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LIQUID CHROMATOGRAPHY WITH ELECTROCHEMICAL DETECTION 
OF PHENOL AND NADH FOR ENZYME IMMUNOASSAY 

Kenneth R. Wehmeyer, Matthew J. Doyle, D. Scott Wright, 
H. Mitchell Eggers, H. Brian Halsall and William R. Heineman* 

Department of Chemistry, University of Cincinnati 
Cincinnati, Ohio 45221 

ABSTRACT 

Enzyme immunoassays based on chromatographic separation and 
amperometric detection of an enzyme generated product have been 
investigated. These assays combine the selectivity of the 
antigen/antibody reaction with the high sensitivity of thin layer 
amperometry. The feasibility of utilizing LCEC as a detection 
scheme was demonstrated using the Syva EMIT® kit for phenytoin. 
NADH production by glucose-6-phosphate dehydrogenase was monitored 
following a homogeneous procedure. Heterogeneous assays were 
developed for alkaline phosphatase labeled species which were 
based upon LCEC determination of phenol. Assays were designed for 
a common serum glycoprotein (orosomucoid) and a clinically impor
tant drug (digoxin). Detection limits approach the pg/mL level 
and as such may prove fruitful in the quantitation of numerous 
antigens of clinical interest. 

INTRODUCTION 

Immunoassay is a widely used analytical technique, especially 

for the analysis of biological samples in clinical laboratories 

(1,2). One form of immunoassay is based on the competition 

between an antigen (the species to be determined) and labeled 

2141 
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antigen for a limited amount of highly specific antibody-binding 

sites. The predominant immunoassay technique is radioimmunoassay 

in which the label is a radioactive isotope that is detected by 

various disintegration counting techniques. 

Numerous other labels have been explored for use in immuno

assay, and a few of these are now used routinely (3,4). For 

example, an enzyme label that catalyzes the production of nico

tinamide adenine dinucleotide (NADH), which is detected spectro

photometrically, is widely used (5,6). The low detection limit 

of fluorescence has also stimulated the development of immuno

assays based on fluorescent labels (7,8). 

We and other research groups have investigated the potential 

of electrochemical techniques for analytical detection in immuno

assay (9-13). One strategy that we have pursued involves the use 

of an enzyme label for catalyzing the production of an electro

active species. Liquid chromatography with electrochemical detec

tion (LCEC) has proved to be an effective analytical technique 

for use with such enzyme immunoassays. We describe here the 

application of LCEC to the detection of phenol and NADH which are 

catalytically generated by enzyme-labeled antigens. 

MATERIALS AND METHODS 

Heterogeneous Enzyme Immunoassay 

Polystyrene cuvettes were purchased from Gilford Instruments, 

Cleveland, OH 44135. Alkaline phosphatase Type VII, orosomucoid 

(OMD), antibody to OMD and digoxin were obtained from Sigma 

Chemical Co., St. Louis, MO 67138. Orosomucoid was coupled to 

alkaline phosphatase by a known procedure (14). The digoxin alka

line phosphatase conjugate was obtained from Immunotech Corp., 

Cambridge, MA 02139. Phenyl phosphate was purchased from 

Calbiochem-Behring Corp., La Jolla, CA 92037. Digoxin antisera 

was a gift from the Center for Disease Control, Atlanta, GA. 
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The buffers used in the heterogeneous assay were phosphate 

buffered saline with Tween 20 (PBS-Tween): 4.08 g KH2P04 , 8.37 g 

K
2
HP0

4
, 500 ~L Tween 20, dilute to 1.0 L and adjust the pH to 7.4 

with 5.5 M NaOH; 0.05 M sodium carbonate: 2.93 g NaHC03 , 1.59 g 

Na
2

C0
3

, dilute to 1.0 L (pH=9.6); and 0.1 M potassium phosphate: 

6.16 g KH
2
P0

4
, 9.59 g KHP04 , dilute to 1.0 L (pH=7.0). Antibody 

coating solutions of 10 ~g/mL for the digoxin assay and 1.0 ~g/mL 

for the OMD assay were made by dissolving the appropriate amount 

of antibody in 0.05 M carbonate buffer containing 0.02% sodium 

azide. Antigen-enzyme conjugate dilutions of 1/125 and 1/100 were 

used for the digoxin and OMD alkaline phosphatase conjugates respec 

tively. PBS-Tween was used to dilute the enzyme conjugates. 

Standard solutions of digoxin (50 pg/mL - 5.0 ng/mL) and OMD (1.0 

ng/mL - 200 ng/mL) were prepared in human serum and PBS-Tween, 

respectively. The enzyme substrate solution employed in this 

study was made by dissolving 0.20 g phenyl phosphate and 0.30 g 

MgCI2 ·6H20 in 100 mL of carbonate buffer. 

Electrochemical analyses were performed with flow-ampero

metric equipment from Bioanalytical Systems Inc. (BAS), W. 

Lafayette, IN 47906. The amperometer was a BAS Model LC 3. The 

electrochemical cell was a 2.0 mil thin-layer cell with a carbon 

paste working electrode, Ag/AgCI reference electrode and either 

a glassy carbon or stainless steel auxiliary electrode. All 

electrochemical analyses were performed at +870 mV using 0.1 M 

phosphate buffer (with 0% to 4.0% MeOH) as the eluent and a flow 

rate of 1.2 mL/min. A 12 cm by 4 mm Knauer column (Unimetrics, 

Anaheim, CA 92801) was dry packed with LC-4 37-44 ~m pellicular 

C-18 packing material and placed between the pump and injection 

valve to presaturate the mobile phase. A 5 cm by 2 mm precolumn 

was slurry packed with 10 ~m irregularly shaped RSiL C-18 material 

(Alltech Associates, Deerfield, IL 60004) and was used for the 

separation of phenol from the assay buffer. A Milton Roy pump 

(Model 29-290) and a 20-~L injection loop were used. 
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For the heterogeneous assay cuvettes were coated with 

specific antibody through passive adsorption by incubation with 

antibody coating solutions for 12 hrs. The coating solution 

was then aspirated and the cuvettes were washed 3X with PBS~Tween, 

allowing the PBS~Tween to stand in the cuvettes for 10 min during 

each wash. The antigen solution (375 ~L for digoxin, 400 ~L for 

OMD) and the antigen-enzyme conjugate dilution solution (25 ~L 

for the digoxin conjugate. 100 ~L for the OMD conjugate) were 

added to the cuvettes and incubated for 6 hrs (digoxin) and 12 

hrs (OMD). The contents of the cuvettes were then aspirated and 

the cuvettes washed consecutively with IX PBS-Tween. IX PBS-Tween 

(5 min). and 2X carbonate buffer. The enzyme substrate solution 

was then added to each cuvette and incubated for 25 min and 6D min 

for digoxin and OMD. respectively. For the digoxin assay the 

enzyme reaction was stopped by the addition of 25 ~L of 5.5 M 

NaOH to each cuvette. Directly before injection 25 ~L of 5.5 M 

HCl was added to each solution. For the OMD assay the enzyme 

reaction was stopped by simply removing the substrate solution 

from the cuvette with a pipet. 

Homogeneous Immunoassay 

EMIT® phenytoin assay kits were purchased from Syva Co., 

Palo Alto. CA 943D4. NADH (N8129) was a product of Sigma Chemical 

Company. Phosphate buffer (D.1 M, pH=6.5) was made from K
2

HP0
4 

and KH
2
P0

4
• Syva Model 15DD pipetter-diluter was used for sample 

handling procedures. 

Electrochemical analyses were conducted using BAS flow

amperometric equipment. Conditions were similar to those reported 

in the previous section except that the working electrode was 

glassy carbon (+750 mV vs Ag/AgCl) and the analytical column was 

a 25 cm X 4.6 mm Knauer column dry packed with LC-4 (37-44 ~m) ODS 

phase packing material. Periodically, the working electrode was 

polished with alumina. then conditioned and pretreated before use 
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by cycling the electrode between +1.5 V and -1.5 V at a scan rate 

of 100 mV/s for 20 min. A potential of +1.5 V was applied for 2 

min. followed by 2 min at -1.5 V. This was repeated twice. Each 

day the background current was allowed to decay to a constant 

value before starting analyses. 

For the homogeneous assay the EMIT® assay components were 

diluted according to the manufacturer's instructions except that 

before injection the reaction mixture was further diluted 121-fold 

with phosphate buffer at 2. 5. 8. or 11 min after mixing. This 

was carried out to prevent fouling of the electrode surface by 

adsorbed NAD+. This dilution step also effectively stops the 

enzymatic generation of NADH. The diluted solutions (20 ~L) were 

injected into the LC at 3. 6. 9. and 12 min, respectively. 

RESULTS AND DISCUSSION 

Heterogeneous Enzyme Immunoassay 

Heterogeneous enzyme immunoassays are used routinely for the 

clinical determination of small quantities (ng/mL-pg/mL) of bio

logically important compounds in serum and urine. In a competi

tive assay format an enzyme labeled antigen and an unlabeled 

antigen compete for a limited number of antibody binding sites, 

which are attached to a solid support (Equation 1). After the 

Ab - Antibody 
Ag - Antigen 

3 - solid Support 

Aq 

Aq-Enzyme 
) 

( 

t Ab
-

Aq 

~:-A9-EnZyme 
~ 

SUbstrate Product (1) 

reaction in Eqn. 1 has reached equilibrium, the labeled and 

unlabeled antigen bound to the solid phase antibody are sepa

rated from the material free in solution. The amount of bound 
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labeled antigen is then determined by allowing the enzyme to 

react with its substrate for a given length of time. Enzyme 

generated product is then detected by an appropriate analytical 

method. In the competitive format the amount of bound labeled 

antigen will be inversely related to the amount of unlabeled 

antigen present. A standard curve is constructed using known 

concentrations of antigen, and the concentration of antigen in an 

unknown sample is found by reference to this standard curve. 

Competitive heterogeneous immunoassay methodology has been 

developed utilizing alkaline phosphatase (AP) as the labeling 

enzyme. AP catalyzes the conversion of an electroinactive sub

strate (phenylphosphate) to an electroactive product (phenol), as 

shown in Equation 2. 

o 
HO-~-OH 

e Alkaline 
Phosphatase 

0.05 M Carbonate 

(2) 

A cyclic voltammogram for phenol at a carbon paste electrode 

(CP-OE) is shown in Figure 1. The irreversible I-electron oxida-

FIGURE 1. 

I 
1.0 

I I 
0.8 0.6 

POTENTIAL 

I I 
0.4 0.1 

( VOLTS) 

I 
0.0 

-4 
Cyclic vol tammogram of 1. 5 X 10 M phenol in 0.05 M 
carbonate buffer (pH = 9.6); carbon paste working 
electrode, Ag/AgCl reference electrode, scan rate 
10 mV/s. 
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tion wave of phenol was observed at +670 mV vs Ag/AgCl in a 0.1 M 

carbonate supporting electrolyte. Repetitive scans indicated that 

electropolymerization of the phenolic radical resulted in fouling 

of the electrode surface. 

LCEC methodology was utilized to avoid fouling and increase 

sensitivity. A CP-OE working electrode was employed in a thin 

layer configuration. A 5 cm by 2 mm precolumn packed with 10 ~m 

C-18 was used to retain phenol from the assay buffer (Figure 2). 

The hydrodynamic voltammogram for the determination of phenol is 

depicted in Figure 3. Maximum current response was obtained at 

potentials greater than +850 mV, and a potential of +870 mV was 

chosen for subsequent studies. The LCEC detection of phenol has 
-9 -6 a linear dynamic range from 9.0 X 10 M to 9.6 X 10 M (slope = 

0.57 nA/nmol,y-intercept = -0.30 nA, r 0.999). 

The immunoassay reaction was carried out, and the bound 

material was separated from "free" by simply aspirating the 

FIGURE 2. 

assay 
buffer ...... 

c-pheno\ 

10nA 

o 4 8 

TIME, (min) 

LCEC chromatogram of a 20 ~L injection of 5.3XlO-
7 

M 
phenol in 0.05 M carbonate buffer. Flow rate; 1.2 
mL/min; eluent, 0.1 M phosphate buffer (pH = 7.0). 
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FIGURE 3. 
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Hydrodynamic voltammogram for a 7.0XIO M phenol 
solution. See conditions for Figure 2. 

assay solution. The amount of enzyme labeled antigen bound to 

the solid phase antibody was then determined by adding enzyme 

substrate to the cuvette and detecting the phenol generated after 

a given time interval. 

The effect of varying concentrations of digoxin and OND on 

the amount of their enzyme labeled analogues bound by the solid 

phase antibody are shown in Figure 4 and Figure 5. As the con

centration of digoxin or OMD was increased the amount of the 

corresponding enzyme labeled material bound by the solid phase 

antibody decreased via the equilibrium reaction of Eqn. 1. The 

decrease in the amount of bound labeled antigen resulted in a 

decline in the amount of enzymatically generated phenol. The 

quantitative detection of phenol. following the heterogeneous 

LCEC procedure. provides the basis for the analytical determina

tion of digoxin and OMD. 

Homogeneous Enzyme Immunoassay 

Enzyme immunoassays with electrochemical detection are being 

developed with glucose-6-phosphate dehydrogenase as the enzyme 
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FIGURE 4. 
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LCEC analysis of a series of digoxin standard solu
tions in serum. Concentration of digoxin in serum: 
A = 2.0 ng/mL, B = 1.0 ng/mL, C = 0.5 ng/mL, D 
0.25 ng/mL, E = 0.10 ng/mL, F = 0.05 ng/mL and G = 
0.0 ng/mL. 

label. These assays depend on the competition of an antigen (Ag) 

and an enzyme labeled antigen (Ag-E) for a limited amount of speci

fic antibody (Ab) as shown in Equation 3. The free Ag-E catalyzes 

Ag 

Ag 
I 

E 

+ Ab~ 
+ ~ 

........--. 
NAD+ NADH 

Ab:Ag 

Ab:Ag 
I 

(3) 

E 

the reducti~n of NAD+ to NADH, whereas the catalytic activity of 

the bound (Ab-Ag-E) label is substantially diminished. Consequent-
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LCEC analysis of a series of OMD standard solutions: 
A) 0.05 M carbonate buffer, B) 200 ng/mL, C) 100 
ng/mL, D) 60 ng/mL, E) 10 ng/mL, F) 5 ng/mL, G) 2.5 
ng/mL, H) 1.0 ng/mL and I) 0.75 ng/mL. The addition 
of AP alone (J) or OMD-AP in cuvettes coated with 
non-specific IgG (K) showed little activity and 
hence minimal non-specific adsorption. 

ly, a greater concentration of Ag in the sample or standard results 

in a greater concentration of free Ag-E, following competitive 

equilibration with a limited amount of Ab. This in turn results in 

more rapid production of NADH. There is a commercially available 

kit for drug analysis, EMIT® (15), based on the spectrophotometric 

determination of the rate of NADH production. 

An alternative method of detecting NADH is by electrochemical 

oxidation. Figure 6 shows a cyclic voltammogram of NADH at a 

glassy carbon electrode. 

of +0.85 V was observed. 

An oxidation wave with a peak potential 
+ Reduction of the electro generated NAD 

occurred at -1.2 V, making the system electrochemically irrevers

ible. Curve A in Figure 7 shows a hydrodynamic voltammogram for 

NADH oxidation obtained by flow injection analysis (FIA). It is 

apparent from this curve that optimum sensitivity for FIA is 

obtained by maintaining the potential more positive than +0.8 V. 
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-3 Cyclic voltammogram of 8.2X10 M NADH in 0.1 M 
phosphate buffer (pH = 6.5); glassy carbon working 
electrode, Ag/AgCl reference electrode, scan rate = 
10 mV/s. 
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Hydrodynamic voltammograms for A) NADH and B) anti-
body by flow injection analysis. 
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Reproducible peak heights were obtained with repeated injec

tions of NADH so long as the concentration of NADH was maintained 

at 10-6 M or below. Repetitive injections of higher concentra

tions resulted in continuously diminishing peak heights due to 

electrode fouling by adsorbed product(s) of NADH oxidation. Thus, 

adjusting conditions so that NADH concentrations are maintained 

below 10-5 M was essential to the successful amperometric detec

tion of NADH at glassy carbon. 

A standard curve for the FIA detection of NADH showed a linear 

response for peak current vs. concentration of NADH over the range 

9.0 X 10-7 M to 1.8 X 10-6 M (slope = 0.63 ~A/~mol, y-intercept 

0.28 nA. r 0.999). The detection limit for this system was 

1 X 10-7 M. Eleven repeated injections of a 8.7 X 10-6 M standard 

gave reproducible peak currents with a CV of 1.5%. 

Although NADH can be determined with simple flow injection 

analysis, the use of a reversed-phase C-18 column was found to be 

necessary to implement the immunoassay scheme for several reasons. 

First, slight retention of NADH to separate it from the current 

response accompanying the void volume enabled lower detection 

limits to be achieved. Second, Ab was electroactive at the opti

mum potential for NADH determination. Curve B in Figure 7 

depicts a hydrodynamic voltammogram for Ab. Third, Ab and protein 

components in serum samples were found to gradually foul the 

electrode surface by adsorption, resulting in diminished peak 

currents for NADH. This behavior is illustrated in Figure 8. 

Repetitive injections of NADH were performed first followed by 

repetitive injections of Ab. A systematic decrease in the Ab peak 

was observed and is attributed to electrode fouling by adsorbed 

Ab. Subsequent injection of the same amount of NADH as originally 

injected gave the substantially diminished peak currents shown 

in Figure 8. The insertion of a C-18 column overcame these 

difficulties by retarding the NADH peak about 30 s from the void 

volume peak (1.5 min). The LC column also irreversibly retained 
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FIGURE 8. 
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Flow injection analysis performed sequentially on 
aliquots of a NADH solution, an antibody solution 
and then the same NADH solution. 

Ab and prevented electrode-fouling by serum proteins. In gen

eral, a C-18 column would last for about 80 - 100 injections 

during immunoassays. A protein-saturated column was immediately 

detectable by a decrease in the peak current for the enzymatic 

reaction. Columns could be regenerated by flushin~ with methanol 

or ethanol. 

LCEC using a C-18 column and a thin-layer cell containing a 

glassy carbon working electrode (maintained at 0.75 V) was found 

to be an effective means of determining NADH, and hence phenytoin, 

based on the EMIT® assay. Phenytoin standards are mixed with the 

various assay reagents according to the assay protocol. The rate 
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8 MIN. 

Current response for a 30 ~g/mL phenytoin standard 
injected at 3, 6 and 9 min after mixing. The first 
smaller peak in each case is from the Tris-HCI 
buffer, and the second peak is NADH. 

of NADH production for each standard is determined by injecting 

aliquots of the assay mixture at various times into the LCEC. 

Chromatograms showing the rate of NADH production with time for 

a 30 ~g/mL phenytoin standard are shown in Figure 9. The rate of 

NADH production, for a given standard, can be evaluated by measur

ing the slope of a peak height (nA) vs time (min) plot. After 

computing the rates for each phenytoin standard, a calibration 

plot can be generated for unknown sample analysis (10). 
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CARBON COMPOSITE ELECTRODES FOR LIQUID 
CHROMATOGRAPHY/ELECTROCHEMISTRY: OPTIMIZING DETECTOR 

PERFORMANCE BY TAILORING THE ELECTRODE COMPOSITION 
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ABSTRACT 

Results obtained in this laboratory and elsewhere suggest 
that carbon composite electrodes may possess a signal-to-noise 
(S/N) advantage compared to continuous electrodes such as 
glassy carbon when used for detection of ana1ytes in flowing 
streams. One such composite electrode which appears partic
ularly attractive in this regard is the Ke1-F-graphite 
(Ke1graf) electrode, compression molded from Ke1-F and powdered 
graphite and containing 5 to 30% graphite by weight. Studies of 
the electrode surface by scanning electron microscopy and X-ray 
photoelectron spectroscopy in conjunction with electrochemical 
investigations employing chronoamperometry, cyclic vo1tammetry, 
and capacitance measurements have led us to view the electrode 
surface as an ensemble of microelectrodes, the dimensions of 
which can be varied by changes in particle size and/or ratio of 
Kel-F to graphite in the composite. The SIN advantage of the 
composite electrode apparently arises from a signal (current) 
enhanced by radial diffusion of ana1yte to the individual 
microe1ectrodes, resulting in a response greater than that 
obtained from a continuous electrode of equal active area. 
Since detector noise is generally assumed proportional to the 
active area of the electrode, SiN enhancement results. 

For composite electrodes employed in a thin-layer channel 
design LC detector, the observed variations in the SiN ratio 
with changes in (1) composite composition (%C), (2) particle 
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size of Kel-F used in fabrication of the composite, and (3) 
area of composite exposed in the flow channel are discussed 
within the context of the microelectrode ensemble model. It is 
further demonstrated that the ability of the electrode to 
resist fouling can be modified by variation in composite 
composition. 

INTRODUCTION 

A variety of electrode materials have been incorporated 

into the design and construction of flow-through electro

chemical (EC) detectors, including many forms of carbon (1-6). 

For liquid chromatography with electrochemical detection 

(LCEC), the detector electrode material should be compatible 

with a variety of solvents and organic modifiers, useful over a 

large potential range, and easy to fabricate or machine into 

the desired configuration at reasonable cost. Carbon is an 
attractive electrode material which meets most of these 

criteria. Indeed, numerous EC detectors have incorporated 

working electrodes made of various forms of solid carbon or 

graphite, including glassy carbon (2,7), highly oriented 

pyrolytic graphite (8), low-temperature isotropic carbon (9), 

reticulated vitreous carbon (4,10,11), and carbon cloth (6,12). 

Many other detectors have employed carbon or graphite particles 

either in packed beds (13) or mixed with a binder such as Nujol 

(1), silicone rubber (14,15), ceresin wax (16), polypropylene 

(17), polyethylene (3), Teflon (18), or Kel-F (5,19,20,21). 

This latter group of electrodes in which carbon particles are 

mixed with a binder shall be referred to as composite 

electrodes, the most popular of which is undoubtedly the carbon 

paste electrode (1). 

The Kel-F-graphite (Kelgraf) composite electrode developed 

in our laboratory (19) possesses several advantages compared to 

either solid carbon (e.g., glassy carbon) or other composite 

electrodes (5,19,20). Fabrication of the Kelgraf electrode con

sists of mixing Kel-F (polychlorotrifluoroethylene) particles 

and powdered graphite in the desired weight proportion 

(typically 5-30% graphite) and compression molding the mixture 

in a steel die using a heated laboratory press (the type used 

in preparing KBr pellets for IR analysis) (19,22). The 

resulting composite (Kelgraf) is essentially a conducting 
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plastic which retains many of the properties of Kel-F itself. 

As a result, Kelgraf is more easily fabricated or machined into 

the desired configuration than are solid carbon mat€rials and, 

unlike most carbon paste electrodes, is virtually impervious to 

the organic solvents and modifiers encountered in liquid 

chromatography. 

In surveying the LCEC literature, one perceives that EC 

detectors employing composite electrodes rather consistently 

produce higher signal-to-noise (SIN) ratios than do detectors 

employing continuous electrodes such as glassy carbon (23). 

Admittedly, rigorous comparisons under controlled conditions of 

the SIN behavior of various electrode materials are lacking and 

such studies are being initiated in this laboratory. 

Nonetheless, composite electrodes used in flowing stream 

detectors appear to us to possess an inherent SIN advantage. 

In an earlier report the SIN behavior of the Kelgraf .elec

trode was shown to depend on the composite composition (5) and 

it was proposed that the lateral diffusion regime around small 

isolated active sites on the composite surface leads to 

steady-state current response on liquid chromatographic flow 

time scales, resulting in partial flow noise immunity (5). It 

was further suggested that variations in composite composition 

produced corresponding variations in active and inactive site 

sizes which were responsible for the observed SIN dependence 

(5). However, experimental data verifying a link between elec

trode composition and active and inactive site sizes were not 

available at that time. 

More recent studies confirm that the Kelgraf composite 

electrode (and most likely other composites as well) behaves as 

an ensemble of microelectrodes, the dimensions of which can 

indeed be adjusted by variations in composite composition 

andlor particle size of Kel-F used in the fabrication (22). 

Radial diffusion at individual microelectrodes results in an 

enhanced analytical signal compared to a continuous electrode 

of equivalent active area (22). Since noise is generally taken 

to be proportional to active electrode area (7,17), a 

composition-dependent SiN advantage is predicted. 

In this report, the observed variations in the SiN ratio of 

a thin-layer channel-type EC detector with changes in composite 

electrode composition (% graphite), particle size of Kel-F used 
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in fabrication of the composite electrode, and area of com

posite electrode exposed in the flow channel are discussed 

within the context of the microelectrode ensemble model. It is 

further demonstrated that the ability of the electrode to 

resist fouling can be modified by variation in composite 

composition. 

MATERIALS 

The £-methoxyphenol (Eastman) and resorcinol (Baker) were 

crystalline materials with no visible discoloration and were 

used as received. Reagent grade NaH 2P04.3H20 (Baker) was dried 

at 100°C for 24 hr. to remove the water of hydration and was 

used without further purification. The water used for the pre

paration of LC eluents was purified as described previously (S) 

and the HPLC grade acetonitrile (Burdick and Jackson) was used 

as received. 

The powdered graphite (nFn purity, Ultracarbon Corp., Bay 

City, MI) used in fabrication of the electrodes had a particle 

size of <1 ~m. The Kel-F-8lR (3M Corp., St. Paul, MN) had a 

particle size after sieving of ca. lSO-4S0 ~m. The 19-00 wax 

(polychlorotrifluoroethylene, i.e., Kel-F, Halocarbon Products 

Corp., Hackensack, NJ) had a particle size after sieving of <7S 

~m. 

METHODS 

The HPLC system and the electrochemical detector utilizing 

the Kelgraf electrode have been described in detail elsewhere 
(S,20). 

