eC/Au substrates. Grafting with
CBD resulted in a more hydrophilic surface, while CMBD slightly increased the
water contact angle compared to unmodified substrates. The additional methylene
group in CMBD renders the molecule more hydrophobic than CBD and likely
contributes to the hydrophobicity of the modified surface. The water contact angle

data are reported in Table 5-1.

A eC/Au

B eC/Au-CBD

(¢}

eC/Au-CMBD

Figure 5-2. Water contact angle measurements on eC/Au and eC/Au modified with 4-carboxybenzene
diazonium (CBD) and 4-carboxymethylbenzene diazonium (CMBD) salts.

Fourier transform infrared reflection absorption spectroscopy (FT-

IRRAS). FT-IRRAS also was used to verify the surface attachment of CBD and
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CMBD. Figure 5-4 presents FT-IRRAS spectra of unmodified (A) and aryl
diazonium-modified eC/Au substrates (B). No band around 2300 cm™, which
corresponds to the diazo stretch, was observed (not shown in the spectra), indicating
the loss of dinitrogen during the spontaneous grafting reaction. The dominant bands
centred at around 1716 cm™ and 1608 cm™ in Figure 5-4B are assigned to —C=0 from
carboxylic acid and —C=C or —C—H from the aromatic ring, respectively.”” The
IRRAS bands from CBD- and CMBD-derived substrates are comparable in terms of
intensity, width and position, but CBD appears to result in a slightly higher yield.
These bands are absent on an unmodified eC/Au substrate, indicating that they are the
result of surface derivatization. The vibrations observed from the carboxylic acid and
the aromatic ring indicate the successful surface modification with the two aryl

diazonium salts by simple immersion.
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Figure 5-3. FT-IRRAS spectra of unmodified eC/Au (A) and eC/Au modified with 4-carboxybenzene
diazonium (CBD) and 4-carboxymethylbenzene diazonium (CMBD) salts (B).
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X-ray Photoelectron Spectroscopy (XPS). The aryl diazonium modified
eC/Au substrates also were characterized by XPS. Survey spectra of modified
substrates show an increased level of oxygen in comparison with the unmodified
substrate, as expected for the introduction of carboxylic groups onto the surfaces. The
O/C ratio of the unmodified eC/Au is 12%, and the O/C ratios of CBD-eC/Au and
CMBD-eC/Au are 17% and 14%, respectively. Figure 5-5 shows high resolution
spectra of Cls peaks of unmodified and modified eC/Au substrates, which were fitted
with four components. The peaks at 284 ¢V (C1) and 285 eV (C2) are assigned to sp*
and sp’ hybrids, and the peaks at 286.5 eV (C3) and 288.5 eV (C4) are assigned to C—

O and C=0 bonds, respectively.’”*

The component at 288.5 eV can be attributed to
an oxidized carbon consistent with a —C=0 bond of the carboxylic acid groups.’®
Quantification of this component (Table 5-1) indicates a significant increase after
modification with aryl diazonium salts, and the yield of CBD is slightly higher than

CMBD, which is in agreement with FT-IRRAS results.
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Figure 5-4. XPS C1 high resolution spectra of unmodified eC/Au (A), eC/Au modified with 4-
carboxybenzene diazonium (CBD) salt (B), and 4-carboxymethylbenzene diazonium salt (CMBD) (C).
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Atomic Force Microscopy (AFM). Evidence of successful modification also
can be seen from Figure 5-6, which shows the AFM images of unmodified and
modified eC/Au surfaces. Formation of aryl layers roughen the surface by ~1.5 fold
for both CBD and CMBD (Table 5-1). The thickness of the grafted layer was
determined by “AFM scratching” (described in detailed in Chapter 3) and was ~1 nm
for CBD and ~ 0.9 nm for CMBD, suggesting that monolayers were formed. The
height of a benzoic acid monolayer oriented perpendicular to the surface is ~0.7 nm,”’

so a thickness of ~1.0 nm corresponds to ~1.4 aryl layers that were grafted on the

surface.

