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Abstract

FABRICATION OF NANOPOROUS GOLD AND BIOLOGICAL APPLICATIONS

By Badharinadh Uppalapati

A Dissertation submitted in partial fulfillment of the requirements for the degree of
Master of Science at Virginia Commonwealth University.

Virginia Commonwealth University, 2014

Major Director: Maryanne M. Collinson,
Professor, Department of Chemistry

Fabrication of nanoporous gold electrodes by dealloying Au:Ag alloys has
attracted much attention in sensing applications. In the first part of this work, the
electrochemical response of the redox active molecule, potassium ferricyanide, in a
solution of bovine serum albumin in buffer, serum or blood was studied using
nanoporous gold and comparisons made to planar gold. Nanoporous gold electrodes
with different surface areas and porosity were prepared by dealloying Au:Ag alloy in
nitric acid for different dealloying times, specifically, 7.5, 10, 12.5, 20 minutes.

Characterization was done using scanning electron microscopy (SEM), X-ray



photoelectron spectroscopy (XPS), energy dispersive X-ray spectroscopy (EDX), and
cyclic voltammetry (CV).

Using cyclic voltammetry, planar gold electrodes exposed to bovine serum
albumin in buffer showed a decrease in Faradaic peak current and an increase in peak
splitting for potassium ferricyanide. The time required for the peak Faradaic current to
drop to one-half of its original value was 3 minutes. At nanoporous gold electrodes,
however, no significant reduction in Faradaic peak current or increase in peak splitting
was observed. Nanoporous gold electrodes having the smallest pore size and largest
surface area showed ideal results to biofouling. These electrodes are believed to
impede the mass transport of large biomolecules while allowing small redox molecules
to exchange electrons effectively with the electrode.

In the second part of this work, the open circuit potential (OCP) of biologic
solutions (e.g., blood) was measured using nanoporous gold electrodes. Historically,
the measurement of blood redox potential has been hindered due to significant fouling
and surface passivation of the metal electrodes. As nanoporous gold electrodes retained
electrochemical activity of redox probes like potassium ferricyanide in human serum and
rabbit blood, they were used to measure the OCP of blood and plasma from various
animals like pig, rabbit, rat, monkey and humans. Comparisons were made to planar
gold electrodes. The OCP values at both the planar gold and nanoporous gold
electrodes were different from each other and there was variability due to different
constituents present in blood and plasma. The OCP of rabbit blood and crashed rabbit

blood was measured and the values were found to be different from each other



indicating that ORP helps in measuring the animal condition. Ascorbic acid was added
to rabbit and sheep blood and OCP measured at the nanoporous electrodes. Addition of
reducing agent to blood at different intervals and different concentrations showed a

change in potential with concentration.



Chapter 1: Introduction

1.1. Introduction

During the last couple of decades, many biosensor devices have been
manufactured, but (to present) many of these devices have had limited success
because of their imperfect electrochemical performance in complex biologic solutions.
Sensors can fail for many reasons. These reasons can be divided into two
classifications, component based failures and biocompatibility issues.'? The latter
reason is most applicable in the work described in this thesis and is described below.

A widely known and illustrated phenomenon associated with biological systems is
that of protein adsorption, which will take place when a conducting metal is exposed to

biologic samples.!

Since the early inception of biological sensors, a wide variety of
techniques have been used to understand and scrutinize the behavior of proteins on
planar and nanostructured surfaces.> Of crucial importance for electrochemical
biosensors is the direct electron transfer (ET) between an electrode and the various
redox species in solution. These biosensors need electrodes that have sensibly fast ET
kinetics with various species in solution and are biocompatible and immune to protein

adsorption and denaturation. In many situations, significant changes in protein

structural and functionality occur due to the contact with uncoated metal surfaces.



Modification of both electrode and protein may be necessary to prevent this from taking
place.>*® The problem connected with many electrochemically-based biosensors is the
drifting of signal with time caused either by (i) the biofouling of the outer most surfaces
of the sensor or (ii) passivation of the working electrode.

In general, biofouling is the accumulation of microorganisms, plants, algae etc on
wetted surfaces. Biofouling on outer surfaces, which generally involves the deposition of
proteins and cellular attachment, will create a supplementary solute mass transport
hindrance or barrier layer. This layer usually forms over the outer surface of the sensor
and can lead to unusual measurements. The adsorption of protein on the metal surface
can decrease the sensor response and potentially prejudice the measurement. It is thus
imperative that a sensor to be used in blood, for example, must have an interface with
adequate level of hemo-compatibility.>” There is a clear need for anti-biofouling
coatings for biosensors and medical implants. Biofouling prevents intimate contact
between the device and tissue, which has advert effect on measurements.

When the electrode is exposed to biological solution, biological species are
accumulated on the surface of the electrode eventually blocking the surface of the
electrode results in electrode passivation. Over the years several approaches have been
developed to overcome the impact of protein adsorption on the electrochemical activity
of redox active molecules at electrode surfaces. One early approach was performed by
placement of a polycarbonate microporous membrane on the electrode surface or by
coating microporous polycarbonate membranes with diamond-like carbon.®® This

improved the sensor response in biofouling solutions.®*° Another widespread method



involved chemical modification of the electrode surface with pyridinethiol to enable
cytochrome c to efficiently exchange the electrons without concurrent adsorption
followed by denaturation.!! This was also achieved by Natan et al who modified the
electrode (i.e, tin oxide) with of 12-nm-diameter colloidal Au particles.!> The direct
electrochemistry of horse heart cytochrome c in solution was achieved in this case as
well.

Poly(ethylene glycol) (PEG), or as it is often called poly(ethylene oxide) (PEO), is
a polymer that has a considerable importance in biomaterials and many other
applications. At the same time, PEG has also been used in biological research as a
coagulating agent for proteins and viruses. The reduction of biofouling has been
achieved by incorporating on to biomaterials like Vascular grafts, intravascular stents
and ligaments. This approach has a tremendous advantage to reduce the biofouling.
The use of PEG in biosensors would minimize the signal drift or passivation of an
electrode response with time upon the exposure to ascorbic acid in human blood.**1®
PEG coated gold electrodes have also been used to facilitate the oxidation of ascorbic
acid at modified gold electrodes, which in turn was compared with the bare gold
electrodes.’® Perhaps the most popular approach to reduce the effect of biofouling
involves polymer coatings on metal surfaces. Several examples of polymeric materials
used include polyurethanes-dermatan sulfate,'’ and diamond-like carbon,®®
polyethylene glycols or oxides.*

One inherent problem with these approaches is that electrode modification can

impede electron exchange at the electrode surface and subsequently bias or alter the



results due to selective partitioning of certain analyte species. Furthermore, these
methods are not always suitable for many clinical applications.!}*??%%3 Instead of
preventing adsorption using modification of electrode, we have mainly focused on
nanostructure of the electrode to minimize the impact of protein adsorption on the
redox measurements made in blood.!® Detailed discussion about preparing
nanostructured electrodes and electrochemical response is given in chapter 2, 3.
1.2. Nanostructured Metal Electrodes

Nanomaterials have received an enormous interest in the last two decades in the
emerging fields such as nanotechnology and nanochemistry. Presently, many
researchers are working in the field of nanomaterials due to their exceptional chemical
and physical properties such as high specific surface area,'® high surface—to-volume
ratio, strength, and ductility. These properties make nanomaterials ideal for applications
in many fields like biosensors, nanoelectronics, microelectromechanical devices, biology,
and medicine.’>* Some examples of nanomaterials include carbon nanotubes and
fullerene from carbon, porous-carbon polymer composites,** and nanoporous silicon.??

High surface area materials can be prepared using two approaches. The first
approach is to prepare small nanosize particles that have high surface-to-volume ratios
and the second approach is to generate materials with voids or pores to increase
surface area. Porous materials are divided according to their size given by IUPAC
nomenclature, macroporous (>50 nm), mesoporous (2-50 nm), microporous (<2
nm)*. Although nanoporous gold falls under mesoporous, most researchers term it as

nanoporous. In my thesis “nanoporous” is used.



There are different approaches for the fabrication of nanostructured gold
electrodes with each having its own distinctive advantages and disadvantages.
Macroporous gold electrodes are prepared from mondisperse latex spheres,?:?®
nanoporous gold electrode by dealloying a gold - silver alloy, nanoparticle based gold
electrode from gold nanoparticles,?’*® hierarchical gold electrodes from hierarchical
polystryrene latex spheres,?® nanopillar electrodes by electrodeposition,? and nanofiber
gold electrodes by electronspun gold.*®* Among the many different types and
configurations of nanostructured metals, nanoporous gold with a three-dimensional
morphology with small pores in nanometer size and continuous interconnected
ligaments, have emerged has important material in electrochemistry.>! Nanoporous gold
has a significantly higher surface area-to-volume ratio compared to planar gold.

