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ABSTRACT

DETERMINATION OF NOREPINEPHRINE IN RAT TISSUE BY REVERSED-

PHASE HPLC SEPARATION AND AMPEROMETRIC DETECTION USING A

BORON DOPED NANOCRYSTALLINE THIN FILM ELECTRODE

By

Luther Sterling Schaeffer

The research presented herein describes the development and

optimization of a reversed-phase high-performance liquid chromatography

technique coupled with electrochemical detection (RP-HPLC-EC) for the analysis

of catecholamines. The method relies on the beneficial electrochemical

properties of a novel electrode material, boron-doped diamond. Detection of

norepinephrine (NE), epinephrine (EP), dopamine (DA), 3,4-

dihydroxyphenylethylene glycol (DOPEG), vanillic mandelic acid (VMA),

normetanephrine (NM) and metanephrine (MN) was successfully performed with

limits of detection (LOQ, S/N = 3) ranging from 245 pg to 3 ng. The method was

applied to the quantitation of NE in rat tissues using a solid-phase extraction

(SPE) technique for sample clean-up. The electrode response exhibited no signs

of fouling after 80 days (RSD = 6.7 %), 100’s of injections of tissue samples and

required no rigorous pretreatment. The mechanism of catecholamine redox

chemistry at diamond was also studied by cyclic voltammetry as a function of

potential sweep rate and solution pH.
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Chapter 1

Introduction

Catecholamines are a class of neurotransmitters that have very diverse

functions throughout the central and peripheral nervous system. They have a

common structure consisting of a six-membered aromatic ring with two hydroxyl

groups at the 1 and 2 positions. This base is a catechol and its molecular

structure is shown in Figure 1.1. These molecules and their metabolites play

important roles in a multitude of physiological processes, and are related to the

etiology of neurological, psychiatric, endocrine and cardiovascular diseases.” 2]

The involvement of these neurochemicals in eating disorders, Parkinson’s

disease and hypertension make them targets for research. Their importance in

_ hypertension is the motivation for our work.” 4]

HO HO HZN

. . 0H

Catechol Norepinephrine

Figure 1.1. Catechol - the base structure of the catecholamine, and

norepinephrine (NE) - a catecholamine neurotransmitter in the sympathetic

nervous system.



Hypertension is broadly defined as a chronic elevation of blood pressure

(systolic > 150 mm Hg). Often there are no obvious symptoms with this disease;

hence it is termed the “silent killer". Prolonged hypertension increases one’s risk

of coronary heart disease (which leads to heart attack), stroke, and kidney

failure. Data from the National Health and Nutrition Examination Survey

collected from 1999-2002 shows that the number of Americans age 20 and older

with hypertension is over 65 million. This represents a rise of approximately 30%

over the last decade.“ These statistics illustrate the need for basic research into

the causes of hypertension. It is imperative that the causes and physiological

mechanisms behind hypertension be understood so that therapeutic treatments

can be developed.

It has been established that essential hypertension (i.e., hypertension with

no known cause) is initiated and sustained by overactivity of the sympathetic

nervous system (SNS).[‘] Within the mammalian SNS, norepinephrine (NE) is

the principle neurotransmitter. Although the causal mechanisms are unclear, it is

speculated that increases in sympathetic nerve firing rates, NE efflux per firing

event, smooth muscle cell innervation, and inhibition of the norepinephrine

reuptake process may be of significance. Evidence of overactivity of the SNS is

the elevated circulating NE levels found in hypertensive humans and rats (i.e.,

greater spillover)!” The structure of NE is shown in Figure 1.1.

In order to better understand how sympathetic neural control mechanisms

are altered in hypertension, steps must be taken to isolate and detect NE. The

purpose of the research reported on herein was development of an analytical



method useful for determining NE content in the organs of healthy and diseased

rats. The method involved, first, sample pretreatment and clean-up involving

extraction of NE from tissue homogenate. The next step was a reversed-phase

high-performance liquid chromatography (RP-HPLC) separation. RP-HPLC is a

well-established technique for this type of analysis with published papers

covering 35 years. A key feature of the analysis was amperometric detection

using a boron-doped diamond thin-film electrode. Catechols and catecholamines

are electrochemically-active and, therefore, are ideally suited for electrochemical

detection. NE is oxidized to the corresponding quinone via a 2 H*/ 2 e'

reaction”)

One goal of the project was to determine how effective diamond

electrodes are for the detection of catecholamines in biological fluids. Diamond

is a relatively new electrode that has some outstanding properties. There has

been work published on using diamond to monitor environmental contaminants“

8], but very little on its use in bioanalysis. Related work has shown that boron-

doped diamond can be used for the amperometric detection of neurogenic

amines and for in vivo monitoring of neuronal release of norepinephrine. So far

there has been very little reported on the use of the boron-doped diamond planar

electrodes for bioanalysis.“ 9'13]

Diamond possesses properties attractive for bioanalysis. Commonly used

carbon electrodes are composed of an sp2 bonded microstructure that contains

many electroactive, ionizable carbon-oxygen functionalities, as depicted in Figure

1.2.“41 These surface functional groups can complicate electrochemical



measurements by causing increased and pH-dependent background current.

Such polar electrodes are also susceptible to fouling by strong molecular

adsorption and need frequent pretreatment for activation. This leads to

considerable response variability.[6]

\ OH phenol

0 carbonyl

O

Iactone

\ o

O H

O

. c/< carboxylic acid

OH

O o

. o-quinone

. o

O Q 0 p-quinone

Figure 1.2. sp2-carbon microstructure (e.g., glassy carbon) and representative

functional groups that terminate the edge-plane sitesm

Diamond, on the other hand, is composed of a sp3-bonded microstructure,

with a hydrogen-terminated surface, as illustrated in Figure 1.3. Diamond is the

stable form of carbon at high pressure and temperature."51 The surface carbon



atoms are stabilized by strong covalent bonds with hydrogen for films deposited

from hydrogen-rich source gas mixtures. Pure diamond is an electrical insulator;

however, it can be made semimetallic when doped with boron. A typical

resistivity for a highly doped film is <0.01 Q - cm, making it sufficiently

conducting to be used as an electrochemical electrode. The electrical

conductivity is controlled primarily by the boron—doping level, but also by the grain

boundary density and the nondiamond sp2 carbon impurity that might be

present.[61

H H H H H

Figure 1.3. The sp3 bonded carbon microstructure of cubic diamond.

Boron-doped diamond (BDD) possesses outstanding electrochemical

properties: a low and stable background current over a wide potential range,

.good responsiveness for many redox analytes without pretreatment, superb

microstructural stability and resistance to fouling because of weak adsorption of

polar species on the hydrogen terminated surface.[6' 9' ‘2' 16] These properties

make BDD a logical choice when making measurements on complex samples

that may cause rapid fouling of sp2 carbon electrodes.



The specific aims of this research were:

1. To study by cyclic voltammetry the electrochemical behavior of NE at

microcrystalline and nanocrystalline diamond thin-film electrodes as a function of

the solution pH in order to learn more about the reaction mechanism.

2. To determine how effective the diamond thin-film electrodes are for the

analysis of catechols and catecholamines in standard solutions and biological

samples. The performance of diamond was assessed in terms of several

detection figures of merit (linear dynamic range, sensitivity, limit of detection,

response precision, and response stability) and was compared with glassy

carbon.

3. To develop an off-line solid phase extraction procedure for separating

NE from tissue homogenates prior to separation and detection by RP—HPLC-EC.

The method was optimized and applied for the analysis of the spleen, large

intestine, kidney and heart of healthy and diseased test animals.

It is important to evaluate the full breadth of the disease, and this involves

tracking the changes that occur in the body ranging from anywhere from nerve

firing-rates and innervation of muscle cells to that of the levels of

neurotransmitters contained in tissue and plasma. The method described in this

work was an attempt to create a cost-effective, low-maintenance, simplified

approach for tissue analysis capable of high-throughput sample analysis.



Chapter 2

Experimental Methods

Instrumentation

2.1 Boron-Doped Diamond Thin Film Growth

The diamond thin film was deposited on a p—type Si(100) substrate (<10‘3

O-cm, Virginia Semiconductor Inc.) using a commercial microwave-assisted

chemical vapor deposition (CVD) system (1.5 kW, 2.54GHz, ASTeX, lnc.,

Woburn, MA). The substrate surface was mechanically scratched by hand for

several minutes on a felt polishing pad with 52pm diameter diamond powder

(Diamond Innovations, OH). The scratched substrate was then rinsed thoroughly

with ultrapure water, isopropyl alcohol (IPA), and acetone followed by 3 min of

sonication each in acetone, IPA, and finally, ultrapure water to ensure complete

removal of all polishing debris. The cleaned substrate was then placed in the

CVD reactor.

The microcrystalline diamond film (BMD) was grown using a 0.5% methane

(CH4)/hydrogen (H2) source gas mixture at a total flow of 200 sccm, a microwave

power of 1000 W, a growth pressure of 45 torr, a substrate temperature of z 800

-7-



°C (measured with an optical pyrometer), and a growth time of 10 h. Ultrahigh

purity (99.999%) CH4 and H2 were used as the source gases. Diborane (B2H6),

diluted in hydrogen (0.1%), was added for boron doping at a concentration of 1

ppm. The plasma was ignited with all gases flowing to initiate the deposition.

After growth, the CH4 and B2H6 flows were stopped and the film remained

exposed to the H2 plasma for an additional 10 min. After this period, the

microwave power and system pressure were gradually reduced down to 400 W

and 10 mtorr over a 15 min period to cool the sample in the presence of atomic

hydrogen. This ensured maximal hydrogen surface termination and removed

any non-diamond sp2 carbon impurity. The film thickness was 4 - 6 pm and the

in-plane resistivity was 0.05 O-cm, or less.

The nanocrystalline diamond film (BND) was synthesized using ultrahigh

purity CH4, Ar, and H2 (99.999%) at flow rates of 1, 94, and 5 sccm, respectively.

B2H6, diluted in hydrogen (0.1%), was added for doping at a concentration of 1

ppm. The microwave power and deposition pressure were maintained at 800 W

and 140 torr, respectively, and the substrate temperature was z 700 °C during a

2-h deposition. The plasma was ignited with all gases flowing to initiate the

deposition. At the end of the deposition period, the CH4 and B2H5 flows were

stopped while the Ar and H2 flows continued. The film then remained exposed to

the H2/Ar plasma for 10 min. The substrate was then cooled in the presence of

atomic hydrogen to an estimated temperature of less than 400 °C by slowly

reducing the power and pressure over a 10 min period. The resulting diamond

film was 4 - 7 pm thick with a resistivity of 0.3 Q—cm, or less.



2.2 Cyclic Voltammetry (CV)

Electrochemical characterization of the BMD and BND films was

performed by cyclic voltammetry using several common redox analytes. CV

measurements were performed in freshly prepared solutions of 1.0 mM

potassium ferrocyanide (K4Fe(CN)6, Aldrich) and 1.0 mM hexaamine

ruthenium(lll) chloride (Ru(NH3)6CI, Aldrich). The supporting electrolyte was 1.0

M potassium chloride (KCI, Fisher). CV was performed with a CHI832A digital

potentiostat (CH Instruments) using a single compartment, three-electrode glass

cell. The cell design is shown in the figure below.