2.6 nm 4.0 nm

3.6 nm

Figure 5-5. AFM images of eC/Au and eC/Au modified with 4-carboxybenzene diazonium (CBD) and
4-carboxymethylbenzene diazonium (CMBD) salts.

The wettability, FT-IRRAS, XPS, and AFM characterization results all point
to the formation of carboxylic group-bearing aryl monolayers by simple immersion of
eC/Au substrates in aqueous solutions of the salts. The results presented here are

generally consistent with the results obtained in Chapter 3, when the modification
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was done on 10 nm eC/42 nm Au substrates. Notably, CBD resulted in a slightly
higher yield compared to CMBD. In Chapter 3, we reported that there is a correlation
between the reduction potentials of the diazonium salts with the yield of the
spontaneous grafting reaction, the more positive potential, the higher the yield. The
reduction potentials of CBD and CMBD are —0.2 V*’ and 0.4 V** (vs Ag/Ag”, in
0.1 M TBABF4/ACN, on Au electrodes, scan rate 10 mV/s), respectively. CBD is
easier to be reduced than CMBD, thus forming thicker aryl film.

Nonspecific adsorption of proteins on CBD- and CMBD-derived surfaces.
CMBD electrografted on Au SPRi chips has been reported to exhibit lower non-
specific adsorption of rabbit IgG than the SAM of thiotic acid.”® In a study of protein
adsorption by electrochemical methods, CMBD celectrografted to glassy carbon
reduced the amount of adsorbed BSA relative to the bare surface, while CBD showed
similar extent of BSA adsorption as the unmodified electrode.*® Therefore, we are
interested in investigating the non-specific protein adsorption at eC/Au substrates
spontaneously grafted with CBD and CMBD. BSA and Fib were chosen as two
model plasma proteins.

The eC/Au substrates were modified with CBD and CMBD, then exposed to
7uM BSA and Fib solutions and monitored in real time by SPRi. Using the
procedure established in Chapter 4, all substrates were calibrated with four
water/ethanol solutions prior to protein exposure. After the calibration step, PBS was
injected, followed by protein solution and a final rinsing step with PBS to remove
unadsorbed protein. A representative sensorgram of the BSA adsorption measurement
at an CBD-eC/Au is shown in Figure 5-7. The A%R reported in Table 5-1 were
normalized with the sensitivity of the surface determined from the calibration step
with ethanol/water solutions, accounting for any differences in alignment across
sensors and sensitivity to changes in bulk refractive index that result from the
modification with the diazonium salts. The sensitivity of CBD-eC/Au is
(3.0+0.3) x 10° (n = 6), and the sensitivity of CMBD-eC/Au is (2.8 + 0.2) x 10°
(n="7), slightly higher than the unmodified substrates (2.6 + 0.2) x 10°, indicating
that modifying eC/Au with the two diazonium salts resulted in a similar sensitivity of

the surfaces to bulk refractive index changes.
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Figure 5-6. BSA adsorption experiment measured at an CBD-eC/Au substrate.

From Table 5-1, BSA adsorbed similarly at unmodified eC/Au and CBD-
eC/Au and adsorbed more at CMBD-eC/Au. Fib adsorbed more at modified surfaces
than unmodified ones. CMBD-eC/Au surfaces increased non-specific adsorption of
BSA compared to CBD-eC/Au and did not exhibit the non-fouling property, as
previously reported. It is somewhat surprising that surfaces terminated with
carboxylic acid groups appear to promote protein adsorption relative to the bare
surface. CMBD-eC/Au shows similar wettability as the unmodified surface, so

wettability can be ruled out as a contributing factor. Several studies® **

on protein
adsorption on Au modified with SAMs have reported that, despite their hydrophilicity
and negative charge, COOH-terminated SAMs exhibit comparable protein adsorption
to CH;-terminated SAMs, a hydrophobic surface that is associated with high protein