1.2.1. Nanoporous Gold: Fabrication

Fabrication of nanoporous gold consists of several steps: 1) selection of the alloy
and 2) dealloying the alloy.
1.2.2. Alloy selection

Alloys have different compositions of different elements. Nanostructure is fomed
by dealloying the selected metal in nitric acid
1.2.3. Binary alloys

Nanoporous gold can be fabricated by using Au-Ag alloys (most popular) but also
Au-Zn*2, Au-Al,*® or Au-Ni.>* Nanoporous structured gold can be prepared by dealloying
Au-Zn in ionic liquid 3 or the Au-Ag alloys in nitric acid.®® Au-Ni alloy film was

synthesized and then electrochemical dealloying under potential control in stronger



acids like sulfuric acid and perchloric acid.** Nanoporous gold can also be fabricated by
taking different compositions of Gold-Aluminium alloys for example, Au(20)/AlI(80),
Au(30)/Al1(70).3%*” and dealloying by Ag(50)/Au(50). Nanoporous gold prepared from
the Au/Al alloy has large sized channels with few hundreds of nanometers and
interconnecting ligaments with pore structure.®®
1.2.4. Ternary alloys

Other than the binary alloys, ternary alloys that contain three metals can also
result in nanoporous gold. Ternary alloys like Ag-Au-Pt, Au-Pt-Cu, Al-Au-Pt, Al-Au-Pd,
Au-Pd-Ag, were described in the literature.?®*° Wang and coworkers, for example, have
taken Aluminum, Gold, intermetallic precursor, doped with Platinum and Palladium and
successive dealloying was done in NaOH/HCI, HNOs resulting in nanoporous gold with
small amounts of platinum and palladium. These materials act as excellent
electrocatalysts and show good catalytic activities.* Erlebacher and coworkers have
used a ternary alloy, Au-Ag-Pt, with platinum containing less than 7%. Adding Platinum
to the alloy helps to restructure the gold into thinner ligaments, impedes the diffusion
process of gold atoms, and alters the chemical and physical characteristics, structure
and morphology.®® Erlebacher and coworkers also showed by using Al-Au-Pt, Al-Au-Pt
(Pd) alloys, a different structure with smaller ligaments and channel sizes can be
fabricated compared to other Au-Ag alloys.®® Stine et al have used definite atomic
composition of readily available 10 karat gold alloy, which is a pentanary alloy ( 41.8%
Au, 5% Ag, 30-35% Cu, 8-9% Zn, and 15-20% Ni). They dealloyed with nitric acid for

24 hours resulting in nanoporous gold having high surface area of 14.2 m?/g and



12,400 times surface enlargement; 72 hour nitric acid treatment gave surface area of
8.7 m%/g and 6900 times surface enlargement.
1.2.5. Commerical Au-Ag alloy.

From the literature and history of dealloying it states that there is a bonding
between dealloying and depletion gilding.?** According to this view many researchers
have focused on commercially available gold and silver alloys of 9-12 karat of gold.***
Definite atomic composition of Au:Ag can be readily available (premade) from the art
store, jewelry or from other locations, which is 10-12k white gold leaf. White gold leaf
can be obtained from art suppliers because they are used for decorative purposes.
White gold leaf is prepared by hammering, where it is rolled into 50-100 microns and
then hammered to decrease the thickness to around 100 nm.*! By manufacturing this
leaf, the cost of the materials has been decreased by a factor of 10.3!

1.2.6. Dealloying

Dealloying is a corrosion process. It removes the least noble element and forms
a open bicontinous microstructure with 3D network of interconnected ligaments with
large surface area to volume ratio.** This process can be directed electrochemically
where the least reactive components gets dissolved when current is applied to the
cell.*** Another dealloying procedure involves chemical dealloying and is considered as

34434648 Strong acids such as nitric acid or sulfuric acid

one of the simplest methods.
can be used as an electrolyte medium. The process of dealloying successfully takes
place if the alloy composition has a narrow range of~26-36%.%>*° If atomic percentage

of the component A in alloy is greater than 36%, the materials will contain randomly



distributed pores and lack a porous structure. However, at lower than 26%,

microscopic cracking was detected.**>°

1.2.7. Chemical Dealloying

Chemical dealloying is a process where alloy is inserted into strong acids such as
nitric acid or sulfuric acid and dissolution of the alloy takes place. There are many
different type of alloys used in dealloying (as mentioned in Alloy selection), but majority
of the work has been done using Au-Ag alloys. When the binary alloy Au:Ag is
dealloyed in nitric acid, the time spent in the nitric acid influences how much silver
remains in the framework and the pore/ligament size. The longer the alloy stays in
acid, the lower percent of silver and the larger the pore and ligament size. Dealloying at
low temperatures can affect the smaller pore sizes, which are~5 nm.>! Dealloying in
diluted acids lead to greater percentage of silver remaining in the nanostructure.>?
1.2.8. Electrochemical Dealloying
Electrochemical dealloying is alternative approach where potential is applied to the
electrochemical cell. It can be undertaken in different ways. Pore size and ligament
length can be varied by altering the experimental conditions like temperature, applied
potential, electrolyte, precursor alloy composition and time. Usually dilute perchloric
acid is used. Apart from that, neutral pH silver nitrate solutions and halide containing
electrolytes like AgClO4/HCIO; and AgNOs/HNOs can also be used.*~*°® When

56,67,77

dealloying under elevated temperatures, it helps to decrease the time®’ the alloy

is exposed to acid and the mechanical stabilty of the film can be



improved,30-°6°8:39,63.67.77 “Equr noteworthy features about electrochemical dealloying
Au-Ag binary alloys are as follows: (1) the kinetics of the dealloying process can be
followed and studied by monitoring the current density resulting from the dissolution of
Ag from the alloy surface; (2) the electrolyte solutions chosen are significantly less
corrosive than concentrated nitric acid; (3) the nanoporous gold has to be in electrical
contact to dealloy; and (4) the pore/ligament structure can be controlled to a certain

extent by the magnitude of the applied potential.”*°

1.3. Mechanism of pore evolution

The mechanism associated with the formation of pores has been investigated by
several research groups. Among them, Erlebacher et al has taken a major role in
evaluating the mechanism of pore formation.®®®® Erlebacher et al has proposed a
continuum model, which was fully compatible with both experimental and theoretical
simulations involving alloy dissolution. These experiments demonstrated that
nanoporosity occurring in metals is due to the intrinsic dynamic pattern, which is
involved in the formation process. It is because the more noble atoms are driven to
aggregate into two dimensional clusters. This cluster formation is happening because of
phase separation at the interface of solid and electrolyte interface. The surface area
continuously increases with etching. The porosity started from the dissolution of the
least noble atom on the outer most surface of the homogeneous binary systems. The
removal of gold atoms forms gold rich clusters at surface surrounded by holes. This

process is enhanced at the electrolyte /metal interface position. This results in the



exposure of the remaining Ag, which dissolves and leads to the additional
reorganization of the gold atoms at the interface. At the same time, more gold
containing clusters turn into mounds. These mounds become undercut, which leads to
the formation of new clusters by using holes /pits. This nanoporous gold further

develops in this process and silver becomes depleted.®

Figure 1. Evolution in porosity during the dealloying of Au:Ag alloy. Reproduced by

permission of The Electrochemical Society.®?
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1.4. Applications

Nanoporous gold has received considerable interest over the years. Presently,
many researchers use nanoporous gold in applications such as chemical sensors,®
biofuel cells®®, fuel cell catalysis,®® and also in organic synthesis.®” Nanoporous gold also
showed applications in localized surface plasmon resonance (LSPR)®® and surface-
enhanced Raman spectroscopy (SERS).® In the development of chemical sensors,
nanoporous gold has attained a superlative role. The high conductivity, high surface
area, the ability to modify ligament and pore size, and their relatively open structure
has allowed them to play an important role in the development of chemical sensors.
Nanoporous gold permits a much higher amount of a reagent or analyte to be
immobilized on its surface.*** This increases the signals compared to a planar gold
surfaces. However, at the same time the non-faradaic current, which represents
“noise”, also scales with the electrode area.

Nanoporous gold is also considered an excellent material for catalytic
applications. It has capability to catalyze reactions, but the mechanism of the catalytic
activity has not been clearly identified. Some of the important applications include

partial oxidation with high selectivity and at low temperature,” glucose

1 66

electrooxidation,”* critical reaction in fuel cells,®® reduction of oxygen and hydrogen

72

peroxide,’? aerobic oxidation of glucose to gluconic acid, oxidation of CO to CO,.”

11



Nanoporous gold with smaller pores and ligaments were more effective compared to

the planar gold, towards catalytic oxidation and other catalytic applications.
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Chapter 2: Fabrication and Characterization

2.1. Introduction

Nanoporous gold materials can be fabricated by different methods, such as
dealloying, thermal deposition of gold oxide, sublimation of iodine from gold iodide
pressed powders, and dissolution of gold chloride in a dextran solution followed by
heating to higher temperatures.’* Among different fabrication methods, dealloying is
the simplest method. Nanoporous gold possesses unique chemical and physical
properties such as large specific surface area, high surface-to-volume ratio, strength,
and ductility. Nanoporous gold exhibits wide range of applications in various fields,
supercapacitors,” catalysis,®® batteries,® and sensors.'%1?

In our work, nanoporous gold is formed by selective removal of one or more less
noble elements that are present along with gold. We have used an Au/Ag alloy that we
selectively etch in nitric acid for a given period of time followed by rinsing with water.
Dealloying proceeds as the surface tension of liquid evenly spreads over the surface of
the leaf. Gold restructures itself through surface diffusion leading to three dimensional
networks with interconnected ligaments.?

The dealloying time plays a major role in determining the pore size, ligament size

and surface area. During the time the gold-silver alloy is in nitric acid, gold atoms
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restructure themselves due to surface diffusion and the silver is removed. The longer
the time in nitric acid, the more silver is removed and the structure of the nanoporous
gold changes. The concentration of the nitric acid also influences the formation of
nanoporous gold; higher concentrations are needed for dealloying to take place. We
have also found that the manner at which the white gold leaf alloy sits in the nitric acid
effects pore morphology. Floating the leaf on surface of nitric acid vs pushing it
underneath gives different results. We have inserted the leaf into nitric acid so that
pores are completed evolved from top and bottom of the leaf. Careful control over the
pore size is required as described below. During fabrication of nanoporous gold films,
the color of the gold leaf changes from white to either light or dark brown. As
described below, a dark brown leaf gives rise to hanoporous gold with small pores and
high surface area whereas light brown leaf has larger pores and a smaller surface area.
This observation led to a further study of the fabrication process on nanoporous gold.

In this chapter, the fabrication of nanoporous gold electrodes at different
dealloying times is described, which gives rise to differences in the surface area,
structure, and morphology of nanoporous gold. Characterization of the nanoporous
gold morphology, composition, and structure was performed with X-ray photoelectron
spectroscopy (XPS) scanning electron microscopy (SEM), and Energy-dispersive X-ray
spectroscopy (EDX). Surface areas of a variety of different nanoporous gold films were

measured electrochemically.
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2.1.1 Experimental: Materials

Manetti 12 Karat gold leaf (50 wt% Au:50 wt% Ag) was purchased from Fine Art
Store. Gold mirror electrodes with a Ti adhesion layer were purchased from EMF
Corporation. Nitric acid (69.3% w/v) was purchased from Fisher Scientific. Water was

purified using a Millipore water purification system.