Electrodes 

Disk electrodes for the EC detector were fabricated as 

described previously (19,22). Three series of electrodes of S, 

10, IS, 20, and 2S% carbon were fabricated. The first series 

used Kel-F-8l as the binder and were fabricated without 

degassing the composite mixture before compression molding 

(19). For the higher carbon compositions this resulted in voids 
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on the surface (visible under ca. 50X magnification) and 

throughout the composite which had a detrimental effect on the 

performance of the electrode (see discussion below). These 

electrodes, hereafter referred to as 3M-A electrodes, were fab

ricated with an insulating Kel-F sheath surrounding a center 

core of Kelgraf. The geometric area of conducting Kelgraf 

exposed in the flow channel varied somewhat from electrode to 

electrode, but it was ca. 20 mm2 for all electrodes in the 3M-A 

series. 

The second series of electrodes was also fabricated with 

Kel-F-81, but in this case the degassing step (22) was 

employed. In this series no voids were visible on the surface 

of any of the electrodes. The entire electrode disk was made of 

Kelgraf (no sheath) so the geometric area exposed in the flow 

channel was defined by the area of the channel itself (61 mm2 ). 

These electrodes will be referred to as 3M-B electrodes. This 

series also included a 30% electrode. 

The third series of electrodes was fabricated by the same 

procedure as the 3M-B series (22) except that the 19-00 wax was 

employed as the binder instead of the Kel-F-81. These elec

trodes will be referred to as HC electrodes. A 30% electrode 

was not fabricated for this series and the 5% HC electrode had 

such a high resistance (>lkQ) that it was not used in this 

study. 

RESULTS AND DISCUSSION 

In trace analysis employing LCEC, one performance charac

teristic which is of considerable importance is the detection 

limit, defined here as the amount of injected analyte which 

produces a signal-to-noise (peak-to-peak) ratio of two. In 

principle, detection limits can be improved (lowered) by 

enhancing the signal (current) obtained from a given amount of 

analyte and/or reducing the system noise. Assuming the detector 

electrode is maintained at a potential such that the current is 

mass transfer limited, then signal enhancement can be achieved 

by increasing the flux of analyte to the electrode surface. If 

flow through the detector is laminar and if migration is 

negligible, then analyte is transported to the electrode by 
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convective diffusion. The limiting current at a conventional 

channel type electrode is then given by (17) 

(1) 

where We and L are the width and length, respectively, of the 

continuous electrode, b is the channel thickness, U is the 

average volume flow rate, Wc is the width of the channel, C is 

the concentration of analyte in the bulk solution, D is the 

diffusion coefficient, and nand F have their usual electro

chemical definitions. Equation 1 indicates that flux to the 

electrode, and hence analytical current, can be increased by 

decreasing the channel height (thickness of the solution layer 

adjacent to the electrode) and/or increasing the volume flow 

rate. Both of these approaches, however, have practical limits. 

For example, planarity of electrode and cell surfaces limit the 

smallness of b and chromatographic considerations (resolution, 

backpressure, etc.) as well as the desire to maintain laminar 

llow through the detector restrict the range of U. It should 

also be noted that an increase in L does not produce a propor

tional increase in signal (eq 1), a result of the depletion 

effect which is manifested by an increase in diffusion layer 

thickness at downstream portions of the electrode. In fact, 

increasing L may lead to a degradation in the SiN ratio (see 

discussion below). 

Reducing detector noise can also lead to improved detection 

limits. Although several different types of EC detector noise 

can be identified, a general theoretical treatment of such 

noise does not yet exist. Neglecting environmental noise which 

can be effectively minimized if necessary by appropriate 

shielding, there appear to be three major sources of noise in 

an EC detector: electronic noise due principally to voltage 

fluctuations in the control amplifier of the potentiostat (7), 

chemical noise attributed to incomplete wetting of the elec

trode surface which causes variations in eluent flow path 

across the electrode and also to the porosity of the electrode 

material and to localized turbulance due to surface roughness 

(5,7), and flow noise (pump noise) synchronized with the stroke 

of a piston-type LC pump (24). Both electronic and chemical 
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noise appear to be random and proportional to electrode area 

(7,17) and when such noise dominates, increasing electrode 

2163 

area (by increasing L for example) can actually degrade the SiN 

ratio. Indeed, a reduction in the electrode area has been sug

gested for reducing noise and increasing the SIN ratio (17). 

Flow noise due to variations in u should exhibit the same 

dependence on the electrode area as the signal (eq 1), and 

changes in the area of a continuous electrode should have 

little effect on the SIN ratio when flow noise dominates. 

Decreasing electrode area to increase SIN and thus improve 

detection limit has an obvious limit. Greater amplification of 

the small currents would be required and eventually noise in 

the current follower and subsequent amplification system would 

become limiting. 

Work in our laboratory suggests that composite electrodes 

may possess an inherent SiN advantage compared to continuous 

electrodes such as glassy carbon. To a first approximation, a 

composite electrode may be viewed as an array of micro

electrodes as depicted in Figure 1. The dimensions of the 

microelectrodes and of the insulating regions separating the 

microelectrodes can be controlled by the size of graphite 

particles, the weight percent graphite, and in the case of 

Kel-F binder, the particle size of the binder used in fab-

Continuous Electrode 
(glassy carbon) 

Ag = Og 

Microelectrode Ensemble 
(carbon composite) 

Ac<Oc 

Figure 1. Comparison of a continuous electrode (e.g., glassy 
carbon) and an ensemble of microelectrodes (e.g., 
Kelgraf Composite) having the same active area. Ag 
and Ac represent the active areas of the glassy 
carbon and composite electrodes, respectively, with 
Ag = Ac. Qg and Qc represent the geometric areas of 
the glassy carbon and composite electrodes, 
respectively, with Qc > Qg. 
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rication of the composite (22). With the Kelgraf electrode, 

each active region or microelectrode on the surface is actually 

an aggregate of small carbon particles (22), and such is pro

bably the case with many other composites as well. However, one 

feature of the Kelgraf electrode which distinguishes it from 

other composites is the relatively low carbon content of the 

composite, typically ca. 15%, resulting in a proportionately 

low active area (corresponding to conducting graphite on the 

surface) relative to the geometric area (22). 

Radial diffusion contributes significantly to the current 

obtained with electrodes of very small diameter (25). with an 

ensemble of microelectrodes (e.g., a composite electrode), one 

would expect to obtain a time dependent enhancement of the cur

rent relative to that obtained from a continuous electrode of 

equal active area. Indeed, we have demonstrated by means of 

chronoamperometry that the apparent area of a Kelgraf elec

trode varies from the true active area at very short measure

ment times (a few milliseconds) to something approaching geo

metric at longer measurement times (a few seconds) (22). As 

mentioned earlier, one way of enhancing the analytical signal 

of an EC detector is to enhance the flux of analyte to the 

electrode surface. In effect, reconfiguring a continuous 

electrode (e.g., glassy carbon) into an ensemble of micro

electrodes (e.g., Kelgraf composite) as depicted in Figure 1 

results in an enhancement of flux, and thus signal, a con

sequence of radial diffusion. Since this is accomplished 

without an increase in active area and, hence, random noise, a 

SIN enhancement is predicted. A further enhancement of the SIN 

ratio can be obtained with the composite electrode (relative to 

the continuous electrode) if flow noise is the dominant type of 

noise. The composite electrode tends to be more immune to flow 

fluctuations than a continuous electrode, a result of the ten

dency of the microelectrodes to achieve steady state current 

response during the pump refill stroke (5). This has also been 

demonstrated for a channel-type EC detector employing a carbon 

fiber array electrode (26). 

To estimate th'e degree of SIN enhancement which might be 

obtainable, we have applied a modification of the model of 

Matsuda et. al (27) for partially blocked electrodes to the 

calculation of the chronoamperometric response of Kelgraf com-
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posite electrodes (22). For residence times of 0.2-0.4 s for 

analyte adjacent to the electrode surface of our detector (5), 

an enhancement in SIN of ca. 2-3 is predicted for composites 

similar to the 15% 3M-A and 3M-B electrodes and ca. 5 for com

posites similar to the 15% HC electrodes, assuming noise is 

proportional to active area (22). These results also assume 

that the relative enhancement of flux resulting from radial 

diffusion is independent of convection, an approximation to be 

sure. 

Since the active and inactive site dimensions of the Kel

graf composite electrode can be varied (22), it should be pos

sible to optimize the SIN ratio of these detector electrodes. 

As the carbon content of the composite increases, the surface 

of composite electrodes approaches that of a continuous carbon 

electrode, neglecting specific effects of the binder (28), and 

the SiN advantage diminishes. For this reason, composite elec

trodes with relatively high carbon content may not be as advan

tageous as those with lower carbon content. Indeed, a carbon 

paste electrode (ca. 60% C) displays a SiN of approximately 

one-half that of a 25% 3M-A Kelgraf electrode (29). On the 

other hand, as carbon content (hence, active area) decreases, 

the resistance of the electrode increases, leading to 

increasing electronic noise (30) whic~when coupled with the 

higher gain necessary to measure the smaller currentJshould 

lead to a deterioration of SIN. 

Figure 2 illustrates the dependence of the sensitivity 

(signal normalized with respect to concentration)-to-noise 

ratio on composition for the three series of Kelgraf electrodes 

employed in a channel-type flow-through EC detector. In each 

case, the SIN decreases as graphite content increases beyond 

15%. Visible voids on the surface of the 20% and 24% 3M-A 

electrodes (see experimental section) probably account for the 

exceptionally low SiN for those electrodes, since such voids 

appear to increase noise (7). Table I displays the observed 

signal and noise for each electrode where it is noted that, 

although active electrode area decreases proportionately with 

%C (22), the signal does not decrease proportionately with %C. 

We believe this to be due to the smaller sizes of the 

microelectrodes at lower %C (22) and a current enhancement 

resulting from increased radial diffusion at these smaller 
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Figure 2. Variation in the SIN ratio with§.rcent graphite for 
the three series of ele~trodes. = 3M-A electrodes7 
Cl = 3M-B electrodes 7 ~ = He e ectrodes. 

active sites. Similarly, the consistently larger signals 

obtained from the He electrodes (Table I) compared to the 3M-B 

electrodes (equal areas exposed in the flow channel) result 

from the smaller active site sizes of the He electrodes (22). 

The variation of noise with composite composition is also 

very interesting. Unless noted otherwise, the noise (Table I) 

was random, presumably consisting of electronic and chemical 

contributions. As noted earlier, such noise is believed propor

tional to active area of the electrode (7). with the 3M-A elec

trodes, random noise decreased with decreasing active area (% 

carbon) until flow noise became dominant, at which point noise 

was insensitive to further changes in composite composition. 

At lower carbon content, the average dimensions of the inactive 

region between microelectrodes is relatively independent of 

composition (5,22). Since separation of microelectrodes is an 

important factor governing flow noise immunity (5,26), the 

observed dependence of noise on composition for the 3M-A elec

trodes can be rationalized. 

The noise observed with the 3M-B electrodes was random 

throughout the range of compositions studied, which we attri

bute to the larger geometric area (ca. 3X) exposed in the flow 

channel with the 3M-B electrodes compared with the 3M-A elec-
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Table I 

Signal and Noise as a Functi on of Electrode Compos i t ion 

Electrode Compos it ion Signal a Peak-to-Peak 
Series (%C) (nA/I!M) Noise (I2A) Wi 

3M-Ab 24.3 20 150 130 
20.0 18 100d 180 
14.3 17 30 570 
10.2 16 30d 530 
5.4 10 30d 330 

3M-Bc 30.0 76 350 220 
25.3 70 250 280 
20.0 69 200 350 
15.0 67 150 450 
10.0 56 125 450 
5.0 50 100 500 

HCc 25.0 79 300d 260 
20.0 88 300d 290 
15.0 81 250d 320 
9.9 68 250d 270 

a ~Methoxyphenol. Signals normalized with respect to concentration 
but not with respect to geometric electrode area. 

b Column: ~-Bondpak C18 (5 ~m); Ea~p. = 1.15V vs. Ag/AgCl/3.5M KC1; 
0.05M phosphate buffer, pH 4.2, 25,75 (v/v) ace~onitrile/water, 
1.1 mL/min.; geometric electrode area ca. 20 mm . 

c Column: Ultrasphere C8 (5 ~m); E = 1.25V vs. Ag/AgCl/3.5 M KC1; 
0.05M phosphate buffer, pH 4.2, 48?go (v/v) acetonitrile/water, 
1.1 mL/min.; geometric electrode area 61 mm2. 

d Predominantly pump noise. 

trodes. Thus random noise could not be reduced to a suf

ficiently low level to permit observation of a flow noise limit 

as in the case of the 3M-A electrodes. Figure 3 displays the 

dependence of random noise on electrode composition for the 

3M-B electrodes. Random noise does indeed decrease mono

tonically with area (% carbon) though the dependence is not 

strictly linear as suggested for continuous electrodes (7). The 

departure from linearity may reflect the influence of other 

composite characteristics on the random noise, such character

istics as composite resistance and granularity. It is interest

ing to note that for this electrode series throughout which the 
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Figure 3. Dependence of random noise on percent graphite (or 
relative active area) for the 3M-B series of 
electrodes. The solid line is for reference only and 
has no theoretical significance. 

dominant noise is random, the enhancement in SiN by a factor of 

two to three in going from higher carbon content (more closely 

approximating a continuous electrode) to lower carbon content 

is consistent with our earlier estimate of predicted enhance

ment for these electrodes. 

The noise of the HC electrodes was dominated by flow noise 

(Table I) for all compositions investigated. Consequently, the 

SiN ratio exhibited much less dependence on composition than 

did the other series of electrodes (Fig. 2). Scanning electron 

microscopy and chronoamperometry indicate that the average 

active and inactive site dimensions of the HC electrodes are 

five to ten times smaller than those of the 3M-A or 3M-B elec

trodes (22), reflected in the enhanced signal of the HC elec

trodes compared with the 3M-B electrodes (Table I). The smaller 

and more closely spaced active sites result in an apparent 

electrode area which, on the detector time scale, more closely 

approaches the geometric area (22), resulting in the larger 

signal, but also rendering the electrode more susceptible to 

the effects of flow fluctuations. In the absence of flow fluc

tuations, it would be reasonable to expect the HC electrodes to 

exhibit random noise similar to that of the 3M-B electrodes 
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(equal active areas) and, thus, exhibit a greater SiN ratio 

than observed with the 3M-B electrodes. 
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The foregoing discussion suggests the possibility of 

tailoring a composite electrode for a particular flow detector 

application so as to maximize the SiN ratio. For applications 

involving pulsation-free flow, an electrode similar to the 15% 

He electrode (consisting of small, closely spaced micro

electrodes) is predicted to result in the highest SiN. For 

chromatographic applications in which flow fluctuations are 

typically present, a 10-15% 3M electrode (consisting of some

what larger, more widely spaced microelectrodes) exhibits 

better flow noise immunity and yields the highest SIN. As 

observed with continuous electrodes (17), reducing the geo

metric area of the composite electrode exposed in the flow 

channel can lead to further improvement in the SiN (3M-B vs. 

3M-A .lectrodes, Fig. 2). 

Though similar results could be obtained by tailoring the 

diameter and spacing of carbon fibers in an array electrode 

(26), the composite electrodes are considerably simpler to fab

ricate (19,22). For example, the detection limit for dopamine 

extrapolated from the results of Wightman et al. (26) for the 

carbon fiber array electrode (ca. 12 pg versus ca. 50 pg on 

glassy carbon, SIN = 2 at 1 V vs. SeE) is comparable to the 

detection limits reported for other phenols (ca. 3-14 pg) on a 

15% 3M Kelgraf electrode (5). However, the carbon fiber array 

required over ten hours to fabricate compared to ca. one hour 

for a Kelgraf electrode. The more precise control of the size 

and placement of the microelectrodes in the carbon fiber array 

would certainly be an advantage for comparing experimental 

results with theoretical predictions of models describing 

convective-diffusion at ensembles of microelectrodes. 

Finally, we have observed that the composition of a Kelgraf 

electrode has a rather profound effect on the ability of the 

electrode to resist fouling. With 5% 3M-B and 10% He 

electrodes, the signal observed for repetitive 20 ~L injections 

of 100 ~M resorcinol (notorious for fouling electrodes) 

decreased with each injection such that after 50 injections the 

signal had decreased by 50%. Resurfacing these electrodes 

restored the original sensitivity. However, with 15% 3M-B and 

20% He electrodes, the signal from repetitive injections did 



2170 TALLMAN AND WEISSHAAR 

not decrease, and 100 injections of 100 ~M resorcinol on these 

two electrodes yielded peak heights with a standard deviation 

of 2-3%. Indeed, we have used a 15% 3M-A electrode routinely 

for phenol determinations for over six months without resur

facing or deterioration of response (5). The reason for this 

composition dependence of electrode fouling is not yet clear. 

Perhaps it is related to the overall wetability of the com

posite which increases with increasing carbon content (31). 

with smaller microelectrodes (lower %C), the binder (Kel-F) 

surrounding each microelectrode may have a more pronounced 

influence on the nominal polarity compatibility of solutes and 

solvent with the microelectrode which in turn influences the 

tendency of products of the electrode reaction to adsorb onto 

the surface. Whatever the reason, adjusting the composition of 

composite electrodes for optimum performance should include 

consideration of fouling tendencies. It is convenient that the 

15% 3M electrodes which display nearly optimum SIN behavior for 

LCEC applications also exhibit excellent resistance to fouling. 

Since double layer charging current is a function of active 

area while Faradaic current is a function of apparent area 

(22), a composite electrode may possess an enhanced Faradaic 

current-to-charging current ratio (compared to a continuous 

electrode) in detector schemes involving pulsing of the elec

trode potential. Efforts are continuing in our laboratory to 

explore and exploit this and other possible advantages of com

posite electrodes as applied to LCEC. 
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DUAL ELECTRODE LIQUID CHROMATOGRAPHY-ELECTROCHEMICAL DETECTION (LCEC) 
FOR PLATINUM-DERIVED CANCER CHEMOTHERAPY AGENTS 

ABSTRACT 

* X.D. Ding and 1.5. Krull 

Institute of Chemical Analysis 
Northeastern University 
360 Huntington Avenue 
Boston, Massachusetts 02115 USA 

Trace methods of analysis and speciation have now been developed for 
a number of platinum derived anti-cancer chemotherapeutic agents, drugs such 
as: cis-dichloro diammine platinum (CDDP),cis-diammine-1,1-cyclobutane di
carboxylate platinum (CBDCA), and cis-dichloro-trans-dihYdroxy diisopropylamine 
platinum (CHIP). It is possible to utilize parallel dual electrode operations 
for all three of these Pt derivatives, with overall improved analyte specificity 
and identification. At the same time, these approaches provide calibration 
plots of detector sensitivity as a function of the particular working electrode 
potentials in use via dual electrode LCEC. These response ratios as a function 
of the applied potentials then become quite unique for individual Pt compounds. 
By suitably selecting the operating electrode potentials in parallel operation, 
it is possible to alter the detectability of individual Pt analytes and to 
drastically vary the resultant LCEC chromatograms. The overall analyte 
selectivity possible via dual electrode LCEC surpasses that thus far possible 
via LC-polarographic reduction or single electrode LCEC operations. Glassy 
carbon as well as gold/mercury electrodes can readily be used for some 
of these Pt derivatives. These overall trace methods of analysis and speciation 
for the Pt anti-cancer agents have also been applied to plasma samples spiked 
with known levels of each drug. It is also possible to utilize these single or 
dual electrode approaches for the analysis of each of these Pt derivatives in 
cancer patients undergoing chemotherapy treatment. 

*Author to whom correspondence and reprint requests should be 
addressed. 
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INTRODUCTION 
A relatively large number of platinum derivatives have exhibited 

varying degrees of anti-tumor activity, and several of these have reached 
clinical trials within the past decade or two (1, 2). Synthetic efforts 
conti,nue to produce more advantageous Pt derived cancerostatic/chemotherapeutic 
agents,which would hopefully then find their way into the clinical setting. 
To some extent, pharmacokinetics, pharmacology, and clinical studies have 
been hampered bya general lack of sensitive and truly specific methods of 
trace analysis for any of the Pt derivatives and their metabolites or breakdown 
products (3). sternson and colleagues have described a number of HPLC based 
methods for a variety of these Pt derivatives, including the use of graphite 
furnace atomic absorption spectroscopy (GFAA), ultraviolet detection (UV), 
and most recently, dropping mercury electrode polarographic reduction (DME) 
(1, 4-6). Recently, Krull et~. have described the utilization of single 
electrode liquid chromatography-electrochemical detection (LCEC) for the 
trace analysis and speciation of three distinct platinum derived chemotherapeutic 
agents (3). Figure 1 indicates the structures of these three compounds, which 
are the same derivatives of interest in this current dual electrode LCEC study. 
These three platinum compounds are: cis-dichloro diammine platinum (II)(CDDP, 
cis-Pt), cis-diammine-l,l-cyclobutane dicarboxylate platinum (II)(CBDCA), and 
cis-dichloro-trans-dihydroxy diisopropylamine platinum (VI)(CHIP). Ideally, 
any trace analysis and speciation method should offer a number of advantages, 
including: 1) parts-per-billion (ppb) or sub-ppb detection limits; 2) high 
degree of analyte specificity leading to unambiguous compound identification; 
3) minimum amount of sample preparation compatible with analytical instrumentation; 
4) ease of instrumental operation; 5) high reproducibility of analysis and high 
precision for repeat analyses on same sample; and 6) inexpensive overall 
instrumentation, materials, supplies, support items. Although most analytical 
laboratories today possess at least one complete HPLC system, relatively few 
of these same labs have the ability and/or inclination to interface this with 
GFAA in order to perform Pt compound speciation analyses (5). At the same time, 
those laboratories with HPLC have rarely utilized the dropping mercury electrode 
(DME) polarographic detector in order to perform reductive LC-DME type studies 
(4). Although some Pt derivatives are UV absorbing, HPLC-UV cannot provide 
suitably low detection limits for routine application in clinical or research 
settings (4-6). Of the more commonly used HPLC detectors, including UV, FL 
(fluorescence), RI (refractive index), and EC (electrochemical), perhaps only 
EC meets all of the above suggested criteria for a trace method of analysis 

and speciation for these and other Pt derivatives (7, 8). 
Although single electrode LCEC, utilizing the thin-layer flow cell. 

has been available for about the past decade. it is only within the past few 
years that dual electrode LCEC has gained popularity and interest (9-12). 
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£i3-DICHLORO DIAMMINE 
PLATINUM (II) (COOP) (cis-Pt) 

cis-DIAMMINE-l, l-CYCLOBUTANE 

DICARBOXYLATE PLATINUM (II) (CBDCA) 

~-D ICH LORO-:t.rnn!-D I HYDROXY 

DIISOPROPYLAMINE PLATINUM (IV) (CHIP) 

Figure 1. Cis-Platinum derivatives detected via liquid chromatography
electrochemical detection approaches (LCEC). 

Although coulometric dual electrode type detectors for HPLC are now 
commercially available, it would appear that almost all of the basic 
research, system optimization, and applications have involved the amperometric 
type dual electrode approach (13). In view of the rather significant advantages 
that single electrode LCEC approaches have now been shown to possess for 
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Pt compound analyses, it seemed natural to develop and demonstrate any additional 
analytical capabilities that dual electrode LCEC might provide (3). All three 
of the Pt der1ved anti-cancer agents indicated in Figure 1 have now been studied 
via these newer approaches, in order to improve detection limits and overall 
compound/analyte specificity. At the same time. these studies have been applied 
to these same drugs in human plasma samples. The current report summarizes 
all of this information. 
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EXPERIMENTAL 
Reagents 

Cisplatin (CDDP) was obtained from a number of sources: 1) pure 
CDDP from Strem Chemicals, Inc. (Newburyport, Mass.); 2) ~-Platinol from 
The Massachusetts General Hospital/Harvard Medical School, formulated and 
marketed by Bristol Laboratories, Inc. (Syracuse, New York); and 3) pure 
CDDP from Johnson-Matthey, Inc. (~Iest Chester, Penna.). HPLC mobile phase 
water and that used for sample solution preparations was HPLC grade from 
Fisher Scientific Co. (Medford, Mass.). HPLC grade methanol (MeOH) used for 
the mobile phase was obtained from MCB Manufacturing Chemists, Inc. (Cincinatti, 
Ohio), as their Omnisolv brand solvent. Hexadecyltrimethylammonium bromide 
(HTAB), used as the ion-pairing reagent in the HPLC mobile phase, was obtained 
from Eastman Kodak Co. (Rochester, N.Y.). Sodium acetate for the HPLC buffer 
was obtained from J.T. Baker Chemical Co. (Phillipsburg, N.J.) as their 
trihydrate crystal of HPLC grade purity. 

Apparatus 
The cyclic voltammogram of CDDP was obtained on a Bioanalytical 

Systems (BAS) Model CV-1B unit (Bioanalytical Systems, Inc., West Lafayette, 
Ind.), using a supporting electrolyte of 50 mm, pH 3.5 phosphate buffer plus 
10% MeOH, at a scan rate of 200 mV/sec, with a glassy carbon working electrode 
andan Ag/AgCl reference electrode (4). The CVs were obtained by plotting 
applied working potential vs current generated, in the conventional manner. 

The HPLC instrumentation consisted of the following items: 1) a 
Laboratory Data Control (LDC) Model 709 pulse dampened solvent delivery 
system (Laboratory Data Control, Riviera Beach, Florida); 2) a Rheodyne 
Model 7010 syringe loaded HPLC injection valve (20ul loop attached) 
(Rheodyne Corp., Berkeley, Calif.); 3) an Alltech reversed phase, C18 , 
10 urn, 25-cm x 4.6-mm i.d., stainless steel HPLC analytical column (Alltech 
Associates, Inc., Deerfield, Ill.), or a Biophase, C18 , 10 urn, 25-cm x 4.6-mm 
i.d., HPLC analytical cplumn (Bioanalytical Systems, Inc.); 4) a Bioanalytical 
Systems (BAS) Model LC-4B amperometric detector for electrochemical detection 
(Bioanalytical Systems. Inc.); 5) a BAS dual electrode LCEC cell with two 
Au/Hg or two glassy carbon working electrodes and a Ag/AgCl reference electrode 
([Cl-] ~ 3.0 M) (Bioanalytical Systems. Inc.); and 6) a Honeywell dual pen 
strip chart recorder, 10 mV (Honeywell Corp., Minneapolis. Minn.). All HPLC 
injections were performed with a 25 ul or 50 ul flat-tipped micro-syringe made 
by Hamilton Corp. (Reno, Nev.). The nitrogen gas used for degassing the HPLC 
mobile phase in reductive LCEC work was obtained from Yankee Oxygen, Inc. 
(Boston, Mass.). 