. 3943
adsorption.”™

We speculate that the interactions between the proteins and the
diazonium modified surface are likely electrostatic. At pH 7.4, both the carboxylic
groups and the proteins should be negatively charged.”"*° However, it is important
to note that although the proteins carry a net negative charge, they still can adsorb to

negatively charged surfaces through the positively charged domains residing on the
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protein surface.”” The proteins also could adsorb to negatively charged surfaces
through an electrostatic bridge constructed by cationic counter ions.*

Protein A immobilization and antibody capture. Next, we determined
whether these carboxylic acid functions bearing aryl layers are viable for subsequent
immobilization of biomolecules to SPRi chip surfaces. The CBD and CMBD-
modified eC/Au substrates are used to immobilize protein A covalently through
carbodiimide chemistry and compared with the physical adsorption approach. Protein
A interacts preferentially to the F, region of the antibody, directing the binding sites
Fa.p, away from the surface. This renders the antibody in a favorable orientation to
interact with the antigen. In order to control the orientation of the antibody, the
orientation of protein A itself needs to be controlled.'®

The effectiveness of the immobilization of protein A onto the surface was
quantified by monitoring the SPRi signal after the introduction of rabbit IgG solution.
The aryl layers bearing carboxylic functional groups were activated, and protein A
and BSA are immobilized as specific and control spots, respectively. Figure 5-8A
shows a representative difference image of an eC/Au-CBD chip surface, in which the
four brighter spots had been spotted with protein A. Physical and covalent approaches
of protein A were compared. Representative sensorgrams are shown in Figure 5-8B,
C, and D. For all surfaces under study, injection of rabbit IgG, which is one of the
preferential targets of protein A,*® over the chip surface significantly increased the
A%R of protein A spots, as protein A captures rabbit IgG to the surface. The control
spots (BSA spots) remained relatively insensitive to the IgG injection.

Regeneration ability of the surfaces also was studied and presented in
Figure 5-8, which was carried out by injecting target rabbit IgG and regenerating the
surface using 0.2 M glycine at pH 2.3. Due to the instrument’s time limit, only two
regeneration cycles were performed. The A%R for both the physical and covalent
approaches remained stable and reproducible. The protein A-rabbit IgG interaction
appears to be fully reversible, with a total recovery, as evidenced by the SPRi

baseline signal at each regeneration cycle.
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Figure 5-7. A) Representative different image of CBD-modified eC/Au chip. Sensorgrams at eC/Au
surface (B), CBD-modified eC/Au (C), and CMBD-modified eC/Au, bearing spotted protein A and
BSA. Injected rabbit IgG concentration 10 ug/mL. The injection is followed by a regeneration step
with 0.2 M glycine, pH 2.3.

Immobilizing protein A by a CBD-derived surface is as effective as the
physical approach, while CMBD-modified eC/Au resulted in a slightly lower IgG
amount that was captured, which can be attributed to the lower yield of CMBD, as
discussed above. This experiment was repeated on Au substrates, and we observed a
similar trend. The SPRi results on Au and eC/Au substrates are reported in Figure 5-9
and Table 5-2. The lower SPR specific signals of eC/Au substrates compared to Au
counterparts are consistent with the 10% sensitivity loss induced by the 2 nm eC layer
reported in Chapter 4. The eC/Au substrates give more reproducible signals, as

evidenced from the smaller standard deviations reported in Table 5-2.
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Figure 5-8. A%R of various SPRi substrates calculated from the sensorgrams in Figure 5-8. Error bars
represent the standard deviation of the mean of at least two replicate substrates.