2.1.2 Preparation of nanoporous gold electrodes:

Nanoporous gold electrodes were fabricated via dealloying 12 K gold leaf in
concentrated nitric acid for a specific time as described by Erlebacher.}*!* In this work,
an inexpensive source of thin Au-Ag alloy i.e. “white-gold” leaves sold at art stores for
decorative purposes was used. These alloy leaves, which come in a booklet of 25, are
10 cm X 10 cm in size. The elemental composition of the alloy leaf is annotated by its
karat value (e.g., 12-kt white gold has equal weights of gold and silver). The gold
coated slide obtained from EMF Corporation was carefully cut into 2.5 cm length X 0.5
cm width pieces. Microscopic glass slides were cut into 0.5 x 0.5 cm. These slides (both
glass and gold) were placed in ethanol (200% proof) and sonicated for 10 min followed
by sonication in an ethanol-water mixture (10:90) for about 10 min. After sonication,
the slides were introduced into pure deionized water and again sonicated for 10 min.
After completion of these sonication cycles, the planar gold electrodes and/or glass
slides were removed and dried in a stream of nitrogen gas. This process cleans the
surfaces so they will be ready to use for the preparation of nanoporous Au. The glass

slides after sonication were placed in a clean petri dish. The Ag-Au alloy leaves were
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then cut into 0.3 x 0.3 cm and placed in a small glass petri dish containing deionized
water.

A schematic representation of the fabrication of nanoporous gold is shown in
Figure 2.1. A pair of leaves (single batch) was placed in a petri dish of deionized water
for 10 minutes. For the next batch, the deionized water was removed and replaced
with new water. Figure 2.1 shows that glass slides are used to remove the gold leaves
from water and to place them in concentrated nitric acid. Each glass slide holds a single
gold leaf. Two gold leaves were inserted in a petri dish containing nitric acid. The nitric
acid used for dealloying was safely disposed after the process for every batch. After
carefully inserting the gold leaf into nitric acid, the leaf floats on nitric acid and with the
help of tweezers, the leaf is inserted to the bottom of the dish within 30 seconds. As
depicted in Figure 2.1, the gold leaves settle to the bottom of the petri dish. Gold leaves
were dealloyed in concentrated (69.3% w/v) nitric acid at different time periods 5, 7,
10, 12.5, and 20 min at 298 K. Gold leaf dealloying time was varied to examine its
effect on the surface area and pore size variability. After the specific time period, the
gold leaves (pair) were removed by glass slides from the nitric acid and placed in a petri
dish containing deionized water for 10 minutes. For every new batch (pair of leaves)
fresh deionized water was used. The floating free-standing nanoporous gold leaves
were attached to gold coated slide and then allowed to dry naturally at room
temperature on the bench top. After ensuring complete dryness, these nanoporous gold
electrodes were placed under a UV lamp (254 nm, 20 W) at a distance 5 cm for 24

hours. Planar gold electrodes were used as comparisons to nanoporous gold electrodes.
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Planar gold electrodes were plasma cleaned at 10 W for 2 minutes and was placed
under the UV light for 24 hours. Plasma cleaning and UV cleaning were considered to
be the best methods to clean the electrodes to obtain consistent results. After 24 hours
under UV radiation, the nanoporous Au and planar gold electrodes were removed and
placed outside in room temperature for the further electrochemical and surface area
measurements. An 1/8" inch diameter hole was punched into a piece of Hyde tape and
the nanoporous gold electrode was covered with that tape and wrapped with parafilm.

so that only 1/8" inch area was exposed to the electrolyte solution.
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Figure 2.1 Schematic representation of preparation of nanoporous gold
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2.1.3 Description of Color

12 karat white gold leaf was used in the preparation of nanoporous gold. The
white gold leafs are silver in color. Through the process of dealloying in nitric acid, the
gold leaf gradually changes color to dark brown. The dealloying time of the leaf in nitric
acid influences the color of the film; color appears due to small size of pores compared
to wavelength of light. The color of the film slowly changes from silver to brown after a
minute it is immersed in nitric acid. After a few minutes of dealloying the film in nitric
acid, the leaf gradually changes to either dark brown or light brown depending upon
the dealloying conditions. Two types of color leaves, dark brown and light brown,
appeared with same dealloying time. If the film is directly immersed to bottom of the
petri dish containing nitric acid in the first 20-30 seconds, it would be dark brown in
color or else if delayed more than 30 seconds or if not immersed into bottom of petri
dish (allowed to float on nitric acid) it remains light brown in color. If the dealloying
time was 10 minutes or greater, the pore size and residual silver can be clearly

distinguished by SEM and XPS evaluation.

2.2 Results: Overview

The structure, morphology, and chemical composition of the nanoporous gold
electrodes were studied using different methods that included scanning electron
microscopy (SEM), Energy dispersive X-ray spectroscopy (EDX) and X-ray photoelectron
spectroscopy (XPS). The amount of silver present after dealloying of the 12 karat gold

was evaluated using both XPS and SEM-EDX methods. These techniques are different
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from each other in that XPS gives the information about composition of the surface (top
few nanometers), whereas EDX gives information about bulk composition of
nanoporous gold. The Au pore and ligament sizes were measured using Imagel
software. Electrochemical measurements were performed using a multichannel
potentiostat. Cyclic voltammetry was used to measure the surface area of nanoporous
gold.'®!” Comparisons were made to planar gold.

2.2.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy is a type of electron microscopy that uses a beam of
electrons focused on a sample to produce a high resolution image of that sample.'8192°
Atoms in the sample interact with electrons, which eventually leads to signals that
contain information about the surface of the sample, topography as well as
composition. A raster scan pattern is generally used by the electron beam. Essential
components of all SEMs include the following: Electron Source ("Gun"), which
produces multiple, bunches of electrons at a given time. Electron Lenses, sample
stage, and detectors for all signals of interest and display / data output devices are the
most required components for a routine SEM.2%%2

A common mode in scanning electron microscopy involves focusing a high energy
electron beam on a sample and collecting secondary electrons emitted by the
sample.’®?® The number of secondary electron is dependent on the angle between the
surface and the beam. Generally on a flat surface, secondary electrons are mostly
contained by the sample, but on a tilted sample, one part of the sample is partially

exposed and more electrons are emitted. SEM images of high quality can be obtained.
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The sample should be electrically conductive to prevent surface charging. By scanning
the sample and detecting the secondary electrons, an image surface can be created.
Secondary electrons, back-scattered electrons, characteristic X-rays are the types of
electrons produced by a scanning electron microscope. By using SEM, the resolution
that can be reached is stated to be on the 1 nanometer scale.'®%

In my work, a Hitachi SU-70 field emission scanning electron microscope was used
for SEM studies. Typically, samples were cut into 5 mm to 7 mm squares or rectangles.
Samples were linked to carbon tape and the corners of the sample were attached to
carbon tape to minimize the charging effects. Beam voltages were set as low as 2, 3
and 5 KV and 3-5 mm working distances were maintained. Dealloying times were varied
to study the structure and morphology of nanoporous gold structures. The process of
dealloying starts as soon as the samples are immersed in nitric acid. From the literature
it states; “after immersing the film in nitric acid for one minute, pores appeared to be
visible because of removal of silver from the alloy”.??

To study the pore size variability, films were dealloyed either at 7.5, 10, 12.5, 15, 20
min. Figure 2.2 shows SEM images of the surface of nanoporous gold prepared under
different dealloying times. The pore and ligament size appeared to increase as the
dealloying time was increased. By using the same alloy composition (12 karat gold) and

varying the dealloying times in nitric acid, a wide range of pore and ligament sizes were

formed.
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Figure 2.2 SEM images of the surface of planar Au and nanoporous gold dealloyed for

7.5, 10, 12.5, and 15 in nitric acid.
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Figure 2.3 SEMS of Np-Au: 7.5, NP-Au: 12.5, NP-Au: 20 min dealloyed in nitric acid

with different dealloying conditions.
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Figure 2.3 shows SEM images of ‘dark’ and ‘light’ nanoporous gold that that were
dealloyed in nitric acid for 7, 12.5 and 20 min. After the leaf is placed in nitric acid. First
the leaf floats then slowly the leaf is pushed using tweezers to the bottom of the petri
dish (this happens in 30 seconds), if the leaf pushing into the bottom of petri dish is
delayed then it showed a big difference in the color (lighter brown), whereas
immediate pushing of the film into nitric acid with in 30 seconds made it appear darker
brown in color. As can be seen, a difference in the pore and ligament size was
observed. Table 2.1 shows pore and ligament size of nanoporous gold at different
dealloying times for the two different color leaves. ‘Light’ leaf showed slightly larger
pore and ligament sizes compared to ‘dark’ leaf. When the dealloying times were
increased to 12.5 min or 20 min from 7.5 min, the pores extended deeper into the film
and fashioned to be in good interconnected pore framework.

Table 2.1 Pore and ligament size of nanoporous gold.

Electrode Pore size (nm) Ligament size (nm)
NPG-7.5 min dark 5-35 20 - 50

NPG-7.5 min light 5-50 25 - 60

NPG-12.5 min dark 10 -40 10-40

NPG-12.5 min light 15-50 15-50

NPG-20 min dark 20 -70 30-70

NPG-20 min light 30 - 100 30-110
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2.2.2 Energy-dispersive X-ray spectroscopy (EDX)

Energy-dispersive X-ray spectroscopy (EDX) is an analytical technique used for
the elemental analysis or chemical characterization of an organic, inorganic or biological
sample.®® In EDX, the sample is excited by electron beam and the characteristic
emission of high energy bands are measured. EDX is considered to be an important tool
in characterizing the elemental composition of a material.>*

The Hitachi SU-70 field emission scanning electron microscope was used for
SEM-EDX studies. Dealloyed samples of 10 and 12.5 min nanoporous gold were taken
for SEM-EDX studies. Different spots were studied on the same sample. One of the
reasons EDX studies were done was to know the bulk concentration of nanoporous gold
and to verify the consistency of silver and gold atomic % in the various samples. Figure
2.4 shows EDX of NP Au gold dealloyed for 12.5 min. Table 2.2 shows the atomic
composition of silver at the various dealloying times. From EDX studies, it can be clearly

seen that the silver was removed from the alloy during dealloying process and only ~

1% of silver is present after dealloying 12.5 min.
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Figure 2.4 EDX results of nanoporous gold dealloyed for 12.5 min .