The optimum potentials eventually used in these LCEC studies were 
determined either by an initial cyclic voltammetry (CV) study. as with CDDP 
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(3), or by linear hydrodynamic voltammetry, using either flow injection or 
LCEC approaches. Those oxidative or reductive potentials, with a given working 
electrode surface, which provided for the maximum current response (peak 
heights) for a given amount of analyte injected, with minimum electrode 
fouling after prolonged use, were then used for the final LCEC determinations. 
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An actual CV for CDDP has been presented elsewhere, using a glassy carbon working 
electrode, as above (3). 

Most of the HPLC separations described below involved a mobile phase 
consisting of O.OlM sodium acetate buffer at pH 4.60 and 0.15 mM hexadecyl
trimethylammonium bromide (HTAB), all at a flow rate of 1.0 ml/min. Specific pH 
values for the various mobile phases are indicated below (Results and Discussion). 
In some cases, capacity factors were adjusted by the addition of methanol (MeOH) 
in a fixed ratio to the above aqueous phase. Specific electrochemical detector 
working potentials are indicated for the individual experiments described below. 
In the reductive operating mode, oxygen was continuously removed from the HPLC 
mobile phase by degassing under nitrogen, as recommended by the supplier of the 
EC detectors (10-12). Sample solutions used for injections in either the 
oxidative or reductive modes were not initially degassed, due to the small 
volumes often available and the satisfactory HPLC resolution of the oxygen peak 
from the analytes. This is the reason for the often large oxygen peak evident 
in many of the reductive LCEC chromatograms. Retention times of the Pt derivatives 
were measured directly from the final chromatograms or with an electrical timer 
off-line. Quantitation and minimum detection limits (MDLs) were determined using 
peak heights rather than peak areas, with a signal-to-noise ratio of at least 
3:1 for MDL determinations. Plasma was obtained from pooled, whole blood by 
centrifuging fresh blood samples at 2,000 rpm for about 10 mins, and then 
carefully separating the plasma from the separated red blood cells. This plasma 
was then immediately used for the analytical work-up and LCEC studies with 
individual Pt drugs or mixtures thereof. LCEC analyses of stability solutions 
or blood/plasma samples were done at least in duplicate, alongside multiple 
injections of freshly prepared standards, separated by at least one injection 
of blank mobile phase, infusion solution, blood, or plasma alone. 

The final analysis of CDDP from plasma involved the spiking of plasma 
at known concentration levels, a simple filtration of this solution, and then 
direct injection onto the LCEC system. In the case of CHIP from plasma, these 
solutions were initially diluted with an equal volume of MeOH, centrifuged, 
filtered, and then injected onto the LCEC. The analysis for CBDCA in these dual 
electrode studies did not involve the derivatization to CDDP described earlier 
in the single electrode approaches (3). Rather. CBDCA was analyzed directly 
in these current studies. and its determination in human plasma was not studied 
via dual electrode methods. Recoveries of all three derivatives from whole blood 
required an initial separation of the plasma from the whole cells. followed by 
a sample work-up as described above. Another approach for whole blood analysis 
involved the addition of an equal volume of acetonitrile (ACN), shaking for a 



2178 DING AND KRULL 

few minutes to lyse the cells present. centrifugation at 2.000 rpm for about 
5-10 mins to remove solid matter. filtration of the supernatant aqueous:ACN 
portion. and final injection onto LCEC. 

In the analysis for CDDP from actual cancer patient blood samples, it 
was shown that the presence of both ethylenediamine tetraacetic acid (EDTA) and 
heparin, added to the patient blood at the hospital to stabilize and prevent 
clotting. did not interfere in the final LCEC analysis for the Pt drug of interest. 
Once the patient blood was treated as above, it was then spun down at 1,500 rpm 
for 5-10 mins, and the plasma was separated from the heavier red blood cells. 
To 5 ml of this plasma was then added 0.5 ml of 5.0 M saline solution (NaCl), 
both solutions were thoroughly mixed, and this final sample was placed on Dry-
Ice for shipment from the hospital to the analytical laboratory at the University. 
Analysis of CDDP infusion solutions simply involved an addition of 0.5 ml of 
the 5.0 M saline solution to 5.0 ml of the infusate, mixing, and storage as above. 
When received at the University, trichloroacetic acid (TCA) in a 10% aqueous 
solution was added to the plasma in a 1/1 (v/v) ratio, and this mixture was 
vigorously shaken in order to precipitate all proteins present. This solution 
was then spun down in a centrifuge at 2,000 rpm for about 10 mins, and the 
supernatant was removed and filtered through a BAS sample filtration kit 
(micro filter) with centrifugation (Bioanalytical Systems, Inc.). The filtered 
liquid was then used for direct LCEC injections. Overall percent recoveries 
of CDDP spiked to human (non-patient) plasma at the 20 ppm level using the above 
methods were 89.0 ± 1.3% (average ± standard deviation) (n~3). 

Optimization of the basic LCEC operating conditions involved 
aqueous solutions of the Pt derivatives prepared in HPLC grade water or 
saline solutions. These were simply filtered and then injected onto the LCEC. 
All sample filtrations were performed with a 0.45 urn sample filtration kit 
for HPLC (Waters Assocs., Inc., Millipore Corp., Bedford, Mass.). HPLC mobile 
phases prior to degassing were filtered through a 0.45 urn solvent filtration 
kit for HPLC (Waters/Millipore Corp.). 

The methods of performing reductive LCEC analyses with dual electrode 
detection, using either glassy carbon or gold/mercury surfaces, were 
essentially those suggested by the manufacturer of the electrochemical 
detector for LC (Bioanalytical Systems, Inc.), in their various technical 
publications. Additional technical information and guidance is available in 
certain recent scientific/technical publications (10-12). The parallel dual 
electrode LCEC methods used in these studies have been based, in part. on 
earlier literature reports and/or scientific presentations (9-12). Application 
of such techniques and instrumentation to this class of Pt derived anti-cancer 
agents is described here for the first time (3). 

RESULTS AND DISCUSSION 
The results described here for the trace analysis and speciation of 

three important Pt anti-cancer agents, Figure 1, have entirely utilized dual 
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electrode detection in HPLC (LCEC). All of the results presented here have 
utilized dual electrodes oriented in the parallel adjacent mode, although the 
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use of both parallel and series has been advocated elsewhere in the literature 
(10-12). At least in our own experience, dual electrode LCEC is more reproducible 
and internally consistent, intra- and inter-day, in the parallel adjacent 
orientation. Most dual electrode work thus far reported has utilized the glassy 
carbon type electrodes, with much less being described for the gold/mercury 
type. It has been our experience that the glassy carbon surfaces can be made 
more reproducible from day-to-day than the gold/mercury type, and that the 
former are perhaps more amenable to series operation than the latter. In any 
case, since this work has been directed towards improving the overall specificity 
(speciation) of the analysis for Pt derivatives, the parallel adjacent mode 
is ideally suited for such goals. Improved detection limits may sometimes be 
obtained via the series orientation, but since our initial single electrode 
results provided satisfactory minimum detection limits (MDLs) for these compounds 
(10 ppb for COOP), there was no need to further improve them via the dual 
electrode techniques available with series operation (3). Whereas the earlier 
LCEC results utilized only the gold/mercury electrode surface for reductive 
operations, it has now proven possible to utilize the glassy carbon type for 
both oxidation and reduction of certain Pt derivatives, as well as the Au/Hg 
electrodes. A dual electrode cell with a single glassy carbon and a single 
Au/Hg surface might provide additional capabilities over those already available 
for these studies. The final, overall LCEC approaches described below have now 
been shown more than adequate, qualitatively and quantitatively, for the direct 
analysis of residual, intact COOP in patient infusion solutions and blood plasma 
samples, the latter obtained at the end of a 2 hr infusion period. 

Parallel Dual Electrode LCEC Calibration Plot Ratios for Improved Specificity. 
Application of Overall LCEC Dual Electrode Methods to Actual Samples. 

The utilization of dual electrode LCEC in the parallel mode can provide 
significantly improved analyte identification (speciation) by plotting the 
EC detector response (peak height/peak area) vs concentration injected as a 
function of the working potential of each electrode (10, 12). We have now 
applied these methods for improved LCEC analyte identification with both the 
glassy carbon and Au/Hg type dual electrodes, utilizing a wide variety of 
applied working potentials (vs Ag/AgCl). These are, in essence, two calibration 
plots for each Pt derivative, wherein each calibration plot varies according 
to the working potential applied. The overall data at each concentration point 
on such plots can then be ratioed, similar to wavelength ratioing in multiple 
wavelength UV detection in HPLC. In addition, the EC detector responses 
obtained at the two different potentials can be subtracted, in order to provide 
another data point specific for that particular analyte. Both the ratio of 
EC detector responses and the differences of these same two EC detector 
responses can then be utilized to confirm or deny the presence of a suspected 
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analyte in a complex sample matrix (10, 12). These dual electrode LCEC approaches 
are best utilized for a suspected analyte in a sample matrix wherein the 
known standard is analyzed under the same LCEC conditions on the same working 
day. Working curves at the dual potentials of interest must be obtained for 
both the suspected standard and the analyte in the sample matrix at the same 
time or thereabouts. Identical EC detector ratios or differences in EC detector 
responses for the known standard and the suspected analyte can then provide 
significant qualitative confirmation to the overall LCEC analysis. It is very 
important to recognize at the start that dual electrode EC responses will 
vary from day-to-day, and that working calibration curves obtained on one day 
cannot be accurately or reliably utilized to confirm the presence of that 
analyte in a sample analyzed on another day. However, this is no different. in 
practice or principle, from the well accepted practice of determining calibration 
plots for standards on the same day as the samples are being analyzed via any 
detection method in HPLC, GC, or direct instrumental analysis. Instrumental 
response variability is a very common occurrence, whether one works with 
separation-detection or direct-detection methods of analysis and instrumentation. 

Figure 2 illustrates a set of calibration plots (linear) obtained 
for CDOP using glassy carbon dual electrode LCEC at working potentials of 
+1.05 V and + 1.00 V, over the concentration range of 5-40 ppm. The HPLC 
conditions utilized here involved a reversed phase C18 column with a mobile 
phase of 0.01 M acetate buffer. pH 4.60, plus 0.15 mM hexadecyltrimethyl
ammonium bromide (HTAB), at a flow rate of 1.0 ml/min. Figure 3 is the same 
study performed under the identical conditions as in Figure 2, but on another 
day, with somewhat different results obtained. Clearly, different surfaces 
on one or both of the glassy carbon or gold/mercury electrodes would provide 
different EC detector responses from day-to-day. This is the same as the 
observation that UV lamp intensities for an HPLC-UV detector will and often 
do vary from day-to-day as well. We have now obtained a large number of similar 
dual electrode response ratios for both glassy carbon and Au/Hg surfaces, 
for CODP, CBOCA, and CHIP, as a function of applied, operating potentials. 
The final ratios of these detector responses have been summarized in Table 1, 
using HPLC conditions as indicated above (Experimental Section) or below in 
various Figures. All of these results using glassy carbon electrodes W('e 
obtained on the same working day, as were those utilizing the Au/Hg surfaces, 
but these were two different days. 

Our previous efforts in utilizing single electrode LCEC with these 
same Pt drugs made no attempt to speciate for one or more of these drugs 
when all three were present in the same injection solution (3). In cases where 
more than a single Pt derivative is used simultaneously in cancer chemotherapy, 
this could be of interest. Ideally, an analyst would like to be able to vary 
the selectivity possible via dual electrode LCEC, for one or more Pt derivatives, 
and obtain final conditions selective for one, two, or more such compounds. It 
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Figure 2. Plot of [COOP] vs oxidative EC peak heights at two different working 
potentials with dual glassy carbon electrodes in parallel orientation 
to HPLC effluent. 

should be entirely feasible to vary the LCEC detector parameters appropriately, 
and thereby have one of the three compounds present appear on the LCEC 
chromatogram, change the EC conditions somewhat, make another one appear 
and the first disappear or remain apparent, etc. Of course, in the final HPLC 
eluent, all three analytes of interest would always be present, but the dual 
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electrode detector, depending on the particular conditions used, would only 
detect one, another, or another. We have now been able to obtain just these 
desirable sets of operating conditions, as illustrated for one such set in 
Figure 4. The specific LCEC conditions are indicated in this Figure, with 
one glassy carbon electrode operated at +l.l5V and the other at -D.4DV. The 
top. chromatogram illustrates the presence of both CBOCA and COOP, while the 
bottom chromatogram indicates the presence of only CHIP, at these particular 
working potentials. By varying these potentials, or by holding one constant 
and varying the other, it is indeed possible to make one or more of these 
three LCEC peaks completely or partially disappear. Indeed, at these same 
concentration levels injected, by simply varying the potentials applied, any 
of the three peaks present can be made to increase, decrease, or completely 
disappear from the final chromatograms. This is indeed true ana1yte specificity 
in LCEC, and it now provides a new method of performing Pt compound speciation 
in the absence of an element selective detector, such as the GFAA (7, 8). 

An alternative set of LCEC conditions for improved Pt ana1yte 
speciation via dual electrode approaches is indicated in Figure 5, with the 

specific conditions as indicated. Again, using parallel orientation of 
the two electrodes, it is possible to analyze for both CBOCA and COOP 
present together using oxidative/reductive modes. In the oxidative mode, 
Figure 5 (top), both CBOCA and COOP are apparent, but at different relative 
sensitivities. These relative sensitivities for these two Pt compounds, at 
+l.2DV should be compared with the analogous responses obtained at a slightly 
lower working potential, viz., +l.l5V, Figure 4 (top). In the reductive mode 
of detection, Figure 5 (bottom), only the COOP is apparent at a working 
potential of -D.46V, together with the oxygen dissolved in the sample solution 
injected. The ratio of these two COOP peak heights at this particular level 
injected with these two working potentials again becomes an identifying trait 
for this Pt derivative. There is an abnormal amount of apparent peak tailing 
for the COOP peak in the reductive mode in Figure 5, but since this is an 
analytical standard injected here, it would appear not due to an interferent 
co-eluting with COOP under these HPLC conditions. We prefer to believe that 
at this particular reductive potential, prolonged use of the glassy carbon 
electrode with HTAB present in the mobile phase causes some type of electrode 
fouling. This may be the cause of the apparent peak tailing observed here, 
but additional work would be needed to conclusively prove this point. At much 
lower reductive working potentials, -D.DlV with a Au/Hg electrode, there is 
no apparent peak tailing, Figures 6-8. 

Two other pertinent studies remain to be described here, especially 
with regard to the utilization of these methods for Pt drugs in human plasma 
samples. Indeed, Figure 6 illustrates the analysis of spiked plasma samples 
at two different concentration levels, as indicated. Specific conditions for 
the work-up and preparation of plasma samples for COOP determinations has been 
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Figure 4. Dual electrode LCEC chromatograms of CDDP, CBDCA, and CHIP injected 
together onto a C18 RP column with a mobile phase of 95% O.OlM acetate 
buffer, pH 4.60, 0.15 mM HTAB, plus 5% MeOH, flow rate 1.0 ml/min. BAS 
dual glassy carbon electrodes in paralle orientation. COOP (40 ppm), 
CBDCA (80 ppm), CHIP (80 ppm), all in 0.9% saline solution. 
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Figure 5. Dual electrode LCEC chromatograms of COOP and CBDCA injected together 
onto a CIS RP column with a mobile phase of a.01M acetate buffer. pH 
4.60. 0.15 mM HTAB. flow rate of 1.0 ml/min. BAS dual glassy carbon 
electrodes operated in the parallel orientation. COOP (20 ppm) and 
CBOCA (40 ppm) in 0.9% saline solution. 
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of CDDP in human plasma: (A) 0.5 ppm; (B) 2.0 ppm. LCEC conditions 
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acetate buffer, pH 4.60, 0.15 mM HTAB, flow rate 1.0 ml/min, Au/Hg 
working electrodes operated in the parallel orientation (BAS). 
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CDDP and CHIP at the 5.0 ppm levels. LCEC conditions used a RP C18 
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4.60, 0.15 mM HTAB, flow rate 1.0 ml/min. BAS dual Au/Hg working 
electrodes operated in the parallel orientation. 
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presented above (Experimental Section). In this particular study, two Au/Hg 
working electrodes were utilized, for both the oxidative and reductive EC 
detection of COOP in plasma. Although Figure 6A suggests that 0.5 ppm (500 ppb) 
may be the detection limit for COOP in plasma; in subsequent studies with 
actual cancer patient plasma samples, it has now been possible to detect 
as little as 0.1 to 0.2 ppm (100 to 200 ppb) of COOP at the end of a 2 hr 
infusion period. These detection limits for COOP in cancer patient plasma 
samples are more than adequate for determining actual levels of COOP in such 
samples at the end of a conventional 2 hr infusion treatment, Table 2. 
Table 2 summarizes the levels of COOP actually measured in patient infusion 
solutions, plasma just before infusion started, and plasma taken at the very 

end of the infusion (2 hrs). These particular patients were receiving the 
customary COOP infusion levels at The Sidney Farber Cancer Center, Boston, 
Mass. Fiqure 7 is a typical dual electrode LCEC study of a cancer patient 
plasma sample taken at the very end of a two hour infusion period with COOP, 
showing the presence of intact COOP with specific conditions as indicated. 
In this case, sample work-up involved denaturation of the plasma sample with 
trichloroacetic acid (TCA), as discussed previously (Experimental Section). 
At the two reductive potentials used in this study, Figure 7, viz., -0.02V 
and -O.OOV, the peak for COOP represents a concentration of about 4.42 ppm 
in the original plasma itself. 

Our earlier studies with single electrode LCEC for COOP in plasma 
also su~gested a detection limit of about 100 ppb or thereabouts. One would 
not expect parallel dual electrode LCEC to provide improved detection limits, 
as discussed already by others (10, 12). Clearly, the dual electrode approaches 
described here provide at least as useful detection limits for these Pt 
derivatives in human plasma, but now combined with greatly improved and 
enhanced analyte identification and specificity. We have indeed been able to 
successfully apply these dual electrode methods to actual cancer patient 
infusion and plasma samples containing unknown levels of intact COOP, as above, 
Table 2. We have chosen in these patient studies to use the Au/Hg electrodes 
with relatively low operating potentials of -0.02V/-0.00V, although other 
suitable operating conditions would also be feasible. Our detection limits 
with these conditions have been more than adequate for the actual levels of 
COOP present in real world patient samples, and thus there has been no need 
to utilize higher oxidative/reductive working potentials, as suggested by 
others. Indeed, the use of much higher working potentials for plasma samples 
might only lead to decreased analyte specificity because of matrix interferences. 
without providing us with significantly improved detection limits that are 
unnecessary in any case. 

Finally, Figure 8 illustrates the use of dual Au/Hg electrodes 
with a mixture of COOP and CHIP, both at the 5 ppm levels in saline solution, 

wherein both Pt derivatives can be detected simultaneously using two different 
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reductive potentials in LCEC. Again, it is clear that other EC working parameters 
would be feasible for such improved specificity of both analytes present in 
the same infusion or plasma solutions/samples. 

SUMMARY 
In the past, most practical methods of trace analysis and speciation 

for Pt derivatives utilized element selective detection via graphite furnace 
AA or related techniques (8). It may yet prove feasible to apply HPLC-inductively 
coupled plasma (ICP) emission spectroscopy or direct current plasma (DCP) 
emission spectroscopy for these and related Pt derivatives, but this will depend 
on final detection limits possible via such approaches (7). We have tried to 
demonstrate that the dual electrode LCEC approaches now possible with these Pt 
derivatives can indeed provide sensitivity and selectivity practical for real 
world sample analyses. Our ability to apply these methods to actual plasma 
samples spiked with Pt drugs or to actual cancer patient samples containing COOP 
initially infused, clearly demonstrates that these newer methods of Pt analysis 
and speciation are indeed of practical utility and immediate applicability. 
Although it is very difficult to demonstrate specificity unequivocally, or to 
compare the LCEC specificity with the HPLC-GFAA specificity for these same 
compounds, it would at least appear as if these dual electrode LCEC methods will 
provide as much analyte specificity as any other existing method of metal 
speciation (8). At the same time, these newer methods of metal analysis and 
speciation can be readily applied with currently available instrumentation 
that costs considerably less,overall, than either GFAA, ICP, or DCP instruments. 
It is also the case that the LCEC interfacing is much easier to accomplish 
and maintain than almost any other metal speciation approach involving HPLC 
separati ons. 
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ABSTRACT 

A liquid chromatographic method coupled with electrochemical 
detection was developed to measure plasma trazodone and its metabo
lite l-m-chlorophenylpiperazine (m-CPP). Following extraction from 
1 ml of alkaline plasma with methyl-t-butyl ether, the extracts were 
chromatographed on a reversed phase trimethylsilyl bonded column 
using a 0.05 M phosphate buffer and acetonitrile (90:10) with n
nonylamine and sodium heptane sulfonate added to tlE mobile phase. 
The compounds were detected via a thin layer electrochemical trans
ducer with glassy carbon electrodes at a potential of +1.15V vs Ag/ 
AgCl reference electrode. The recovery of trazodone ranged from 91-
97% and the coefficient of variation was less than 5% for between 
run and within-run analyses. The recovery of m-CPP ranged from 82-
86% and tlE coefficient of variation was less than 8% for between 
run and within-run analysis. Steady state plasma concentration data 
are presented from several patients. 

INTRODUCTION 

Trazodone is a triazolopyrid:l.ne derivative with antidepressant 

activity that is chemically unrelated to other currently available 

antidepressant agents (Fig. la). In animals, trazodone exhibits 
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Chemical structures of (a) trazodone, (b) etoperidone, 
(c) m-chlorophenylpiperazine (m-CPP) and (d) l-o-tolyl
piperazine (o-TP) 

antiserotollin activity, but its mechanism of action in depressive 

illness in humans is not clear. Trazodone also possesses 

o(.-adrenergic blocking activity, but has very little anticholinergic 

effects as demonstrated ill ani.mal studies as well as in clini.cal 

trials in depressed patients. Several reviews of trazodone, i.ts 



TRAZOOONE AND ITS METABOLITE 2197 

pharmacology, chemistry, and therapeutic efficacy have been present

ed (1,2,3,4). 

The biotransformation of trazodone can occur through oxidative 

and hydrolytic reactions causing the formation of hydroxy derivativ

es on both the pyridine and benzene nucleus and a diol derivative on 

the triazolopyridine ring. The hydrolytic reactions result in the 

formation of oxotriazolopyridinepropionic acid and its conjugate 

(5). The remaining fragment of the molecule resulting from hydroly

tic cleavage is m-chlorophenylpiperazine (m-CPP) (Fig. lc). 

Recently, it has been suggested that m-CPP contributes to, or 

even accounts for the antidepressant action of the parent drug (6). 

Studies revealed that this metabolite acts as a direct serotonin 

receptor agonist (7). After oral administration of trazodone, m-CPP 

accumulates in the rat braln at a concentration comparable to that 

found after pharmacologlcally and biochemically effective doses of 

m-CPP (8). Maj et a1. (9) reported that trazodone at low doses has· 

antiserotonln properties while at higher doses, it acts as a central 

serotonin agonist. Furthermore, m-CPP was shown to be a pharmacolo-

gically active metabolite common to two structurally related 

psychotropic drugs etoperidone (Fig. lb) and mepiprazole (10). In 

rats, the concentration of m-CPP in brain tissue reached several 

times that in body fluids (11). 

To date, two methods have been reported for the determination 

of trazodone ln plasma. Ankier et a1. (12) used reversed-phase 

high-performance liquid chromatography with UV detection (254 nm) 

and achieved a lower limit of detection of 20 ng/ml for trazodone 
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only. Caccia et al. (11) quantitated both trazodone and its metabo

Ute (mCPP) in plasma and brain tissue by gas-liquid chromatography. 

The latter method is complicated by the fact that after extraction 

the extracts were divided so that m-CPP could be derivatized and 

measured by electron capture while trazodone was quantitated by a 

nitrogen select:l.ve detector. 

MATERIALS 

Reagents 

Acetonitrile (UV grade) and methyl-~-butyl ether were 

obtained from Burdick and Jackson Laboratories (Muskegon, MI), 

sodium heptane sulfonate (Eastman Kodak Co., Rochester, NY) and n

nonylamine(Aldrich Chemical Co., Milwaukee, WI) were used without 

further purification. Reagent grade potassi.um phosphate monobasic 

and phosphoric acid were obtained from Fisher Scientific Co. 

(Fairlawn, NJ). Distilled water was passed through a water purifi

cation system before use (Mi.lli-Q, Millipore Corp., Bedford, MA). 

Trazodone HCl, etoperidone HCL, and m-chlorophenylpiperazine 

HCl (m-CPP) were kindly supplied by Dr. Keith Wheeler (Mead Johnson 

& Co., Evansville, IN). l-(o-tolyl)p:l.perazine (o-TP) 2 HCI was 

obtained from Aldrich Chem:l.cal Co. (Milwaukee, WI). 

Standards 

Stock solutions of I mg/ml of trazodone, etoperidone m-CPP and 

l-(o-totylpiperazine) were prepared in O.OIN RCI and stored 

refr:i.gerated. Working standards were prepared in O.OIN HCl in 
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concentrations of 10 ng/ul, for trazodone and etoperi.done' and 

and 1 ng/ul for m-CPP and l-(o-tolyl)piperidone (o-TP). 