Table 5-2. SPRi Specific A%R Results

Surface eC/Au  eC/Au-CBD eC/Au-CMBD Au Au-CBD

A%R rIgG 93+£0.6 85+0.7 6.5+0.5 10+£2 9+1

It 1s interesting to note that the background signal from the control BSA spots
of diazonium modified substrates are higher than the unmodified substrates, which
holds true for both Au and eC/Au substrates. This is consistent with the non-specific
adsorption of BSA and Fib studied on eC/Au, CBD- and CMBD-modified eC/Au
surfaces, as discussed above. Marquette et al.”® suggested that CMBD electrografted
to Au SPR substrates might act as a better antifouling coating than thiotic acid SAM.
Similarly, Downard et al.* reported that an electrochemically modified glassy carbon
electrode with CMBD is less prone to protein fouling than polished GC and that
hydrophilic groups distanced from the surface by sufficiently long linkages could
reduce protein adsorption. However, we did not observe the same antifouling effect in
our study; this could be because the aryl layers resulting from spontaneous grafting
are too thin, and the carboxylic groups are too close to the surface, so they did not
reduce protein adsorption.

Biosensing demonstration. Protein A immobilization strategies were

compared further in a proof-of-concept SPR immunoassay. The activity of the
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immobilized antibody was determined by monitoring both the signal change for
antibody capture and that due to antigen capture using SPRi. Using the same
protocols described above, four spots of the eC/Au substrate were spotted with CBD
and, subsequently, with EDC/NHS and protein A by manual pipetting (covalent
attachment); another four spots were spotted with protein A (physical adsorption),
and one unmodified spot served as a control (BSA), all on the same SPRi chip (Figure
5-10A). Goat anti-rabbit IgG at a concentration of 1300 nM was introduced to the
surface; this concentration was shown to saturate the protein A layer.”” Then, the
antibody-modified surface was exposed to different concentrations of rabbit IgG
solutions (from 5 to 1300 nM).

Similar amounts of goat anti-rabbit IgG were captured by protein A
immobilized by either method, as evident from the representative sensorgram shown
in Figure 5-10B. However, the covalent attachment is more efficient at capturing
antigen from solution, resulting in higher signal for the immunoassay. The binding
ratio, which is the ratio of signal changes for antibody capture and antigen capture, is
commonly used as a measure of the activity of the antibody layer.***® A higher ratio
means more F,, fragments are accessible for binding.44 A ratio of ~2 was calculated
for both attachment chemistries, which is in line with previously reported value.”” The
immobilized protein A preserves its affinity towards the antibody for both covalent
and physical approaches.

The antigen binding curves are presented in Figure 5-10C, in which the
antigen response has been corrected for non-specific binding and bulk refractive
index change using the BSA control spot. The dashed lines in the plot were the fit
obtained from least squares analysis with four parameter logistical model (equation 1)
with the fitting parameters presented in Table 5-3. Equation 1 is often used to analyse

antigen binding curves for immunoassays.*’
A%Rmax—A%Rmin

(@)

A%R = A%Rmin + (M

where A%Rmin and A%Rnmax are asymptotic values obtained from the regression

analysis, [4] i1s the concentration of antibody in solution, Kp is the dissociation
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constant, and b is the Hill coefficient that represents the slope of the curve at the

inflection point. A Hill coefficient of -2 is expected for binding of a 2-site antibody.**
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Figure 5-9. (A) Representative difference image of eC/Au SPR chip after injection of 1300 nM goat
anti-rabbit 1gG (g-a-rIgG), followed by 75 nM rabbit IgG (rIgG). (B) Representative sensorgram of
eC/Au chip after injection of 1300 nM goat anti-rabbit IgG, followed by 1300 nM rabbit IgG. (C)
Rabbit IgG binding curves obtained using different protein A immobilization chemistries. Error bars
represent the standard deviation of the mean for replicate spots on a single chip.
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Table 5-3. Curve Fitting Parameters for Antigen Binding Curves Obtained on Antibody Modified
Surfaces

Antibody Attachment R*  KapsM™h A%R min A%R oy b
Physical Adsorption 098  8x10° 0.5 7 2
Covalent Attachment  0.96 1x107 0.7 9 2

The strength of antigen binding (Kaps = 1/Kp) to the antibody surfaces was
found to be similar for both attachment chemistries (Table 5-3), and also in good
agreement with those previously reported for surface-based measurements of binding

affinity.”’