Table 2.2 EDX results showing atomic Ag% of nanoporous gold at 10, 12.5, and 15

min dealloying times.

Sample Atomic Ag %
NP Au - 10 min 4 +0.7%
NP Au - 12.5 min (Dark) 1+0.4%
NP Au - 12.5 min (Light) 1+0.4%
NP Au — 15 min 0.9 £ 0.06%
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2.2.3 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS)? is sensitive quantitative technique that
measures the elemental composition of a sample at the range of parts per thousands
on the top few (7-10) nm of a surface. It is also known as Electron spectroscopy for
Chemical Analysis (ESCA), and is a widely used a surface analysis technique.??® XPS
can be used to determine the empirical formula of a compound, chemical state and
electron state of elements.>?® The sample is irradiated with mono-energetic X-rays.
These x-rays cause the photoelectrons to be emitted from the sample surface. An
electron analyzer analyses the binding energy and intensity of the photoelectrons,
which are knocked from the outer shell orbital’s of atoms in a given sample. Every
element produces a characteristic set of XPS peaks.?**” These peaks correspond to the
binding energy values that directly identify each element that exists on the surface of a
given sample. Figure 2.5 shows a schematic representation of the XPS process. These
characteristic spectral peaks correspond to the respective electronic configuration of the
electrons within the atoms, e.g., 1s, 2s, 2p, 3s, etc. The number of detected electrons
in each of the characteristic peaks is directly related to the amount of element in the
XPS sample. To obtain the atomic percentage values, each raw XPS signal must be
corrected by dividing its signal intensity by a "relative sensitivity factor" (RSF)*°. Based
on the binding energy and intensity of a photoelectron peak, the elemental identity, the
chemical state of an atom and quantity of the element present in the sample can be

determined.
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Figure 2.5: Schematic representation of XPS process
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XPS instruments include a beam of monochromatic aluminum Ka X-rays or
magnesium Ka X-rays. Energy of an X-ray with particular wavelength is known (for
aluminum Ka X-rays, E photon = 1486.7 eV), the electron binding energy of each of the
emitted electrons can be determined by using an equation that has been based on
Ernest Rutherford.

E (binding) = E (photon) — E (kinetic) + @

where E(binding energy, BE) of the electron, E photon is the energy of the X-ray
photons being used, E kinetic is the kinetic energy of the electron as measured by the
instrument and phi is the work function of the spectrometer.

XPS analysis was performed with a ThermoFisher ESCAlab 250 imaging X-ray
photoelectron spectrometer (Al Ka (146.68 eV), 500 um spot size, 50 eV pass energy,
0.1 eV step size). Typically samples were 5 mm to 7 mm squares or rectangles. CASA
software (Version 2.3.15) was used to obtain peak area. Background correction was
used by integration of all the peaks. Shirley background type gives a S-shaped
background type. Silver and gold peaks binding energies were referenced while
adjusting to carbon 1s binding energy 284.5 eV. Atomic sensitivity factors for Ag 3d
and Au 4f were 5.2 and 4.95, respectively. %Ag and %Au were calculated using the

formula

%Ag

5.2
%Au + %Ag
.95 5.2

%Ag =

NN

where Au and Ag were XPS peak areas taken after background correction using CASA
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software. Multiple spots were taken from the same sample and averaged to determine
the exact atomic % of silver in each of the samples. Table 2.3 shows the %Ag and %Au
of dealloyed samples 7.5, 10, 12.5, and 20 min (NP-Au:7.5, Np-Au:10, NP-Au:12.5, NP-
Au:20). From the Table 2.3, it can be seen that Ag is removed from the alloy during the
dealloying process and~4-15% Ag remains depending on the time in nitric acid. Further
studies were also investigated based on color of the nanoporous gold. Figure 2.6 shows
overlaying images of Ag light and dark & Au light and dark of nanoporous gold at 7.5,
10, 12.5, 20 min dealloying times. As the dealloying time increased, a smaller
percentage of silver remains on the top surface of nhanoporous gold. These nanoporous
gold leaves are lighter brown in color compared to darker brown color leaves, which
show a higher amount of silver. Table 2.3 clearly shows the majority of the silver
present in nanoporous gold are from leaves that were etched at shorter dealloying

times.
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Figure 2.6 XPS spectra of Nanaoporous gold overlaying Ag% light and dark (A) NP Au

7.5, (C) NP Au 12.5, (E) NP Au 20 and Au% light and dark (B) NP Au 7.5, (D) NP Au
12.5, (F) NP Au 20.
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Table 2.3 XPS results showing atomic Ag% & Au% of nanoporous gold at 7.5,

12.5, and 20 min dealloying times.

10,

Sample Atomic Ag % Atomic Au %
NP Au — 7.5 min (Dark) 16 + 4% 84 + 4%
NP Au - 7.5 min (Light) 5+1% 95+ 1%
NP Au — 10 min 15+ 4% 85 + 4%
NP Au - 12.5 min (Dark) 11+ 2% 89 + 2%
NP Au - 12.5 min (Light) ~4+1% ~96 + 1%
NP Au - 20 min (Dark) ~4+0.8% ~96 + 0.8%
NP Au - 20 min (Light) ~2+0.4% ~98 + 0.4%

2.2.4 Cyclic voltammetry:

Cyclic Voltammetry is one of the mostly widely used techniques to study and
characterize redox systems.?®*# Cyclic voltammetry is commonly undertaken in a three
electrode electrochemical cell with a working electrode, reference electrode and
auxiliary (counter) electrode. Auxiliary electrodes are inert electrodes (commonly
platinum) and reference electrodes (ex., Ag/AgCl and saturated calomel electrode) have
a stable potential. Cyclic Voltammetry is acquired by measuring the current that flows
between the working electrode and counter electrode upon application of a voltage

between the reference electrode and working electrode.
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2.2.5 Surface area by electrochemical measurements.

All the electrochemical measurements were either performed using a CHI 100
galvanostat/potentiostat or a multichannel potentiostat CHI 1000A (CHI instruments,
Austin, Texas, USA), using a Ag/AgCl (0.1 M KCl) fritted reference electrode and Pt
auxiliary electrode. Concentrated sulfuric acid (93% w/w) was purchased from Fisher
Scientific. For surface area measurements, six electrodes were run simultaneously. All
the electrodes were attached to the leads directly without any further attachments.

Surface area measurements were made in 0.5 M sulfuric acid at a scan rate of
0.025 and 0.01 V/s. To define the electrode area, an 1/8" inch diameter hole was
punched into a piece of Hyde tape. The nanoporous gold electrode was covered with
that tape and wrapped with parafilm so that only 1/8" inch area was exposed to the
electrolyte solution. Two areas were measured: the geometric area from the area of
the circle (A = nr?, 0.0792 cm?) and the ‘real’ electrochemical active surface area using
cyclic voltammetry. Nanoporous gold electrodes were first oxidized and then reduced in
0.5 M sulfuric acid during a slow scan cyclic voltammetric experiment and the charge
required to reduce the gold oxide formed during the oxidation step was measured to
obtain the real surface area of the electrode. Using the conversion factor 400 uC/cm?,
the real electrochemical active surface area was calculated.® Figure 2.7 shows the
cyclic voltammogram of nanoporous gold and planar gold. For example, the cyclic
voltammogram in Figure 2.7 (Nanoporous gold) shows a charge 4.2 X 10™ C required to
reduce the gold oxide formed during the oxidation step. Dividing this charge by the

conversion factor of 400 uC/cm? yields an electrochemically active surface area 1.05
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cm?. The ratio between the real surface area to geometrical area is called the
roughness factor.*® The roughness factor for this electrode is 13.3. Figure 2.8 shows
the cyclic voltammograms of nanoporous gold with diiferent dealloying times along with
variation in color (dark vs light leaf). Table 2.4 gives the respective surface area and

roughness factor values. This data is plotted in Figure 2.9.
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Figure 2.7 Cyclic voltammetric curves of planar gold and nanoporous gold dealloyed

for 12.5 min. Electrolyte: 0.5 M H,S0,, Scan rate: 100 mV/s
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Figure 2.8 Cyclic voltammetric curves of nanoporous gold (A) Np Au 7.5 dark and light
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Scan rate: 25 mV/s.
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Table 2.4 Roughness factor of nanoporous gold at 7.5, 12.5, and 20 min dealloying

times.
Electrode Surface area Roughness factor
(cm?)
NP Au — 7.5 min (Dark) 1.9+0.3 24+ 4
NP Au - 7.5 min (Light) 1.3+0.4 16+ 5
NP Au - 12.5 min (Dark) 2+0.2 25 +3
NP Au - 12.5 min (Light) 1.240.3 15+ 4
NP Au - 20 min (Dark) 1.2+0.2 15+ 3
NP Au - 20 min (Light) 0.6+0.4 7+5

From the Table 2.4, it can be noted that the dark colored electrodes have the
highest surface area compared to the light colored electrodes. NP Au-D 12.5 min gave
the highest surface area among other nanoporous gold and this electrode was used for
further electrochemical studies.?! It is also clear that nanoporous gold electrodes have a

higher surface area compared to planar gold electrodes.
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Figure 2.9 Roughness factor of nanoporous gold at different dealloying times (Dark Vs
Light).
2.3 Summary of results

The dealloying time in concentrated nitric acid is an important factor in that it
controls the porosity of the electrode and its surface area. The dealloying time should
be standardized to achieve electrodes with similar porosity and surface area.
Dealloying the Ag/Au alloy in nitric acid removes the silver resulting in highly porous
structure of gold and is considered as the simplest method to achieve nanoporous gold.
EDX and XPS was used to evaluate the silver composition at different dealloying time
intervals while SEM images help show the structure and morphological changes as a

function of dealloying time.
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Figure 2.10 Elemental composition of hanoporous gold from XPS(N=3).
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Table 2.5 Summary of the results: pore size, ligament size, atomic Ag%, surface area

of nanoporus gold at 7.5, 12.5, 20 min dealloying times.