Instrumentation 

Chromatography was performed with a Model 6000A solvent deliv

ery system and a Model U6K injector or WISP 7l0B automatic injector 

(Waters Associates, Milford, MA). The column was 4.6 mm i.d. x 25 

cm packed with 5 P particle size trimet hylsilyl material (LC-l, 

Supelco, Bellafonte, PA). A Model LC-4B amperometric detector with 

a TL-5A (Bioanalytical Systems Inc., W. Lafayette, IN) thin layer 

transducer was used to monitor the compounds of interest. The 

current response was recorded by a dual pen Omniscribe Recorder 

(Houston Instruments, Austin, TX) at 1 V and 10 V inputs full scale 

preceded by a signal amplifier (gain = xl). 

Cyclic voltammetry was carried out using a Model CV-lB cyclic 

voltammetry instrument (Bioanlytical Systems, W. Lafayette, IN) and 

a Model 7034A x-y recorder (Hewlett-Packard, Palo Alto, CA). The 

potential was scanned from O. OV to + 1. 3 V vs Ag/ AgCl reference 

electrode at 180 mv/sec. 

electrode. 

Sample Extraction 

Glassy carbon was used as the working 

To 1 m1 of plasma, 60 ul (600 ng) of internal standard etoperi

done, 25 ul (25 ng) of the internal standard l-(o-tolyl) piperazine, 

1.0 m1 carbonate buffer (0.6 M pH 9.5) and 8 mls of methyl-tert

butyl ether were added. The mixture was shaken for 10 minutes and 

centrifuged for 10 minutes. The organic layer was then t'ransferred 
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RESULTS AND DISCUSSION 

Trazodone and its metabolite m-CPP were extracted from 1 m1 of 

plasma, separated by reversed phase liquid chromatography, and 

quantitated by an electrochemical detector. Tb! use of a divided 

signal from the controller and a dual recorder set at different 

attenuations permitted the simultaneous determination of trazodone 

and m-CPP without changi.ng attenuati.on duri.ng each chromatogram. 

Trus, this procedure could be adapted to automatic sample 

processi.ng. 

In addi.tion to tb! large difference in concentrations between 

plasma trazodone and m-CPP, otb!r problems such as peak tailing and 

poor resolution due to possibly other as yet unidentified metabolit

es of trazodone were initially encountered. After testing several 

bonded reverse-plase columns (C1S-CS) a trimethylsilyl bonded 

reverse phase column was found to adequately resolve the peaks of 

interest. The addition of n-nonylami.ne to tb! mobile phase and 

mainta:l.ning the pH at 3 :I.mproved peak symmetry and reduced overall 

retention times. Fig. 2 shows a dual chromatogram of a spiked 

plasma sample. The selection of two internal standards was obvious

ly necessary because of tb! aforementioned concentration differences 

in plasma trazodone and m-CPP. Etoper:l.done (Fig. lb) closely 

resembles trazodone chemically wh:l.le o-tolylpiperazine (o-TP) (Fig. 

ld) is chemically related to m-CPP. Because of the presence of the 

phenyl piperazine mOiety, all of these compounds displayed similar 

cyclic voltammograms (Fig. 3). The scans indicate an irreversible 

oxidation reaction at ca +l.lV vs Ag/AgCl reference electrode. 
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Figure 2: A dual chromatogram of a 1 ml spiked plasma sample con
taining 20 ng of m-CPP (2) and 1000 ng of trazodone (3). 
The entire reconstituted extract was injected. Etoperi
done (4) and o-TP (1) are i.nternal standards. 

TRAZODONE 1-m-CHLOROPHENYLPIPERAZINE 

0.8 0.4 +1.2 0.8 0.4 

ETOPERIDONE l-o-TOLYLPIPERAZINE 

0.8 0.4 0.8 0.4 

Figure 3: Cyclic voltammograms of trazodone, etoperidone, m-chloro
phenylpiperazine (m-CPP) and l-o-tolylpiperazine (o-TP). 
Concentrations for all compounds were 2 mg/IO ml of 
mobile phase. 
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Therefore, the detector was set at the the optimum potential +1.15 V 

vs Ag/AgCl reference electrode. 

Even at this high potential, the chromatograms did not 

indicate any interfering endogenous peaks as shown by a plasma 

blank (Fig. 4). Therefore the nrl.nimum quantifiable level of 

detection was 5 ng/ml for m-CPP, while for trazodone 100 ng/ml was 

the lower limit because of the relatively high level of the internal 

standard etoperidone. If single dose studies were necessary then 

this limit would be reduced to ca 10 ng/ml by addition of 10% of the 

internal standard. With a signal to noise ratio = 3, 1 ng of m-CPP 

or trazodone injected directly can easily be detected. Fig. 5 shows 

a dual chromatogram of an actual patient plasma sample. The 

presence of "x" between peaks 1 and 2 is probably an i.nduction of 

one or more as yet unidentified metabolites. 

I 
~ 
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Figure 4: A dual chromatogram of a 1 ml blank plasma extract. 
Entire reconstituted extract was injected. 
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Figure 5: A dual chromatogram of a 1 m1 plasma extract from a 
patient receiving trazodone daily for 3 weeks. Trazodone 
(3) levels were found to be 1797 ng and m-CPP (2) was at 
a concentration of 54 ng. The peak "x" probably repre
sents other as of yet unidentified metabolites of trazo
done. 

The absolute recovery of trazodone and m-CPP was determined by 

spiking 1 ml of plasma with various concentrations of each 

compound. The extraction was carried out quantitatively. The 

internal standards were added after evaporati.on of the extract and 

again brought to dryness. The residue was reconstituted with mobile 

phase and injected. The same standards (non-processed and internal 
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standards) were also brought to dryness and reconstituted with 

mobile phase and injected directly on column •. The difference 

between the ratio of the standards and internal standard in the 

porcessed samples compared to the direct injection sample gave a 

measure of the overall recovery (Table 1). 

The precision of the reported procedure was determined by spiking 

eight 1 ml a1iquots of drug-free plasma with various concentrations 

of both trazodone and m-CPP. The samples were processed and chroma-

tographed as described. The results appear in Table 2. 

A measure of the stability of the assay is demonstrated by the 

variability in the slope of the linear regression curves on 6 

different days (Table 3). 

Steady-state plasma concentrations were analyzed for trazodone 

and m-CPP (Table 4). 

TABLE 1 

Recovery of Trazodone and m-CPP from Plasma (n=8). 
Compound Concentration (ng/ml) Percent Recovery C.V. % 

Trazodone 

m-CPP 

2000 
500 

50 
10 

Within-run 
Com;eound 

Trazodone 

m-CPP 

TABLE 2 

Precision of 
Concentration 

2000 
1000 

100 
50 
20 

5 

Assay 

91 
97 
82 
86 

(n=8). 
(ng/ml) C.V. 

1.5 
1.5 
1.5 
6.6 
2.3 
2.8 

% 

2.4 
2.8 
4.2 
8.3 
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TABLE 3 

Day-to-day Stability of Assay Based Upon 
Slope of the Linear Regression Curves (n=6) 

Slope (ng/ml) + S.D. C.V.% 

Trazodone 
m-CPP 

Stead -State 
Patient 

1 
2 
3 
4 
5 

378.5 
28.0 

TABLE 4 

824 
496 
875 

1212 
618 

17.05 
2.03 

8 
20 
10 
28 
22 

4.5 
7.3 

SUCKOW 

The metabolite m-CPP ranged from 1 to 4% of the parent drug in 

plasma. In a single dose kinetic study (6), m-CPP reached 10 ng/ml 

at Cmax , amounting to about 1% of the parent drug plasma concentra-

tions. In another study (11), m-CPP was found to be present in 

significant quantities in rat brain after oral adm:f.nistration. 

This method should fac:f.l:f.tate the quantitation of trazodone and 

m-CPP in biolog:f.cal fluids and aid in the further eludication of the 

role of this metabolite in clinical efficacy and side effect 

relationships in man. 
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ABSTRACT 

Liquid chromatography with electrochemical detection (LC/EC) has 
proven itself to be a very useful technique for the determination of 
electrochemically oxidizable or reducible compounds in complex matrices. 
Practical aspects of the application of LC/EC to pharmaceuticals in 
biological samples are discussed. These have been gleaned from several 
years experience with the determination of over a dozen compounds. The 
aspects discussed are a comparison of EC and UV detection which 
facilitates a choice between the two, and common problems including 
electrode coating, late eluters, detector temperature dependence and 
baseline instability. Various possible solutions to these problems are 
considered. 

INTRODUCTION 

Since the invention of electrochemical detectors (EC) for liquid 

chromatography (LC) just over a decade ago, their use has grown 

exponentially, so that presently there are over one thousand 

literature reports of their use. For the liquid chromatographic 

determination of small, readily oxidized molecules, electrochemical 

detection is clearly established as being superior to the more generally 

2209 
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applicable and available ultraviolet (UV) detectors. For more than four 

years we have used EC detectors in the LC determination of a variety of 

pharmaceuticals in biological samples. These compounds have generally 

not been as ideally suited to EC detection as the catecholamines and 

related compounds for which EC was developed and for which it has been 

most frequently used. Nevertheless, LC/EC has proven to be a very useful 

technique. Several practical aspects of our experience with LC/EC are 

presented here. 

MATERIALS AND METHODS 

Reagents 

Enviroxime, zinviroxime, hexestrol, enviradene and its cis-olefin 

isomer, frenazole, diethylstilbestrol, cis-diethyl-stilbestrol, and 

pergolide, were synthesized at the Lilly Research Laboratories. 

N-(4-hydroxyphenyl)-propionamide and N-(4-hydroxy-3-methylphenyl) 

acetamide were a gift from P.T.Kissinger, Purdue University. All other 

compounds were obtained commercially. 

Distilled deionized water was used for preparation of mobile phases. 

Distilled-in-glass benzene, methanol and acetonitrile were obtained from 

Burdick and Jackson (Muskegon, MI), HPLC grade methanol from Tedia 

(Fairfield, OH) and analytical grade methanol from MCB Manufacturing 

Chemists (Cincinnati, OH). All other reagents were analytical reagent 

grade. 

Equipment 

The HPLC systems consisted of a solvent delivery pump and 

autoinjector (Models 6000A and WISP 710B, Waters Associates, Milford, 

MA), a guard column packed with pellicular packing material (CO:PELL 

ODS, Whatman, Clifton, NJ), a 250 x 4.6 mm reverse phase column, a column 

temperature controller and an electrochemical detector (Models LC-22/23 
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and LC-4 with a TL-5 or TL-5A glassy carbon detector cell, Bioanalytical 

Systems, W. Lafayette, IN). Detector potential was referenced to a 

Ag/AgCl/3 M NaCl reference electrode. A UV detector (Model 450, Waters 

Associates) was either substituted for the electrochemical detector or 

connected between the column and the electrochemical detector. The 

fluorescence detector used was a dual monochromator instrument (Model 

650-10 S, Perkin Elmer, Norwalk, CT). Detector response was monitored by 

a chart recorder and a central chromatographic data acquisition computer 

system. 

Column-switching was done as described previously (1), except that a 

silica column (Pre-SAT, Applied Science, State College, PA) was placed 

between the auxiliary pump and the 3cm reverse phase column, and a 250 x 

4.6mm column was placed downstream from the 3 cm column, to provide a 

constant backpressure. 

For the investigation of the temperature dependence of the 

electrochemical detector, the EC cell was thermostatted independently of 

the chromatographic column, as described previously (2). 

Chromatography 

Enviroxime and zinviroxime were chroma to graphed on an octylsilane 

column (Zorbax C8, Dupont Instruments, Wilmington, DE) with a mobile 

phase of 0.14 M sodium acetate and methanol (35:65), containing 3 mg of 

disodium EDTA per liter. The flow rate was 0.9 ml/min and the column 

temperature 28°C. The stilbestrols were chromatographed on an 

octadecylsilane column (Zorbax C18) with the same mobile phase as above. 

The flow rate was 1.5 ml/min and column temperature 30°C. Enviradene was 

also chromatographed on the Zorbax C18 column, but with a mobile phase of 

0.2 M sodium acetate and methanol (25:75), containing 3mg EDTA/liter. 

The flow rate was 1.3 ml/min and column temperature was 28°C. For 

pergolide a nitrile column (Zorbax CN) was used, with a mobile phase of 

acetonitrile/methanol/O.l M ammonium acetate (30:25:50). The flow rate 

was 2 ml/min. Acetaminophen and its analogs were chromatographed on an 

octadecyl column (Zorbax C8) with O.IM citrate (pH 4.0) and methanol 
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(86:14) as the mobile phase. The flow rate was 1 ml/min and the column 

temperature was 28°C. The catecholamines were chromatographed with 1.4% 

monochloroacetate (pH 3.0) and methanol (95:5) as mobile phase. Sodium 

octyl sulfonate (25mg/l) and disodium EDTA (38mg/l) were also added to 

this solution. These amines also were run on a Zorbax C8 column at 28°C 

and a flow rate of 1 ml/min. The octadecylenol compound was assayed on a 

C18 column (Zorbax) with a mobile phase of 55% n-propanol. All mobile 

phases were filtered through a 0.2 ~m pore filter (Rainin Inst. Co., 

Woburn, MA) and sonicated under vacuum prior to use. 

RESULTS AND DISCUSSION 

EC vs. UV Detection 

The choice of an LC detector for an assay under development can 

involve a number of factors. Chief among these are signal-to-noise ratio 

(or detection limit), specificity and convenience. UV detection, 

which is the most universally used method, is the common alternative to 

EC detection. The relative merits of the two detectors, particularly in 

regard to the three factors listed above, were gleaned from consideration 

of assays developed for a number of compounds, including 1) two 

stilbestrols, 2) two pairs of antirhinovirals, 3) an octadecylenol, and 

4) an ergot derivative. These assays are first discussed individually. 

Diethylstilbestrol (DES) is a synthetic estrogen capable of 

producing all the pharmacologic and therapeutic responses attributed to 

natural estrogens. An assay was developed for DES (by definition the 

trans isomer) and its corresponding cis isomer involving a benzene 

extraction of the compound and an internal standard (benzestrol) from 

either plasma or urine. The plasma or urine was treated with a 

commercial glucuronidase/sulfatase preparation from H. pomatia prior to 

extraction if total drugs (free and conjugated) were to be determined. 

The organic extracts were evaporated and the residues reconstituted and 

injected. Detection parameters were chosen based upon electrochemical 

and spectral scans. Hydrodynamic voltammograms obtained for the three 

compounds are displayed in Figure 1. With two conjugated aromatic 
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FIGURE 1. Hydrodynamic voltammograms of sti1bestrols under the LC 
conditions described in the materials and methods section. 

hydroxy groups, the stilbestrols are readily oxidized. Hydrodynamic E~'s 

determined from the data in Figure 1 were +0.4 and 0.3 V for DES and 

cis-DES respectively. A detector potential of +0.70 V was used, although 

a somewhat lower potential would have sufficed to provide 

diffusion-limited oxidation. The ultraviolet absorption of DES and 

cis-DES was found to be moderate (g262=8635 for both isomers). Typical 

chromatograms of a plasma extract comparing UV and EC detection are 

depicted in Figure 2. EC detection can be seen to be clearly preferred 

in terms of freedom from interferences and signal-to-noise ratio (S/N). 

The detection limits realized were approximately 1 ng/ml of plasma for EC 

and 10 ng/ml for UV. Some increase in UV signal could be realized by 

operation at 210nm, but a concomitant increase in background noise would 

result in only a small increase in overall SIN. 

Enviradene, whose structure is shown below, is the trans-methyl 

olefin analog of the antirhinoviral oxime enviroxime, whose determination 

in plasma has been previously reported (1). Zinviroxime is the cis-oxime 

Envlradene 
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FIGURE 2. Serial UV and EC chromatograms of a 100ng per ml plasma 
extract. 

isomer of enviroxime. The difference in the structures of these 

molecules is solely at the exocyclic double bond position. Plasma levels 

of enviradene may be determined by a procedure very similar to that 

reported for enviroxime, with the mobile phase altered slightly and the 

electrode potential increased to +0.90 V. The oxidations of enviroxime 

and zinviroxime were reasonably similar (hydrodynamic E\=+0.72 and +0.81 

V, respectively) and EC was clearly preferred over UV detection for 

plasma assays. Interestingly, and in contrast to the oximes, enviradene 

and its isomeric cis-olefin are more difficult to oxidize (Figure 3), 

with an E\ of +0.8 and +0.94 V, respectively. Also, their oxidation 

potentials show a greater difference between each other. In addition, 

the methyl olefins have higher molar absorptivities (e268=17,800) than 

those of enviroxime and zinviroxime (e272=14,200). As as result, while 

EC SIN ratios are marginally better than UV for enviradene, SIN is better 

using UV detection for the cis-olefin. Figure 4 shows a plasma extract 

chromatographed on a system with Ee and UV detectors set up in series. 

No significant interferences were observed in chromatograms with either 

detector. However, the use of UV detection was noted to have several 

advantages. The wavelength chosen was one at which the two isomers have 

identical molar absorptivities. Thus if peak areas are calculated, the 

two isomers can be quantitated from a single standard curve. The 

linearity of the UV detector extended to greater than 10~g on column, 
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FIGURE 3. Hydrodynamic voltammograms of the methyl olefin antivirals 
under the LC conditions described in the materials and methods section. 
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FIGURE 4. EC and UV chromatograms of an extract of a plasma sample 
spiked with 50 ng enviradcnc per milliliter 

while the EC was limited to 400 ng. Also, the late eluters encountered 

with the EC detector (see Figure 4) were relatively much smaller on UV. 

A third type of compound for which EC and UV detection were compared 

was an octadecylenol compound, CH3-(CH2)17-0R. A hydrodynamic 

voltammogram for this compound is depicted in Figure 5. The oxidation of 

this molecule involves the enol oxygen, so that octadecylalcohol is 

probably liberated in the process. Although the half-wave potential for 

this oxidation is relatively low, the wave is far from reversible. The 
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FIGURE S. Hydrodynamic voltammogram of an octadecylenol compound 
obtained using the chromatographic conditions described in the materials 
and methods section. 

UV absorption spectrum of this compound exhibited a maximum at 245 nm 

with an molar absorptivity of 9720. A procedure was developed for the 

determination of this compound in plasma at the 1 ~g/ml level. The 

octadecylenol was isolated from plasma by precipitation of proteins with 

the addition of 1 volume of n-propanol, followed by 1 volume 

acetonitrile. This procedure gave chromatograms without EC or UV 

interferences. The minimum quantity which could be detected by EC (at a 

potential of +0.85 V) was 5 times lower than that by UV. However, a 

large EC response from non-retained components, severe coating problems 

(discussed further below) and the low solubility of salts in the mobile 

phase forced the abandonment of EC detection. Thus, UV detection was 

employed for this determination. 

The fourth assay to be considered here is one developed for 

pergolide, the structure of which is shown below. Pergolide is an ergot 

Pergallde 
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alkaloid derivative currently under study for the treatment of 

Parkinson's disease. It contains a single substituted aromatic amine 

group and is not easily oxidized (hydrodynamic E\~+0.86 V at pH 7). Its 

molar absorptivity is relatively low (£280=5300) also. A procedure was 

developed for the determination of pergolide in feed samples in support 

of animal toxicology studies. The feed samples were dissolved in 10 

volumes of 80:20 methanol/O.lM HCl. This solution was passed over 

alumina and an aliquot injected. The absolute detection limit using UV 

detection was 20ng on column, which was insufficient to allow detection 

of pergolide at the desired levels. The use of EC lowered the detection 

limit to 2ng on column, but a large to response was observed (see Figure 

6) as were many large late eluters. Instead of either EC or UV 

detection, fluorescence detection was used, since it provided detection 

limits superior to EC and lacked interferences (Figure 7). 

Several general observations relative to the choice between EC and 

UV detection for LC determination of drugs in biological matices may be 

drawn from the assays just discussed. First of all, the relative SIN of 

the two detectors is frequently an important consideration. For UV 

detection, the signal (peak area or height) obtained for different 

analytes (assuming comparable retention times) is proportional to their 

extinction coefficient at an accessible ultraviolet or visible 

wavelength. Signal to noise with EC detection is more complex. The 

Feed Peaks 

o 356 

T 
O.2nA 

.L 

712 1068 
Retention Time, • 

Pergolide 

1424 1780 

FIGURE 6. LC/EC chromatogram of an extract of feed spiked with 2 ppm of 
pergolide. 
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FIGURE 7. LC/Fluorescence chromatogram of an extract of feed that was 
spiked with 2 ppm of pergolide. The excitation wavelength was 285 nm 
(slit 10nm) and the emission wavelength was 345 nm (slit snm). 

signal for conventional amperometric detectors is a function of their 

configuration,the working electrode potential of the detector, and the 

diffusion coefficient, half-wave potential and reversiblity of the 

analyte under the chromatographic conditions. The noise of a 

conventional solid electrode detector is a function of many factors, but 

it is generally relatively constant from 0.0 volts out to the potential 

at which solvent oxidation (or reduction) begins to occur. From there 

on, background current and noise increase exponentially. Thus as the 

half-wave potential of a theoretical analyte approaches the oxidation 

potential of the the solvent, the maximum realizable SIN decreases. 

For readily oxidized molecules, such as catecholamines or the 

stilbestrols discussed above, the SIN of EC detection is clearly better 

than that of UV detection. As analytes of increasing oxidation potential 

are investigated, SIN will decrease for EC detection. As analytes with 

larger extinction coefficients are investigated, SIN for UV detection 

will increase. Thus with increasing E\ or e or both, a point will be 

reached at which SIN for the two detectors is equivalent. Analytes with 

even higher E~ or e will exhibit a better SIN by UV detection. The 

results of the four assays just described confirm this hypothesis. 

Figure 8 includes a point for each compound, and the line represents the 

points at which SIN is equal for EC and UV. The regions in which EC or 
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FIGURE 8. EC versus UV detection for LC-Dependence on molecular 
parameters. The compounds to the left of the line have lower absolute 
detection limits by EC detection than by UV detection. The opposite is 
true for compounds to the right of the line. 

UV detection are preferred are clear. Data for additional analytes, 

particularly some with high E\/low £ and high £/low E\, will allow a 

better definition of the location of this line. Nonetheless, it is 

apparent that a guideline can be established for making a choice between 

EC and UV detection when signal-to-noise ratio is an important 

consideration. 

A number of additional factors influence the choice of detector for 

a given determination. The advantages of EC and UV detection relative to 

each other are summarized in Table 1. Many of the factors listed there 

were encountered in assays described above. The particular advantages of 

the EC detector are its sensitivity and specificity. For 

electrochemically active analytes, EC detection has a superior absolute 

sensitivity to UV. For an electrochemically active compound, the 

specificity of EC detection can make assay development much easier. UV 

detection on the other hand is useful for more analytes. UV detection is 

more convenient, since the condition of electrodes is not a 

consideration, as is the case with EC detection. An isobestic point may 

be chosen so that more than one compound can be quantitated from a single 

standard curve. For an internal standard to be maximally effective, its 

chemical properties should closely approximate those of the analyte. In 
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Advantages 

Disadvantages 

TABLE 1 

EC 

Sensitivity 

Specificity 

Coating 

Ref. Electrode 
Stability 

Temperature 
Sensitivity 

Late Eluters 

uv 
Ease of Use 

Universality 

Isobestic Points 

Choice of Int. Stds. 

Drug Interferences 

Temperature 
Sensitivity 

this regard UV detection has an advantage since internal standards are 

more readily found which approximate the UV properties of an analyte, 

than those which have similar electrochemical properties. 

The disadvantages of the two detectors relative to each other are 

also summarized in Table 1. Some of the potential problems with EC 

detection, including electrode coating, temperature sensitivity and late 

eluters are discussed in detail below. UV detectors are subject to 

fluctuations in response with room temperature also. The more universal 

nature of UV detection also means that more of the components of the 

sample matrix will be detected and so are potential interferences. 

background can be more of a problem with UV detection than with EC 

detection. 

Common Problems-Electrode Coating 

Thus 

Electrode inactivation, or coating, is common in conventional 

voltammetric work. The occurrence of coating in LC/EC has been 

previously noted (3,4), but it is a much less frequent problem. This is 

a function both of the relatively low amounts of compounds 

chromatographed (picograms to a few micrograms) and the relatively high 

velocity of the mobile phase over the working electrode surface. In our 

work we have encountered a number of examples of compounds which exhibit 
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coating problems, however. The details of these problems, as well as a 

series of possible solutions which were investigated, are discussed 

below. 

When injecting samples containing high concentrations of enviroxime 

and zinviroxime (0.4 to 1.5 ~g/ml) it was noted that the peak height of 

the internal standard hexestrol decreased considerably during the 

chromatography of a single set of samples. Further investigation 

revealed that the sensitivity of the detector to enviroxime and 

zinviroxime decreased also. A series of experiments were performed to 

determine the source of the problem. Various combinations of the three 

compounds, all at 1 ~g per injection, were repeatedly injected. Between 

experiments the glassy carbon working electrode was repolished. These 

experiments are summarized in Table 2. The compound(s) injected are 

listed on the left and % decreases in peak height per injection are 

listed to the right. Since the loss of sensitivity of hexestrol and 

enviroxime are similar in the first two experiments, it is clear from the 

last two experiments that hexestrol (a diphenol) is the primary source of 

the electrode inactivation. This is not surprising since phenols are 

well known to polymerize at electrode surfaces (5). It should also be 

noted from the data in Table 2 that enviroxime is capable of coating the 

electrode, albeit at a much slower rate. 

The concentration dependence of the action of hexestrol is depicted 

in Figure 9. Here again, each data point represents one experiment, and 

the electrode was repolished in between each experiment. A roughly 

linear dependence is observed. The rate of coating was quite variable 

TABLE 2 

"to Decrease In 
Compounds Injected Peek Height 
(l/tg each) per Injection 

EnvlroxlmelZlnvlroxlmelHexestrol Envlroxlme 14.3 
Hexeslrol 14.4 

EnvlroxlmelHexestrol Envlroxlme 14.1 
Hexestrol 13.7 

Hexestrol Hexestrol 14.4 
Envlroxlme Envlroxime 0.4 
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FIGURE 9. Concentration dependence of electrode coating by hexestrol. 
Coating determined by electrode response to zinviroxime. 