The results presented here indicate that covalent attachment using
spontaneous adsorption of diazonium salts retains biological activities of the
biomolecules and allows for sensitive detection. The selective patterning of closely
spaced microspots also was demonstrated with spontaneous grafting of diazonium
salts. This should open the door to selective patterning of the SPRi chips with diverse
functional chemical groups and biomolecules of interest, similar to what has been
achieved with electroaddressable deposition of aryl diazonium salts and diazonium-

biomolecule conjugates on electrodes by Brozik and co-workers.* "

5.4 Conclusion

Good SPR specific signal, regeneration potentialities, preserved biological activity of
immobilized protein A, and favorable orientation of captured antibody together
suggest that spontaneous grafting of aryl diazonium salts is a potential candidate for
facile immobilization of biomolecules on SPRi substrates. The thick multilayers
produced from electrografting of diazonium salts might decrease sensitivity in SPR
measurements, and close to monolayers were found to be ideal for immunoassay

27,2934
performance.”

Spontaneous grafting of diazonium salts is a simple strategy to
produce monolayers. It also allows for selective patterning of the sensing surface and
bulk manufacture of devices. Based on the good demonstration results presented here
and the inherent stability of the covalent aryl-surface bonds, spontaneous adsorption
of diazonium salts is a potential complement to the prevalent Au-SAM approach in

the development of sensitive, stable SPR biosensors.
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Chapter 6. Conclusions and Future Directions

6.1 Conclusions

SPR-based biosensing is among the most advanced label-free, real-time sensing
technologies. Thin gold substrates and alkanethiol self-assembled monolayers are
used widely in SPR-based biosensors, but they are limited in terms of sensitivity and
long-term stability. The motivation behind the work in this thesis was to explore
novel lamellar structures and surface functionalization strategies to improve the
performance of SPR-based biosensors. This thesis demonstrates that a combination of
carbon-on-metal films and spontaneously grafted diazonium layers can be a potential
alternative to Au-thiolate SAMs for SPR sensing.

Chapter 2 reports thorough characterization of carbon-on-gold films prepared
by electron-beam evaporation. Carbon deposited on gold films yield a very flat
surface (0.72 nm root-mean-square roughness), with roughly 40% sp’-hybridized
amorphous carbon and O/C ratio of about 6%. These films also exhibit comparable
electron-transfer kinetics of common redox systems in comparison with glassy carbon
electrodes. Interestingly, carbon-on-gold films show insignificant adsorption of
quinones, which is uncommonly observed with carbon materials. These results are
helpful in guiding and understanding subsequent surface modification of these films,
particularly by electrografting. In addition, with reproducible fast electron kinetics,
low background current, negligible adsorption, and patternable flat surface, carbon-
on-gold films are an attractive candidate for the development of electrochemical and
electrochemical-SPR biosensors.

Chapter 3 explores the fundamentals of modifying carbon-on-gold films by
spontaneous grafting of aryldiazonium salts. Deposition conditions, including
immersion time, solvent, aryldiazonium salt concentration, and para-substituent, were
optimized for eC/Au substrates. The spontaneously grafted aryl layers have similar
structure to those electrochemically grafted. Homogenous, compact, and close to
monolayers were formed by the spontaneous grafting strategy, and the thicknesses of
the resulting layers were found to correlate with the electron withdrawing abilities of

the para-substituents. Spontaneous grafting of aryl diazonium salts offers a fast,
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simple method for functionalization of carbon-based materials. A detail examination
of this surface chemistry sets the stage for its application in interfacial design for
carbon-based SPR, electrochemical biosensors, and more.

Chapter 4 shows that carbon-on-metal films are viable as SPR substrates. We
were able to deposit defect-free, well-adhered, and very thin eC coatings on gold and
silver substrates, leading to minimal sensitivity loss for eC/Au films and enhanced
sensitivity for eC/Ag films relative to gold counterparts. Non-specific adsorption of
proteins on carbon-on-gold films also were investigated to prepare for applications of
these substrates in complex biological fluid samples. The results show that common
plasma proteins adsorb irreversibly at eC/Au, similar to that observed at Au and
sputtered amorphous carbon surfaces. The low reactivity of eC/Au towards quinones
in Chapter 2 did not translate to proteins here. This chapter paves the way for future
studies on the development of carbon-based bioassays as well as novel non-fouling
surface chemistry to minimize non-specific adsorption of proteins in real samples.