Dealloying time  Pore size Ligament Residual Ag Residual Ag Surface
(nM) size (nM) (EDX) (XPS) area to
geo area
NPG-Dark 7.5 5-35 20 -50 16+4% 24+ 4
NPG-Light 7.5 5-50 25 -60 5+1% 16+ 5
NPG-Dark 12.5 10 - 40 10 -40 1+0.4% 11+2% 25+3
NPG-Light 12.5 15-50 15-50 1+0.4% 4+1% 15+ 4
NPG-Dark 20 20-70 30-70 4+0.8% 15+ 3
NPG-Light 20 30-100 30-110 21+0.2% 715
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Chapter3: Electrochemical Performance of
Nanoporous gold and Open Circuit Potential

3.1 Electrochemical studies

Electrochemical measurements were performed using a CHI 100 potentiostat. A
Ag/AgCl (3.5 M KCI) reference electrode and a Pt auxiliary electrode were used in
conjunction with a multichannel potentiostat (CH 1000A) consisting of six working
electrodes, one auxiliary electrode and one reference electrode inserted in a specially
made electrochemical cell containing the desired electrolyte solution (redox couple,
supporting electrolyte or biofouling solutions). By using the multichannel potentiostat,
comparison between multiple working electrodes in one solution was easy and the
experiments took less time. Figure 3.1 shows the electrochemical cell connected to the

multichannel potentiostat.

Figure 3.1 Electrochemical setup using the multichannel potentiostat.
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3.2 Cyclic voltammetry studies of nanoporous gold electrodes in potassium
ferricyanide.

Nanoporous gold electrodes dealloyed for 12.5 min were used as working
electrodes to acquire CVs in 2 mM potassium ferricyanide/PBS (pH 7) solution at scan
rates of 10, 20, 50, 100, 200 mV/s, respectively. Under the conditions used in this work,
ferricyanide is reversible redox couple and exchanges electrons quickly with the
electrode surface.

In Figure 3.2(A & B), cyclic voltammograms of ferricyanide at sweep rates
ranging from 10 mV/s to 200 mV/s are shown for a planar gold electrode and a
nanoporous gold electrode. As the scan rate is increased from 10 mV/s to 200 mV/s,
the current obtained at each electrode increases and greater peak splitting is being
observed. Theoretically, at slow sweep rates, the peak faradaic current should be
linearly related to the square root of the sweep rate and the peak splitting (AEp) should
be 59 mV/n. At 10 mV/s, the peak splitting is 59 mV for ferricyanide at the planar and
nanoporous electrode. As can also be seen in Figure 3.2 (C), the peak current is
linearly proportional to square root of sweep rate. Results from the regression analysis
gave intercept of zero, slope (uAs/V) 3.58 & 2.80 and R? 0.9997 & 0.9781. At higher
scan rates, redox species that are depleted on to electrode surface are less compared
to lower scan rates, potential that is applied to the electrode becomes shorter and less
redox species are depleted on the surface of the electrode compared to lower scan

rates. Even though nanoporous gold has a higher area compared to planar gold
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electrodes, all the area is not utilized by redox molecules and smaller currents are seen.
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Figure 3.2 Cyclic voltammetric curves of in potassium ferricyanide (Fe(CN)s>, 2 mM)
in 0.1 M Phosphate buffer (pH 7)/0.1 M KCI at scan rates 10, 20, 50, 100, 200 mV/s.
(A) Nanoporous gold (B). (C) Plot of peak current versus square root of scan rate. The

solid lines: linear regression lines.

3.3 Performance of electrode in biofouling solutions in buffer.
Nanoporous gold electrodes were used because of their higher surface area,
excellent electron transfer and the possibility for reduced biomolecule adsorption on the
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electrode surface. Nanoporous gold electrodes dealloyed for 12.5 min were used for the
biofouling studies. Comparisons were made to planar gold electrodes. “In this study, we
evaluated the electrochemical response of potassium ferricyanide, Fe(CN)s*, at
nanoporous gold electrodes and planar gold electrodes in the presence of biofouling
agent like (bovine serum albumin, BSA). BSA is a globular protein with a molecular
weight of ~ 66 KDa and size (14 x 4 nm)! and considered as major protein in blood
plasma. The premise behind these experiments is it helps us to know if albumin
adsorbs on the surface of the electrode and thus hampers the electrochemical response
(electron transfer) of redox molecule in solution. When the electrodes come in contact
with biological solutions, proteins like albumin and fibrinogen adsorb on the electrode
and hinder the electrochemical response. This can be seen in cyclic voltammetric
experiment if the peak splitting (AEp) is larger and the current decreases for a redox
molecule in a solution containing the protein.

Unless otherwise noted, in these experiments, UV-cleaned nanoporous gold
electrodes prepared using a 12.5 min dealloying time and planar Au (UV-cleaned)
electrodes were placed in a solution of potassium ferricyanide (Fe(CN)¢>, 2mM, pH 7.2)
and a cyclic voltammogram was collected at scan rate 100 mV/s. Bovine serum albumin
(BSA, 2mg/mL) was added to the solution and CVs were collected over the course of an
hour. The data shown in Figure 3.3 were collected at distinct intervals of time after

addition of BSA: ~ 1, 2, 5, 10, 15, 20, 30, 40, 50, 60 min.
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Figure 3.3 Cyclic voltammetric (CV) curves obtained at (A) nanoporous gold, (B)
planar gold electrodes in potassium ferricyanide (Fe(CN)¢>, 2mM ) in 0.1 M Phosphate
buffer (pH 7)/0.1 M KCI before and after addition of bovine serum albumin (2 mg/mL).

Scan rate: 100 mV/s. CVs were acquired over a 60 minute period.

Initially, before addition of BSA, the voltammetric peak shape observed at both
the electrodes (planar Au and nanoporus Au) corresponds to a diffusion-controlled,
reversible redox probe freely exchanging electrons with the electrode surface. After
addition of BSA, the current decreases, AEp increase, and the shape of the
voltammetric curve becomes less peaked shaped and more ‘flatter’ indicative that BSA
is adsorbing on the electrode surface and interfering with electron transfer. Planar gold
electrodes also showed similar response towards exposure to human serum albumin
and immunoglobulin G.?® The extent of these changes depends on the electrode. At an
as-received planar gold electrode, the current dropped significantly faster and the

voltammetric shape changed quickly within five minutes compared to nanoporous gold
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electrodes. Within ~ 10 minutes of the planar gold electrodes being in solution, these
electrodes were rendered essentially irresponsive to Fe(CN)s>. The best results were
observed for nanoporous gold electrodes with little drop in current over a longest time
(~ 22 hours).

Additional studies were carried out on nanoporous gold electrodes with slightly
different pore sizes. Nanoporous gold electrodes (dealloyed for 12.5 min NP: Au-12.5
Dark, Light) with slightly different pore size and surface area were made by changing
the dealloying conditions, mainly its exposure to nitric acid. The CV response for
Fe(CN)¢> following exposure to BSA is shown in Figure 3.4. Nanoporous gold with
larger pore sizes and smaller surface area (NP AU- 12.5 Light) having a ratio of real-to-
geometric area of 15 £ 1 showed a larger drop in the current and change in peak
splitting while nanoporous gold with a smaller pore size and larger surface area (NP AU-
12.5 Dark) and a high real-to-geometric area ratio of 25 + 3 exhibited almost no

change in the cyclic voltammetric response over the course of an hour.
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Figure 3.4 Left: Cyclic voltammetric (CV) curves obtained at nanoporous gold

electrodes in potassium ferricyanide (Fe(CN)s*, 2mM ) in 0.1 M Phosphate buffer (pH

7)/0.1 M KCI before and after addition of bovine serum albumin (2 mg/mL). Scan rate:

100 mV/s. CVs were acquired over a 60 minute period. Representative SEM images of

nanoporous gold with two different surface area ratios: 25 for NP dark and 16 for NP
light.

To more quantitatively evaluate the electrodes, the normalized current was

plotted as function of time after the addition of BSA to the solution of potassium

ferricyanide. The data shown in the Figure 3.5 were normalized by dividing the
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Faradaic current at ~ 100 mV following the addition of BSA by the current measured
immediately before the addition of BSA. For all the electrodes, the normalized peak
current decreased, the extent of which was strongly dependent on the morphology of
the electrode. The time it took for the current to drop one half of its value was three
minutes for planar gold. In contrast, for nanoporous gold with the smaller surface area
(NP Au 12.5 min Light), an average drop in current of 12 £ 8% was observed after 60
minutes. For NP Au 12.5 min Dark, however, the current drop was small (5 £ 3%) and
~ 95 % of the original Faradaic current was still observed one hour after the addition of
BSA. Nanoporous gold outperformed the planar gold electrodes. Nanoporous gold
electrodes (NP Au 12.5 min dark) with surface area 15 showed reduced performance
compared to NP Au 12.5min Light. Nanoporous gold with smaller pore size and high
surface area performed better in the presence of biofouling agents like BSA and it took

longer time for BSA to cover the entire surface of the electrode.
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Figure 3.5 Normalized current before (t=0) and after addition of 2 mg/mL of BSA to
solution for the nanoporous gold dark (red circle), nanoporous gold light (blue triangle),
planar gold (purple square) at ~ 100 mV. Error bars represent the standard deviations
obtained from 3-4 electrodes.