  

  

”Auxiliary

electrode

Reference ___

electrode
. "' N2 purge

Clamp

Working-“ 2 _ - O-ring

electrode -2 . I, " Cu Foil

Figure 2.1. Diagram of the single compartment, glass electrochemical cell.

The planar working electrode was pressed against a smooth glass joint at

the bottom of the cell. A VitonTM O-ring was used to define the geometric area



exposed to the solution, which was 0.2 cm2. A large-area carbon rod served as

the auxiliary electrode and was positioned normal to the working electrode. An

Ag/AgCI electrode, housed in a cracked-glass capillary filled with a saturated KCl

solution was used as the reference. All potentials reported herein are with

respect to this reference.

2.3 Reversed-Phase High Performance Liquid Chromatography

A commercial Shimadzu HPLC system consisting of a control unit (SCL-

10Avp), solvent delivery module (LC-10ADvp), degasser (DGU-14A), and an

autoinjector (SlL—10ADvp) was used for all HPLC studies presented herein. A

flow rate of 1.0 mL/min and an injection volume of 20 uL was used for all

separations unless mentioned otherwise. Figure 2.2 shows a modular diagram

of the HPLC-EC system usedin this work. Three different columns were

evaluated: Adsorbosphere HS C13 (5 um, 46 mm ID x 150 mm) from Alltech,

XTerra RP13 column (5 pm, 4.6 mm ID. x 150 mm) from Waters, and Discovery

HS F5 column (5 pm, 4.6 mm ID. x 150 mm) from Supelco.
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computer

   

" EC detector

potentiostat waste

   

control unit, autosampler, pump and

degasser

Figure 2.2. A modular diagram of the commercial RP—HPLC system used in this

work.

The Discovery column was found to perform the best in terms of capacity

factor, selectivity factor and reproducibility, and was therefore used for this work.

All separations were performed with a precolumn (guard) to protect the analytical

column from fouling. The mobile phase was 50 mM ammonium formate buffer

adjusted to pH 3 with concentrated formic acid. Detection was accomplished

amperometrically using a thin-layer flow cell, described below, which housed the

working, reference and auxillary electrodes.

2.4 Thin-Layer Flow-Cell
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The entire set-up was electrically grounded and the flow cell was housed

in a Faraday cage to reduce the interference from strong environmental

electromagnetic radiation. The flow cell was constructed with two pieces of Kel-

F. The top piece contained the inlet and outlet ports for the fluid flow and a place

for the reference electrode. The outlet port was fitted with a short piece of

stainless steel tubing that also served as the auxiliary electrode. The bottom

piece supported the working electrode. Electrical contact was made by pressing

a piece of clean copper foil against the back side of the planar diamond working

electrode.

A rubber gasket separated the surface of the working electrode from the

top piece of the cell. A rectangular groove (0.80 cm x 0.15 cm x 0.10 cm) was

cut into the gasket which defined the flow channel. Assuming a 25%

compression of the gasket, when the top and bottom pieces of the cell were

clamped together, the cell volume was estimated to be ~9 uL.

reference

elecflode
outlet I aux.

 

Figure 2.3. Diagram of the thin-layer, cross-flow electrochemical detection

cell."7]
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The potential applied to the working electrode and the resultant current

were measured using an Omni-90 analog potentiostat (Cypress Systems Inc.).

The potential was applied with respect to a commercial 66-EE009 "no-leak"

Ag/AgCl reference electrode (Cypress Systems Inc.). Data were acquired by an

internal analog board located in the system controller unit and analyzed by

computer with Shimadzu Class VP software (v. 7.3sp1).

Animals

2.5 Heart Tissue Preparation

Six 8-week old adult male Sprague-Dawley rats, (from Charles River,

Portage, MI) weighing 250-275 g were used in these studies. All animal

procedures were in accordance with the guidelines set forth by the Institutional

Animal Care & Use Committee (IACUC) of Michigan State University. The

animals were randomly divided into control (untreated), Sham, DOCA—salt and

denervated (6-OHDA treated) groups, and housed two per cage in the same

treatment group in a temperature and humidity-controlled room with a 12-h

light/dark cycle. The animals were provided with standard pellet rat chow and

water ad Iibitum.
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2.6 Preparation of DOCA-salt Hypertensive and Sham Rat Models

The rats were anesthetized with sodium pentobarbital (50 mg/kg, intra-

peritoneal). The skin over. the left flank (lateral abdominal wall) was shaved and

cleaned with an iodine-based antiseptic. A 1.5-cm vertical incision was then

made through the skin and the underlying muscle just caudal to the rib cage. The

left kidney was exteriorized and removed after ligation of the renal artery, vein

and ureter with 4-0 silk sutures. The muscle and skin layers were closed

separately with 4-0 silk and 4-0 monofilament nylon sutures, respectively. A

3xt.5-cm rectanglar area between the shoulder blades was then shaved and

disinfected prior to subcutaneous DOCA implantation in a 1-cm incision. The skin

was closed with 4-0 nylon sutures. DOCA implants (600 mg/kg) were prepared

by mixing deoxycorticosterone acetate in silicone rubber, resulting in a dosage of

200 mg/kg.

Sham-operated rats underwent left kidney removal only. Surgery was

performed on a heated pad and rats recovered in a heated box. Antibiotics

(enrofloxacin, 5 mg/kg, so.) and analgesic (butorphanol tartrate, 2 mg/kg, so)

were administered immediately after surgery. After recovery, the rats were

housed under standard conditions for 4 weeks. DOCA-implanted rats received

standard pelleted rat chow and salt water (1% NaCl+0.2% KCI) in takes, while

sham rats received standard pelleted rat chow and tap water ad libitum. Systolic
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blood pressure was measured using the tail-cuff method 4 weeks after surgery.

Rats with a sustained systolic blood pressure equal to or higher than 150 mm Hg

were considered hypertensive.

2.7 Treatment with 6-OHDA

6-Hydroxydopamine (6-OHDA), whose molecular structure is shown in

Figure 2.3, is a neurotoxin that is routinely administered to sympathectomize rats.

6-OHDA binds to NE-transporter protein, whereby it is then taken into the nerve

terminal. Once inside the nerve terminal it forms a reactive quinone that can

then interact with thiol groups on membrane proteins and form peroxides with

membrane lipids. This interaction causes decay of the nerve terminal. 6-OHDA

selectively destroys adrenergic nerve-endings, which markedly depletes NE from

the peripheral organs by reversibly eliminating NE uptake and storage.“8'19]

6-Hydroxydopamine (6-OHDA) was prepared fresh in a mixture of 0.9 %

(154 mM) sodium chloride and 0.5 % (28.4 mM) ascorbic acid before application

and was stored in the dark to prevent degradation. Animals were dosed

according to body weight (250 mg/kg) with a subcutaneous injection of the

neurotoxin 6-OHDA. The 6-OHDA was administered using a 25 gauge needle to

the loose skin between the shoulder blades using 3 injections over a one week

period on days 1, 3 and 5. On day 7, two days after the final dose, the animals

were sacrificed. Age and sex matched control animals were untreated.
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HO OH

HO NH2

Figure 2.4. 6-Hydroxydopamine (6-OHDA), a neurotransmitter analogue, that is

a neurotoxin destroying adrenergic nerve terminals in the periphery and

dopaminergic nerves in the brain.

2.8 Tissue collection

Rats were anesthetized with a lethal dose of sodium pentobarbital (65

mg/kg, intra-peritoneal) followed by thoracotomy. Hearts were removed while

beating and immediately placed into chilled (4 °C) phosphate buffered saline,

containing 137 mM sodium chloride, 2.7 mM potassium chloride, 4.3 mM sodium

phosphate dibasic and 1.4 mM potassium phosphate monobasic, for separation

of chambers. While in buffer, the chambers were quickly separated in the

following order: right atrium, left atrium, right ventricle outer wall, ventricular

septal wall, and left ventricle outer wall. Dissected chambers were frozen

immediately by contact with dry ice and stored at -80 °C until further processing.

2.9 Tissue sample homogenization
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A frozen piece of tissue was first weighed and then homogenized using a

variable speed Omni TH-115 homogenizer with 5 mm saw tooth generator probe

(Omni lntemational lnc., Warrenton, VA) in ice-cold 0.1 M perchloric acid, 2 mL/

0.5 9 (left ventricle, right ventricle, ventricular septum) and 5 mL / 0.5 9 (right and

left atrium), for ~ 3 min at 30,000 rpm. The homogenate was then centrifuged at

13,500 rpm for 15 min at 4°C. The supernatant was then processed by solid

phase extraction (SPE) prior to analysis by HPLC.

2.10 SPE Procedure

A modified version of a Waters Oasis MCX methodology for the extraction

of NE was used for additional sample clean-up and analyte (NE)

preconcentration. Oasis MCX cartridges (1 mL, Milford, MA) filled with 30 mg of

sorbent having a 30 um particle size and an 80 A pore size were used. The solid

phase extraction was performed using a 12-port vacuum manifold from Alltech

Associates, Inc. (Deerfield, IL). Sample supernatant (0.5 - 1.0 mL) was loaded

onto a conditioned SPE cartridge at a flow rate < 0.5 mUmin. The elution time

was approximately 25 min. The column pre-conditioning involved sequential

passage of 1 mL of methanol and 2 mL of ultrapure water through sorbent

material.

The cartridge washing was performed by two 1-mL washings of 0.1 M

hydrochloric acid aliquots followed by two 1-mL washings of methanol. The

loaded column was then dried under vacuum for 6 min prior to analyte elution.
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Elution was accomplished by passing of 0.5 — 1 mL (same volume as used for

sample loading) of borate buffer, 250 mM boric acid/KOH, pH 8.8, through the

SPE sorbent material (< 0.5 mL/min). The eluate was then directly injected into

the HPLC system. Recoveries were defined by the percent concentration

extracted and eluted determined by the analyte peak height obtained through

analysis by our HPLC-EC system. The recoveries were calculated by extracting

1 uM solutions of NE and E in perchloric acid by SPE. The preconcentration

factor in this work was 1.

2.11 Materials and Chemicals

(-)-Norepinephrine (NE), dopamine hydrochloride (DA), (R)-(-)-epinephrine

(E), DL-normetanephrine hydrochloride (NM), 5-hydroxytryptamine (serotonin, 5-

HT), 4-hydroxy—3-methoxybanzylamine (HMBA), 1-heptanesulfonic acid (HSA),

DL-4-hydroxy-3-methoxymandelic acid (VMA), DL-metanephrine hydrochloride

(MN), and 6-hydroxydopamine hydrobromide (6-OHDA) were purchased from

Sigma-Aldrich Co. (St. Louis, MO). The chemicals were high quality ( >98 %

pure) and used without additional purification.