(relative standard deviation = 27%) at the 200 ng level but reproducible 

at the 1 ~g level. In order to minimize the coating of the electrode 

surface by hexestrol, or to regenerate coated electrodes, a variety of 

experimental approaches were tried. These are summarized in Table 3. 

The only approach found to be of signigicant value was to keep the amount 

of hexestrol injected low. It was possible in this case to do this 

without significantly degrading SIN. In addition, the similar 

electrochemical properties of hexestrol, zinviroxime, and enviroxime mean 

that hexestrol will reduce the effect on the analytes to sensitivity 

losses due to electrode coating. See for example Figure 10. 

Studies of another benzimidazole structurally related to enviroxime 

manifested electrode coating in an additional way. When chromatographed 

under conditions similar to those for enviroxime, coating was seen at the 

rate of 0.4% per 300 ng injected. In addition, a dip in the baseline 

immediately after elution of the compound was observed (see Figure 11). 

The background current eventually returned to its initial level. The size 

of the dip is proportional to the amount of this compound injected. 

It was therefore attributed to reversible coating of the surface which 

strongly affected the background oxidation current. Such an effect has 

previously been observed (6). The reason for this reversibility was 
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TABLE 3 

Experimental Approaches 

Switch E to - 0.4 V for 10 min. 

Let mobile phase "wash" surface overnight 

Wash oll·line with CHCI3 /acetone/CH30H 

Switch from NaOAc to citrate/phosphate 

Add octyl sulfonate to mobile phase 

Lower the amount Injected 

Effective? 

No 
No 

Partially 

Slightly 

No 

Yes 

1.25 CCC 
CCCCCCC 
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II 
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FIGURE 10. Peak height ratio for enviroxime upon repeated injection of a 
mixture of enviroxime and hexestrol. Key: 0 ratio to initial peak 
height, 0 ratio to peak height of hexestrol. 
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FIGURE 11. EC chromatograms of a benzimidazole. Chromatogram A was 
obtained at +0.86 Vi The relative peak height was 64%. B was obtained 
at +0.90 V. 
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not known, and it is in contrast to the other example of coating 

encountered. The dip could be eliminated by lowering the oxidation 

potential (from +0.90 to +0.86 V). 

The coating problems encountered with an octadecylenol analyte were 

noted above. It was presumed from the electrochemistry that 

octadecylalcohol is liberated during the oxidation of this molecule. 

Thus an attempt was made to reverse the loss of sensitivity by making 

large injections of wash solvent. This was unsuccessful, as were all 

other approaches tried for this compound (see Table 4). 

In general we have been able to minimize electrode coating problems 

by lowering the amount of the compound injected, decreasing the detector 

potential or including an internal standard with electrochemical 

properties very similar to those of the analyte. These approaches have 

not always proven to be possible and successful. Greater success can 

probably be achieved though the use of pulsed EC detection for LC (7,8). 

Late Eluters 

Late-eluting peaks are strongly retained components from one 

injection, which elute during subsequent chromatograms. When samples are 

injected manually, the time between injections varies and the source 

and effect of late eluters is not always obvious. When an autosampler is 

used, the position of late eluters becomes reproducible and thus are more 

readily identified. 

Late eluters will be observed at times with all types of LC 

detectors. Perhaps because of the superior sensitivity of EC detection, 

TABLE 4 

Experimental Approaches Effective? 

Lower detector potential No 

Ctiange from glassy carbon to graphite/polymer No 

Inject slugs of wash solvent No 

Switch E to - 0.65 between Injections No 
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we have more commonly observed late eluters with EC detection than with 

UV detection (see for example Figure 4). During the determination of 

enviroxime and zinviroxime in dog and rabbit liver homogenates and rabbit 

lung homogenates, many troublesome late eluters were observed. In the 

case of enviradene, late eluting peaks were observed in all physiological 

fluid extracts. Late eluters were a severe problem in the LC/EC 

determination of pergolide in feed discussed above. 

In some simple cases it is possible to adjust the timing of 

injection such that late eluters elute in a non-critical portion of 

subsequent chromatogram. Waiting for the elution of all late eluters 

prior to making another injection is frequently not practical, even if 

elution is speeded by an increase in the organic modifier content of the 

mobile phase. 

A very practical approach to removing late-eluting components is to 

use the well known technique of column-switching. For enviroxime and 

enviradene, a 3 cm column, mounted in a switching valve, was interposed 

between the pump and the 25 cm analytical column. The samples are 

injected onto the short column. After a time sufficient to allow the 

analytes and internal standard to elute from the 3 cm column onto the 

analytical column, the valve is automatically switched. The strongly 

retained components are then washed to waste using mobile phase and an 

auxiliary pump. Since the 3 cm column is washed with mobile phase there 

is very little reequilibration time when it is switched back into line. 

This type of system is ideal for running automated assays on large 

numbers of samples. Column switching produced cleaner chromatograms 

(compare Figure 12A and B), and compared with the other approaches 

mentioned above, increased sample throughput. 

Interestingly, when column-switching was used during the 

determination of enviroxime in relatively clean biological extracts, 

fewer trace level interferences were seen. This resulted in an 

unexpected improvement in detection limits. The late eluters removed 

were small enough that their origin had not been determined. 
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FIGURE 12. Chromatograms of extracts of plasma spiked with enviradene. 
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Temperature Dependence 

A third common problem that can be encountered with the use of EC 

detection is the temperature dependence of amperometric detectors. This 

problem was originally recognized in our laboratory during lengthy 

unattended chromatography of enviroxime and zinviroxime-containing 

,biological extracts (1). The EC responses to standards decreased 

dramatically when the ambient temperature decreased. 

A detailed study was made in which several types of compounds, 

commonly determined by LC/EC, were chromatographed repeatedly with the 

detector temperature controlled over the range 0 to SO DC (2). Enviroxime 

and zinviroxime, the stilbestrols mentioned above, acetaminophen and some 

of its analogs, and several catecholamines were examined under typical 

assay conditions. Chromatographic response (peak height or area) of 

these compounds was observed to vary linearly as a function of 

temperature in some cases, and showed some upward curvature in others. 

The slope of these curves (taken at 22 DC) ranged from a 1.S to 2% change 

in EC response per DC for the catecholamines to greater than 8% per DC 

for zinviroxime. 

The temperature dependence of amperometric EC detectors is due to 

the temperature dependence of 1) the diffusion coefficients of the 

analytes and 2) their rate of reaction at the electrode surface. Thus 

the changes in temperature influence both the number of molecules 

reaching the electrode surface and the fraction which are oxidized or 

reduced there. The contribution of diffusion was estimated by obtaining 

dependences with the working electrode potential high enough to assure 

diffusion-limited oxidation. Dependence of about 2% per DC or below were 

observed for the stilbestrols and acetaminophen and its analogs under 

such conditions. The contribution of changes in the rate of the 

electrode reaction to the overall temperature dependence increased 

exponentially as the detector potential was decreased, beginning about 

+75 mV above the hydrodynamic E~ of the analytes. 

A number of approaches are available which when used separately or 

in combination can decrease temperature dependences to insignificant 

levels. These are summarized in Table 5. The first is to thermostat the 
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TABLE 5 

1. Thermostat detector 

2. Thermostat columnlincrease flow rate 

3. Operate well past E'h 

4. Choose a good Internal standard 

EC detector, but this is not ordinarily convenient. The second is to 

thermostat the chromatographic column. Because of the dynamics of heat 

transfer in the EC detector cell block, thermos tatting the column 

decreased the observed temperature dependences of acetaminophen and its 

analogs by a factor of 4. A third approach to minimizing EC temperature 

dependence is, whenever posssible, to operate well past the E~ of the 

analyte, so that diffusion alone contributes to temperature dependence. 

Finally, the use of an internal standard with similar diffusional and 

electrochemical properties will largely compensate for temperature 

induced changes in response. 

Baseline Instabilities 

During initial assay development for DES and enviroxime, the 

background current of the glassy carbon working electrode oscillated 

erratically and gradually but continuously increased. Repolishing the 

electrode reduced the background to its initial level. Since EDTA was 

commonly added to mobile phases used in determination of penicillamine 

and catecholamines, it was added to mobile phases used for DES and 

enviroxime. With this addition the background current was much more 

stable, both in terms of long-term drift and medium-term oscillations. 

Metal ions leached from the steel LC components or from the silica 

backbone of the column are presumably reponsible for the baseline 

instabilities, but the mechanism of the phenomenon is not known. Use of 

phosphate/citrate buffers in the mobile phase have some of the same 

effect as EDTA. 

A second contributor to long-term drift is electrode coating by 

constituents of the mobile phase. Analagous to the coating by analytes 

discussed above, this is most frequently a problem at high oxidation 
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potentials. During the determination of enviroxime, it was found that 

the use of a reagent grade methanol in the mobile phase caused a 50% loss 

of sensitivity after only a few days of continuous use. Two 

manufacturers' distilled-in-glass methanols gave better results, but one 

(Burdick and Jackson) was clearly superior to the other. This assay is 

probably particularly sensitive to coating effects, since the oxidations 

are not at diffusion-limited conditions. Nevertheless, the benefits to 

be gained from use of the best available reagents for a given 

determination should be carefully considered. 

CONCLUSION 

The versatility of EC detection for LC has been demonstrated in our 

laboratory by its application to the determination of over a dozen 

compounds in biological matrices. Its durability has been proven by the 

successful assay of over 15,000 samples. Several problems which were 

encountered during routine use of the electrochemical detector have been 

investigated. A number of practical ways of overcoming these 

difficulties were evaluated, and in most cases the problems were 

surmountable. 
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ABSTRACT 

Noise and drift phenomena in electrochemical detectors with 
solid electrodes are discussed.A relationship between the capaci
ty of the working electrode and the noise of the detector is demon
strated in three different ways,using direct correlation of noise 
with capacity,time correlation functions and electrical simulation 
of the cell properties. Conclusions are drawn with respect to the 
prospects of various measures to improve the detection limit. 

INTRODUCTION 

As small electrical currents,down to picoamperes,corresponding 

to picocoulombs during a time constant of 1 second,can be readily 

measured electronically,the detection limit of electrochemical devi

ces could be expected,from that point of view,to be in the range 

of 10- 17 mole (1). However,detection limits in or below the picogram 

range,roughly 10- 14 mole,still form an exception in routine analy

sis.As many analytical investigations nowadays aim at the quantita-
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tive determination of analytes at extremely low concentrations it is 

worthwhile to improve the performance of detectors in this respect. 

As a first step the investigation of the various sources of noise 

and drift may be helpful,in order to indicate those measures which 

could lead to substantial improvement.An inventory of these sources 

is as follows. 

Causes of drift may be: 

1. The stabilisation processes taking place at the working electro-

de (2-5), 

2. Gradual fluctuations in temperature (6) and air humidity, 

3. Electrode contamination (7), 

4. Gradual changes in the composition of the background electrolyte 

(carrier,mobile phase), e.g. due to the dissolution of oxygen 

or metals somewhere in the system (2,8,9). 

Noise may originate from various sources: 

1. ~he detector cell and the electronic equipment, 

2. Power frequency pick up, 

3. Electrical pulses,produced by other instruments, received via the 

power cord or otherwise, 

4. Electrostatic influences often exerted by the operator. 

In this paper some work on the characterisation of some of these 

phenomena is reported. Special attention is given to the generally 

observed proportionality of base line noise with electrode area. Such 

a dependence is not probable under all circumstances.An electrode 

may be considered as consisting of several parts;e.g. two parallel 

electrodes in the same liquid layer are in principle not different 

from one wide electrode of the same total area. The noise component 

in the total current of the two separate electrodes is 12 times 

larger than that of a single electrode,when the two behave indepen

dently,i.e. when there is no correlation between the two signals. 

Rather than addition of standard deviations an addition of varian

ces has to be applied in such a case. 

On the other hand,with full correlation between the two electro

des a summation of amplitudes,that is of standard deviations,has 

to be expected. In that case a two times larger noise for the two 
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times larger area is found in the given example. Thus ,depending on 

conditions a proportionality of noise with area or with the square 

root of the area may be found. 

Some kinds of noise may lead to correlation between the various 

parts of an electrode surface. Examples are the contributions due to 

fluctuations in the concentration of an electroactive substance in 

the carrier stream,temperature fluctuations,etc •• However,when detec

tion limits are approached and proper operating conditions are 

chosen so as to avoid large background signals and thermal instabi

lity,the noise contribution of the electrode itself is likely to be 

the predominant contribution. On first consideration an independent 

behaviour,uncorrehlte'"d noise ,would be expected for distinct electrode 

sections. This would lead to a square root dependence of noise on 

area.Nevertheless,in general a direct proportionality is observed.An 

important objective of this work is to clarify these matters,with 

the idea that a good understanding of the origin of noise may indi

cate ways to further improvement. 

THEORETICAL 

It is assumed that it is possible to exclude all external effects 

by sufficient isolation of the whole system from electrical,thermal 

and other influences. When also the working electrode has stabilised 

sufficiently,we can restrict ourselves only to the voltage and cur

rent noise sources present in the system itself.Wh~~ follows is an 

analysis of the effect of various noise sources on the output volta

ge,which is a representation of the current flowing through the wor

king electrode.A schematic circuit,as given in fig. I ,allows such 

calculations,which are carried out with the usual electric circuit 

laws, e.g. using complex alternating current formalism. 

The following assumptions are made: 

1. The various noise sources are independent; the variances caused 

by them are additive. 

2. No current flows through the reference electrode so the impedan-

ce of the latter can be neglected. The potential applied by the 
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FIGURE 1 Simplified representation of the cell and the electronic 
circuits of the potentiostat and current amplifier. Cell: we: working 
electrode; ref:reference electrode; aux:auxiliary electrode.Potentio
stat amplifier circuit: P.A.:potentiostat amplifier; R:potentiometer 
for adjustment of cell potential.Current amplifier circuit: C.A.: 
current amplifier; Rf:feedback resistor; Cf : feedback capacitor for 
low pass filtering. Current noise sources:in p ,in we and in c 
generated by the potentiostat amplifier,the wo~king electrode ana 
the current amplifier respectively.Voltage noise.sources: en,app , 
en ,en ref and en c generated by the potent~al source,the po
te~~iostat amplifier :the reference electrode and the current am
plifier respectively. 

potentiostat ,which is the potential difference between referen

ce and working electrode,therefore accurately represents the 

potential difference between working electrode and liquid. 

3. No large potential differences occur in the liquid. 

4. For small voltage and current fluctuations for which the system 

can be considered as linear,the impedances are located at or 

quite near to the electrodes. This assumption is based on the ob

servation (see Results and Discussion) that measured cell resis

tances are much larger than those calculated from the specific 

resistance of the carrier. 
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5. The linear system behaves ideally in the sense that deviations 

due to finite open loop gain of the amplifiers can be neglected 

at the frequencies of interest. 

The current and voltage noise generated by each part of the sys

tem are accounted for by insertion of parallel or series sources in 

the system respectively,as is shown in fig.I.This is a standard 

method in the noise analysis of electronic circuits. The sources will 

be described alternatively as a function of time or frequency: 

i k(t) and e k(t) or i k(W) and e k(w) in which i is currrent, n, D, n, n, 
e is voltage,n refers to the noise component,k identifies the ele-

ment generating the noise (electrode or amplifier),t is time and W 

is angular frequency. The various noise sources given in fig.I will 

now be discussed. 

a) !h~_E2!~g!!2§!!!_~!!f!~_!g~_!h~_£~!~g!_~1!i!~! 

These contribute voltage noise,e and e ,respectively and 
n,p n,c 

current noise i n,p and i respectively.However,the reference n,c 
to have a low impedance and i can be ne-n,p electrode was assumed 

glected because it is short-circuited. 

b) !h~_~2!~!gg_~1~£!!2~~ 

Its voltage noise will be neglected,because it cannot be dis

tinguished from the current noise in potentiostatic operation. 

The working electrode contributes current noise, i ,e.g. n,we 
due to chemical processes taking place at its surface. 

This contributes voltage noise,e f' e.g. due to fluctuations n,re 
in the temperature,the chemical equilibrium of the half raction 

AgCl + e + 
+ Ag.. + Cl , etc •• The current noise of this 

element will be neglected as the impedance of the electrode was 

assumed to be very low. 

Both voltage and current noise of this electrode will be ne

glec~ed because these effects are eliminated by the potentiostat 

amplifier. 



2236 VAN ROOIJEN AND POPPE 

The potential difference between the working electrode and the 

liquid is: 

E + e + e + e app n,p n,ref n,c (1 ) 

where t. E is the potential difference and E app is the applied poten-

tia1.As E app may also display noise of magnitude e , due to n,app 
insufficient stabilisation of Eapp ' the fluctuations in E will 

amount to 

(2) 

The varying potential difference between the working electrode and 

the liquid leads to fluctuations in the current through the working 

electrode,the magnitude of which depends on the impedance of this 

electrode. 

Baseline noise is especially important when very low concentra

tions are to be measured. When also sufficient precautions are taken 

to prevent the presence of electroactive contaminations in the 

carrier the current is small;the slope in the voltammogram is also 

small and the resistive part (lif the conduction can be neglected. Under 

these conditions the electrode behaves as a pure capacitor,which 

is of the order (see Experimental) of a few hundreds ~F/cm2 .This 

means that a capacitive current, iC ' results: 

C we 
d 

(3) 

The output voltage of the current amplifier will contain a noise 

component ,e t' which can be calculated to be: n,ou 

Rf{Cwe ~(e (t) + i (t) + i (t)} + e (t) dt n,tot n,we n,c n,c 

where Rf is the value of the feedback resistor in the current 

amplifier circuit. 

The last term in eqn (4) can be made negligible by choosing a 

large value for Rf.Insertion of a value of 100-400 ~F/cm2 for the 

capacity and a few ~V for e suggests that the first term of n,tot 
eqn (4) may be responsible for a substantial part of the noise ob-

(4) 

served at the detector output.High frequency noise contained in 

en,tot is especially amplified because of the derivative in eqn (4). 

In all electrochemical detectors this effect is diminished by the 
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application of low pass filtering with a feedback capacitor C
f 

(see 

fig.I),or by means of filtering in subsequent amplifier stages. 

The effect of such measures is more easily represented in the 

frequency domain. For filtering with Cf it follows: 

e (w) = (.! + jwCf)-I{jwC e t t(w) + i (w) + i (w)} (5) n,out Rf we n, 0 n,we n,c 

where j2 = _\ 2 The total variance in the output voltage, 0v ' ,out 
which is the mean square value of e n,out can be found from equa-

tions such as (5) by applying Parseval's theorem (IO).This leads 

to an integration in the frequency domain and the noise power 

spectra of the contributions in eqn (5) should be known. However , 

without performing this task in all detail we can derive in this 

way that: 

0
2 
V,out + 

-:2 
1-n,we + 

where c
1 

' c
2 

and c
3 

depend on the spectral characteristics of 

noises and filters and the upper bars refer to mean (square) 

values. 

(6) 

It can be seen from eqn (6) that the capacity of the electroche

mical double layer of the working electrode,Cwe ' which we shall 

indicate as "cell capacity" ,is at least partly determining the 

noise at the detector output.By mounting various electrodes having 

different values for the cell capacity and measuring the resulting 

noise at the output,relation (6) can be verified experimentally. 

The cell capacity can be estimated e.g. by measuring the charging 

current resulting from a small potential step E~ applied via the 

potentiostat.The capacity is: 

C we E~ 

t 
J i(t) dt 
o 

(7) 

Our interpretation of the cell capacity obtained in this way is 

that it resides mainly in the interface between solution and wor

king electrode.It may be partly associated with redox and adsorption 

desorption phenomena,and its interpretation as the capacity of the 

double layer may therefore be questioned.However,for the present 

discussion this is not of great concern provided the cell response 
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is the same,on the time scale used,as that of a real capacitor of 

a suitable value (which might be bigger than the capacity of the 

interface due to the phenomena referred to).The effect on the out

put noise would be still described by eqns (5) and (6),with inser

tion' .<lif the effective value for ewe ,measured by the experiment in

dicated.As is reported under Results and Discussion,the current 

response in this experiment was as fast as could be observable 

under the experimental conditions.We therefore believe that the 

modelling of a probably complicated set of phenomena by one capa

citor is adequate for our purpose as a first approximation • 

From eqn (4),it can be~that a relationship should exist be

tween the instantaneous values of the noise voltage at the out-

put,e t' and the potentials of working and reference electrodes. n,ou 
Such relationships can be studied (11) by measuring the auto- and 

crosscovariance functions between the potentials at the electrode 

terminals on the one hand and the output signal on the other hand. 

The expression for a autocovariance function ~xx of a signal 

x is : 
1 T 

lim ~ f x(t) X(t+T) dt 
T-+= 0 

(8) 

in which T is the measuring time and T is the time delay.For T= 0 

the autocovariance function is equal to the variance (12). 

The expression for the crosscovariance function ~ of two xy 
signals x and y is: 

lim 
T-+<x> 

T 
~ f x(t) y(t+T) dt 

o 

A correlation coefficient,p(T) , can be defined: 

P (T) -! 

For all T it holds: 

peT) < = 

(9) 

(10) 

( 11 ) 

If the equality applies, p(T)= ~1 for some value of T, both 

signals x and yare completely correlated;the one is a time shifted 
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version of the other.If p(,) o for all , both signals are com-

pletely uncorrelated.This means that there is either no relationship 

at all ,or such relation is strongly non-linear. Intermediate 

values indicate a partial correlation,in combination with other, 

uncorrelated influences. 

EXPERIMENTAL 

A coulometr~c detector (775 LP ,Kipp Analytica,Emmen,Holland) 

and an amperometric detector (LC-4A.Bioanalytical Systems,West 

Lafayette ,Indiana, USA) were used. Both electrochemical cells were 

operated with the supplied potentiostat and amplifier electronics. 

The smallest time constants were used, 0.1 and 0.5 seconds for the 

coulometric and amperometric detector respectively. The design of the 

cells and the electronic circuits have been described elsewhere 

(2,13),although some alterations in both systems have been applied 

since then. 

In order to minimize power frequency pick up as much as possible, 

the systems were built up step by step.After the addition of each 

successive component,the output signal was examined with an oscillo

scope,paying special attention to power frequency, 50 Hz in our 

case. First the electronics were examined,next the cell was connected, 

and then the solvent delivery system was connected to the cell.The 

last step,especially the connection of the metal parts,appeared to 

be the most important cause of power frequency pick up. Solvent was 

delivered by a hydrostatic syphoning system consisting of two glass 

solvent containers,connected via 1/16" teflonR tubing, 0.5 mm i.d. 

A stainless steel stopcock,two low dead volume unions positioned 

directly at the inlet and outlet of the cell and a restrictor, 

10 m teflonR tubing, 0.25 mm i.d. ,connected with a union at the 

outlet of the cell completed the system. 

The solvent delivery system was completely shielded electrically 

by means of metal tubing and aluminium foil.The cell with the unions 

and the stopcock were placed under a dewar vessel,serving the dual 

purpose of faradaic cage and thermal insulation. Sudden fluctuations 
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in air humidity could also be avoided in this way.AII metal shiel

ding parts were connected to a single grounding point at the groun

ding strip of the power connection. These precautions reduced the 50 

Hz component in the output significantly.Additional reduction was 

obtained by connecting the unions near the cells via a capacitor 

of 500 ~F to ground. This of course can only be applied in the 

case of potentiostatic operation. 

After the system proper had been insmlled in this way,measuring 

instruments needed for this work were connected,avoiding ground 

loops as much as possible and carefully observing the effect of 

each addition on the signal.Residual power frequency pick up could 

be eliminated by using passive custom made 50 Hz filters. 

For the analysis of signal fluctuations at various points in the 

system the following instruments were used: 

Correlator:Hewlett Packard,model 3721 A,West Lothian,U.K. 

Oscilloscopes:Advance Instruments,model as 1000 and as 1000A, 

Hinault,U.K. 

Preamplifier:Princeton Applied Research,model 113,Princeton,N.J., 

USA. 

DC Amplifiers:Knick,model A3,Berlin,G.F.R. and Philips,model PM 5170 

Eindhoven ,HoI land. 

Recorder:Siemens,model Kompensograph III,Karlsruhe,G.F.R. 

Precision voltage source:Knick,model S 16,Berlin,G.F.R. 

The time integral of charging currents could be measured with an 

integrator,Autolab System I,Spectra Physics,Santa Clara,Cal,USA. 

Cell impedances were measured with a conductivity bridge,Philips , 

model RR 9500,Eindhoven,Holland. 

Potassium chloride (SuprapureR,Merck,Darmstadt,G.F.R.) and 

glacial acetic acid (Baker Chemicals b.v.,Deventer,Holland) were 

used to prepare the solvent, 0.1 M in acetic acid and 0.01 Min 

potassium chloride.The pH was 2.75.The solutions were prepared in 

double distilled water and filtered through 0.8 ~m MilliporeR 

filters before use. 
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RESULTS AND DISCUSSION 

During our work we confirmed the observation by Fenn (6) that 

temperature changes near the cell induce drift.In electrochemical 

detectors both silver-silver chloride (2,3,6,13,14) and calomel 

electrodes (6,8,15,16) are used as a reference electrode.The tem

perature coefficients of their potentials are -1 mV/oC (17) 

and -0.3 mV/oC (18) respectively.Apart from the direct effect 

via the working electrode, the reference electrode may therefore 

also be involved in the temperature sensitivity. With the coulometric 

detector,we found that air humidity changes also cause drift.We 

could trace this to conduction between the electrodes at the outside 

of the cell. The long term stability was improved when the cell was 

placed underneath the dewar vessel. 

Stabilisation drift was observed after applying the potential 

to the cell and after potential changes.It was already reported 

by Kissinger et al. that especially for a freshly mounted working 

electrode the stabilisation process takes several hours (3-5). 