The peak splitting, AEp, is related to the kinetics of electron transfer and is
sensitive to the cleanliness of the electrode surface. For both nanoporous gold dark
and light, the peak splitting for potassium ferricyanide is plotted against time following
addition of BSA. A blocked surface exhibits a slow rate of electron transfer resulting in
decreased peak current and increased in peak splitting. Figure 3.6 shows how AEp of
potassium ferricyanide changes over a course of hour after addition of BSA for both
nanoporous gold electrodes. As can be seen in the Figure 3.6, AEp increases more for

the light colored electrode than for the dark color electrode. From these results, it can
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be seen that a pore size dependence is present. Nanoporous gold electrodes with
smaller pore size are more successful in being able to study the electrochemistry of
redox couple in a solution containing BSA compared to light colored electrode and

planar gold which showed complete passivation in shorter time.
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Figure 3.6 Plot of AEp for nanoporous gold dark (blue triangle) and light (red circle)
before and after the addition of BSA (concentration: 2 mg /mL). The cyclic voltammetric
data is shown in Figure 3.4.

Electrode porosity plays a crucial role in the observed electrochemistry. The
possible reasons for why electrode porosity is so important are: (1) Mass transport
limitations prevent BSA from reaching the inner surface on the time scale of the
experiment. (2) The porosity and nanoscale architecture of nanoporous gold electrodes
make the blocking of the surface by protein adsorption and unfolding less effective. (3)

The higher surface area of the porous electrodes provide plenty of sites for electron
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transfer to take place even in the presence of adsorbed protein”.? Possible explanation

of the longer passivation process for nanoporous gold is shown in the Figure 3.7.

Planar Au

® = Redox Species ™ = Albumin

Figure 3.7 Simplified cartoon of the surface of nanoporous gold and planar gold in the
presence of albumin and a small redox molecule in the solution. Electron transfer is
hindered at planar gold but not at nanoporous gold. Reprinted with permission from
Jay Patel; Logudurai Radhakrishnan; Bo Zhao; Badharinadh Uppalapati; Rodney C.
Daniels; Kevin R. Ward; Maryanne M. Collinson; Anal. Chem. 2013, 85, 11610-11618.

Copyright 2013, American Chemical Society.

3.4 Performance of the electrodes in blood and serum.

In these experiments, nanoporous gold electrodes (Dark) prepared by 12.5 min
dealloying time (UV-cleaned) along with planar Au (UV-cleaned) electrodes were used.
To evaluate the performance of the electrodes in biologic solutions, potassium
fericyanide (Fe(CN)s>, 2mM ) was doped into a serum sample and heparinized blood.

Cyclic voltammograms were collected at scan rate 100 mV/s over the course of an hour.
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The data shown in Figure 3.8 shows the cyclic voltammetric curve of Fe(CN)e> in serum
and blood at nanoporous gold electrode after ~ 60 minutes in solution.
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Figure 3.8 CVs acquired at nanoporous gold and planar gold after 60 minutes in

human serum and heparinized pig blood doped with Fe(CN)¢*>". Scan rate: 100 mV/s

Initially, before immersing the electrodes in serum and blood, CV’s were taken in
buffer with potassium ferricyanide (Fe(CN)s>, 2mM ), the voltammetric peak shape
observed at both the electrodes (planar Au and Nanoporous Au) corresponds to a
diffusion-controlled, reversible redox probe freely exchanging electrons with the
electrode surface. After the electrodes were immersed in potassium ferricyanide
(Fe(CN)¢>, 2mM) doped into a serum sample and heparinized blood, the shape of CVs
at the planar electrode quickly changed from diffusion controlled in buffer to sigmoidal
shape in serum and blood. However, the shape of nanoporous gold did not change
significantly. As can be seen, the current decreases for the nanoporous gold electrode
in serum and blood, while peak splitting AEp is 75 mV. For planar gold electrodes, the

peak splitting AEp increases to 270 mV. Nanoporous gold electrodes out-performed
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planar gold in both biological samples (serum and blood). The redox activity of
ferricyanide was retained.
3.5 Oxidation-Reduction potential (ORP)

Oxidation-reduction potential (ORP), often referred to as zero current potential or
open circuit potential (OCP), is the potential of an inert electrode with respect to a
reference electrode in a given medium under zero current conditions.® Many important
factors contribute to measured value of ORP including. °

i) Concentrations (activities)

i) Redox species present in the system

iii) Rate at which electrons transfer between a redox species and electrode.

The rate of electron exchange is a vitally important characteristic of the electrode as
it ultimately determines what redox species are being detected and the time needed to
reach “steady-state” or equilibrium.'®** An oxidation-reduction system (redox couple),
consisting of both oxidized and reduced species that are present in appreciable
concentrations in a medium, where electrons transfer takes place from reductant to an
oxidant which can undergo the below reaction

Ox+ne —> Red
where Ox is the oxidized form, ne’is the number of electrons transferred in the reaction
and Red is reduced form. The potential measured is related to the concentration

(activities) of oxidants and reductants as described by the Nernst equation.

_ 0.0591 C (Red)
E=E, - —log { oD }
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where E is the measured potential (with respect to a reference), Ep is the standard
reduction potential of the redox couple, 0.0592 is the value of [2.303(RT/F)] at 25°C (R
is the gas constant and F is Faraday’s constant), n is the number of electrons
transferred, Creq and Cox are the concentrations of the reduced and oxidized forms of
the redox couple, respectively. ORP is a measure of the electron transfer between the
total oxidants and reductants in the medium and dependent on the total concentrations
(activities)'**2,
3.6 ZoBell’s solution

ZoBell's solution is a 0.1 molar KCI solution containing equimolal amounts of
K4sFe(CN)s, and KzFe(CN)s and was developed by Zobell in 1946.7 It is used us a
standard solution for calibrating redox measurements. E(Redox) of a sample relative to
Ag/AgCl is determined by measuring the E(Redox)of both sample and standard (ZoBell’s
solution) at the same temperature. Calibration of reference electrode is crucial step in
measuring the open circuit potential (OCP) of biologic solutions.
3.7 Instrumentation and blood samples

Electrochemical measurements (OCP) were performed using a CHI 100
potentiostat and a silver chloride coated silver wire as the reference electrode and
nanoporous gold prepared by 12.5 minutes dealloying in nitric acid. Blood samples were
obtained under the collaboration of Dr. Rodney C. Daniels, Dr. Penny Reynolds and the
Division of Animal Research at VCU. Human blood samples were obtained under
collaboration of Dr. Rodney C. Daniels. For these samples, an Autolab potentiostat was

used for measuring the ORP of three nanoporous gold electrodes at a time. Three
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nanoporous electrodes and one reference electrode were inserted in a specially made
electrochemical cell containing the desired solution (blood, plasma or ZoBell's
solutions). Electrochemical comparison between various electrodes was easy and the
experiments took less time by measuring the OCP of all three electrodes with respect to
a single reference electrode simultaneously using Autolab potentiostat. For all other
experiments, the CHI potentiostat was used, which can measure the OCP of only one

electrode at a time.
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3.8 OCP of Rabbit Blood and plasma

Reference
Electrode
ry Ag/AgCl

- S~ Working
_.L <€— Electrode

L)) NP Au

N ~

Figure 3.9 A three electrode electrochemical setup for measuring OCP.

Rabbit blood was collected in sodium heparinized tubes and plasma was
separated by centrifugation as needed. OCP measurements were made using a
nanoporous gold electrode (prepared by dealloying for 12.5 min) or UV-cleaned planar
gold and a AgCl coated Ag reference electrode connected to a CH instrument
potentiostat. The three nanoporous gold electrodes along with the reference electrode
were immersed in the sample (see Figure 3.9) and the OCP was recorded for 9 minutes
for the first gold electrode. The lead to the potentiostat was then connected to the
second electrode and the OCP measured for one minute. When finished, the lead was
connected to the third electrode and the OCP measured for one minute. Representative
raw data is shown in Figures 3.10 while Table 3.1 summarizes the results of OCP
measurement at the nanoporous gold and planar gold electrodes in Rabbit blood or

plasma. The OCP values at both the planar gold and nanoporous gold electrodes are
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different from each other and there is variability from day to day due to different
constituents present in blood and plasma. The reference electrode was calibrated using

standard ZoBell's solution and the values are given in Table 3.1.
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Table 3.1 OCP of nanoporous gold and planar gold in Rabbit blood and plasma and

OCP difference between nanoporous and planar gold. N=3

Date NP Au (mV) Planar Au (mV) Difference Calibration?
(mV) (mV)
Oct-17 -119.4 £ 4.3 -163.1 £ 3.7 44 Np: 142.9
(Plasma) Planar: 144.2
Oct-24 -105.4 + 3.2 -169.1 £ 3.4 63 Np: 144
(Blood) Planar: 142.5
Oct-31 -105.1 £ 3.4 -166 + 3.0 61 Np: 144.2
(Blood) (N=2) Planar: 142.9
Nov-2 -109.1 £ 4 -169.3 £ 2.1 60 Np: 136.6
(Blood) Planar: 142.4
Nov-5 -105.6 + 4.8 -163 £ 1.3 57
(Blood) (N=2)
Nov-7 -116.6 £ 2.5 -176.8 £ 4.2 60 Np: 147.5
(Blood) Planar: 151.2
Nov-9 -122.9 £ 5.7 -202+ 7.9 79 Np: 151.2
(Blood) Planar: 143.3
Nov-12 -104.6 £ 3.5 -158.9 = 1.7 54 Np: 148.4
(Blood) Planar: 139.8
Nov-16 -117.3 £ 2.2 -157.5+ 5.8 40 Np: 148.6
(Blood) (N=2)

gZoBell’s solution
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Figure 3.10 OCP of nanoporous gold and planar gold in (A) Rabbit blood, (B) Rabbit

plasma

3.9 OCP of Pig blood and plasma
Representative raw data is shown in Figures 3.11 while Table 3.2 summarizes

the results of OCP measurement at the nanoporous gold and planar gold electrodes in
pig blood or plasma. OCP measurements of both the electrodes are different from each
other and there is variability from day to day as observed for the rabbit blood.