The chemicals used for the preparation of the mobile phase buffer were

ammonium formate (ultra—high purity, 99%, Fluka Co., USA) and formic acid

(high purity, Riedel — de Haen, Germany). Sodium hydroxide and sodium

metabisulfite and disodium hydrogen phosphate was obtained from Spectrum
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Quality Products, (Gardena, CA), and potassium hydroxide was obtained through

Columbus Chemical Industries (Columbus, WI). Sodium dihydrogen phosphate

was obtained from J. T. Baker (Phillipsburg, NJ). Tissue homogenization was

performed in 0.1 M perchloric acid (ultrahigh purity, 99.999%, Sigma-Aldrich

Co.). _

Stock solutions of NE, E, D, 5-HT, NM and HMBA (10 mM) were prepared

in a stabilizing solution containing 100 mg sodium metabisulfite, 800 mg sodium

chloride (Jade Scientific, Canton, MI) and 500 uL 37% hydrochloric acid

(ultrahigh purity, 99.999%, Sigma-Aldrich Co.) dissolved in 100 mL of ultrapure

water.[2' 20‘ Methanol used in SPE procedure was HPLC grade, obtained from

Sigma-Aldrich Co. (St. Louis, MO). Ultrapure 18 MO water (Barnstead E—Pure

System, Barnstead International, Dubuque, IA) was used for all solution

preparation.
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Chapter 3

Cyclic Voltammetry of Norepinephrine at Boron-Doped

Microcrystalline and Nanocrystalline Diamond Thin-Film

Electrodes

3.1 Introduction

In a voltammetric measurement, a potential is applied to the working

electrode with respect to the fixed potential of a reference electrode. This

potential serves as the driving force for a redox reaction and the resultant current

that flows is measured. The working electrode acts as a sink or source for

electrons. The current measured can be used to determine the redox analyte

concentration in solution?"

Electrochemical detection of catecholamines is a sensitive method with

[2225] A limitation of EC detection is the need for electrodegood precision.

pretreatment, at least for most electrodes. Classically used electrodes, such as

carbon paste or glassy carbon, are subject to fouling due to the adsorption of

airborne contaminants, reaction intermediates and products during analysisl‘s' 26]
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The experiments reported on herein were carried out using boron—doped

diamond (BDD). Currently, two types of BDD are synthesized in-house; boron-

doped nanocrystalline (BND) and microcrystalline (BMD) thin-film. BDD

electrodes exhibit a wide working potential window, resistance to response

attenuation by fouling, microstructural and morphological stability at high

potentials and long-term response stability. Also, pretreatment is not required to

ready the electrode for use.” 27] Both BMD and BND possess a hydrogen

terminated spa-bonded carbon microstructure, which accounts for many of the

above listed qualities. BMD possesses a well-faceted polycrystalline morphology

with crystallites of 2 2 pm, while the BND has a smoother texture with smaller

crystallites, 50 nm or less in size.[91

BND was used in most of this work based on direct comparison of

measurements which showed that the electrode possessed better response

precision and greater sensitivity for NE, DA and catechol.“ A supplemental

discussion and comparison of GC, BND and BMD electrodes for catecholamine

analysis and determination can be found elsewhere.“

3.2 Electrochemical Characterization of Diamond Electrodes

BMD and BND electrodes were initially characterized by cyclic

voltammetry (CV) using several redox couples. The geometric area of the

electrode exposed to the solution was 0.20 cm2. While in the electrochemical

cell (Fig. 2.1), the electrode was soaked in distilled isopropyl alcohol for 10 min
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prior to use in order to clean the surface.” 1.0 mM solutions of potassium

ferrocyanide (Fe(CN)63"“) and hexaamine ruthenium(lll) chloride (Ru(NH3)33’2+),

were prepared fresh daily in 1.0 M potassium chloride (KCI). Figure 3.2 shows

typical i-E curves for a BND electrode exposed to (A) KCI, (B) K4Fe(CN6) and (C)

RU(NH3)50I3.
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Figure 3.2. Cyclic voltammetric i-E curves for (A) 1 M KCI (B) 1.0 mM

Fe(CN)63’4' and (C) 1.0 mM Ru(NH3)53’2+ (both in 1 M KCI). Detection electrode =

BND. Scan rate = 100 mV/s. Electrode geometric area = 0.20 cm2. Scans 9 -

10 shown.
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The background voltammogram is featureless over a wide potential range

between 1.0 and -1.5 V. The background current at these potentials is low and

stable with cycling. Presumably, the anodic current flowing at 1.5 V is due to

chlorine evolution and the cathodic current at -1.5 V is due to hydrogen evolution.

There is a small anodic peak at about 0.950 V, just prior to onset of chlorine

evolution. The origin of this peak is unknown but has been attributed by others to

the oxidation of sp2 carbon impurity in the grain boundary.[291 The i-E curves for

both redox systems are well-resolved and symmetric with two well-defined

peaks. The ip°"/i.,,lred ratio is recorded below in Table 3.2. The data for both the

BMD and BND are near unity for both redox systems, which is indicative of a

reversible system.[3°’ The peak potential separation, AEp = E,“ - Ep", is near

Nernstian (59/n mV) with a value of 69 mV. The AEp increases with increasing

scan rate consistent with quasi-reversible electrode-reaction kinetics. The

forward peak currents are 57 and 63 uA for Fe(CN6) ’3” and Ru(NH3)6*2’*3,

respectively, and are in good agreement with the theoretically predicted peak

currents of 52 and 46 11A obtained using the following equation:

i, = 2.69x105n3’2AD1’2Cv1’2

The equation parameters are defined as ip = peak current (A), n =

stoichiometric number of electrons in the reaction, A = geometric electrode area

(cm2), D = diffusion coefficient (cm2/s)“6], C = concentration (mol/cm3) and

v = scan rate (V/s). The narrow AEp value for both redox couples is indicative of

rapid electron-transfer kinetics. ‘91
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Table 3.1. Comparison of experimentally observed and published values of AED

for Fe(CN5) '3” and Ru(NH3)6*3’*2. Experimental values shown are the mean for

3 electrodes of each type along with the relative standard deviation.

2.5

BND Literature 65-

 

Table 3.2. Experimental data recorded at BMD and BND for the Fe(CN5)‘3"4 and

Ru(NH3)6+3’*2 systems.

BMD BND

5810.9 i 4

63:04 63:17

0.98 t 0.01% 0.98 t

0.97 i 0.3% 0.97 i 0.5%

258 i 0 mV 256 i mV

187 i 0.6% mV 187 i mV

 

3.3 Cyclic Voltammetric Behavior of Norepinephrine

Cyclic voltammetry was used to evaluate the behavior of NE at the BMD

and BND electrodes over a pH range from 2 to 7. 50 mM phosphate buffer was

prepared at pH of 2, 3, 4, 5, 6 and 7. A background CV was first recorded for

each electrode in the buffer of each pH after bubbling with nitrogen gas for 10

min to deoxygenate the solution. Following this, CVs were recorded for 25 DM

NE as a function of solution pH. Background voltammograms were recorded at

pH 2 through 7 and are presented in Figure 3.3.
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The background current results from the movement of ions and solvent

dipoles which change the electric double-layer, electrochemical reactions on the

electrode surface, and the electrolysis of any solution impurities?“ In the case

of diamond, the background is almost exclusively due to double-layer charging.

The background i-E curves are featureless at each pH studied for BMD except

for the expected shifts in the potential limits. The BND background current at pH

2 is the largest with small peaks observed at ~0.7 and ~0.3 V that are attributed

to redox processes at the sp2 carbon in the grain boundary. The surface

termination also changes from hydrogen to oxygen during cycling in acidic
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Figure 3.3. Cyclic voltammetric i-E curves for 50 mM phosphate buffer, pH 2-7

recorded on BMD and BND. Scan rate 2: 100 mV/s. Electrode geometric area =

0.20 cm2.

The magnitude of the non-faradaic anodic current was recorded in the

supporting electrolyte at 500 mV (vs. AgIAgCI) at each pH. The plots in Figure

3.4 reveal how the background current varied as a function of the pH for both
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BND and BMD electrodes. It can be seen that the background current for BND is

~300 nA higher than that for BMD. The reason for this is presumably the

increased fraction of exposed grain boundary. “'1 The background current, per

geometric area, for BND is typically a factor of 1-2 larger than the current for

BMD. The n—bonded carbon at the grain boundary is a source of charge carriers,

which can increase the capacitive component of the background signal.“" The

error bars represent the variance of background current for 3 electrodes. The

BND electrodes have a larger variation from electrode to electrode whereas the

BMD electrodes demonstrated background current with less inter-electrode

fluctuation.
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Figure 3.4. Background current at 500 mV vs. Ag/AgCl for BND and BMD as a

function of the solution pH. Electrolyte = 50 mM phosphate buffer. Scan rate =

100 mV/s. Electrode geometric area = 0.20 cm2. Error bars represent the
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standard deviation of the background current for 3 electrodes of each type (n =

3).

Cyclic voltammetric i-E curves for NE were next collected at each pH

using both BND and BMD. The electrochemical behavior of catecholamines at

various carbon electrodes (i.e., glassy carbon and carbon paste) has been

reported on extensively.[32‘34‘ At acidic pH, NE is oxidized to noradrenoquinone

(NE-quinone) via a 2-electron, 2-proton quasi-reversible redox reaction, as

shown in Figure 3.5. Another possible redox reaction is shown in Figure 3.6 that

involves nucleophillic attack by the side-chain amine to form an indole. Under

acidic conditions, the amine group is protonated, which eliminates any possible

cyclization of the NE-qulnone via the side-chain attack.‘32] The BND and BMD i-E

curves shown in Figures 3.8 and 3.9 were all background corrected. Figure 3.8

(pH 2) shows a cyclic voltammetric i-E curve for NE at pH 2. The arrow depicts

the scan direction. Peak (1) is the oxidation of protonated NE to NE-quinone and

peak (2) is the reduction of the product and regeneration of the protonated NE.

 

HO O

NH; 1111,,+

HO ¢ 0 Q + 211* + 29'

OH OH   

Figure 3.5. The reversible electrochemical oxidation of NE to

noradrenoquinone (NE-quinone).
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At neutral pH, the electrochemistry of NE is more complex. With

increasing pH, the reversibility of most hydroquinone/quinone and catechol type

systems decrease and the second redox couple becomes more prominent.[351 ln

CV’s for NE at pH 2 - 4, the predominant redox couple at both electrodes is the

2—proton, 2-electron redox reaction of NE converting to noradrenoquinone, as

shown in Figure 3.5. However, at pH greater than 4, another set of peaks

develop between -0.4 and 0.1 V, evidence that another redox reaction is taking

place. These new peaks are attributed to the redox couple, shown in Figure 3.6.

As the pH increases, the second set of peaks become more intense and the

reduction peak for the NE-quinone is dramatically suppressed, as seen in

Figures 3.8 and 3.9. This trend “is similar to that found in the literature and was

attributed to a follow-up ECE process in which the generated NE-quinone

oxidizes leuconoradrenochrome which then regenerates NE.[33' 35]

 

 

i I'HO N o N

A. + .

HO “— 0 Q + 2H + 2e

OH OH

leuconoradrenochrome noradrenochrome  
Figure 3.6. Cyclized NE observed at higher pH (>4). This is the reversible

reaction for peaks 3 and 4.
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With increasing pH, the amount of protonated NE and produced NE-

quinone in solution decreases?“ as evidenced in Figures 3.8 and 3.9 by the

decreasing ipa of peak 1 which corresponds to the oxidation of NE to NE-

quinone. The unprotonated NE-quinone, present at higher pH, is a highly

reactive species susceptible to nucleophilic attack at the 6-position on the

aromatic ring by the side-chain amine. The irreversible lntramolecular 1,4

Michael addition occurs forming Ieucoadrenochrome, Figures 3.6 and 3.7.[27' 35'

37'39] Leucoadrenochrome (peak 4) is more easily oxidized than the starting NE

(peak 1), and is observed in the following i-E curves recorded for NE at both BND

and BMD in buffer with pH > 41353239] The noradrenochrome is reduced during

the negative scan, which then forms Ieucoadrenochrome.