Accepting a drift of 1 % full scale per minute we found that at 

a full scale sensitivity of 100 nA for the coulometric detector 

and of 0.5 nA for the amperometric detector this process took 

three hours.An electrode which has been in use for some days 

stabilises faster after switching on the potential and eventually 

one half hour is sufficient.The procedure of injecting a standard 

a few times as suggested in the Bioanalytical Systems operations 

and service manual did not influence the stabilisation time notice

ably.This problem has not yet been solved. 

In a previous paper (7) we discussed the decrease of the response 

of the working electrode after deactivation. This time-dependent be-
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haviour also applies to the electrochemical reactions of the back

ground electrolyte which are responsible for the background current. 

We observed that repeated injection of a deactivating agent or the 

addition of the latter (7) to the background electrolyte resulted 

in a continuous decrease of the background current.The electrochemi

cal method for restoring the electrode activity proposed in ref.(7) 

can partially abate deactivation problems. 

With the precautions as described under Experimental power 

frequency pick up usually was not a problem as long as the signals 

were displayed on a strip chart recorder. This is in accordance with 

the strong rejection of mains frequency signals by most recorders 

of good quality.In a few cases we observed that the amperometric 

detector was in an overload mode at sensitivities of 5 nA/V or 

lower,while the absolute value of the background current certainly 

could not be out of range.In such cases overload was caused by power 

frequency signals.For the experiments to be described it was 

essential to reduce these interferences further,because very high 

total amplification were needed and overload of later stages other

wise would occur. The amplitudes at 50 Hz measured at the output 

with the precautions described ranged from 1.3XIO- 1 to 10-2 nA for 

the amperometric detector and from 20 to 1.5 nA for the coulo

metric detector.In some case it was necessary to insert the 50 Hz 

filters. 

The cell capacity was measured as described under Theoretical.Po

tential steps between 5 and 50 mV were applied after stabilisation 

at 400 mV.Usually the integrator terminated integration after 2-5 

seconds.With the same electrode the peak-to-peak noise was measured 

from the trace on the recorder. 

In fig.2 these values are plotted. The following electrode mate

rials have been used: 

Au I and Au II: polished gold electrodes 

Pt I and Pt II: polished platinum electrodes 
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FIGURE 2 Relationship between the peak-to-peak noise and the cell 
capacity for different electrode materials.C~ulometric detector e

('quipment;surface area of the ele·ctrodes 3 cm . 

GCL I and GCL II: polished glassy carbon electrodes,material from 

Le Carbone Lorraine,grade V 25 (ref.l7) 

GCT polished glassy carbon electrode,material from Tokay Man.Co., 

grade GC 10 (ref.17) 

GCL II: scoured glassy carbon electrode ,material from Le carbone 

Lorraine,grade GC 25 (ref.17) 

The relationship between the output noise and the capacity 

appears to be linear.It should be noted that in this experiment the 
2 surface areas of the electrodes were the same,equal to 3 cm .The 

differences in capacity are therefore related to differences in geo

metrical or chemical structures of the surfaces.Therefore we believe 

that the increase of noise levels observed for the high capacities 

in fig.2 is intrinsically related to the high capacity,also because 

a nearly perfect linear relation is observed.Also,an alternative 
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explanation, assuming that the noise is predominantly of faradaic 

nature would require to assume that the activity of the electrode or 

the noise generation in a faradaic process would be proportional to 

capacity. 

As can be seen from fig.2,the rougher surface of the GCL II elec

trode leads to a considerably higher capacity and noise level,in

dicating the importance of proper electrode preparation procedures. 

Microscopically it can be observed that the surface of glassy car

bon contains many pores, leading to enlargement of the electrode sur

face exposed to the liquid. This may explain why this material in 

general yields higher noise levels than do :gold and platinum, 

which have a smoother surface.a.lthough carbon',paste was not included 

in this study we generally observe smaller noise levels with this 

material as well. 

The relationship between the geometric surface area,cell capa

city and noise level was studied also by using spacers of varying 

slit areas. This yielded the result that these three parameters are 

in proportion for a given electrode material.Contrary to the 

experiment of fig.2 this does not allow to distinguish between 

capacitive and faradaic sources of noise. 

In order to corroborate further the results obtained,auto- and 

crosscorrelation functions were measured.In our opinion this would 

give more direct evidence of the contribution of voltage noise 

via the cell capacity ,because such measurements show the corre

lation between two parameters in the most direct way. 

As the correlator needs relatively high.,.input levels,each voltage 

to be studied was amplified by two amplifiers in series.The signal 

was also visualised on an oscilloscope in order to ascertain that 

random noise was predominant. 

For the coulometric detector the results for the autocorre

lation functions are presented in fig.3.For L = 0 the characteris

tic values are: 

0v 1.6 ~V for the working electrode connection, 

0v 7.0 ~V for the auxiliary electrode connection, 
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cr. 
l. 

2.3 ~V for the reference electrode connection and 

0.2 nA for the detector output. 

Note that,contrary to what has been done in eqns(4-6) , the detector 

output parameter is expressed in current units. This was done in 

order to avoid confusion due to varying attenuator settings. 

The crosscovariance functions of the signals measured at the 

same connections of the electrodes,with the output of the detector 

are shown in fig.4.These curves have the shape of a peak, rather than 

that of the first derivative of a peak,with positive and negative 

excursions,as would be expected from the derivative operator in 

eqn (4). However,this operator cancels with integrating operations 

on the signal in the subsequent parts of the measuring chain, such as 

the low pass filters in the detector electronics and in the 

additional amplifiers used in our ex~eriments.ln the maximum of the 

crosscovariance functions we found the following values for <p and P: 

working elec~rode-output <Pmax = 2x1O- 16 VA Pmax 0.63 

auxil.electrode - output <Pmax IX10- 15 VA Pmax 0.07 

refer. electrode -output <Pmax 2.7xIO-16 
VA;Pmax 0.59 

These values indicate that the voltage noise at the electrode con

nections contributes significantly to the current noise observed at 

the output. The contribution from the auxiliary electrode appears to 

be an order of magnitude smaller than that of the other ones,which 

is not surprising because the circuit point is within a electronic 

feedback loop. 

Similar measurements were carried out with the amperometric 

detector. With the amplifiers available it was impossible to measure 

the autocovariance functions at the working and auxiliary electrode 

connections;the fluctuations were too small compared to the noise of 

the best amplifier available (PAR 113).For T= 0 the standard devia-

tions were less than 0.1 ~V. The noise of the current amplifier 

(measurable with disconnected working electrode), i 2 ,(see eqn(6» 
n,c 

and:;that of the potential source, ;Z app , were also small compared 

with the other signals. From the autocovariance functions measured 
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FIGURE 4 a,b,c Crosscovariance functions measured between the detec
tor output of the couloll\etric detect'or and the signals present at 
a the reference electrode,b the working electrode and c the auxiliary 
electrode.At the right hand side of the curves the detector output 
signal is delayed. 
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at the reference electrode connection and the detector output we 

found,for T= 0 , that 0v 9 ~V and 0i = 2.2xIO- 11 A respect-

ively.The crosscovariance function of these two signals had a maxi

mum value of 2.3XIO- 16 VA. Therefore the correlation coefficient ac

cording to eqn(IO) , p , is close to unity. This indicates that the 

voltage noise present.at· the reference electrode connection has 

a significant effect on the noise in the output signal.A correla

tion coefficient unity means that the reference elctrode signal is 

virtually completely responsible for the noise. 

According to these results eqn(6) may be considerably simplified 

for the amperometric detector. The voltage noise factor ;Z is n,-tot 
virtually equal to the contribution of the reference electrode, 

e 2 ,because the other contributions were too small to be measur-n,ref 
ed,and the current contributions in eqn(6) can also be neglected; 

the amplifier noise, iZ ,was measured to be small and the working 
n.c 

electrode contribution, iZ ,is probably also small because the 
n.we 

nearly complete correlation found in the crosscorrelation experiment. 

Therefore eqn(6) becomes: 

0
2 
V,out (12) 

or in current units and taking the square root: 

in which c 1 
units, C' 

we 

'2 !' 
01 (e f) C Ael n,re we ( 13) 

replaces c 1 when the output is expressed in current 

is the capacity per unit area of the working electrode 

material under the chosen conditions,Ael is the electrode area and 

S summarizes the proportionality between electrode area and noise 

and is a constant for a particular combination of electrode material, 

voltage noise level and filter settings. 

Equation (13) is also useful for more complicated cases,such 

as that of the coulometric detector used in this work, be it that 

other voltage noise sources may also contribute to S . 
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As an additional check on the validity of the approach taken in 

this work we wanted to ascertain that a system which accurately con

forms to the adopted model for the cell and amplifiers would respond 

as can be expected on the basis of this model.We therefore simulated 

the electrical properties of the cell.incorporating the observed 

values of the cell capacity and the cell resistances in the simulat

ion (19).With this some of the experiments described above were re

peated. 

The cell resistances were measured on the real cells using a 

frequency of 1000 Hz on the conductivity bridge.We assumed that at 

this frequency the cell capacity will not give a significant contri

bution to the observed impedances.The results are given in table 1. 

In a simulation these values can be duplicated by means of a net

work consisting of resistors.for which we took a triangular one. 

The cell capacity was introduced in the simulation by insertion of 

a capacitor in series at the working electrode terminal. 

We first checked whether the the method for estimation of the 

cell capacity was correct.The method was performed in the same way 

as was done with the real cells.with capacitors of 50 and 166 ~F. 

The experiment yielded the right values for these capacities. 

The noise at the detector output was also measured as was done be

fore. with the 166 ~F capacitor.The value obtained fits nicely into 

TABLE I 

Cell Impedances of the Electrochemical Cells.Measured at a 
Frequency of 1000 Hz 

Coulometric Cell 

WE - REF 

REF- AUX 

AUX- WE 

13 k 

12 k 

4.5 k 

Amperometric Cell 

WE - REF 

REF - AUX 

AUX - WE 

300 k 

18 k 

300 k 

WE: working electrode; AUX: auxiliary electrode; REF: reference 

electrode 
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would consist in an attempt to decrease the factor a • As this is 

proportional to the capacity per unit area of the electrode in the 

carrier solution,careful selection of electrode material,while re

taining the activity in electrochemical conversions of analytes, 

may lead to improvements.In the screening and development of elec

trode materials more attention should be given to the capacity 

these materials have per unit area. 

The factor a is also proportional to the voltage noise,intro

duced via the reference electrode or otherwise (the term e 2 t t __ n, 0 

or e 2 in eqns (6) and (13) respectively).A thorough examin-n,ret 
ation of reference electrodes and amplifiers with respect to their 

contribution to voltage noise appears to be important. 

A next approach is of course the optimisation of the signal, 

while keeping the electrode area as small as possible. The signal 

can be expressed as: 

i s F n F c. Y 
c 1 

(14) 

where Fc is the flow rate,n is the number of electrons,F is the 

Faraday,ci is the concentration of analyte i and Y is the electro

chemical conversion yield. 

As all factors in eqn(14) can be considered as constants except 

Y,the expression for Y ~s a function of cell geometry in the la

minar flow region (the case of interest for analytical work) should 

be considered. The most general expression is given by Lankelma and 

Poppe (13,20) as: 

Y - exp(-Sh D Ael / 2 Fc d ) (15) 

where D is the diffusion coefficient and d is the layer thickness. 

Sh is the (dimensionless) Sherwood number,which describes the mass 

transfer.For not too low values of the argument in eqn(15) this is 

equal to 4.86;for lower valuesthe graphs given by Stephan (20) for 

infinite Schmidt number can be used. These then give results which 

are virtually equal to those obtained with the Leveque expression, 

(21,22) and Which involve a proportionality of Y with the length 
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to the two third power,which is equivalent to A2/3 when the elec
el 

trode width is constant. 

The minimum detectable concentration c i of the analyte is ob

tained by division of the eqns (14) and (13).Leaving out the factor 

8/n F ,which is now considered to be constant,and inserting a factor 

3 for statistical confidence leads to: 

c. 
1. 3 Ael/Y F c 

For a value of the diffusion coefficient of 10-9 2 -I 
m s and a 

(I6) 

flow rate of mllminute,this expression was calculated. The results 

are given in fig.6 • At high values of Ael ,the coulometric region, 

the detection limit increases with area.In that range the additional 

area generates more noise,but adds nothing to the signal because the 

i 

0.01 0.1 10 100 

FIGURE 6 The geometry-dependent factor in the expression for the 
detection limit, 3A llF Y (eqn(16» as a function of the area of 
the electrode for l~qui& film thicknesses of 25,50 and 100 ~m. 
Electrode width is assumed to be equal to channel width. The parts of 
the curves at the left hand side of the stars are based on extra
polated Sherwood numbers (ref.20). 
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solution is already fully depleted.The curves move smoothly into the 

range where signal is proportional to Ae12/ 3 .This is the ampero

metric region. 

It is tempting to look for conditions where Sh is large,as was 

done by Weber and Purdy (23) and Hanekamp and Nieuwkerk (24) , 

which occurs for small areas and small film thicknesses.In both 

papers it was pointed out that a decrease of the area should be 

accomplished via the electrode length ,not the width.However,drastic 

changes in Ael ' and thus of absolute current levels,would be needed 

for a moderate reduction in ci,as the latter decreases with a one 

third power of Ael.We therefore believe such an attempt would not 

be very succesful.Amplifier current noise soon would predominate. 

A more substantial (power 2/3) improvement can be obtained by 

the use of smaller film thicknesses.,because the absolute value of 

the current may remain sufficiently large to avoid electronic mea

surement ,oise problems. The improvement when going from 100 to 25 

vm thickness is illustrated in fig.6.The most important obstacle 

while going into this direction appears to involve the mechanical 

problem of avoiding leakages and short-circuiting as a result of 

machining imperfections and increased pressure build up in the cell. 
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SUMMARY 

The compatibility of gradient elution and reversed phase 

ion-pair partition systems combined with electrochemical and 

fluorometric detection has been investigated. The phase 

buffers with perchlorate counter-ions 

tri-n-butylphosphate as stationary 
of pH and counter-ion gradients. It 

of gradients is time saving and 
favourable with respect to detection limits and (ii) dual 

electrode detection may offer a solution to the proble~ of 

system consisting of 

as mobile phases and 

phase allows the use 

appeared that (i) use 

gradient-induced baseline shifting in electrochemical 
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detection. Native fluorometric detection allows the 
monitoring on nanogram level in gradient runs. The method 
described is applied to biological samples, i.e. rat brain 

tissue (striatum). 

INTRODUCTION 

The determination of biogenic amines. precursors and 

metabolites with HPLC techniques combined with 

electrochemical detection has become increasingly important, 

since the selectivity and the sensitivity of this 
combination allows the separation and detection of a number 

of such compounds in the subnanogram level (1-3).The 
compounds of interest often have diverse characteristics in 
the now commonly used reversed phase systems. Dependent on 

the solutes studied, run times may be lengthy, which hampers 
the application for routine analysis requiring short run 
times and a high throughput of samples. Besides. high values 
of the capacity ratios results in unfavourable detection 

limits. as can be concluded from equation (1). 

(1) cm 
i,max I/2IT (1+k')V m 

where c~ is the maximum outlet concentration of compound l,max 
i, m

i 
number, 

is the injected amount, Ni is the theoretical plate 

k' is the capacity ratio and Vm is the volume of the 
mobile phase in the column. 
There are several ways to 
the so-called High Speed 

sizes resulting in highly 

speed up analysis. Application of 
systems using smaller particle 
efficient columns allows the use 

of shorter columns with smaller void volumes V
m

, which in 

practice is partly counteracted by the commonly increased 
inner diameters, necessary for a reasonable loading capacity 

of the column. However, introduction of larger sample 
volumes is limited, especially in isocratic runs (4,5). 
Another way to speed up analysis is to make use of gradients 

during the chromatographic run. The effect of gradients on 

the detection limit is twofold: (i) improvement of the 
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maximum outlet concentration, caused by peak compression 
during the run, which is favourable and (ii) increase of the 

baseline short term noise and longterm noise (shift), which 
is unfavourable for the detection limits. Besides, with 

respect to analysis time one should realize that gradient 
elution demands a regeneration time for the column, which 
must be taken into account for the total analysis time. 

Increase of the baseline noise is a severe drawback of the 

use of gradients with electrochemical detection, which is 
caused by the high sensitivity of electrochemical detectors 

towards changes in the composition of the mobile phase 

especially with respect to pH and ionic strength and only to 

a slight extent (6-8) with respect to the modifier 

content.For the reasons mentioned above, most workers prefer 
isocratic conditions for their analyses, especially if trace 

level analysis is required.However, there are some 
interesting possibilities to correct for this baseline shift 
in gradient HPLC: (i) correction by means of the method of 

background subtraction, which has some drawbacks, since it 
demands a highly reproducible gradient system and a system 
to store blank runs, while increasing the effective runtime, 

because of the need for blank runs, (ii) the use of a dummy 
system with identical characteristics as the measuring 
system (9) and (iii) the use of dual detection systems in 

which the two working electrodes are placed in series 
towards the flow direction (6). 
We studied the applicability of the latter mode of 
correction. Changes of current occurring during the 

chromatographic runs can be caused by several processes 

(2) 6itot = Aif,analyte + Aic+f,grad 

with i tot is the total current, if,analyte is the faradaic 

component caused by the analyte and ic+f,grad is the 
component caused by the gradient, which component can 

include both faradaic and charging currents. The problem is 

to distinguish between if 1 t and i +f d. This can be ,ana y e c ,gra 
achieved by applying the same potential to both working 
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electrodes 
downstream 

(6,10) 

detector 

and 
from 

subtracting the 

the signal 
signal 

of the 
of the 

upstream 
detector. In this way the downstream electrode or so-called 

shift-detector, is used to follow changes in the mobile 

phase. 
Two types of electrochemical detectors can be taken into 

account, viz. 
Supposing that 

that both 

the coulometric and amperometric detectors. 

Ai grad is only caused by charging current and 

cells have similar electrochemical 
characteristics, this contribution to the total current i tot 
is the same for the upstream and downstream detector, and 

the differential signal is therefore corrected for gradient 

effects. In practice Ai grad also includes a faradaic current 

resulting in only a partial correction for dual coulometric 

cells but in principle complete correction for amperometric 
types (6,8). However, in dual coulometric detection systems 

if,analyte 
in the 

at the downstream detector is negligible and so 
differential signal information concerning the 

analyte is not attenuated. 

It is also possible to apply different potentials to the 
working electrodes whereby the shift detector has a 

potential lower than the half-wave potential of the 
compounds of interest assuming that the shift 
characteristics are similar at different potentials. 

EXPERIMENTAL 

Apparatus 

The liquid chromatograph consisted of a high-pressure 

gradient system (Sp 3500B, Spectra Physics, Santa Clara, CA, 

U.S.A.) equipped with thermostatted eluent reservoirs, a 
thermostatted stainless steel column (100 x 3 mm I.D.) and 

different detection systems. The amperometric detection 

system consisted of a so-called wall-jet detector cell-unit 
(E.D.T., London, U.K.) coupled with a potentiostat (E-230, 

Bruker, Karlsruhe, G.F.R.). The detector cell was modified 
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by replacement of the 

home-made saturated 
Ag/AgCl reference electrode by a 
calomel electrode. The (dual) 

coulometric detection system including a guard cell, placed 

between the dynamic mixer of the gradient system and the 

injector, consisted of a 

with a dual potentiostat 

dual detector cell-unit coupled 

(Coulochem, Model 5100A, ESA, 

Bedford, MA, U.S.A.). The fluorometric detector was a double 

monochromator type with 150 Watt Xe-source (SFM 23 LC, 

Kontron, Zurich, Switzerland). Chromatograms were registered 
with flat-bed recorders (BD-8, Kipp & Zn., Delft, The 

Netherlands). 

Chemicals and Materials 

The compounds used as chromatographic reference substances 

are listed in Table I. All other chemicals and solvents were 
of analytical or reagent grade and were used without further 
purification except for water which was purified by a 

Milli-Q Water Purification System (Millipore, Bedford, MA, 

U.S.A.). The chromatographic support material was Nucleosil 

C-8, 5 ~m (Macherey-Nagel, Duren, G.F.R.). Columns were 

packed by means of a slurry technique described elsewhere 
(11) • 

The constituents of 
tri-n-butylphosphate 

use. 

the mobile phase were saturated with 

(Aldrich, Milwaukee, WI, U.S.A.) before 

Columns were loaded with tri-n-butylphosphate (TBP) in situ 
as described elsewhere (4,5). Thus a liquid-liquid reversed 
phase system was built up with TBP saturated buffers as 
mobile phases and TBP as stationary phase. 

Chromatography 

The capacity ratio kl was determined from its retention time 

tRi and the retention time of an unretained compound t RO ' 
for which potassium iodide was used. 
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THEORETICAL 

TABLE I STRUCTURAL TYPES OF INTEREST 

m COOH 

HO 0 
NH 

The compounds of interest can be divided in amines, acids, 
amino acids and neutral compounds (see Table I). Each group 

has its own distribution characteristics between the two 
liquid phases. Taking into account a possible ion-pair 
dissociation in the organic phase (8), the distribution of a 
protonated amine (BH) with perchlorate (X ) as counter-ion 

can be described as follows (4,5) : 

Kex 
BH:q + X~q + n 8org:;'==~> BHX8n ,org 
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K 
BHXS diss. BHS+ + X-

org n,org' n,org 
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From these equations an expression can be derived describing 

the distribution of amines 

Kdiss 

[X-]org 

Equation (6) gives the distribution for un acid HA 

(6) K + __ a_ 
[H+] 

where KHA is the partition coefficient of the undissociated 
acid and Ka the acid dissociation constant. Combining 
equations (5) and (6) an expression for the distribution of 

an amino acid ion-pair can be derived 

(7) n ( Kdiss ) Ka )-1 
Damino acid = Kex[X-] [S]org 1 + (1 + -+-

[XJorg [H ] 

where K is the acid dissociation constant of the carboxylic 
group of the amino acid. 

From equations (5), (6) and (7) it can be concluded that, 
depending on the physico-chemical properties, the capacity 

ratios can be influenced by the counter-ion concentration 
and/or the pH of the mobile phase. The retention of neutral 

compounds can be influenced only by adding an organic 
modifier to the mobile phase. 

RESULTS AND DISCUSSION 

Chromatography 

In figure a typical chromatogram of a test mixture of the 

13 reference substances under isocratic conditions is given. 
Although the compounds are well separated, it will be clear 
that this type of chromatography is rather time-consuming 

and that for the more retained compounds the dilution during 
the chromatographic process is considerable. The analysis 

time can be shortened by increasing the flow-rate. However, 
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2 6 

7 

13 

o 10 20 30 40 50 .... mln 

Fig. 1. Separation of the test mixture under isocratic 
conditions. Perchlorate concentration 0.2 m, pH 2.15, 
temperature 300 K, coulometric detection +700 mV. 
Compounds: 1. MOPEG; 2. A; 3. NA; 4. DOPA; 5. VMA; 6. DA; 7. 
TYR; 8. 5-HTP; 9. HVA; 10. DOPAC; 11. 5-HT; 12.TRP; 13. 
5-HIAA. 
Injected amounts: 150 - 520 pmole, except for 5-HIAA: 1270 
pmole. 

because of pressure 

certain extent and 

limits (see eq. (1)). 

limitations, this can only be done to a 

even leads to less favourable detection 

Application of gradients is a better way to solve this 
problem, although a regeneration time for the column is 
necessary. In principle there are three basic parameters to 
influence the retention, i. e. the pH, the counter-ion 
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concentration and the modifier content of the mobile phase 

(12,13). Obviously 
raise to stability 

be stripped off. 

the use of modifier gradients can give 
problems because the stationary phase can 

Therefore, we studied only the pH and 

counter-ion gradients. 
In order to get insight into the retention behaviour of the 

compounds under gradient conditions and to optimize the 
gradient, the influence of the counter-ion concentration and 
the pH of the mobile phase was investigated separately. 

In figure 2 the dependence of the capacity ratios on the pH 

is given. According to equations (6) and (7) the slope of 

the log k' vs. pH plot amounts to about -1 for pH values 

above the pK value of the acids and amino acids. 

In figure 3a,b the relation between the capacity ratios and 

the perchlorate concentration in the mobile phase is given 

for pH 2.25 and 6.00. As can be derived from equations (5) 

and (7) the capacity ratios of the amines and the amino 
acids should be proportional to the counter-ion 
concentration, which is confirmed by the experimental data. 
It should be noted thar for amines the same value for the 

capacity ratio 

concentration at 

is expected for the same counter-ion 

both pH 2.25 and 6.00. However, as is 

demonstrated by the plots in figure 3, the capacity ratios 
of the amines slightly increase with raising pH of the 

mobile phase, a phenomenon that has been observed before 

(4,5). This indicates that the net effect of decreasing the 

perchlorate concentration is less than expected, if the pH 

is raised simultaneously during the gradient. The dashed 
lines represent the linear interpolation between the initial 
and final conditions of the optimal gradient used in our 

experiments. From the slope of these lines it can be 
concluded that the pH is more effective than the counter-ion 
gradient. In figure 4, which shows the chromatogram of a 9 

minutes linear gradient, this effect declares itself 
obviously (see peaks 12 and 13). Notice that the 

concentration of 5-HIAA (peak 12) in the test mixture for 
the gradient is decreased three-fold with respect to the 

mixture used in the isocratic run. The time, needed for 
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Fig. 2. Influence of the pH of the mobile phase on the 
capacity ratios. 
Perchlorate concentration: 0.10 M, temperature 298 K. 
Compounds: EJ 5-HT; 8DA; ra 5-HIAA; A NA; ~ A; AMOPEG;~ 
DOPAC; • HVA; ... TRP; • 5-HTIli .VMA; VI TYR; f)DOPA. 
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9 

13 

o 8 12 _min 

elution of the test mixture. Eluent A: 
M, pH 2.15. Eluent B: perchlorate 0.02 M, 

Fig. 4. Gradient 
perchlorate 0.20 
pH 6.00. 
Gradient: 9 minutes linear from 0 to 99% B. Temperature 300 
K, flow-rate 1.5 ml/min. Coulometric detection +700 mV. 
Compounds: 1 8 as in Fig. 1; 9. TRP; 10. HVA; 11. DOPAC; 
12. 5-HIAA; 13. 5-HT. Injected amounts: 180 - 520 pmole per 
compound. 
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re-equilibration, the so-called regeneration time, appeared 

to be less than 5 minutes resulting in a total analysis time 

of about 20 minutes. 