Chapter 5 develops a proof-of-concept SPR-based immunoassay utilizing
carbon-on-gold films as substrates and spontaneous grafting of aryldiazonium salts to
immobilize biomolecules. The grafted aryl layers were characterized, and close to
monolayers of carboxy-bearing layers were obtained. The performance of the aryl
layers to immobilize protein A covalently and the subsequent antibody capture was
compared with physically adsorbed protein A. Covalent attachment using the
spontaneous grafting strategy exhibits good SPR specific signal, regeneration
potentialities, preserved biological activity of immobilized protein A, and favorable
orientation of captured antibody. The ability to selectively pattern closely spaced
microspots on the SPRi substrate also was demonstrated. This chapter shows the
feasibility of spontaneous grafting of aryl diazonium salts for facile, spatially
controlled immobilization of biomolecules on SPRi substrates. Based on the good
demonstration results presented in this chapter and the inherent stability of the
covalent aryl-surface bonds, spontaneous adsorption of diazonium salts can be a
potential complement to the prevalent Au-SAM chemistry in the development of

sensitive, stable SPR biosensors.
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6.2 Future Directions

6.2.1 Carbon-on-Silver Films as SPR Substrates

The race towards higher sensitivity of SPR materials is continuing. In Chapter 4, we
have shown that carbon films were deposited significantly thinner, defect-free, and
well-adhered, resulting in minimal sensitivity loss of eC/Au substrates in comparison
with previous reports. Carbon-on-silver films exhibit enhanced sensitivity relative to
bare Au substrates. This result is promising for promoting the use of eC/Ag substrates
in SPR sensing, as eC coating can protect the easily oxidizable silver while allowing
for the use of various functionalization strategies to overcome the unstable metal—
thiol bond. It is worth noting that the sensitivity of eC/Ag substrates is likely higher
than reported here, as our SPRi instrumentation is not optimal for the resonance of Ag
films. Further optimization of eC and Ag thicknesses and measurement conditions for
eC/Au substrates are expected to result in even higher sensitivity. The work presented
in this thesis on eC/Au films can serve as a guide for a thorough characterization and

optimization of eC/Au films as SPR substrates.

6.2.2 Mix Layers with Spontaneous Grafting of Aryldiazonium Salts

The formation of mixed SAMs layers enables control over the density of surface
attached biorecognition element' and provides multi-function surface layers (for
example, immobilizing biorecognition elements and minimizing non-specific binding
at the same time™’). Formation of mixed layers of aryl diazonium salts via
electrografting was reported first by Dequaire and co-workers in 2003* and still is a
nascent field.” Knowledge and control over the resulting surface composition are
limited, and applications of the mixed layers have not been reported extensively.® The
level of sophistication that has been reached with mixed layers of thiolate SAMs has
not been attained with aryldiazonium electrochemistry.™’ Formation of a mixed layer
of aryl diazonium salts via spontaneous grafting remains completely unexplored.
Surface functionalization with spontaneous adsorption of diazonium salts is an
obvious topic for continuing investigation, especially layers with an anti-fouling

property. Chapters 4 and 5 show that non-specific adsorption of proteins can be quite
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significant in SPR measurements using eC/Au substrates. Carbon-on-metal films as
SPR substrates are only at the proof-of-principle stage. Demonstrations of these
substrates in complex biological fluids might be possible in the future with mixed
layers capable of performing multiple functions, i.e., a mixture of bio-recognition

immobilizing and antifouling components.