 

OH?
H

O H2N O N

+ - k2
o + 2H + 28 # HO

OH OH   
Figure 3.7. lntramolecular cyclization of the protonated NE-quinone.[39' 40’

The CV i-E curve is interpreted as reflecting the contribution of two redox

systems, with corresponding peaks for the NE/NE-quinone and

leucoadrenochrome/noradrenochrome redox couples. These results are similar
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to those described previously in CV studies of L-dopa and epinephrine at various

pH.‘36' 40' “I For example in Figure 3.8 (pH 6), the CV begins at a potential of 0 V

and is scanned positive. The peak (4) is attributed to the oxidation of

leuconoradrenochrome to noradrenochrome (the mechanism depicted Figure

3.6) followed by a peak (1) where NE is oxidized to NE-quinone (the mechanism

shown in Figure 3.5). The first peak of the reductive scan, (2), corresponds to

the reaction of NE-quinone to NE followed by noradrenochrome (A-NE) back to

leuconoradrenochrome at a more negative potential, peak (3)532 35' 39]

Another observation is the greater ip°" on BND than on BMD for NE at all

pH. This could be due to some preconcentration of the analyte on the former

surface due to adsorption. This issue will be addressed further below. BND has

a higher fraction of boundary where sp2 bonded carbon resides. This finding also

leads to speculation that BND exhibits greater adsorption than BMD.‘6' "1

The CV i-E curves for NE in phosphate buffer at pH 7 illustrate that

Ieucoadrenochrome (LA-NE) is not present in solution during the first positive-

going sweep of the scan. This is revealed in Figures 3.8 and 3.9 (pH 7). The

BND reveals a small peak corresponding to the LA-NE species on the first

sweep. The peak for LA-NE is of lesser intensity than the following scans, which

demonstrate the generation of LA-NE and the corresponding A-NE with each

successive scan. This particular trend was also observed for NE at a glassy

carbon electrode in phosphate buffer saline, pH 7.4.[421
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Figure 3.8. Cyclic voltammetric i-E curves for 25 pM NE in 50 mM phosphate

buffer at various pH. Detection electrode = BMD. Scan rate =100 mV/s.

Electrode geometric area = 0.2 cm2. Scans 9-10 shown for pH 2-6, scans 1-3

shown for pH 7.

-31-



 3

2sz 2 ‘

.3.
E 0: a
w I

S "j
o _24

l 2

.3    
-0.4 ' 010 ' 014 ' 018 ' 112

Potential [mV vs. AgIAgCI]

 

ZLPH 4

C
u
r
r
e
n
t

[
1
1
A
]

0

   
.304 ' 00' 014 ' 018 ' 112

Potential [mV vs. AgIAgCI]

 

‘pH 6
21

11 4

. -—-)

C
u
r
r
e
n
t

[
p
-
A
]

O

   
-0.4 ' 010 ' 074 ' 018 ' 112

Potential [mV vs. AgIAgCI]

C
u
r
r
e
n
t

[
I
L
A
]

b
e

C
u
r
r
e
n
t

[
1
1
A
]

C
u
r
r
e
n
t

[
L
I
A
]

 

pH 3

I

d
O

A
N

u
1

.
1

.
1

.
1

   
-0.4 ' i0 2 014 ' 013 ' 112

Potential [mV vs. AgIAgCI]

 

2sz 5

  .3 1 - , . , - . . .

-0.4 0.0 0.4 0.8 12

Potential [mV vs. AgIAgCI]

 

 

.lpH 7

   
-0.4' 010 ' 014'05 ' 112

Potential [mV vs. AgIAgCI]

Figure 3.9. Cyclic voltammetric i-E curves for 25 DM NE in 50 mM phosphate

buffer at various pH. Detection electrode = BND. Scan rate =100 mV/s.

Electrode geometric area = 0.2 cm2. Scans 9-10 shown for pH 2-6, scans 1-3

shown for pH 7.
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Cyclic voltammetric i-E curves of 25 11M NE in phosphate buffer, pH 7.2,

were recorded as a function of scan rate. The series of curves are shown in

Figure 3.10. The cyclic voltammograms revealed a peak for the reduction of NE-

quinone to NE at scan rates 2 300 mV/s. The peak increases with increasing

scan rate. This observation is likely due to the reduction of NE-quinone before it

cyclizes or oxidizes LA-NE in a follow-up reaction through a complex ECE/ECC

mechanism described by Hawley and Adams.[32' 33' 35] The potential of the anodic

peak corresponding to the oxidation of NE shifts positive with increasing scan

rate evidence of a quasi-reversible process.” The anodic peak current for the

oxidation of NE increases as a function of the scan rate indiCative of diffusion-

limited reaction kinetics (r2 > 0.99).
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Figure 3.10. i-E curves for 25 11M NE in 0.1 M phosphate buffer (pH 7.2)

recorded as a function of scan rate. Scan rates 100, 300, 500, 700 and 1000

mV/s. Scans 9-10 shown. All i-E curves are background corrected.

The relationship between the NE oxidation peak current and the scan rate

was also probed in 25 11M NE in phosphate buffer, pH 2. The i-E curves were
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recorded at rates of 50 mV/s to 500 mV/s for 5 cycles. The oxidation peak

current (peak 1) was plotted versus the square root of the scan rate (v1’2) for both

a BMD and a BND. Figure 3.11, illustrates the linear dependence of ip with v1’2.

Both plots had r2 values of >099. The linearity indicates that the rate of the

reaction is diffusion controlled. The theoretical plot is calculated for a 2—electron

process by the Randles—Sevcik equation defined in section 3.2. With increasing

scan rate, a deviation from ideal behavior is observed. This may be a result of

an electroactive area less than the geometric area of the electrode defined by the

o-ring. A calculation of the area as a function of the slope for ip vs. v“2 on BND

and BMD, results in areas of 0.12 cm2, which is different from the 0.20 cm2

calculated from the radius of the o-ring. The discrepancy between the measured

and theoretical slopes is attributed to a true area that is less than the geometric

area. The non-zero intercepts for both BND and BMD lead to further speculation

that this is the case.
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Figure 3.11. Dependence of peak oxidation current (ip) on square root of the

scan rate (v) at BMD and BND in 25 uM NE. Electrolyte = 50 mM phosphate

buffer, pH 2. BMD r2 = 0.99 ; BND r2 = 0.99. Electrode area = 0.2 cm2, reference

electrode = AgIAgCl. 0.20 cm2, y = 8.70x; 0.13 cm2, y = 5.67x; BND, y = 5.30x +

0.20; BMD, y = 5.50x + 0.25.

Figure 3.12 is a plot of the anodic peak current for the oxidation of NE at

BMD and BND plotted with respect to the pH of the electrolyte. The dotted line

represents the theoretical current of 2.58 uA, calculated using the Randles-

Sevcik equation described previously. Observed is that both the electrodes

demonstrate current comparable with the theoretically derived value for a system

where the reaction rate is limited by semi-infinite linear diffusion of the reactant

species to the electrode surface. The average current values for the BND

electrodes are slightly higher than those for BMD. The diffusion coefficient for

NE used in the calculations was 5.5 x 1025 cm/s.[431 As the pH increased the

anodic peak current decreased. At low pH, unprotonated NE is present at

infinitesimal concentrations; however, as the pH is increased, the concentration

of the unprotonated species increases. [37' 42]

The decrease in oxidation current may be directly related to the cyclization

of the unprotonated NE, thus decreasing the NE available for oxidation. This

trend is similar to what has been published for NE as a function of pH on another

carbon electrode.[“] Chen et. al. observed decreasing ip with increasing pH,

much like what was observed with BND, using a modified glassy carbon

electrode. In their measurements, the current was stable until pH 4 after which it
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diminished steadily to pH 7”“ Using a carbon paste electrode, Hawley observed

a broadened anodic peak accompanied by decreasing current as pH was

increased, much like what was observed in these measurements.”
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Figure 3.12. A plot of peak anodic current for 25 0M NE at BMD and BND as a

function of solution pH. Electrolyte = 50 mM phosphate buffer. Electrode area =

0.2 cm2, reference electrode = AgIAgCl. Scan rate = 100 mV/s.

Next, a plot of the peak potential for the oxidation of NE was plotted as a

function of pH, Figure, 3.13; this type of plot is often used to study the kinetics of

electrochemical reactions. The Ep°" reflects the ease of the oxidative process, for

example, a high Ep°" means that a large overpotential is required to drive the

electron-transfer across the solution/electrode interface. The plot shows the.

negative shift of the peak potential with increasing pH. The shift of E,” with pH

is expected due to the involvement of protons in the redox reaction. This

observation was seen by other groups studying NE at glassy carbon and carbon
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paste electrodes.‘4°' ‘51 Another observation is that oxidation of NE at the BND

requires a larger driving force (=60 mV) than the BMD. For the anodic peak, the

slopes of these curves are -41 and -33 mV/pH between pH 2-4 for the BND and

BMD respectively, the slope then increases to -117 and -103 mV/pH for pH 4-7.

The cathodic peak for BND and BMD is much less dependent on pH with slopes

of -15 and -23 mV/pH, respectively. This observation, that the anodic process

has greater pH dependence than the cathodic one has been described by

Wightman and is characteristic of catechols in aqueous solution.”
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Figure 3.13. A plot of peak potential for 25 11M NE at BMD and BND as a

function of solution pH. Electrolyte = 50 mM phosphate buffer. Electrode area =

0.2 cm2. Reference electrode = Ag/AgCl.

The peak separation, AEp, for the oxidation and reduction potentials of NE

were next studied. AEp, related to the heterogeneous rate constant, allows for
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the assessment of the reaction kinetics of a particular system if ohmic losses can

be corrected for. The narrow AEp for systems such as Fe(CN6) '3” and

Ru(NH3)6"3"'2 reflects relatively rapid reaction kinetics close to the theoretically

expected value.” For NE, on the other hand, a large AEp is observed for both

BMD and BND, however, this is an expected outcome for a catecholamine on

diamond.” 10' 16' 3" The non-polar, hydrogen-terminated diamond electrode

surface is a substrate which catechols do not adsorb to readily, it lacks carbon-

oxygen functionalities and has only a small degree of non-diamond sp2 carbon

“6] Rapid electron-transfer kinetics are observed for catechols at sp2impurity.

carbon electrodes due to a mechanism of self-catalysis. Inhibition of the

adsorption of the analytes for self—catalysis thus inhibits the electrode kinetics

and a large AEp is observed.[4'16"“9'

Another observation is that with increasing pH, there is a decrease in the

AE,,. Although the slopes of the data do not reveal any obvious trend, some

speculation can be made. The hydrogen-terminated diamond electrodes are

chemically inert and they are minimally affected by solution pH due to the

absence of ionizable surface oxides.” Therefore, the trend observed for the

AE,, for NE at BMD and BND may be due electrostatic repulsion of any positively

charged carbon-oxygen functionalities and protonated NE at low pH.[491 As the

pH is increased, NE becomes unprotonated and faster reaction-kinetics are

observed at the electrode interface.
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Figure 3.14. Plots of AE,, (Ep°" - Ep'ed) for 25 11M NE at BMD and BND as a

function of solution pH. Electrolyte = 50 mM phosphate buffer, pH 2. Electrode

area = 0.2 cm2, reference electrode = Ag/AgCl.