Influence of the gradient on the detection system 

Electrochemical detectors are very sensitive towards changes 
in the composition of the mobile phase. This effect is 

clearly demonstrated in figure 5, which shows the 
chromatogram of a test mixture of the 13 compounds of 

interest under gradient conditions. Detection was performed 
by means of an amperometric detection system. It is obvious 

that the full scale deflection (i.e. 50 nA) can hardly be 
increased, due ~o the baseline shift during the run. It is 

observed that use of a new or recently polished working 

9 

o 4 8 12 16 _min 

Fig. 5. Amperometric detection of the test mixture after 
gradient elution. 
Applied potential +800 mV vs. SCE, time constant 1 s, 
flow-rate 1.3 ml/min., temperature 300 K. Compounds: see 
Fig. 4. Injected amounts: 7.2 - 20.7 pmole per compound. 
Gradient: see Fig. 4. 
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electrode resulted in a less prominent shift. However, as a 
function of time the shift increased. 

Next to electrochemical activity the compounds of this study 
have a native fluorescence, which can be used for detection 

on subnanogram level (14). Due to the small difference 

between the excitation and emission wavelength (248 and 318 
nm respectively) one should apply a double monochromator 
system. In figure 6 the 
mixture with fluorometric 

8 

3 

9 

chromatogram of the same test 
detection is given. This kind of 

10 12 
13 

Fig. 6. Fluorometric detection of the test mixture after 
gradient elution. Excitation wavelength 284 nm, emission 
wavelength 318 nm. 
Conditions: see Fig. 4. Injected amounts: 7.2 - 20.7 pmole 
per compound. 
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detection appears to be less sensitive towards changes in 
the mobile phase. Besides, the sensitivity for TRP and 

derivatives is more favourable than with electrochemical 

detection, which corresponds with data from literature (14). 
Nevertheless, with fluorometric detection it is not possible 

to detect all the compounds at lower levels without 

derivatization (e.g. see VMA). Therefore, we studied the 
possibilities of a dual electrochemical detector to overcome 

the gradient induced shift problem. 
Figure 7 shows the principle of baseline detection with dual 
coulometric detection. From trace B (downstream detector) it 

can be seen that at +700 mV most compounds are converted 
coulometrically in the upstream detector (trace A). However, 

the shape of the gradient induced baseline shift is more or 
less the same for both detectors, which slightly indicates 

that 6igradient (see eqn. 2) is mainly caused by charging 

current contributions (6ic ,gradient)' or alternatively that 
as far as faradaic contributions (6 i f d" t) are involved ,gra len 
the upstream detector does not work coulometrically. A 

further indication that 6if,gradient is negligible relative 

to 8 ic,gradient comes from the fact that although traces A 
and B (Fig. 7) have the same shape, the absolute differences 

are more pronounced for the downstream detector and 
therefore before subtraction its signal is reduced to 60%. 
The difference in sensitivity of both cells are caused by 

differences in activity. It was observed that the yield of 
conversion for a number of compounds amounts to more than 

100% (e.g. MOPEG 260%), which explains the differences in 

activity for both cells. The peak in trace B which coincides 
with adrenaline (peak 2) is caused by injection. The 

differential signal is also corrected for this phenomenon. 
The results as shown in figure 7 demonstrate the 

possibilities of baseline correction by means of the 
downstream shift detector. However, subtraction leads to an 

increase of noise (see Fig. 7c) and consequently in the flat 
parts of trace A subtraction does not improve detectability. 
It should be emphasized that until now no attempts were made 
to reduce the noise of the differential signal, which should 



2270 TJADEN, DE JONC, AND VAN VALKENBURC 

9 

2 5 
1200 nA 

8 
10 

3 11 
4 12 

1333 nA 

9 

10 

5 
11 

Fig. 7a,b,c Dual coulometric detection of the test mixture 
after gradient elution. Applied potentials: 700/700 mV. 
Conditions: see Fig. 4. Injected amounts: 7.2 - 20.7 pmole 
per compound. 
(A) Signal of the upstream detector (2 ~A FS) 
(B) signal of the downstream detector (3.33 ~A FS) 
(c) Differential signal (see text). 
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be possible, for example by means of "time-delayed 
subtraction". 

The power of the dual coulometric detection system is more 

clearly shown in figure 8, which shows the chromatogram of a 

homogenate of rat brain tissue. The sample is pretreated as 

described elsewhere (15). The quantitative results are 

summarized in Table II. 

12 PA 

9 11 9 

10.2 }JA 

II 5X 10 X 
12 

7 

® ® 11 

10 7 

6 

13 

IO.4,41A 
~ 

o 4 8 12 _JIlin o 4 8 12 _lIIin 

Fig. 8a,b Analysis of a rat striatum homogenate. Dual 
coulometric detection: 800/800 mV. Conditions: see Fig. 4, 
except for flow rate: 1.4 ml/min. 
(A) Signal of the upstream detector 
(B) Differential signal (see text) 
Injection volume: 100 1 corresponding to 4 mg striatal 
tissue. 
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TABLE II 

Compound amount injected tissue content 

(pmole) (ng/g) 

MOPEG n.d. l n.d. l 

A n.d. l n.d. l 

NA 15.3 650 

DOPA 11.4 560 

VMA 4.5 220 

DA 514 19670 

TYR 484 21950 

5-HTP 1.9 100 

TRP 171 8720 

HVA 34.6 1575 

DOPAC 124 5190 

5-HlAA 15.2 724 

5-HT 17.2 750 

1 not detectable 

CONCLUSIONS 

Compared 
gradient 

to isocratic 

elution of 

chromatography the advantage of 

and their main biogenic amines 

precursors and metabolites is two-fold: speeding up analysis 
and lowering detection limits of especially the more 
retained compounds. 

Fluorometric detection is relatively insensitive towards 
changes of the pH and the ionic strength of the mobile phase 
and offers detection limits comparable with electrochemical 

detection. 
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Electrochemical detectors are rather sensitive towards 

changes in the mobile phase. Applying the differential 

coulometric 

baseline 

detection principle 

reduced 

the 

and 
gradient induced 

shift is consequently the 
quantification of a number of compounds is facilitated, 

although noise levels are slightly increased. 

Future research will be devoted to noise investigations in 

order to minimize detection limits. 
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USE OF A DUAL COULOMETRIC-AMPEROOETRIC DETECTION 
CELL APPROACH IN THYROID HORMONE ASSAY 
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Montreal, OJebec, Canada H3A 2K6 

ABSTRACT 

The development and application of a dual (in series) coulo
metric-amperometric thin-layer electrochemical detection cell 
system to the assay of thyroid hormones following reversed-phase 
chromatography is described. Using this approach the system was 
characterized by empirically determined electrolysis efficien
cies, demonstrating adherence to the diffusion-layer approxima
tion theory. When academic mixtures of the thyroid hormones 
were studied, the precision of both response and relative reten
tion data was to within 4%. With the dual-cell approach, 
improvements by a factor of two in the limit of detection were 
noted over the same system using onl y amperometric detection. 
The electrochemical behavior of these analytes in the dual-cell 
system was also studied. These latter experiments demonstrated 
that, in principle, it is possible to assay the thyroid hormones 
with both cells set at a potential where mass transport control 
obtains, analyzing the oxidation products of the first cell at 
the amperometric cell. 

INTRODUCTION 

The use of two electrodes in series, or two thin-layer 

electrochemical (TLED) cells in sequence has previously been 
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applied in several areas. Gerischer and coworkers (1) first 

introduced and discussed the arrangement of two closely spaced 

electrodes in a configuration where laminar flow obtained. The 

first electrode served as a "generator" electrode and the latter 

as the detection or "collector" electrode. This type of config

uration would have similar advantages to that of the ring-disc 

system (2) for applications to electrode-kinetic studies, and in 

spite of theoretical rigor from several groups (3-5), the 

ring-disc system remains the more popular application. 

In 1976 Blank (6) noted that with closely spaced channel 

electrodes placed in series within one cell body, it was pos

sible to conveniently monitor a chromatographic effluent at two 

separate potentials. Using this approach, if coelution of elec

troactive components occurred, it was possible to determine the 

presence or absence of a given component by independently evalu

ating peak responses as a function of applied potential. More 

recently, stUdies involving dual channel electrodes in series 

have been carried out by several groups (7-12). Increased se

lectivity (7,10,12), on-line blank correction (8,9), electro

chemical analysis of electrolysis products (10,12), removal of 

oxygen interferences (10,11) and increased sensitivity (10,12) 

have both suggested and further demonstrated the potential 

utility of this configuration in application to specific 

problems. 
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other examples of the application of dual electrode systems 

of varying geometry and configuration have appeared in the 

literature. Both Fenn et al. (13) and Weber (14,15) have demon

strated the use of parallel opposed electrodes in a TLED cell 

configuration for purposes of improved detection limits, while 

Roston and Kissinger (16) have utilized this approach to eval

uate phenolic constituents in commercial beverages. Schieffer 

(17) has demonstrated the use of a minimum volume packed bed 

coulometric detection cell placed on-line in front of an ampero

metric TLED cell for purposes of improving selectivity in this 

latter cell. Most recently Matson and co-workers (18) utilized 

two porous graphite coulometric electrodes in series to detect 

electroactive components at two different potentials, improving 

both qualitative and quantitative data and providing the ability 

to screen out unwanted signals from specific chromatographic 

systems. 

In the current work on the thyroid hormones, discrimination 

against electroactive background was felt to be desirable in 

order to improve detection limits. In this approach, as opposed 

to the single-cell method previously reported (19), two cells 

were connected in series following the chromatographic column. 

The first served as a "scavenger" cell to remove electroactive 

background unimportant to the analysis, while the second cell 

was an amperometric cell the purpose of which was to detect and 
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assay the analytes of interest. The more efficient the first 

cell (i.e., approaching coulometric yields) the better the 

clean-up. Using low temperature isotropic carbon, LTIe (20), as 

a working electrode material in a thin-layer "sandwich cell" 

(21) geometry. it was hoped to accomplish this goal with a 

minimum of cell volume. 

Applying the above approach to the assay of the thyroid 

hormones it was possible to characterize the dual-cell system 

through empirically determined electrolysis efficiencies. These 

data were. in turn, utilized to document the adherence of these 

cell types to the diffusion-layer approximation theory (15,22). 

Improvements in the limit of detection of the thyroid hormones 

in a dual-cell system were demonstrated and the electrochemical 

behavior of these analytes studied. 

EXPERIMENTAL 

Apparatus 

The liquid chromatographic system used in this work was the 

same as that previously described (19). Detection was carried 

out with (i) a Waters Model 440 absorbance detector at 254 nm 

connected in series with a laboratory designed TLED cell, (ii) a 

single TLED cell following the chromatographic column or (iii) 

two TLED cells in series. The PAR 174A Polarographic Analyzer 

previously noted (19) and/or a Bioanalytical Systems Inc. Model 

DCV-4 voltammetry control unit were used as potentiostats in the 
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amperometric work. Heath-Schlumberger Model SR-204 strip-chart 

recorders were employed to record chromatograms at chart speeds 

of 0.1 in. min-1 • Electrode resistance measurements were made 

with a Fluke Model 8030A multimeter. An Orion Model 701A pH 

meter was used for pH measurements. 

Construction of LTIC Cells 

1. Amperometric cell: external TLED cell geometry - The 

cell design used in this work is the same as that previously 

described (19). 

2. Coulometric cell - The coulometric cell designed for 

use in this work is shown in Figure 1. The design follows the 

precedent set in previous designs by employing the hemi

cylindrical-yoke approach (19). The difference in this cell 

lies with the replacement of the platinum and/or silver-hoop 

electrode imbedded in the upper Kel-F half by a second LTIC 

plate electrode, M. Two holes, 0.1 em in size, were drilled 

approximately 2.0 cm apart centrally in this plate using a 

diamond-tipped drill bit. The location of the two holes was 

such that when the plate was overlaid on the upper cell half, 

they were aligned with the entry, C, and the exit, L, ports 

previously drilled through the cell block (Figure 1). This 

plate was fixed in place using EPD-TEK 353 ND epoxy (Epoxy 

Technology Inc., Billerica, MA 01821). Contact to this second 

plate was made by means of the banana plug-stainless steel 
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FIGURE 1. Hemicylindrical coulometric TLED cell, end view at 
left, exploded view at right, (A) and (J) upper and 
lower yokes machined from polyvinyl chloride for 
holding together hemicylindrical cell, (B) and (F) 
upper and lower cell halves machined from Kel-F, (C) 
entry port into cell's inner channel, (D) PTFE 
spacer, (E) LT1C plate working electrode, (G) stain
less steel screws for holding yokes together, (H) 
electrical contact to LTIC plate working electrode, 
(I) electrical contact to combined reference
auxiliary LTIC plate electrode, (K) Altex 1/16 inch 
fittings, (L) exit from cell's inner channel, (M) 
LTIC plate combined reference-auxiliary electrode. 
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spring combination described elsewhere (19). Spacers were cut 

from 0.0025 cm PTFE material and the channel in the spacer 

provided a working electrode area of about 3.0 cm2 • This 

resulted in cell volumes of 7-8 lIL. The cell was utilized in 

both a two-electrode and three-electrode short-circuited 

geometry mode (19). In the former configuration the upper LTIC 

plate served as a "reference" electrode to which the auxiliary 

electrode lead from the PAR 17l1A (or Bioanalytical Systems DCV-lI 

analyzer) had been shorted. In the three-electrode short-

circuited configuration the upper LTIC plate was shorted to the 

external Ag/AgCI reference electrode. The stainless steel 

capillary served as both an exit conduit and auxiliary 

electrode. 

Reagents 

The structures of the various tyrosine and thyronine 

analogs used in this study are shown in Figure 2. The sodium 

salts of triiodothyronine (T
3

) and tetraiodothyronine (T 4) as 

well as the compounds diiodothyronine (T2), monoiodotyrosine 

(MIT), diiodotyrosine (DIT) and thyronine (To) were obtained 

from the Sigma Chemical Co. (St. Louis, MO 63178). The reverse 

triiodothyronine (rT
3

) used was from the same lot of material 

provided earlier by Dr. Russel Saunders of the Nuclear Medical 

Laboratories. -1 Stock standards were prepared at 1.00 mg mL in 

3% (v/v) concentrated NH 40H in methanol (Fisher Scientific, 

Montreal, PQ). These materials were stored tightly capped at 
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a Tyrosine 

b. MIT 

c. DIT 

d. 

e. 

f. 

g. 

h. 

FIGURE 2. Structures of the various tyrosine and thyronine 
analogs. a. Tyrosine, b. Monoiodotyrosine, c. Oi
iodotyrosine, d. Thyronine, e. Diodothyronine, 
f. Triiodothyronine, g. "Reversed" triiodo
thyronine, h. Tetraiodothyronine. 

_20DC. Fresh standards were prepared every six weeks. Working 

standards were prepared as needed in the appropriate 

chromatographic mobile phase. 

Procedures 

All glassware used was first washed wi th Fi sher-brand 

(Sparkleen) detergent, followed by rinsing first in tap water 
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and finally in distilled water. These washed items were soaked 

overnight in 6 M HN0
3

, rinsed again in tap water followed by 

distilled water, oven dried, cooled and silylated with 10% (v/v) 

chlorotrimethylsilane in toluene. This reagent was prepared 

from toluene which had been dried and stored over molecular 

sieves (American Chemicals Ltd., grade 564, type 3A, 8-12 mesh). 

The combined silane-toluene reagent was also stored over these 

same molecular sieves and reused up to ten times. All silyla

tions were carried out by total immersion in the silylation bath 

for 15-30 min, followed by toluene, then methanol rinsing and 

finally overnight oven drying at 120°C. Glassware prepared in 

this manner was then stored dessicated at room temperature until 

used. 

Duplicate hydrodynamic voltammograms were run on chromato

graphic peaks following 20-pL injections of mixtures containing 

25 ng each of T2 , T3 and rT3 and 50 ng of T4 ; duplicate voltam

mograms were taken after independent 20-pL injections of 25 ng 

each of MIT, DIT and To' Voltammograms were run from a positive 

potential setting in the region of the hydrodynamic plateau 

(i.e., the potential invariant peak height) to a negative value 

where the signal was indistinguishable from the background. 

These voltammograms were plotted from averaged peak current 

values as a function of potential applied. Injection and reten

tion precision data were obtained from 10 replicate injections 

of 25 ng each (50 ng in the case of T4 ) of the mixtures noted 
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above. Relative retention data were determined using rT3 as an 

internal standard. 

Dual-cell, diffusion-layer approximation verification and 

coulometric-yield (electrolysis-efficiency) experiments were 

carried out with the amperometric-cell (or "following" TLED 

cell) potential set at 1.500 V and the coulometric (guard) TLED 

cell potential varied as necessary. MIT and DIT (at concen

trations of 25 ng/20pL) were used as model compounds in elec

trolysis-recovery (efficiency) experiments. In these recovery 

experiments the applied potential of the guard cell was set on 

the experimentally determined hydrodynamic plateau for the par

ticular analyte and the change in recovery for the compound was 

monitored by the amperometric cell as the guard cell was turned 

on and then off during separate runs. Recovery was then deter

mined by taking the ratio of the peak current obtained at the 

following amperometric cell with the guard cell turned on, to 

that obtained with the guard cell turned off. When this ratio 

is multiplied by a factor of 100 percent recovery is obtained. 

If this percentage is subtracted from 100, the percent electro

lysis efficiency for a given analyte under defined conditions at 

a given cell can be determined. 

In dual cell experiments on the electrochemistry of the 

thyroid hormones, the guard cell potential was varied until the 

hyclrod ynamic plateau for a speci fic thyroid hormone was 

determined. The electrolysis products obtained from this oxida-
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tion process were then monitored at the following amperometric 

cell at a potential of 1.500 V, as a function of analyte recov-

ery (guard cell off, then on) and transport time between the 

guard and amperometric cell. By variation of the flow rate both 

analyte recovery of the cells studied and the transport time 

between cells could be varied. Flow rates used in these studies 

-1 were 0.20, 0.50, 0.70, 1.00 and 1.50 (zO.02) mL min • In these 

latter experiments all recoveries obtained as a function of the 

electrolytic removal of analyte by the guard cell, were normal-

ized by the averaged recovery obtained from the model compounds 

MIT and DIT evaluated under the same conditions. 

For all of these experiments the chromatographic columns 

were thermostatted at 60°C. 

RESULTS AND DISCUSSION 

Precision Studies 

Representative precision data for the dual-cell TLED system 

were obtained from the chromatographic analysis of academic test 

mixtures of the thyroid hormones. These data are presented in 

Tables 1-3 and in Figure 3. Within-day and between-day reten-

tion data can be compared from Tables 2 and 3. As might be 

expected for both cases retention precision is best when based 

upon an internal standard (rT
3
). 
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TABLE 1 

Tabulated Peak Height Data from 20-1JL Injections of a Mixture of 
T , T ,rT and T Containing 25, 25, 25 and 50 ng, 
R€spedtivei y• eo#ditions of the chromatographic experiment 
were: applied potential of analytical cell, 1.500 V (short
circuited geometry); applied potential of guard cell q.600 V 
(51~ electrolysis efficiency); flow rate 1.00 mL min- ; 50:50 
aqueous 0.015 M phosphate buffer, pH 2:methanol; temperature of 
LC column, 60°C. Peak heights were measured in nA. 

T2 T3 rT3 T4 

Mean 59.91 33.21 26.01 32.63 
SD 0.728 0.413 0.402 0.449 
RSD 0.0122 0.0124 0.0155 0.0138 
n 10 10 10 10 

TABLE 2 

Within-Day Retention Time (RT) and Relative Retention Time (RRT) 
Data for a Mixture of T2, T~, rT3 and T#. Chromatographic 
conditions are the same as ~hose in Table 1. 

RT, min RRTa 

T2 T3 rT3 T4 T2 T3 T4 

Mean 4. 14 5.91 8. 11 9.46 0.510 0.728 1.166 
SD 0.0852 0.105 0.127 0.120 0.00864 0.0115 0.00989 
RSD 0.0206 0.0178 0.0157 0.0127 0.0169 0.0159 0.00849 
n 12 12 12 12 12 12 12 

aRelative to rT3 

Evaluation of the Coulometric TLED Cell for Application in 

Dual-Cell Experiments 

As mentioned previously, the coulometric TLED cell has 

many uses in liquid chromatography. One of these is to 

selectively serve as an on-line clean-up (or guard) device to 
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TABLE 3 

Between-Daya Retention Time (RT) and Relative Retention Time 
(RRT) Data for a Mixture of T2 , T3, rT~ and T4• Chromatographic 
conditions are the same as those rn Tanle 1. 

RT, min 

T2 T3 rT3 T4 T2 T3 T4 

Mean 4.22 6.26 8.58 9.97 0.492 0.730 1. 162 
SD 0.126 0.321 0.434 0.523 0.0184 0.0132 0.0210 
RSD 0.0300 0.0512 0.0505 0.0524 0.0374 0.0181 0.0181 
n 11 11 11 11 11 11 11 

a 
bCollected over a 

Relative to rT
3

• 
two-week period 

FIGURE 3. Representative chromatograms from repetitive 20-~L 
injections of an academic mixture of T2, T3 , rT3 (25 
ng each) and T« (50 ng) into the chromatographi~ 
system containing the dual-cell detector. The guard 
cell potential was set at 0.600 V and the ampero
metric detection cell potential at 1.500 V. 
Chromatographic conditions are given in Table 1. 
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remove unwanted electroactive background either contained in the 

mobile phase or introduced into it during the chromatographic 

process. Conceptually, the principle of this use is straight

forward; however, in the present context its implementation was 

of limited success. The inherent advantage of a coulometric 

cell is the complete conversion of the total amount of material 

available for the electrolysis process, as opposed to the rather 

small portions converted in amperometric cells. The practical 

disadvantage of the coulometric cell lies in the cell geometry 

required to achieve total conversion of an electroactive 

analyte. Historically this has meant using packed beds of 

conduction fibers or particles (17,23), larger surface area 

channel electrodes (13,15,24) or a metal-gauze or carbon-cloth 

electrode (25). It has been noted (21,23,24) that under these 

conditions the larger electrode surfaces resulted in propor

tionally larger background currents and hence similar signal

to-noise ratios. Additionally the argument can be made that 

with the increased electrode areas necessary to achieve total 

conversion come increased cell volumes which are potentially 

detrimental to chromatographic processes. These problems are 

due to larger extra-column dead volumes which facilitate band 

broadening. 

By using LTIC plate electrodes and the cell design shown in 

Figure 1 it was hoped to obviate both problems mentioned above. 

Using the diffusion-layer approximation theory (15,22) and an 
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assumed flow rate of 1. 00 mL min -1, the cell efficiency was 

plotted against the working electrode area at the various PTFE 

template thicknesses available (see Figure 4). A close inspec-

tion of this fi.gure demonstrates the dynamic aspect of varying 

the template thickness. For example, if a cell of 90~ coulo-

metric efficiency is required, a working electrode area of 1.7 

cm2 is needed with a 0.00064-cm spacer or an electrode area of 

5.0 cm 2 with a 0.0025-cm spacer. This translates into cell 

volumes of 11 and 130 JJL, respectively. Snyder and Kirkland (7) 

have previously observed that it is desirable to keep extra-

column dead volumes to less than 100 JJL and ideally less than 30 

JJL. With the advent of microbore chromatography (26) keeping 

100 -------
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() 

u:; 40 
N 

20 

0 
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Electrode Area I cm2 

FIGURE 4. Plot of electrolysis efficiency vs. working electrode 
area as a function of spacer thickness. These data 
wer~1obtained for a constant flow rate of 1.00 mL 
min and with the working electrode width equal to 
the channel width. Calculations were based on the 
diffusion-layer approximation theory. Thicknesses 
are: I!. 0.00064, 0 0.0013, • 0.0019,0 0.0025, • 
0.0051 cm. 
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this parameter small becomes even more crucial. Examination or 

Figure 4 reveals that the easiest way to achieve the goal or 

smaller cell vol urnes is to decrease template thickness. The use 

of LTIC electrode material helped to realize this goal. 

Preliminary experiments with two strips of plastic, 0.4 cm 

x 5.0 cm x 0.0006 cm thick placed along the edge between two 

LTIC plates, demonstrated that when these plates were squeezed 

together between the PTFE-insulated jaws or a vise, contact 

between the plates did not occur. Thus, in principle, any 

commercially available PTFE material of this or greater 

thickness could serve as a spacer in TLED cells. 

Two plates which exhibited no contact under the above 

conditions were chosen as electrodes in the TLED cell. When 

constructed, however, it was quickly apparent that irrespective 

of the thickness or spacer material (0.00064-0.0051 cm), no TLED 

cell could be assembled that possessed an erficiency greater 

than 50% at a flow rate of 1.00 + 0.01 mL min-1 This was due 

to electrode contact problems and was independent of template 

thickness. More efficient electrolysis could be achieved at 

slow flow rates (maximum 86% at 0.20 .:!: 0.02 mL min-
1
), the 

trade-off being greatly extended analysis times. No further 

studies on electrode material were undertaken. 