Table 3.2 OCP of nanoporous gold and planar gold in Pig blood and plasma and OCP
difference between nanoporous and planar gold. N=3

Date NP Au (mV) Planar Au (mV) Difference Calibration?
(mvV) (mvV)
Nov-28 -107.9 £ 6.6 -151.5+£ 2.3 44 NP Au: 145.9
Pig Blood, Planar Au: 146.2
Plasma -103.8 £ 3.6 -129.1 £ 54 25

4ZoBell’s solution
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Figure 3.11 OCP in mV of nanoporous gold and planar gold in (A) Pig blood, (B) Pig
plasma
3.10 OCP of Rabbit plasma and crashed Rabbit plasma.

To further investigate OCP under different conditions, once when an animal was
in @ good condition, blood was taken out and then another sample of blood was taken
after injuring the animal during shock experiments, just before the animal was going to
die (e.g., a crashed Rabbit). Blood was collected from the Rabbit at both intervals in
sodium heparinized tubes. Table 3.3 shows the results of OCP of nanoporous gold
electrodes in Rabbit Blood. Figure 3.12 shows the OCP of Rabbit plasma at both
electrodes. Both OCP measurements are different from each other indicating a
difference in the OCP showing significance that OCP helps in measuring the animal

condition.
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Table 3.3 OCP of nanoporous gold and planar gold of Rabbit and crashed Rabbit

plasma and OCP difference of nanoporous and planar gold. N=3

Date NP Au (mV) Planar Au (mV) Difference (mV)
June-27 -119.6 £ 3.6 -155.5 £ 3.6 36
(Rabbit
plasma)

June-29 -97.58 + 3.6 -128.4 + 3.6 30
(Crashed
Rabbit)
i Normal Rabbit Crashed Rabbit
20
_40:
-60 4
> 80
S 80 |
o -100
O ]
O 120
-140 -
-160 4 B NP Au
T I Planar Au
-180

Figure 3.12 Bar graph shows OCP in mV of nanoporous gold and planar gold for
normal Rabbit and crashed Rabbit blood. Error bars represent the standard deviations

obtained from 3 electrodes.
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3.11 OCP of Arterial and Venous blood samples of Rabbit and Pig.

Arterial and venous blood sample were collected from a Rabbit and a Pig. Arterial
blood is considered as oxygenated blood and bright red in color, venous blood is
considered as deoxygenated blood and dark red in color. To investigate OCP of both
arterial and venous blood, both blood samples were collected near the same time.
Table 3.4 shows the results of OCP of nanoporous gold electrodes in Rabbit and Pig
blood. Both OCP measurements are different from each other indicating a difference in
the OCP between venous and arterial blood. Venous blood is having less number of
oxygen species compared to arterial blood as it is deoxygenated blood and has a more
negative OCP compared to the arterial blood. Figure 3.13 shows the OCP of arterial

blood and venous blood of Rabbit and Pig.
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Table 3.4 OCP of nanoporous gold in Pig and Rabbit arterial or venous blood and the

OCP difference between arterial and venous blood.

Date Np Au (mV) Difference (mV)
Sep-27 -97 £ 5.2 (N=4) Arterial Blood 54
(Pig) -151.1 £ 2.28  (N=4) Venous Blood
June-29 -100.5 £ 2.7 (N=3) Arterial Blood 20
(Rabbit) -120.1 £ 4.5 (N=3) Venous Blood
Rabbit Pig

-40
-60 4

-804

OCP, mV

-100 1

-120 A

-1404 [ Arterial NP Au
B \/enous NP Au

-160

Figure 3.13 Bar graph shows OCP in mV of nanoporous gold in Rabbit and Pig arterial
and venous blood. Error bars represent the standard deviations obtained from 3
electrodes.
3.12 OCP of stored Pig blood.

Arterial pig blood was collected stored in sodium heparinized tubes and stored in
a freezer at -4° C. Blood settled when stored in the freezer. As a result, when blood

was taken out it was vortexed before testing. OCP was recorded from Dayl to Day10.
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Three nanoporous gold electrodes were recorded and compared to planar gold. Table
3.5 shows the results of OCP of nanoporous gold and planar gold electrodes in aged Pig
blood. Figure 3.14 shows OCP in mV of nanoporous gold in aged Pig blood from day 1 -
10. Both OCP measurements are different from each other, the difference in the OCP
showing significance that blood is changing with time, even though stored in freezer.
The difference between the nanoporous and planar gold was 44 mV on the first day
and on day 3-10 it was 13-20 mV. Active species that are present on the first day when
the sample was collected were inactive within 2 days and OCP had a similar value from
day 3-10. The data shows there is an oxidative environment in the stored blood product

and increases with time. This shows the potential has significance with age of blood.
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Table 3.5 OCP of nanoporous gold and planar gold in stored Pig blood and OCP

difference of nanoporous and planar gold. N=3.

Date NP Au Planar Au Difference Calibration?
(mV) (mV) (mV) (mV)
Nov-28 -107.9 £ 6.6 -151.5 £ 2.3 44 Np: 146.2
Planar: 145.9
Nov-30 -99.1 £ 3.2 -1149+5 16 Np: 144.5
Planar: 147.1
Dec-3 -95.6 £ 3.6 -114.2 £ 2 19 Np: 144
Planar: 148.9
Dec-5 -95.3 + 3.3 -108.3 £ 1.3 13 Np: 138.2
Planar: 144
Dec-7 -91.3+£5.2 -1109 + 4 20 Np: 130.4
Planar: 135.5

9ZoBell’s solution
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Figure 3.14 Bar graph shows OCP in mV of nanoporous gold in stored Pig blood from

day 1 - 10. Error bars represent the standard deviations obtained from 3 electrodes.
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3.13 OCP of different animals and human.

Baseline blood (fresh blood of a healthy species) was collected from a Rat, a
Rabbit, a Monkey and humans (male and female). OCP were measured with a
nanoporous gold electrode and Ag/AgCl electrode connected to a CHI potentiostat.
One electrode was measured at a time. Human blood was evaluated using the Autolab
potentiostat which allowed three electrodes to be tested at same time. The electrodes
were immersed in blood and the OCP was recorded for ~10 minutes. Table 3.6 and
Table 3.7 show the results of OCP of nanoporous gold electrodes in different animals
and humans. Figure 3.15 and Figure 3.16 shows OCP in mV of nanoporous gold in
different animals and humans. Both OCP measurements are different from one other
indicating difference in the OCP of animals. It is showing significance that different
animals and humans have different OCP. As various oxidation and reduction reactions

are taking place in each individual species, it is definite to have different OCP.

Table 3.6 OCP of nanoporous gold in different animals (Rat, Rabbit, Monkey), Humans

(Male, Female). N=3.

Rat Rabbit Monkey Human Human
(mV) (mV) (mV) (mv) (mvV)
(Male) (Female)
NpAu -70.2+49 -765%+27 -986+4.2 -133.6x -120.2+5.2
6.9
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Figure 3.15 OCP in mV of nanoporous gold in different animals Rat, Rabbit, Monkey.

Right bar graph shows OCP of nanoporous gold in different animals (Rat, Rabbit,

Monkey), Humans (Male, Female). Error bars represent the standard deviations

obtained from 3 electrodes.

Table 3.7 OCP of nanoporous gold in different animals (Pig, Sheep, Rabbit blood

(arterial and venous))

Pig Blood (mV)

Sheep Blood (mV)

Rabbit Arterial Rabbit Venous

blood (mV) blood (mV)
Np Au -101.8 £7.3 -117 £ 3.7 -100.5 £ 2.7 -120.1 £ 4.5
(Np-3) (Np-6) (Np-6) (Np-3)
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Figure 3.16 OCP in mV of nanoporous gold in different animals: Sheep, Pig arterial
blood, Rabbit arterial and venous blood. Right bar graph shows OCP of nanoporous gold
in different animals: Sheep, Pig arterial blood, Rabbit arterial and venous blood. Error
bars represent the standard deviations obtained from 3 electrodes.
3.14 OCP of healthy human volunteers

To obtain the average OCP of human blood, fresh blood was collected from 49
Healthy volunteers (20 Male, 26 Female, and 3 didn't report) and OCP measurements
were made using a nanoporous gold electrodes (60% of the electrodes were light) and
Ag/AgCl electrode connected to an Autolab potentiostat, which is able to measure the
OCP of three electrodes at the same time. The electrodes were immersed in blood
samples and OCP was recorded for ~10 minutes. Along with OCP, blood gas values
(PCO, & PO,) and lactate, glucose, and chloride were measured. PCO, and PO, and
lactate, glucose, chloride were measured using radiometer. PCO; is partial pressure of
carbon dioxide dissolved in blood and PO, is partial pressure of oxygen dissolved in
blood. Table 3.8 shows the values obtained for the 49 volunteers. Attempts were made

to determine if there was a correlation between OCP and PCO, or PO,. As can be seen
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in Figure 3.17, plots of PCO, Vs OCP and PO, Vs OCP gave no correlation. There is also
no significant difference in the OCP between male (OCP =-113.9+14.9) and female
(OCP = -114.5+16.8). The average OCP of Human blood from the data is (-
114.2+15.2)

Table 3.8 OCP, PCO,, PO, glucose, lactate, chloride of 49 healthy human volunteers.