Even though both BMD and BND exhibit similar electrochemical qualities

such as the magnitude of the analytical signal and the response stability, BND

was selected for use in the catecholamine analysis work discussed in the next

chapter. This decision was guided, in part, by previous work from our group in

which BND exhibited superior detection figures of merit as compared to BMDJBI

3.4 Measurement of NE Adsorption on BDD

The following experiments conducted were to determine whether NE

adsorbs onto the surface of BDD electrodes. It was speculated that the polar NE
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has low affinity for the hydrogen-terminated surface of the diamond. This is what

renders diamond resistant to fouling by polar adsorbates, such as

catecholamines. Evidence for this was shown with species, such as

anthraquinonedisulfonate. In this study, BDD was compared with three other

carbon electrode materials (highly oriented pyrolytic graphite, GC and

hydrogenated-GO) and it was found that negligible adsorption occurred on

diamond.‘5°]

Chronocoulometry (CC) involves the measurement of charge (coulombs)

as a function of time in response to an applied potential. CC is a technique

useful for the determination of adsorbed electroactive species on an electrode

surface. For CC studies, a double-potential step waveform was used where E =

-0.5 V and E2 = 0.8 V for GC and E2 for diamond was 1V. The potentials were

chosen from cyclic voltammetric i-E curves. E1 was taken as an area where no

faradaic current was generated; E2 was taken from an area of the i-E curve

where faradaic current was mass-transfer limited. The total charge (0.) passes

originates from three sources; double-layer charging (Qnt), electrolysis of analyte

in solution (Q) and electrolysis of surface bound species (Qads). The expression

is written as follows:

QTotaI = QF + QDL + QADs

Q. = 2nFAD"2Ct"2it’"2

QADS = nFAI‘°

As can be seen, the charge due to the adsorbed species does not have a

time dependence, therefore it can be distinguished from the charge due to the

electrolysis of solution species. The surface-bound species is immediately
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electrolyzed whereas the species in solution must diffuse to the electrode surface

to be electrolyzed.‘5” Figure 3.15 shows three Chronocoulograms, one for GC,

BND and BMD. The GC coulogram is provided for comparative purposes. GC

exhibits evidence of adsorption of NE due to the difference in the y-axis intercept

for the Q: and Out vs. t1’2 plots. The difference in y-axis intercept is due to the

charge passed to oxidize adsorbed NE. The charge equal to the surface

coverage according to the relationship DADS = nFAF'. The surface coverage

determined by the plot provided is T° = 21 pmollcm2. However, there is no

evidence for adsorption at either BND or BMD. Three electrodes of each BDD

type were analyzed for adsorption by CC.
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Figure 3.15. Chronocoulogram of 25 11M NE at freshly polished GC. Electrolyte

= 100 mM phosphate buffer, pH 7.2. Electrode area = 0.2 cm2. Reference
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electrode = Ag/AgCl. A 5-second double-potential step waveform was used

where E1 = -O.5 V, E2 = 0.8 V.
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Figure 3.16. Chronocoulograms of 25 11M NE at BND and BMD. Electrolyte =

100 mM phosphate buffer, pH 7.2. Electrode area = 0.2 cm2. Reference

electrode = Ag/AgCI. A 5-second double-potential step waveform was used

where E = -0.5 V, E2 = 1 V.

To verify the CC results semiintegral analysis and log-log plots were

performed. Log-log plots of anodic peak current as a function of scan rate (log ip

vs log v) revealed slopes of 0.49 and 0.48 for BND and BMD respectively. In the

case of weak adsorption, the slope would be expected to lie between 0.5 and

1.0, where 0.5 is characteristic of diffusion-controlled processes and 1.0 is

expected for processes entirely due to adsorption.[52] Semiintegral analysis of

the anodic peak revealed a sigmoidal curve with no evidence of adsorptive

current for both BMD and BND in support of the previous coulometric data.[52' 53]

Semiintegral analysis of the anodic peak for GC however revealed a peaked

sigmoidal curve evidence for adsorption of NE'52], also in support of the

coulometric results.
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Chapter 4 '

Determination of Norepinephrine in Normal, Sham, DOCA-salt

and 6-Hydroxydopamine treated Rat Tissue by Reversed-Phase

HPLC Separation and Amperometric Detection using a Boron-

Doped Nanocrystalline Diamond Thin-Film Electrode

4.1 Introduction

Catecholamines and their metabolic products are of great importance as

potential biomarkers for neurological disorders and certain physiological

diseases.” Figure 4.1 is a modified schematic, originally published by

Eisenhoffer, illustrating the various pathways for metabolism of norepinephrine

and epinephrine derived from the sympathoneuronal and adrenalmedullary

sources.[551 The studies presented herein primarily focus on the role of

norepinephrine (NE) in the sympathetic nervous system (SNS). The SNS is

recognized as the “fight or flight” system and is responsible for physiological

responses, such as bronchodilation, cardiac acceleration, and inhibition of

digestion.“
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Abbreviations: NE, norepinephrine; EP, epinephrine; DHPG, 3,4-dihydroxyphenylethylglycol; MN,

metanephrine; NM, normetanephrine; MHPG, 3-methoxy-4-hydroxyphenylethylene glycol; VMA,

vanillymandelic acid; MAO, monoamine oxidase; COMT, catechol-O—methyltransferase; and

ADH, alcohol dehydrogenase.

Figure 4.1. Norepinephrine and epinephrine metabolic pathways.

Each of the species in the metabolic pathway has the potential of eliciting

information about regulatory systems as well as disease states. Monitoring each

of these chemicals simultaneously would be ideal in order to further develop a
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picture of the SNS and its functional changes in disease. The sympathoneuronal

metabolic pathway describes NE and EP, how each is metabolized in the

sympathetic nervous system, and thus their relationship to one another. The

chemical complexity of the matrices associated with the analysis of

catecholamines in tissue and bodily fluids, as well as the presence of thousands

of other compounds, necessitates that a suitable means of target analyte

separation and detection be available.[54' 57] Many methods have been

developed for this type of analysis including gas—chromatography/mass

spectrometry (GC-MS), radioenzymatic methods, and high-performance liquid

chromatography (HPLC) coupled to fluorescence (HPLC-FD), UV or

electrochemical detection (HPLC-EC).

HPLC-EC was used in this work in order to take advantage of the

excellent properties of diamond electrodes. Unlike GC—MS and HPLC coupled

with fluorescence detection (FD), HPLC-EC requires no lengthy derivatization

step prior to analysism' 58] Catecholamines can be detected directly by their

native fluorescent properties using FD (A9,, = 275 nm, Met = 320-350 nm)[591 but it

requires a high-intensity excitation source, such as an Ar or Kr ion laser, which

may also excite a number of potentially interfering compounds.“ 54' 59' 60’ ECD .

has been shown to afford superior detection figures of merit compared to FD for

catecholamines.[61' 62] However, recent groups have demonstrated the ability of

FD to meet comparable sensitivities for detection of catecholamines which EC

boasts.“ 59’ UV detection, on the other hand lacks the sensitivity and selectivity

required for the analysis of biogenic amines derived from plasma or tissue.[6' 60‘
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The HPLC-EC method for the qualifying and quantifying in bodily fluid and tissue 1

was first reported in 1973. Today, it remains the method of choice for this type

analysis due to a relatively low cost, good sensitivity, selectivity and

reproducibility as well as the catecholamines' ease of oxidation. [20' 23' 32' 33' 63’

This chapter applies the novel BND electrode discussed in Chapter 3 in

the electrochemical detection with RP—HPLC separation. The optimization of the

separation and detection conditions is described first. This is followed by a

discussion of the application of the method for the determination of NE from

various rat tissues.

4.2 Development of the Method for Neurogenic Amine Standards

The most common column used for separating catecholamines is an

octadecylsilica (C—18) type.[2°' 64] In RP-HPLC, the retention of compounds is

described by the solvophobic theory.” Catecholamines are small, polar

compounds, thus, in RP—HPLC, these compounds elute rapidly from the column

with a poor separation. To overcome this problem, it is common that an ion-

pairing agent is added to the mobile phase to enhance their retention by giving

the molecule more non-polar character.[58' 56]

Multiple mobile phase compositions have been used to separate catechols

and catecholamines. For the most part, the mobile phase consists of an organic

modifier, an ion-pairing agent, EDTA, and a buffering system, such as
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r.[22' 65339] These complex mobile phases suffer fromphosphate/citrate buffe

laborious, time-consuming preparation steps and at times lack of separation

reproducibility.[58' 63‘ Table 4.1 lists examples of mobile phases and columns

used to separate catecholamines and metabolites from tissue and bodily fluids.

Table 4.1. Selected examples of mobile phase composition and column type for

catecholamine analysis.

 

 

 

 

 

Run #

Mobile Phase Composition Column Type pH

(min) Solute

0.05 M Sodium Dihydrogen

Phosphate, 0.03 M Citric acid, 0.1 M ODS 250x4.6 mm 2.75 13 8

EDTA, 0.042% 808, 25% MeOH ‘661

0.1 M Potassium Dihydrogen

ODS 150x4.6 mm 4.75 16 5

Phosphate, 0.5 mM OSA, 9% ACN [221

0.1 M Sodium Acetate, 0.2 M Citric

Acid, 0.2 mM EDTA, 0.4 mM SOS, ODS 250x4.6 mm 4.85 >30 4

4.50/0 MGOH [67]      
 

OSA — octane sulfonic acid, SOS — sodium octyl sulfate, EDTA - disodium

ethylenediamine triacetate

It was our desire to achieve a separation of catecholamines using an

isocratic mobile phase. lsocratic elution uses a constant mobile phase

composition and thus requires less time in between injections for equilibration,

minimizing solvent waste and analysis time. Gradient elution consumes

significant quantities of mobile phase during reequilibration between each run,
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which makes this method more wasteful and time-consuming than an isocratic

separation. Gradient elution can be beneficial for the separation of complex

mixtures, however, when using the method for multiple injections and high

through-put, such as for use with an autoinjector, an isocratic separation may be

better suited for the task.