6.2.3 Carbon-on-Metal Films as a Versatile Analytical Platform

An interesting aspect of SPR is the possibility to couple it with complementary
analytical techniques, making SPR more useful, with an unprecedented power of
analysis. Combining SPR with other techniques has become more popular over the
last decade and has been reviewed in some detail.® The hyphenation approaches
include measurements of different physical phenomena using the same instrument
and sequential measurements of the same sample using different instruments. The
first approach can achieve a higher sensitivity and/or resolution.® For example,
combining SPR and surface-enhanced Raman spectroscopy (SERS) leads to a 10°
signal enhancement for single molecule detection.” The second approach can speed
up and complement bioanalysis procedures.® An example is SPR hyphenated with
mass spectrometry, enabling the rapid study of both the function and the structure of
the molecules.'” Electrochemical SPR instrumentation is already commercially
available (Biosensing Instrument, Inc). These hyphenation approaches have been
reported mostly on gold SPR substrates.

In this thesis, I have demonstrated the promising analytical performance of
eC/Au as both electrode materials and SPR substrates. Preliminary results suggest
eC/Au also can act as SERS substrates by exploiting plasmonic coupling with metal
nanoparticles. In one experiment, Dr. Casey Rusin and I electrodeposited Au
nanoparticles from a solution of HAuCl4 onto polished GC, Si/Au (42 nm), and Si/Au
(42 nm)/eC (10 nm) electrodes by chronoamperometry. Then, the electrodes were
immersed in a solution of 4-mercaptobenzonitrile (MBN), a common Raman probe
overnight. Figure 6-1 contains SERS spectra of MBN on these modified electrodes.
The Au electrode shows no spectral features, and the GC electrode shows the

characteristic D and G bands of disordered carbon materials.'' Only eC/Au electrodes
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show Raman bands that are characteristic of MBN. The band assignments for MBN

are presented in Table 6-1."*7
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Figure 6-1. SERS spectra of MBN on eC/Au, Au, and GC substrates decorated with electrodeposited
gold nanoparticles. The spectra were collected with Dr. Casey Rusin using a Renishaw inVia Raman
Microscope. The setting was 785 nm laser, 0.1% power, and 10 s.

Table 6-1. Major Band Assignments Listed for the SERS spectrum of MBN

Band position (cm™) Band assignment'> ¢

1075 C-S and C-C stretch

1178 C—H bend and C—C stretch
1585 C—C stretch

2230 C=N stretch

In another experiment, I modified Si/Au (42 nm)/eC (10 nm) substrates with
chemically synthesized silver nanoparticles. First, eC/Au substrates were grafted
spontaneously with 4-carboxybenzene diazonium salt. Then, using a procedure
recently published by our group," the substrates were immersed in a solution of
AgNO;, followed by mixing with ascorbic acid solution under heating and stirring
conditions to synthesize silver nanoparticles. The 4-carboxyphenyl layers likely can

help with preconcentrating of Ag” ions on the surface. A SERS spectrum (Figure 6-2)
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was collected after the substrates were immersed in a MBN solution overnight.

Again, four characteristic Raman bands of MBN were observed (Table 6-1).

1000 CP8

1000 1200 1400 1600 1800 2000 2300 2400
Reman shift jenr')

Figure 6-2. SERS spectrum of MBN on eC/Au substrates modified with chemically synthesized silver
nanoparticles. The spectrum was collected with a B&W Tek TacticID handheld Raman device with
785 nm laser (spot size 100 um). The handheld device was standardized using a polystyrene standard
before data collection.

These preliminary results suggest that carbon-on-metal films can be useful in
fundamental studies of plasmonic coupling effects between nanoparticles and
substrates supporting propagating surface plasmons due to the tuneable thicknesses of
the deposited layers. This will permit different combinations of metal nanoparticles
and SPR supporting layers to be investigated, while different eC thicknesses can act
as spacing layers. Additionally, nanoparticles are useful labels/signal amplifiers in
electrochemistry and SPR. Combining carbon-on-metal substrates with nanoparticles
(and surface chemistry) can allow for myriad nanostructures to be constructed and the
use of SPR, electrochemistry, and SERS techniques in any combination or sequence.
This will open new opportunities for the developments of new sensing interfaces with

analysis power never seen before.
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