Volunteer Sex OCP, PCO; PO, Glucose Lactate  Chloride
mV  (mm/Hg) (mm/Hg) (mmol/L) (mmol/L) (mmol/L)
1 Female -101 38.8 35.2 4.4 2.2 110
2 Female -122 50.1 37.7 5.1 1.4 107
3 Female -159 52.9 28.3 5 2.4 108
4 Male -103 40.6 87.1 5 1.6 107
5 Female -108 45.1 47.1 5.2 1.3 107
6 Male -139 48.8 45.7 4 1.8 102
7 Female -122 59.2 26 4.4 1.6 106
8 Male -136 54.5 34.8 6.8 2.4 101
9 Female -123 46.6 51.3 4.8 2.1 105
10 Male -127 48.4 46.8 6.7 1.9 103
11 Female -121 54.2 28.4 4.4 1.3 101
12 Female -121 52.9 28.3 4.7 2.1 105
13 Female -114 51.1 32.4 4.5 1.6 106
14 Female -126 46.9 33.3 4.4 1.6 103
15 Male -79 63.2 28 4.9 1.8 102
16 Male -110 8.5 41.5 4.2 1.9 101
17 Female -119 33.4 138 4.5 2 107
18 Male -101 44 44.3 5.2 1.8 106
19 Male -121 55.1 46.4 3.9 1.8 104
20 Female -85 40.6 52.5 7.2 2.2 107
21 Male -117 48.8 53.8 6.3 1.8 104
22 Male -121 51.2 39.8 5.8 1.5 102
23 Male -129 63.1 29.4 6.4 2.1 102
24 Female -124 55.8 26.1 7.2 2.2 104
25 Female -120 50.2 38.6 4.6 2.9 105
26 Female -112 53.4 46 4.7 1.8 103
27 Female -114 45.8 98.3 6.8 1.4 107
28 Female -131 54.4 35.7 5.5 2.4 99
29 Male -108 58.8 22.7 - - 104
30 Male -114 55.6 28.2 4.2 - 103
31 Female -116 53.3 25.6 4 1.9 105
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33
34
35
36
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38
39
40
41
42
43
44
45
46
47
48
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Male
Female
Male
Male
Male
Female
Female
Female
Female
Female
Male
Female
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Male
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-101
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-114
-64
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-102
-112
-95
-122
-125
-114
-124
-125

50.1
51.9
63.2
53.5
59.2
59.9
45.7
39.1
53.5
49.2
53.1
58.4
37.1
52
44.8
46.8
49.3
48

60.1
44.5
34
43.2
25.2
24.2
27.9
46.3
23.2
35.1
32
30
83.2
34.7
36.3
80.5
40.1
55.7

4.8
4.4
3.2
5.2

5.4
8.5
10.1
4.5
6.6
5.6
4.4
8.3
5.4
4.9
5.2
4.4
4.9

2.6
2.7
2.7
2.5
3.4
2.1
4.4
1.9
2.1
1.7
1.9
1.8
1.2
0.9
1.2
1.8

106
108
103
101
102
100
103
107
105
102
100
104
106
104
107
105
106
104
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3.15 Addition of Ascorbic Acid to Rabbit blood and measurement of OCP

Reference
Electrode
a Ag/AgCl

Working
<€— Electrode
) NP Au

N Addition of
Ascorbic Acid

L —

Figure 3.18 A three electrode electrochemical setup for the measurement of OCP
before and after the addition of ascorbic acid.

Rabbit blood was collected and the OCP at three nanoporous electrodes was
measured simultaneously using the Autolab potentiostat. Figure 3.18 shows the
electrochemical setup measuring OCP and addition of ascorbic acid. The advantage of
this potentiostat is we can run OCP for three electrodes at a same time in a single
sample of blood. Ascorbic Acid, 6 mM (reducing agent) was added after nine minutes
and stir the solution until it reaches steady state, the potential dropped as observed in
Figure 3.19. In Table 3.9, the OCP of nanoporous gold and planar gold in sheep blood

before and after addition of ascorbic acid (AA) are shown. The difference in the OCP
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immediately before and after addition of ascorbic acid is indicated as AE. Nanoporous
gold electrodes showed a greater change in the OCP compared to planar gold

electrodes.
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Table 3.9 OCP of nanoporous gold (Dark colored) and planar gold in sheep blood

before and after addition of ascorbic acid 2mM (AA)

V before Final after AE mV Average Std dev
addition of addition of

AA ( ~9 min) AA

NP1 -0.099 -0.141 42.3

NP2 -0.101 -0.143 41.6

NP3 -0.104 -0.135 30.2

NP4 -0.099 -0.135 35.8

NP5 -0.097 -0.131 34.4 36.9 5.1
Planar 1 -0.153 -0.19 37
Planar 2 -0.158 -0.188 29.1
Planar 3 -0.167 -0.19 22.8

Planar 4 -0.166 -0.19 23.8 29.4 6.3
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Figure 3.19 OCP of nanoporous gold in Rabbit blood before and after the addition of
ascorbic acid after ~ 9 minutes. The lower bar graph shows the OCP of nanoporous
gold in Rabbit blood and the difference in potential before and after the addition of
ascorbic acid (2mM). Error bars represent the standard deviations obtained from 4-5

electrodes.

83



3.16 Addition of Ascorbic acid to Sheep blood.

Sheep blood was collected and the OCP was measured using a CH instrument
potentiostat, one electrode at a time. Ascorbic Acid, 5 mM (reducing agent) was added
after nine minutes to sheep blood (1.5 mL). This results in a drop in potential as can
be seen in Figure 3.20. After the potential stabilized, an additional aliquot of ascorbic
acid was added. In the same way, a total of six consecutive additions of ascorbic acid
were added in regular intervals to the blood sample. Figure 3.20 shows clearly the
additions of ascorbic acid at different intervals. The difference in the OCP before and
after addition of ascorbic acid is indicated as AE. Figure 3.20, 3.21 & 3.22 show the plot
of concentration of ascorbic acid Vs AE in sheep blood and PBS 7.0. As the
concentration of ascorbic acid increased, the OCP became more negative. It clearly
shows nanoporous electrodes respond to the addition of reduced species to blood.
Figure 3.23 shows CV of sheep blood after addition of ascorbic acid. The peak at 0.1 V

corresponds to the oxidation of ascorbic acid.
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Figure 3.20. The change in OCP upon addition of ascorbic acid to blood in different

intervals of time. Right graph shows plot of AE Vs concentration of ascorbic acid added.
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Figure 3.21. The change in OCP upon addition of ascorbic acid in in 0.1 M Phosphate
buffer (pH 7)/0.1 M KCI at different intervals of time. Right graph shows plot of AE (V)

vs concentration of ascorbic acid added to solution.
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Figure 3.22. The change in OCP upon addition of ascorbic acid to Sheep blood at
different intervals of time. Right graph shows plot of AE Vs concentration of ascorbic

acid added to solution.
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Figure 3.23. Cyclic voltammetric curve of in Sheep blood after addition of ascorbic acid
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Summary

Nanoporous gold was prepared by the chemical dealloying of a Ag:Au alloy at
different times. The effect of protein adsorption on nanoporous gold immersed in
biofouling solutions was studied. In this work, we have shown that electrochemical
measurements can be made using nanoporous gold even in high concentrations of
biofouling agents such as albumin. We have also shown that nanoporous gold can be
successfully used to measure the redox potential of blood and plasma. Nanoporous gold
electrodes have many advantages due to their higher surface area and porosity.

Fabrication of nanoporous gold was done by dealloying a Ag/Au alloy in nitric
acid, which removes the silver resulting in a highly porous structure of gold. The
dealloying time in concentrated nitric acid is an important factor in that it controls the
porosity of the electrode and its surface area. After the preparation of nanoporous gold,
the electrode with highest surface was taken and the electrochemical response in the
presence of biofouling agents like bovine serum albumin was studied. The response at
nanoporous gold electrodes were compared to planar gold electrodes. After immersing
nanoporous gold electrodes and planar gold electrodes in a buffered solution containing
potassium ferricyanide and bovine serum albumin, immediate reduction in Faradaic

peak current and increase in peak splitting was seen for planar gold electrodes. In
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contrast, nanoporous gold electrodes showed no such changes and they retained their
electrochemical activity in presence of biofouling solutions. The redox activity of
potassium ferricyainde at nanoporous gold was retained serum and blood as well.
Nanoporous gold having 3D network of small nanometer sized pores and ligaments are
believed to impede the transport of large biomolecules while allowing small redox
molecules to exchange electrons effectively with the electrode.

While exploiting the nanoscale features of the electrode surface, electrochemical
measurements in real blood and serum was undertaken. The open circuit potential
(e.g., redox potential) of blood and plasma of various animals like Pig, Rabbit, Rat,
Monkey and Humans were measured using nanoporous gold. The redox potential was
compared to values obtained at planar gold. Both redox potential values were different
from each other and there was animal-to-animal variability due to the different
constituents present in blood and plasma. The redox potential of healthy rabbit blood
and crashed rabbit blood was measured and the values were found to be different from
each other indicating that redox potential is sensitive to the animal condition. The
redox potential of human blood was also measured and it showed same value for both
male and female. Upon addition of a reducing agent (ascorbic acid) to rabbit and sheep
blood, the change in potential (AE) for nanoporous gold was found to be higher
compared to flat gold. Overall, nanoporous gold electrodes have showed better

electrochemical performance in biologic solutions than planar gold.
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Future work

Future work should focus on improving the properties of nanoporous gold such
as increasing the surface area and maintaining small pore size. Increasing the surface
area of nanoporous gold will increase the number of sites for electron transfer and ideal
surface topography should be designed to decrease the effective distance for the
electron transfer between electrode and redox active group in a biomolecule.
Nanoporous gold having small pores and a high roughness factor will strongly influence
protein adsorption. Having small pores will stop larger proteins from entering inner
surfaces and ideally facilitate electron transfer with smaller redox species in biological
media. Nanoporous gold prepared by dealloying Au: Ag alloy has ~ 10% of silver, which
is showing a retained electrochemical activity in biological media. The dealloying time
should be standardized to achieve electrodes with similar porosity, surface area, and
percent silver. EDX and XPS can be used to evaluate the silver composition at different
dealloying time intervals while SEM images can help show the structure and
morphological changes as a function of dealloying time. Nanoporous gold electrodes
can be further evaluated using transmission electron microscopy (TEM) to know the
three-dimensional (3D) structure, an ideal way to see the inner pore network and can

quantitatively evaluate the average diameter of the ligaments and nanopore channels.
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Further OCP and electrochemical measurements can be made for biomolecules
like glutathione peroxidase, catalase, cysteine, lactate, pyruvate, uric acid and NADH.
Redox status in humans is maintained within a narrow range and can be altered during
critical iliness and injury. There exists a complex relationship between the redox state of
blood and survival during critical illness and injury, so monitoring redox chemistry
during critical illness for humans should be carried out. Because the OCP of stored pig
blood varied after 2 days, it would be worth studying the OCP of stored human blood

products.
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