The method described herein is an attempt to devise a RP-HPLC-EC

method utilizing a boron-doped diamond thin-film as the working electrode and

an analytical column with a novel stationary phase. A Supelco Discovery HS-F5

analytical column was tested for the ability to separate the catecholamines and

metabolites. This column is a reversed-phase, silica-based type, like the C-18

columns; however, it has pentafluorphenyl functional groups bound to the

support material via an alkyl linker. The stationary phase of this column is

exceptional for separation of small polar, aromatic, compounds, such as

catecholamines.[58' 70' 7"

Retention of catecholamines on the pentafluorphenyl stationary phase can

occur by several types of interactions including n—n, electrostatic, charge-

transfer, and hydrogen-bonding?“ 7"

F F

CH3

_°—SII_IH20)3
F

CH3

F F

Figure 4.2. The chemical composition of the Supelco Discovery HS-F5 staionary

phase.
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Besides the enhanced retention of small, polar molecules on this column,

another benefit is that the column is safe to use with a fully aqueous mobile

phase without performance loss or compromise of its chemical stability.” The

mobile phase that was used for the following separations was a 50 mM

ammonium formate solution in doubly deionized water, adjusted to pH 3 with

concentrated formic acid. This simple mobile phase could be prepared quickly.

The formate buffer was used at pH 3, the optimal pH for separation of

catecholamines in this buffer.

Catecholamine standards were prepared in 10 mM stock solutions with 5

mM metabisulfite aided as an antioxidant. This prevents the formation of

oxidative degradation products.[2°] Dilution of the stock solutions with ammonium

formate buffer or deionized water was performed before analysis. Stock

solutions were kept in a laboratory freezer, wrapped in foil for approximately 1

month or until a decrease in analyte peak height or additional peaks began to

appear in the Chromatograms. Atthis point, the stock solutions were disposed of

and fresh ones prepared.

Hydrodynamic voltammetric i-E curves were recorded in order to optimize

the detection potential. The oxidation current (detector signal) for the analyte was

measured as a function of the applied potential. Figure 4.3 shows a

hydrodynamic voltammogram for NE. The curve is sigmoidally shaped with a

half-wave potential (E1’2) of 840 mV. The limiting current above 1000 mV

indicates the rate of the oxidation reaction is controlled by mass transfer. The
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magnitude of the background current at each measured potential is denoted in

Figure 4.3 by the open circles. The curve shows the increase of the background

current with increasing potential of the working electrode. The optimal potential

for the detection of NE was determined to be 950 mV, as at this point

background current is negligible compared to the large faradaic current for NE

oxidation. Similar hydrodynamic voltammograms were obtained for EP, DOPEG,

DA, NM, MN and VMA and their respective EH2 values can be seen in Table 4.2.

The structure, molecular weight and pKa values for the different solutes studied

are listed in Table 4.3.
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Table 4.2. E1,2 values obtained from hydrodynamic voltammograms for the

solutes studied. Detection electrode = BND. Mobile phase was 50 mM

ammonium formate buffer (pH 3).

 

 

 

 

 

 

 

 

E112 (mV)

NE 840

DOPEG 730

EP 850

NM 91 0

VMA 820

DA 790

MN 920    
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Table 4.3. Molecular structure, molar mass and pKa values for catecholamines

and related compounds.

 

Chemical Structure PKa

 

NE

(169.18 glmol)

EP

(183.20 glmol)

DOPEG

(DHPG)

(170.16 glmol)

NM

(183.20 glmol)

VMA

(198.17 glmol)

DA

(153.18 glmol)

MN

(197.23 glmol)   

8.72, 10.30, 11.69 "21

8.59, 8.65, 9.67, 11.34 [731

9.55

8.25, 9.76

3.42

9.05, 10.58, 12.07 ”4'

9.13, 9.76

 

Molecular structure and pKa values of pertinent catecholamines as well as

several metabolites. All pKa values are calculated by Advanced Chemistry

Development software (Solaris, v4.67), except where indicated.
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Figure 4.3. Hydrodynamic voltammogram obtained for 10 11M NE at BND. (I)

denotes INE, (0) denotes IBKGD. Column = Supelco Discovery HS-F5 (150 mm x

4.6 mm, 5 pm) equipped with guard column (20 mm x 4.6 mm, 5 pm). The

mobile phase was 50 mm ammonium formate buffer (pH 3). Flow rate = 1

mL/min. Injection volume = 20 1.1L.

Once the optimum detection potential was determined, the oxidation

current as a function of NE concentration was recorded. A typical calibration

curve is displayed in Figure 4.4. The BND exhibited a low and stable

background current, and a peak-to-peak noise of 60 pA at the detection potential

of 0.95 V. For standard solutions, the detector signal changed linearly with the

NE concentration (r2 = 0.999) from 0.08 to 1 11M. The limit of quantitation was

determined to be 70 nM (S/N = 3) with a sensitivity of 2.5 nA/uM. These results

were comparable to those previously reported by our group.‘61 Table 4.4 lists the
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linear dynamic range, LOQ, sensitivity and RSD for the various compounds

separated in the chromatogram, Figure 4.5. Calibration curves for all solutes had

32099
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Figure 4.4. Response curve for NE at BND. R2 = 0.999. The mobile phase was

50 mM ammonium formate buffer (pH 3). Detection potential = 950 mV vs.

Ag/AgCI. Flow rate = 1 mL/min.

The retention times of the catecholamines and metabolites were

determined by injecting each individual compound. Figure 4.5 displays a

chromatogram for a mixture of 3 catecholamines and 4 metabolites. All solutes

were adequately separated for quantification. Resolution (Rs) of the compounds

and their retention times are listed in Table 4.5.
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Figure 4.5. Chromatogram for several catecholamines (NE, EP, DA) and

metabolites (DOPEG, NM, VMA, .MN). All solute concentrations were 10 uM.

Detection electrode = BND. The mobile phase was 50 mM ammonium formate

buffer (pH 3). Flow rate = 1 mUmin. Injection volume = 20 11L. Detection

potential = 950 mV vs. Ag/AgCI.

Table 4.4. Figures of merit for the detection of catecholamines by HPLC-EC.

 

 

 

 

 

 

 

 

LDR Sensitivity (nAIttM) LOQ RSD (%)

NE 50 nM — 10 11M 2.5 72 1.5

DOPEG 100 nM — 10 11M 2.33 77 2.5

EP 100 nM—10uM 1.41 127 1.8

NM 100 nM - 10 11M 0.63 285 2.3

VMA 100 nM - 10 pM 2.90 60 2.8

DA 100 nM-10uM 1.51 118 3.5

MN 500 nM — 10 0M 0.25 700 9.0        
Detection electrode = BND. The mobile phase was 50 mM ammonium formate

buffer (pH 3). Flow rate = 1 mUmin. Injection volume = 20 uL. Detection

potential = 950 mV vs. Ag/AgCI. RSD was calculated for 1 11M concentration of

standards (n = 3 injections).
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Table 4.5. Retention time (tn) and resolution (R3) for various catecholamines and

metabolites. The % is the coefficient of variance.

 

 

 

 

 

 

 

 

   

tn (min) (RSD) R. (RSD)

NE 3.7 i 0.02%

DOPEG 5.7 :I: 0.04% 5.1 :I: 2.3%

EP 7.3 1 0.05% 3.4 :l: 3.8%

NM 8.9 :l: 0.03% 3.0 i 4.5%

VMA 10.8 1 0.02% 2.9 :t 2.2%

DA 11.4:0.1% 1.0:7.9%

MN 24.9 :I: 0.01% 13.3 :I: 6.7%  
Retention times and resolution values for adjacent eluting solutes determined

from the chromatogram. The detection electrode = BND. The mobile phase was

50 mM ammonium formate buffer (pH 3). Flow rate = 1 mL/min. Injection

volume = 20 uL. Detection potential = 950 mV. n = 4 injections.

The lowest resolution (R3) for the standard mixture was observed between

VMA and DA. The background current required approximately 20 min to stabilize

to a constant current after detector turn-on. This stabilization time decreased

with electrode use. The chromatographic separation of NE, DOPEG, EP, NM,

VMA, DA and MN was obtained in reversed-phase mode on a Discovery HS-F5

column. The isocratic separation of the seven solutes took approximately 26

min. The diamond planar thin-film electrode (BND) provided a low and stable

background current, with low peak-to-peak noise (~60 pA) at a detection potential

of 950 mV.
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4.3 Application of the HPLC-EC Method for the Quantitation of NE

from Tissue

After reproducibly separating and detecting the standard solutions, the

method was then applied to the analysis of NE in various types of rat tissue. The

research aim was to demonstrate the utility of diamond electrodes for the

determination of NE in normal, Sham and DOCA-salt rats. Tissue NE levels are

of interest because of the important role of this neurotransmitter in the peripheral

sympathetic nervous system. NE is the metabolic precursor to EP and plays a

significant role in the regulation blood pressure, as well as other physiological

functions. The relationship between NE and other neurogenic amines can be

seen in Figure 4.1. NE, and its role in blood pressure regulation, is of particular

interest to groups such as ours, who study how the sympathetic nervous system

regulates vascular tone.”

Hypertension is defined as the chronic elevation of blood pressure to

levels of 140/90 mm Hg, or greater. Elevated blood pressure causes strain on

the heart and vasculature, and can lead to kidney disease, heart disease and

stroke. A commonly encountered consequence of hypertension is left ventricular

hypertrophy due to the increased stress on the heart. Hypertrophy, or

enlargement of the left ventricle, was evident in our hypertensive animals based

on the weights of each separated heart chamber.” Table 4.6 shows the

average weight of different sections of the heart from the different test animals

used in this work. The pathophysiology of essential hypertension is of particular

-57-



concern because in order to better understand the progression of the disease

state, one must have a clearer picture of the role of NE in the sympathetic

nervous system.

Table 4.6. Average weight (n=2) of different heart chambers from the animal

models used in this work.

 

Normal SHAM DOCA 6-OHDA

(9) (9) (9) (9)

0.04 0.04 0.04 0.03LA

RA 0.03 0.05 0.04 0.03

LV 0.59 0.80 0.94 0.54

 

 

 

 

RV 0.23 0.22 0.22 0.15

VSW 0.19 0.25 0.30 0.15

 

       
LA - left atrium, RA — right atrium, LV — left ventricle, RV — right ventricle, VSW -

ventricular septal wall. Rat model preparations and definitions can be found in

chapter 2.

To fully evaluate the performance of the BND electrode for determination

of NE from tissue, development of a practical protocol for the preparation of

tissue was first necessary in order to selectively extract NE for analysis. Most

electrochemical methods for catecholamine analysis in tissue utilize RP-HPLC

for separation by way of a C18 column prior to detection. Amperometric

detection is common and is typically performed with a glassy carbon electrode‘22'
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63' 66' 67' 69' 76'79], Coulometric detection is also often used these days”. The

mobile phase composition for the separations as mentioned in the previous

section consisted of phosphate buffer, EDTA, an ion-pairing agent, and 1-30 %

organic modifier maintained at a pH of 2-5. Tissue sample prep found in

literature consisted of using either alumina‘19' 63' 76' 78' 80', liquid-extraction‘sn,

filtration” or direct-injection‘sg' 77' 79]. Detection limits for NE were typically in the

low pg range.

The specific aim of our work was to develop a sample preparation protocol

and a separation method that enables low levels of NE to be detected in various

types of tissue. Boron-doped diamond electrodes were used for detection. SPE

was used for the selective extraction of NE from tissues with a higher recovery

and less laborious work-up than reported commonly used alumina.” 80' 8" The

diamond electrode material is beneficial for this type of analysis since it requires

no pretreatment, a wide working-potential range and has a chemically inert

surface that is resistant to fouling.” 47' 821

4.4 Preparation of Tissue for the Extraction of NE

Organs were quickly removed from the animal and wrapped in aluminum

foil, after which they were placed in a freezer (-80 °C) until analysis. For

analysis, each sample was placed (while frozen) into a tared 10 mL plastic test

tube. The tissue was weighed and a volume of ice-cold perchloric acid (PCA, 0.1
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M) was added to the tube. PCA is used to aid in the tissue digestion and

denaturation of the proteins.“ 19' 24' 62' 69' 76' 83] Table 4.7 shows the volume of

PCA that was added to homogenize each tissue type. These volumes were

selected in order to maintain an adequate volume of homogenate supernatant for

subsequent solid-phase extraction (SPE). The LA, RA, VSW and RV chambers

of the heart had significantly lower masses than the LV. For the aforementioned

tissue, an adequate volume for SPE was chosen instead of using a mass/volume

ratio as was the case with LV and other tissues.

Table 4.7. The volume of PCA to the sample weight for various tissue types

analyzed by HPLC-EC.

 

 

 

 

 

 

 

Tissue Volume of 0.1 M PCA

Left Atrium 0.9 mL

Right Atrium 0.9 mL

Left Ventricle 2 mL I 0.5 9 tissue

Right Ventricle 1 mL

Ventricular Septal Wall 1 mL

Other .

(Intestine, Spleen, Kidney, Liver) 2 mL I 0'5 9 tissue     

The tissue was then homogenized for approximately 3 min using a

homogenizer, as described in Chapter 2. The homogenate was then carefully

transferred to a disposable, capped centrifuge vial and stored on ice until

centrifugation. Centrifugation was performed at 4 °C and 13,200 rpm for 15 min.
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The vial was then removed and the centrifugate carefully collected with a pipette

and transferred to a clean capped vial for cold storage.

4.5 Solid-Phase Extraction (SPE) of Tissue Supernatant

As mentioned previously, tissue homogenate, in which NE and other

catecholamines exist, is complex. This makes it difficult to analyze biological

samples without some form of sample clean-up. The supernatant from the

homogenization procedure was complex containing many compounds that

interfered with the detection of NE and other analytes of interest. Direct injection

of the homogenate or the supernatant for analysis by HPLC-EC drastically

reduced the lifetime of the analytical column and fouled the detection

electrode?" 69] Figure 4.6 shows a chromatogram of an LV supernatant injected

after filtration. Based on the retention time for a standard, NE in the tissue

cannot be quantified due to the intense interfering peaks present in the biological

matrix.
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Figure 4.6 - A chromatogram for a direct injection of the filtered supernatant

from a left ventricle sample (upper trace) and a 1 uM NE standard solution (lower

trace). The detection electrode was BND. Edet = 950 mV (vs. Ag/AgCl). Flow

rate = 1 mUmin. Injection volume = 20 uL. Mobile phase = 50 mM ammonium

formate buffer (pH 3).

There are a multitude of methods for extracting biologically important

neurogenic amines. Depending on the separation and detection method, one

extraction procedure may be more suitable than another. Methods for extracting

neurogenic amines range from simple filtration, to liquid-liquid extraction

schemes, to many variations of alumina and solid-phase extraction (SPE).‘“' 84‘

The extraction procedure selected for use in this work was SPE.

SPE has advantages over other extraction methods, including high

recovery for target analytes, good selectivity, and good extraction reproducibility.
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SPE is less laborious than either alumina or liquid-liquid extraction. [22' 85]

Alumina extraction typically affords a lower yield (NE recovery = 70 — 85 c70‘8")

than SPE but provides greater preconcentration, which is a necessity if the

target analyte is present at a very low concentration (i.e., plasma)?” Many

different types of SPE cartridges are commercially available and several of these

have been used for the analysis of catecholamines in biological fluids, such as

blood plasma and urine.“ 20' 85' 86]

The SPE cartridge selected for this work was an Oasis MCX (30 mg / 1

mL). It is a mixed-mode cation-exchange resin on a polymeric support. It is a

novel sorbent that enables the selective extraction of basic molecules from

complex matrices with dual modes of interaction. The sulfonate groups serve as

cationic exchange sites while the aromatic groups provide typical reversed-

phase, n—n interaction. An illustration of the MCX support material structure and

its sites of interaction is presented in Figure 4.7. The MCX cartridge is reported

to be stable over a pH range from 0 to 14, which makes it quite versatile for

extractions under basic or acidic conditions.
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Figure 4.7. The molecular structure of the Oasis MCX polymeric sorbent and

interaction sites.

The procedure developed was a modified one reported by the

manufacturer for catecholamine analysis. The extraction scheme is described in

the following paragraphs and is summarized in Table 4.8. The first step was pre-

conditioning of the SPE column. This was accomplished by passing 1 mL of

methanol followed by two 1 mL volumes of purified, deionized water (18 MO).

The cartridge was then ready for loading of the sample (see section 4.2). A

volume (0.5 - 1.0 mL) of the supernatant was loaded along with 500 uL of pure

water to dilute the sample. During loading, NE, as well as any other protonated

species, are retained on the column by a combination of cation-exchange and

hydrophobic interactions.
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Table 4.8. SPE method for the extraction of NE from tissue.

 

 

 

 

 

SPE Step Purpose Solution

_ . . _ _ 1 mL methanol/

[1.] Conditioning activation of column

2 mL DI H20

. _ 0.7 - 1 mL sample +

[2.] Loading analyte retention

0.5 mL Dl H20

. . 2 mL 0.1 M HCI/

[3.] Washing removal of Interferents

1 mL MeOH

. . 0.7 - 1 mL 250 mM boric acid /

[4.] Elutlng analyte elutlon

1 M KOH [pH 8.8]      
The column was then washed with 2 mL of 0.1 M HCI followed by 1 mL of

methanol. The washing step elutes potential interferents and cleans-up the

sample. The HCI serves to protonate the amine group on NE and this positively

charged functionality interacts with the sulfonate groups on the polymer which

‘locks’ NE onto the sorbent by electrostatic forces. The methanol elutes polar

molecules retained by hydrophobic interaction. The cartridge was then dried by

application of a slight vacuum (approximately 400 mm Hg) for 6 min.

The final step in the process was to elute the NE off the stationary phase.

Elution was carried out by adding 0.5 - 0.1 mL of 250 mM borate buffer (pH

adjusted to 8.8 with 1 M KOH) equal to the initial sample volume. Other reported

SPE extraction procedures have used 5% ammonium hydroxide (30%) with

methanol and 0.01 EDTA. However, borate buffer was ultimately selected for

this work due to the greater yield for NE and because of the large peak attributed

to EDTA, which obscured NE determination. The basic solution serves to
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deprotonate NE by forming a complex with borate, thus enabling its elution from

the stationary phase. Other compounds could potentially be eluted during this

step. A quick application of vacuum was used to re-wet the sorbent after drying

in the previous step. Once wetted, the solution is left to pass through the

cartridge unaided. Once all of the solution passed through, vacuum was applied

to pull the remaining solution from the SPE column. The eluate was collected for

HPLC analysis.

The first task in the method development was to determine the extraction

yield for NE. To do this, the recoveries of NE and EP were calculated. Standard

NE solutions were prepared and were subjected to PCA treatment followed by

SPE extraction to determine the percent NE recovered. The eluent used for this

study was borate buffer (pH 8.8), which was a slight modification to the Waters

generic procedure. The recoveries of NE and EP with this eluent were 95.1 i 5.6

% and 70.4 i 4.5 % (n = 6), respectively. An exceptional recovery for NE was

achieved and the ability to extract EP was demonstrated with this SPE

procedure.

4.6 HPLC-EC Analysis of Tissue Extracts

Prior to injection, the detection electrode was equilibrated in the mobile

phase until a stable background was observed. A series of 1uM NE standards

(20 uL) were then injected to verify the analyte retention and electrode response.
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A minimum of three injections of a 1 uM NE standard was run before tissue

extracts each day to validate the response sensitivity and stability of the system.

After the tissue extracts were run, several injections of an NE standard

were again made in order to verify retention time and electrode response

stability. The peak for NE standard was recorded before and after a series of

tissue measurements. When measurements were completed, the column was

flushed with 100% acetonitrile for 30 min until the system pressure decreased

and the column was clear of aqueous mobile phase in order to prevent damage

to the column packing material.

4.6-1 Analysis of Various Tissue Extracts

The first tissues prepared and analyzed were taken from DOCA-salt and

normotensive rats. The tissues were from small intestine, spleen, liver, kidney

(left and right) and heart. Initially, we attempted to verify that the method was

applicable to multiple tissue types with similar interfering compounds and

background matrices. However, as the analyses were completed, it was

determined that certain tissues were more difficult to comprehensively analyze

than others.

Several chromatograms for different tissues are shown below. As one can

see, different chromatograms are observed for different tissues and certain

tissues appear to be cleaner, that is having less interfering peaks, than others.
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The liver was found to be the most difficult to analyze due to large unidentified

peaks that eluted near the NE peak. The clarity of the supematants was also

observed to vary considerably. For example, after homogenization and SPE, the

liver sample was a faint pink color and the kidney was faint orange, whereas the

small intestine and ventricle samples were clear.

As seen below, in Figure 4.8, the analysis of liver tissue was difficult

because of many interfering peaks and a large apparent number of solutes that

elute after 80 min (not shown). An obscured NE peak (denoted by the arrow)

can be seen eluting on the front edge of a larger solute zone. The broad zone,

shown eluting between 5 and 8 min, took approximately 80 min to elute and

interfered with subsequent injections, as shown in Figure 4.8. Spleen and liver

samples seem to both have these in common; very late peaks which elute at

approximately 80 min. Multiple injections of these samples, in particular, were

problematic. Analysis of small intestine was completed in about 25 min and

about 10 min for heart tissue; much less than required for liver or spleen. Kidney

samples typically took about 30 min due to late broadened peaks.

Figure 4.9 shows example chromatograms of tissue homogenates from

the spleen and left atrium. The spleen is from a DOCA rat and the level of NE is

very low as can be seen in the chromatogram. The left atrium obtained from a

normotensive rat, on the other hand, has a significant level of NE. An

explanation for this is DOCA-salt treated animals are typically expected to have

low levels of endogenous NE due to the increased plasma levels of NE found

circulating. These increases in plasma or extracellular NE could be reflect (i)
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increased firing rates, (ii) greater efflux of NE per firing event, (iii) or inhibited

reuptake of NE from the synapse which are physiological effects related to

essential hypertension.“ 87] Figure 4.10 is a plot showing the concentrations of

NE determined for several tissues. The data are numerically displayed in Table

4.9. The data presented represent the tissue samples for which NE was

quantifiable. Many more tissue samples were analyzed but separation and

quantification were unsuccessful. The concentrations determined for these

tissues are in agreement with other reports in literature."9' 88] Worth noting, is the

fact that the DOCA-salt and Sham treatments decrease the NE concentration in

the spleen. Routine analysis of these tissues would benefit from an additional

clean-up step, such as filtration of the centrifugate prior to SPE.

During analysis of the tissue, it was observed that the heart

chromatograms had the least amount of interfering peaks and NE was, in most

cases, easily distinguished from any adjacent peaks allowing for its

quantification. The clean-up procedure that was developed appears to be most

effective for heart tissue. Because of this, it was decided to focus on the analysis

of heart tissue for the quantification of NE in the animal models.
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Figure 4.8. Chromatogram of liver extract from a DOCA-salt rat. The

chromatogram shows a late eluting peak which has caused interference in a

subsequent analysis. A small peak, presumably NE can be seen on the edge of

the larger peak following. Detection electrode = BND. Eda = 950 mV (vs.

Ag/AgCl). Flow rate = 1 mUmin. Injection volume = 20 uL. Mobile phase = 50

mM ammonium formate buffer (pH3).

_70-

 



 

A.

12 nA

NE

EP

W” L" JL—
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 0.0 6.5 8.0 6.5 7.0 7.5 8.0

11m (mln)

 
  

   
 

 

  
L

4.5 5.0 5.5 60

  
 

0.5 1.0 ' 1.5 2.0 2.5 30 3. 4.0+

Tlme (min)

Figure 4.9 - Chromatograms of (A) spleen extract from a DOCA-salt treated

animal and (B) left atrium extract from a normotensive animal. Detection

electrode = BND. Edet = 950 mV (vs. Ag/AgCl). Flow rate = 1 mUmin. Injection

volume = 20 uL. Mobile phase = 50 mM ammonium formate buffer (pH3).
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normotensive, Sham, and DOCA-salt rats. The concentrations were determined

by HPLC—EC with BND. LK = left kidney, SI = small intestine.

Table 4.9. Concentrations of NE found in the tissues from different

normotensive, Sham, and DOCA-salt rats. All concentration values presented as

pg NE/g tissue.

 

Norma_l SIEm DOCA Denervated

0.28 i 0.01

0.99 i 0.03

0.35 i 0.01

0.19 i 0.01

0.15 i 0.01

- . 0.91 i- 0.10

Left mm” 1.93 e 0.04

Liver 0.007 t 0.01

0.69 i 0.03

Spleen 0.60 t 0.01 0.16 i 0.01

1.04 i 0.05 0.06 i 0.01

0.99 i 0.03

 

0.13 i 0.01

Below LOD

Small

Intestine

 

 

 

0.04 i 0.01
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4.6-2 Analysis of heart tissue and comparison of NE levels in

normotensive, Sham, DOCA-salt, and 6-OHDA denervated rats

It was observed that the chromatograms for heart tissue were the cleanest

of any tissue type analyzed in terms of the number and intensity of interfering

peaks. The separation was complete in about 10 min. NE analysis in different

chambers of the heart was conducted to look for regional differences: left and

right atria and ventricles and the ventricular septal wall. This study served as a

preliminary comparison of the differences of tissue levels of NE found throughout

the various rat models. Two rats were analyzed per model type resulting in the

analysis of 40 sectionalized chambers. The individual numerical results can be

seen in Table 4.10 presented at the end of this chapter.

For all heart tissue analyses NE was quantified by the standard addition

method. Standard addition is an accepted method for quantification of a species

present in a complex matrix. This method involves adding a known volume and

concentration of a standard to the sample and quantifying the amount of

n.‘89' 90’ A series ofunknown analyte by way of a standard addition equatio

chromatograms for a right ventricle extract from a DOCA-salt rat before and after

several standard additions of NE are presented in figure 4.11. Clearly there is no

peak deformation or retention time shift after addition of the standard.
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Figure 4.11. Chromatograms of a right ventricle extract from a DOCA-salt rat

before (A) and after 0.5 uL spikes of a 100 [M NE stock solution (B-F). stacked

accordingly. The detection electrode was BND. Edet = 950 mV (vs. Ag/AgCI).

Flow rate = 1 mUmin. Injection volume = 20 [LL Mobile phase = 50 mM

ammonium formate buffer (pH3).

As depicted in Figure 4.12, it can be seen that the atria have the highest

NE level in all of the rat models studied. It can also be observed that 6-OHDA

denervation is apparently not as effective for atria, particularly the right atria, as

other heart sections. The concentrations of NE in the LV, RV and VSW after

treatment with neurotoxin are at or below the LOD. This particular trend has

been documented previously, in a similar study where the tissues, namely, heart

atria, do not become denervated to the degree of other heart tissue as

determined by tissue NE levels.” 9” In Bentley’s study, it was observed that the

atria were more resistant to the effects of 6-OHDA, and that the right atrium was
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even more resistant than the left atrium. The ventricles were determined to be

the most effected by the sympathectomy. However, Bentley used guinea pigs for

his research unlike our studies.”
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Figure 4.12 - Concentrations of endogenous NE found in different chambers of

the rat heart as determined by HPLC-EC with BND electrode. LA — left atrium;

RA

RA — right atrium; LV - left ventricle; RV — right ventricle; VSW — ventricular

septal wall.
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In this study, 6-OHDA eliminated any detectable level of NE in both right

and left ventricle and the ventricular septal wall. The overall concentrations of

NE for heart tissue are similar to concentrations found reported throughout

literature, however determination of NE all of the separated chambers is not

described fully.” ”'63” 921 Further validation of this HPLC-EC method was

carried out by two additional methods, capillary electrophoresis (CE) as well as

HPLC-CD in a recently submitted paper authored by Dr. Veronika Quaiserova-

Mocko and Dr. Martin Novotny.[93] The study compares the results of tissue

analysis by the three methods and the figures of merit for each instrumental

analysis, similar concentrations of NE are found by both CE-EC and HPLC-EC

as well as by HPLC-CD.

It can also be noted that there is not a significant difference of NEfound in

DOCA-salt treated heart tissue compared with that of Sham or normotensive

tissue for all of the heart tissue. This is a trend that is unexpected. The level of

tissue NE in DOCA-salt treated animals was expected to be lesser than the

normotensive and sham treated animal. The sham treated rats only undergo

kidney removal; whereas the DOCA treated rats are implanted with a DOCA

tablet and given a high-salt diet for several weeks which results in a hypertensive

blood pressure (detailed DOCA-salt treatment is discussed in Chapter 2). A

decrease in tissue NE levels is thought to be an effect of the excess neuronal

release of NE from steady-state stores resulting in increased levels of NE in

blood which is associated with hypertension.l941
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There is not enough animal data for a full conclusion to yet be drawn. The

normotensive data certainly provide a baseline comparison point. These studies

have also demonstrated the sample preparation protocol and the separation

method are viable for tissue analyses.

4.7 Electrode Response Stability

The electrode response stability is an important property for bioanalysis by

HPLC-EC. The response stability of BND evaluated over multiple days of use

was RSD = 6.7 %. A plot of the detector signal (oxidation current) versus use

time is shown in Figure 4.13. The data were collected using one electrode over

the course of several weeks without removing it from the flow cell and without

any vigorous cleaning. The only cleaning that was applied was a flushing with

HPLC-grade acetonitrile, which was also used to purge the analytical column of

any mobile phase after a series of tissue injections. The data below clearly

indicate that the BND response is stable over weeks of continuous use

(hundreds of tissue injections). The data show that the electrode is useful for the

analysis of biological tissue with little or no daily maintenance required to obtain

the maximum analytical signal.
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Figure 4.13. BND response stability for NE recorded over an 83 day period of

use (hundreds of injections). Injections of 1 uM NE standard were made using a

single electrode with no maintenance. Edet = 950 mV (vs. AgIAgCl). Flow rate = 1

mUmin. Injection volume = 20 ttL. Mobile phase = 50 mM ammonium formate

buffer (pH3). Each point represents the average of 3 separate injections.
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Chapter 5

Summary of Results and Conclusions

5.1 Conclusions

This body of work demonstrates the applicability and versatility of boron-

doped diamond electrodes for the detection of catecholamines in several tissue

types. Amperometric detection using glassy carbon has also been reported for

tissue analyses like those described in this body of work. Although glassy

carbon boasts an increased sensitivity with LOQ’s in the low pg range‘z' 85]

(compared to the BND LOQ = 250 pg), this electrode is known for its frequently

required maintenance for reactivation which makes it a less attractive mode of

detection.[22' 67' 69] The BND provided adequate sensitivitity for the analysis of rat

tissue as demonstrated by this work.

Separation and detection of 7 analytes were performed by our RP-HPLC—

EC system. Furthermore, it was demonstrated as a viable method for the

separation and detection of biological levels of NE on boron-doped diamond thin-

films. The BND boasts analytical response-signal stability over a period of

greater than 80 days (RSD = 6.7%). The stability of this electrode proves
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beneficial for use in flow-cell environments where repeated dissembling and

reassembly for electrode reactivation and/or changing can cause variance in

analytical measurements and time consumption. Chronocoulometric studies

revealed no evidence of adsorption of NE on either BND or BMD compared with

GC which exhibited apparent adsorption of 21 pmollcm2. Semiintegral analysis

of the anodic peak obtained from cyclic voltammograms of NE in both pH 2 and

7.2 also verified the lack of adsorption at the BDD and adsorption on GC.

Tissue clean-up and extraction via SPE is another method benefit. SPE

has a simple column preparation and extraction procedure when compared with

other extraction techniques such as the common alumina extraction used for

biological sample clean-up. SPE reproducibly provides a greater sample

extraction yield than alumina for determination of NE, as described in chapter 4.

The use of a SPE manifold can increase the sample throughput, in our case; up

to 12 samples could be extracted simultaneously.

This method also benefits from the use of a simple RP-HPLC mobile

phase composition. The ammonium formate buffer used during this study

provided a sufficient, reproducible separation requiring no ion-pairing agents or

organic solvents as is commonly the case in catecholamine RP—HPLC analysis.

The use of an isocratic mobile phase system decreases preparation time and

solvent consumption. This buffer also provided ample separation conditions for 6

catecholamines and their metabolites in a period of <12 minutes.

This method provided an efficient means of routinely cleaning and

determining NE found within heart tissue in rats. The data was found to
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correspond well with previously published values for NE detected in heart tissue

(total heart analysis). The concentrations of NE were determined for 3 separate

left ventricle, spleen and small intestine samples by this method as well as HPLC

with coulometric detection (HPLC-CD) and capillary electrophoresis with

electrochemical detection (CE-EC). All of the values were comparable and can

be found in a paper recently submitted for publication. The separation of tissue

extracts was completed for the determination of NE in ~10 minutes with a

relatively clean chromatogram. A drawback of the method is currently only NE

can be detected in tissue extracts and the extracted tissue samples have to

result in a clean chromatogram. Heart tissue was determined to be the only

tissue able to be routinely analyzed. Small intestine was quantifiable, but

occasionally a peak would be present in the chromatogram which would obscure

the detection of NE. The kidney, spleen, and liver were less easily analyzed due

to chromatograms with many interfering peaks; one way to overcome this would

be another cleaning step before analysis.

The separation conditions were optimized for many catecholamines and

metabolites yet only NE, verified by retention time, is present in the

chromatograms of tissue extracts. Although the SPE procedure was determined

to have a 70 % recovery for EP, it is not observed in any extracts. It may be

possible that EP is present in heart tissue but at lower levels than NE which

could be below the LOQ for this system therefore making detection by BND

difficult. With a greater sensitivity or using a form of sample preconcentration,

EP may in fact be detected and quantitated by this method.
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