The inability to fully achieve the promise offered by the 

LTIC materials was a disappointment. However it was felt that 

the failure was not with the material itselr but rather with its 
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bonding to the Kel-F. In affixing the LTIC plates to the Kel-F 

hemicylindrical cell half with the EPO-TEK 353 ND epoxy, a 

curing temperature of 60°C was used (27). Although both the 

Kel-F (28) and the LTIC (29) materials are stable at this 

temperature, some expansion and contraction does occur due to 

the different thermal properties of the two materials. When 

this occurs, even the slightest "warping" of one or both 

surfaces can be expected which leads to contact problems such as 

those observed above. One might speculate that allowing these 

materials to cure gradually at room temperature might obviate 

this problem. Cells constructed recently (30) with a 3-5 day 

curing may yet fulfill the promise initially suggested for the 

LTIC product. In the present work it was decided to accept the 

electrolysis efficiencies that the "coulometric" cell would give 

at a flow rate of 1.00 mL min-1• 

The 8-IlL volume added by the "coulometr," cell had a 

negligible influence on chromatographic parameters. In con-

trast, although Schieffer (17) also found negligible effects 

with the addition of a packed-bed coulometric cell to a chromat-

ographic system in one application, in related work (31) using a 

technically much less complicated packed-bed cell an overall 12% 

loss in chromatographic efficiency was observed. The use of 

plate electrodes and thinner spacers ultimately offers not only 

the advantages of decreased cell volumes, but the possibility of 

applying "super-coulometric" techniques (14,15,32) in analyses 
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Where the potential of one plate is controlled at an oxidizing 

potential and that of the facing plate at a reducing potential. 

This is not possible with packed-bed cells. 

Finally the dual-cell approach was used to reduce back

ground current. Employing the dual LTIC plate electrolysis 

guard cell with an electrolysis efficiency of 50.0 ~ 2.0J 

(determined over a two-week period) the potential of the working 

electrode was set at 0.600 V, the foot of the wave for the most 

readily oxidized thyroid hormone (rT
3
). Background currents 

were measured. Background currents recorded at the amperometric 

(8.6 ~ 0.1J efficient) analysis cell (potential of the working 

electrode set at 1.500 V) ranged from 75-200 nA with the guard 

cell off. When the guard cell was operating, the reduction in 

background currents at the amperometric cell ranged from 25-50 

nA. For the dual-cell approach this translates to a reduction 

of 25-33J. Since this reduction reflects losses in the faradaic 

component of the background current, the range in values is due 

to the quality variation of the mobile phase which was prepared 

on a daily basis. More important, When detection limits for a 

given day were compared for the dual-cell approach and the 

single amperometric TLED cell (19), lower detection limits were 

seen with the dual cell (see Table 4). These results, using the 

same cells, templates, chromatographic conditions and calibra

tion techniques, suggest that if faradaic components of the 

background are minimized by their electrolytic removal from the 
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TABLE 4 

Limit of Detectiona Determined as the AmoqJt of Analyteb 

Necessary Under Chromatographic Conditions to Generate a Signal 
Twice the Si ze of the Peak-to-Peak Noise for Both the Single 
Amperometric Cell and Dual-Cell Systems. 

d Single cell , ng Dual celIe, ng 
Ratio 

single/dual 

T 0.12 0.047 2.6 
rt3 0.096 0.061 1.6 
T4 0.18 0.096 1.9 

aDetermined as sensitivities in nA ng-1 and twice the p-p noise 
bvalue in nA from amperometric cell data. 

Using academtc standards of T~, rT3 and Th • 
c 1•00 mL min- ; 50:50 (v/v) aqueous 0.015 M phosphate buffer, pH 
d2:methanol; column temperature, 60°C. -

Amperometric TLED cell (8.6 ~ 0.1% efficient) short-cjrcuited 
geometry, applied potential 1.00 V. 

e TLED guard cell, 0.600 V applied potential, 50.0 + 1% 
efficient, amperometric TLED cell as in (d). 

mobile phase, flow-dependent noise will in turn be minimized 

with appropriate improvements in the limits of detection. 

Except for T
3

, the improvement seen in the ratio of dual-cell: 

single-cell response reflects a similar improvement in the limit 

of detection for similar electrode processes. The deviation of 

the T3 value from the other values seen in Table 4 is probably 

artifactual and due to chromatographic factors involving bands 

eluting close to the void volume and extra column band 

broadening. 

Determination of TLED Cell Efficiencies 

The dual-cell approach was used to empirically determine 

specific TLED cell efficiencies. The cell of interest served as 
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the first in a two-cell sequence and its effect on the removal 

of a test anal yte (MIT and DIT) from the flow stream was 

determined. In these experiments the first cell was utilized in 

the "two-electrode" mode, with either the platinum disc (19) or 

the upper LTIC plate (Figure 1) serving as a combined 

auxiliary-reference electrode. With the second cell functioning 

as the analytical cell, the ratio of peak heights for repetitive 

injections of the model compounds as a function of the first 

cell being turned off or on, would represent the electrolysis 

efficiency of the first cell. In these studies, 3 to 5 injec

tions of each compound were generally made and the average of 

resul ts for MIT and DIT were compared. The precision of these 

measurements for both peak height and retention were consistent 

wi th the data in Tables 1-3; agreement between the averaged MIT 

and DIT values was within 2~. Typical hydrodynamic tracings as 

a function of the potential applied to the first cell (or cell 

being tested) are in Figure 5. The response of the test and the 

analytical cell are shown in 5a and 5b, respectively. These 

plots are both determined as averaged peak currents vs. the 

potential applied to the guard cell. It was noted that wi th the 

anal ysis cell held essentially at infinite potential, the 

hydrodynamic vol tammograms obtained are qual i tati vel y the mirror 

image of those generated at the test cell. Plateaus are 

achieved both prior to and following the electrolysis process 

occurring in the test cell. The relative magnitude of current 
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FIGURE 5. Hydrodynamic voltammograms for MIT and DIT as a 
function of the guard cell potential in the dual-cell 
system. A. Voltammogram from the guard cell. B. 
Voltammogram from the amperometric TLED cell. 
Applied potential of the amperometric cell was set at 
1.500 V. using short-circuited geometry. Guard cell 
was in two-electrode mode. Each point is the average 
of duplicate determinations. Chromatographic 
conditions are given in Table 1. 
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seen at each cell in series is a reflection of the approximate 

factor of 5 difference in the electrode areas between the two 

cells, the cell geometries and potential applied to the guard 

cell. The relative difference in the magnitude of current 

between MIT and DIT for a similar electron transfer process is 

due to the fact that all voltammograms in this work were 

obtained under chromatographic conditions and MIT elutes before 

DIT. If voltammograms such as these are generated, the plateau 

currents observed in the amperometric analysis-cell tracing 

(Figure 5b) can be used directly to determine electrolysis 

efficiency. 

Demonstration of Adherence to the Diffusion-Layer Approximation 

It is graphically possible to display a logarithmic elec-

trolysis efficiency parameter for channel electrodes as a 

function of a logarithmic cell geometry parameter (15,22). This 

latter parameter, r L, is a combination of volume flow rate, cell 

thickness, cell width, channel width, length of electrode and 

diffusion coefficient for the analyte of interest. The 

relationship is: 

DLW 
c 

2 where D is the diffusion coefficient of the analyte in cm 

-1 sec L is the electrode length in cm, Wc is the channel width 

in cm, U is the volume flow rate in cm 3 sec-1 and b is the cell 
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thickness in cm. Wc is equal to the electrode width, We' with 

r
L 

being expressed as a function of the normalized (by cell 

thickness, b) diffusion layer, 6L' determined at the end of the 

electrode in the direction of flow (15,22). 

It has been shown previously (15) that r L is the ratio of 

analyte residence time within the cell to the time necessary for 

the analyte to diffuse to the electrode surface prior to the 

electron-transfer process. The shorter the cell residence time 

relative to the diffusion time, the less efficient the cell. 

This is seen in Figure 6 by observing the decrease in cell 

efficiency as r L becomes smaller. 

-2.0 

-2.0 -1.5 -to -.5 o .5 
2/3logr 

FIGURE 6. Plot of the logarithm of cell efficiency vs. a 
logarithmic function of 4, the dimensionless ratio of 
intercell analyte residence time to the time required 
for the analyte to diffuse to the working electrode 
surface prior to electron transfer (15,22). 



2298 HEPLER AND PURDY 

Adherence to this relationship can be demonstrated by 

determining steady-state currents obtained at infinite potential 

for given analytes at specific concentrations and comparing the 

experimentallY obtained values to those predicted for TLED cells 

of known geometries. This was essentially the approach used in 

the original verification of the diffusion-layer approximation 

theory applied to channel electrodes in a flowing stream 

(15,22). In the present work however, by using empirically 

determined cell efficiency values (obtained as discussed above) 

and the graphic relationship of Figure 6, it is possible to 

empirically determine a specific cell geometry constant based 

upon the fixed geometrical parameters for a given cell and upon 

I<nowledge of the diffusion coefficient of the analyte of 

interest and the flow rate. The value of this cell geometry 

constant is readily obtained from the above equation. 

In principle, for a given analyte, TLED cell and PTFE 

template, thi s value should remain constant. In practice, ex act 

knowledge of the diffusion coefficient is unnecessary for 

conditions of constant temperature, mobile-phase composition and 

analyte composition as this value will also be constant and 

become part of the "cell constant" for a given system. Once 

this "cell constant" value has been determined, r L can be varied 

as a function of flow rate and the predicted cell efficiency 

(expressed as percent recovery) may be compared to the 

empirically determined cell efficiency (expressed in a like 
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manner). A plot of this relationship should ideally be a 

straight line at a 45° angle through the origin. For the TLED 

cell used in the present work this relationship is plotted in 

Figure 7 (values to within 1%). As is readily seen adherence 

occurs up through a flow rate of 1.00 mL min-1 • Above this flow 

rate deviation from the diffusion-layer approximation theory is 

observed. Since it is known that the diffusion-layer approxi-

mation theory has been validated at flow rates up to 3.0 mL 

-1 min (15,22) and the flow rates utilized were measured to 

within + 0.02 mL min-1 , the deviation is within the cell con-

stant parameter. Because the same temperature (to within ~ 

0.1°C), mobile phase and standard solution were used in this 

determination, the variance would be expected to be in the 

geometric parameters of this constant. This deviation may, in 

fact, be due to the expansion of the PTFE template at increased 

100 

o 
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7. recove ry pred icted 

FIGURE 7. Plot of percent model compound found (recovered) vs. 
percentage expected for TLED cells from the 
diffusion-layer approximation theory (15,22). 
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flow rates and/or a change in the flow pattern within the cell 

which influences the transport of analyte to the electrode 

surface. In either event, all experiments were carried out at a 

-1 
flow rate of 1.00 + 0.01 mL min or less assuring a region in 

which adherence to the diffusion-layer approximation theory 

obtained for the cell utilized. Use of the dual-cell approach 

provides a way in which experimental data can be generated for 

cells in which laminar flow does not obtain prior to crossing 

the surface of the working channel electrode. Although not 

applied in the present work, it would follow that with knowledge 

of specific "cell constant" values (obtained from data using 

analytes of known diffusion coefficients under defined condi-

tions) in regions where the diffusion-layer approximation theory 

applied, steady-state currents could be predicted and/or 

diffusion coefficients for other analytes empirically 

determined. 

Dual-Cell Electrochemistry of the Thyroid Hormones 

The electrochemical oxidation of the thyroid hormones in 

all probability emulates the model compound chosen for this 

group, thyronine, To. To is initially oxidized in a two

electron step with increasing positive potential; subsequently a 

homogeneous hydrolysis step occurs in which a quinone and tyro-

sine residue are produced (see Figure 8). Tyrosine upon further 

increase in potential is itself oxidized in an overall two-

electron step. It has been suggested that the thyroid hormones 
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FIGURE 8. Cyclic voltammograms of To determined on carbon paste 
(CP) and LTIC stationa~ elec~,odes (20). Concentra
tion of To is 2.0 x 10 g mL in 1.0 ~ H2SOU• 1: 
2-electron oxidation of To' 2: 2-electron oxidation 
of the hydrolytically generated tyrosine, 3: 2-
electron reduction of the generated p-quinone, 4: 
subsequent 2-electron oxidation of p-hydroquinone. 

follow a similar path (33); this is not refuted by the present 

work. A cursory search of the literature has not yielded 

information of the rate of hydrolysis to form quinone and 

tyrosine; however it has been suggested that the determination 

of these constants would be difficult (33). The dual-cell 

approach as described above would seem to provide a useful way 

in which to explore these constants in a qualitative if not a 

quantitative fashion. 

In the current work using the dual-cell system, the guard 

cell was set such that the most difficult to oxidize analyte MIT 

and DIT were electrolyzed essentially at infinite potential 

(i.e., 1.500 V, Figure 5). Likewise, the following amperometric 

cell was set to a potential of 1.500 V. In principle at this 

potential setting any MIT or DIT residue generated as a function 

of hydrolysis of a given thyroid hormone would be available for 

oxidation at the following amperometric cell. Hence, the 
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electrochemical reaction products focused on in this evaluation 

were the iododinated residues MIT and DIT. 

In studying the dual-cell electrochemical behavior of the 

thyroid hormones under these conditions, it was felt that if the 

rates of hydrolysis of these materials were fast compared to the 

intercell residence time within the guard cell (~ 0.5 sec for an 

8-~L cell volume), then the electrolysis recoveries obtained 

would correspond to those of the iodinated tyrosine residues 

(MIT and DIT) used as model compounds in the present work. 

However, when the experiment was performed, the recoveries found 

were quite different from those for the model compounds (see 

Table 5). 

TABLE 5 

TLED Percent Recovery Using the Dual-Cell System. a Each value 
in thebtable represents the average of at least two determin
ations of the thyroid hormones obtained on three separate days. 

Day Day 2 Day 3 
% recovery % recovery % recovery 

T 74.6 76.8 76.5 
TO 64.4 68.7 64.4 
T2 68.8 73.3 74.4 
rt3 80.6 81.4 83.3 
T4 80.1 83.4 86.4 

MIT 51.4 49.8 48.8 
DIT 49.1 49.7 49.6 

aGUard cell potential set at 1.500 V using two-electrode mode, 
amperometric TLED cell potential set at 1.500 V using short

bcircuited geometry. 
Determined chromatographically (chromatographic conditions as 
in Table 4) with the guard cell off, then turned on. 
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The size of the recoveries demonstrate that under the 

conditions noted. either thyroid hormones are not being removed 

at the guard cell in an overall process to the same extent as 

the model compounds. the interceding homogeneous electrolysis 

step is indeed not instantaneous. or most likely. the inter

ceding homogeneous and heterogeneous chemical processes follow

ing the initial 2e oxidation of the thyroid hormones in this 

system are more complex than expected. In the first instance. 

if electrolytic removal of the various analytes were preceding 

to a smaller extent one might reasonably expect that at the 

potential applied the hydrodynamic waves of the thyroid hormones 

at the guard cell had not been achieved. Inspection of the 

voltammograms on Figure 9 however. demonstrates that at 1.500 V 

mass transport control in every case does obtain and that hydro

dynamic plateaus are well established. hence. the potential 

applied is essentially "infinite". As before. superimposed upon 

the system. other relative differences in current magnitudes at 

the two electrochemical cells for similar overall electrode 

processes include those of electrode area and the determination 

of the voltammograms under chromatographic conditions (elution 

order MIT. DIT. T2 • T
3

• rT3 and T4). 

The second and third explanations for the observed differ

ences in recovery are interrelated and a result of the complex

ities of the specific system studied. One might expect however. 

that if the hydrolysis rate of the interceding reaction was slow 
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(i.e., > 0.5s), its measurement would be readily made by exist

ing electroanalytical methods (28). In the context of the 

current work with a parallel opposed two electrode circuit in 

the guard cell present the possibility for additional hetero

geneous reductive electrochemical reactions does exist further 

complicating interpretation of these results. 

Further experiments were undertaken to determine the 

influence of increasing the time it takes the analyte to flow 

from the first to the second cell. If electroactive material is 

being generated as a function of time, an increase 1n the time 

between cells would be expected to result in an increased 

recovery relative to the model compounds MIT and DIT. This 

experiment was performed and the results are presented in Figure 

10, where normalized recovery (normalized to the averaged MIT

DIT recovery) is plotted as a function of the transit time 

between the guard and amperometric TLED cells. As ?an be seen, 

the recovery relative to the averaged model compounds does 

increase as a function of time. Interestingly, when these 

results are extrapolated back to zero time, it is seen that the 

efficiencies for the electrolysis of the thyroid hormones equal 

those of the model compounds. This infers that within the 

residence time of the first cell an overall electrochemical 

process does occur that is as efficient (i.e., equal recovery) 

as that for the model compounds. Subsequent to this initial 

oxidation process the product(s) that have formed interact 
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FIGURE 10. Plot of the normalized (to the averaged MIT, DIT 
recovery values) electrolysis recovery of To' T2 , T3 , 
r T ~ and Til as a function of transport time l in sec) 
be~ween ttle guard cell (potential setting 1.500 V) 
and the amperometric TLED cell (potential setting 
1.500 V) in a dual-cell experiment. 

further through heterogeneous interactions and/or homogeneous 

interactions to produce additional electroact1ve analytes that 

are readily oxidized at the following amperometric cell. As can 

be seen from the relative slopes in Figure 10, the overall rates 

of these processes are not uniform. The greatest similarity 

seems to occur between rT3 and T4 , molecules in which the outer 

ring (see Figure 2) is doubly iodinated. By contrast, molecules 

with a single iodinated outer ring (T2 and T3) seem to 

demonstrate this influence at a slower rate. 

The importance of these findings in the current system lie 

in the utility of being able to set the guard cell at a higher 

potential allowing for greater removal of faradaic background 
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~om the mobile phase, while still generating electroactive 

products derived from the thyroid hormones under investigation. 

Better understanding of the nature of the process of production 

of these derivatives awaits further study. 

CONCLUSIONS 

The use of the dual-cell approach, although not totally 

successful in demonstrating coulometric yields, did show that 

reductions in background were possible. In addition, improve

ment was observed over previously evaluated amperometric methods 

in the limit of detection for thyroid hormones. The failure to 

achieve coulometric yield with the dual LTIC electrode cell 

design is due to manufacturing problems and not with the design 

or materials. 

Using the dual-cell approach it is possible to study both 

the electrolysis of the thyroid hormones and the nature of the 

hydrolysis constant associated with the electrochemical 

mechanism. Additional work in this area may permit quantitative 

evaluation of the constants involved. Also, the use of the 

dual-cell approach in validating adherence to the diffusion

layer approximation theory for thin-layer cells and in empiric

ally evaluating specific cell electrolysis efficiencies has been 

demonstrated. These are reliable tools which can be applied in 

a predictable fashion. 

The ultimate utility of the dual-cell approach may yet be 

with coulometric and supercoulometric cell configurations. A 



2308 HEPLER AND PURDY 

system can be env isioned which has a guard cell set at "infinite 

potenti al" for the electrol ysi s of the thyroid hormones, 

removing other faradaic background present in the mobile phase 

subject to electrolysis at these potentials. After sufficient 

time delay the effluent stream would then proceed to a super 

coulometric cell which would be set to electrochemically recycle 

an electrochemically reversible couple (i.e., the iodinated 

quinone-hydroquinone couple), amplifying the signal accordingly. 

In theory (15,22,32), sufficient signal could be generated to 

analyze levels of free circulating T3 and T4 , which indeed may 

be the ultimate avenue for thyroid function evaluation by 

laboratory methods (34,35). 
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ABSTRACT 

A reverse phase LC method with amperometric electrochemical 
detection is described for determination of several common anal
gesics in blood serum and urine. The retention properties as a 
function of organic mobile phase modifier and pH are graphically 
illustrated and discussed. Electrochemical properties of the 
analgesics and possible internal standards are also presented. 
Step-gradient elution was used to facilitate simultaneous deter
mination of analgesics with a wide range of hydrophobicities. 
Parallel dual-electrode detection with two glassy carbon working 
electrodes enables acetaminophen to be selectively determined in 
the same chromatographic run at +0.75 V while several other anal
gesics are determined at +1.15 V. 

INTRODUCTION 

Analgesics are a group of readily available and widely consumed 
pharmaceutical products. Acetaminophen (APAP), salicylate (SAc), 
salicylamide (SAm), phenacetin (Phen), methyl salicylate (MeS), 
naproxen (NPX), and codeine (Cod) (see Figure 1) are among the most 
common. They may be self-administered and/or clinically prescribed 
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FIGURE 1. Structural formulas of the common analgesics inves
tigated. 

in a variety of combinations and dosage levels (1,2). Their 
determination in biological fluids is important for 
toxicological. clinical. drug interaction. and pharmacokinetic 
studies. 

Liquid chromatographic procedures have been described for 
determining many of these compounds in blood serum or plasma 
(3-10) and in dosage formulations (11). Simultaneous deter-
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mination of several common analgesics has'se1dom been presented 
and determinations in urine have been largely ignored. The 
majority of LC separations reported employ UV detection and are 
thus subject to interference by many other common drugs. 
Fluorescence detection has also been reported (12,13) but lacks 
general applicability. Unlike some other drugs, the common ana1p 
gesics shown in Figure 1 are electrochemically active at anal
ytically useful potentials and are therefore amenable to the 
selectivity and sensitivity of electrochemical (EC) detection. 
Determination of acetaminophen in serum by LCEC has previously 
been demonstrated (14). 

Investigations were undertaken to evaluate the electro
chemical and chromatographic properties of these analgesic 
compounds and of several possible internal standards. Step
gradient elution was evaluated to determine its usefulness and 
compatibility with EC detection. Dual electrode detection is 
shown to provide increased versatility by allowing simultaneous 
determination of early eluting APAP at a significat1y lower and 
thus more selective detector potential. 

Simple, rapid sample preparation was employed to provide 
methods which would facilitate routine use of LCEC in these deter
minations. 

EXPERIMENTAL 
Reagents 

Acetaminophen, salicylic acid, and salicylamide were obtained 
from Sigma Chemical Co. (St. Louis, MO); codeine and methyl salic
ylate from Ma1linckrodt (Paris, KY); naproxen was a generous gift 
from Syntex (Palo Alto, CAl; phenacetin (4'-ethoxy-acetanilide), 
2-acetamidophenol, and 3-methy1sa1icyli.c acid from Aldrich (Mil
waukee, WI); and p-hydroxypheny1propionic acid and p-methoxy
acetanilide from Pfa1tz and Bauer (Stamford, CT). N-propiony1-
p-aminopheno1 (PrPAP) was synthesized by conventional methods 
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(15). Water was double distilled and methanol was single distil
led technical grade. All other chemicals were reagent grade. 

Apparatus 
Cyclic voltammetry was performed with a CV-1A cyclic voltam

metry instrument from Bioanalytical Systems, Inc. (BAS) (West 
Lafayette, IN). 

The liquid chromatograph consisted of a Milton Roy single
piston pump, a Rheodyne model 70-10 injector with a 20 ~L loop, 
and a B.iophase 5 ~m C18 column (25 cm x 4.6 mm) (BAS). Elec
trochemical detection was performed with a dual-electrode system 
in the "parallel-adjacent" mode by use of two modified BAS LC-4A 
controllers and a BAS dual-electrode thin-layer cell with glassy 
carbon working electrodes and a Ag/AgCl reference electrode. A 
Rheodyne low pressure 4-way rotary valve was placed upstream of 
the pump to allow alternate selection of two mobile phases. 
Column temperature was controlled with a BAS LC-23 column heater 
and LC-22 temperature controller. 

Cyclic Voltammetry 
Cyclic voltammetric data for APAP, SAc, SAm, Phen and MeS 

were obtained at concentrations of 1 mM in 25% methanol with pH 
4.0 acetate (0.1 M) and 0.1 M KN03 as buffered electrolyte. 
Naproxen was scanned at 2 mM in 40% methanol: 60% (v:v) pH 
5.0 acetate (0.1 M). Codeine was evaluated at 5 mM in 50% 
methanol: 50% pH 4.5 acetate buffer (0.05 M) containing 0.1 M 
NaC104• The scan rate was 150-200 mV/sec. 

Standard and Recovery Solutions 
Stock analgesic solutions were prepared containing 1 mg/mL 

of each compound in 70% methanol with ethyl paraben (EtP) and 
PrPAP included as internal standards. Aliquots of pooled serum 
and urine were spiked with the appropriate volume of stock 
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solution to achieve the desired concentration levels. Working 
standards were prepared by addition of stock solution to an 
equivalent aliquot of water and processed identically. 

Sample Preparation 
Serum samples were prepared by mixing 500 ~L of spiked serum 

with 500 ~L of acetonitrile in 1.5 mL Eppendorf capped cent
rifuge tubes. followed by centrifugation in an Eppendorf cent
rifuge (Brinkmann Instruments. Westbury, N.Y.) for five minutes. 
To 500 ~L of the supernatant was added 500 ~L of 0.1 M (pH 3.2) 
monochloroacetate (MCA) buffer and 100 ~L of 1.0 M phosphoric 
acid. For samples in which codeine was to be determined, the 
supernatant was diluted with 0.1 M (pH 7.0) phosphate buffer. The 
samples were then filtered through 0.2 ~m Nylon-66 filter mem
branes with a Swinnex syringe filter assembly (Millipore Corp., 
Bedford, MA). 

Urine samples were prepared in a similar manner, but were 
not filtered. At higher concentrations, some additional dilution 
with mobile phase was employed to remain in a more desirable 
detector sensitivity range. For acetaminophen determinations, 
500 ~L samples were mixed with 500 ~L of 1 M (pH 7.0) phos-
phate in a small test tube and extracted with 1.0 mL of ethyl 
acetate by vortex mixing. A 500 ~L portion of the organic extract 
was evaporated under nitrogen and the residue reconstituted in 500 
~L mobile phase. 

Liquid Chromatography 
The retention properties of several compounds were evaluated 

versus organic modifier strength by varying the percentage met
hanol (v/v) in a mobile phase containing 0.1 M acetate buffer at 
pH 5.0. Retention versus pH was determined for NPX, SAc, and Cod 
by using MeA, acetate, and phosphate buffers to vary the pH of a 
50% methanol mobile phase. 
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Serum samples were initially evaluated under isocratic condi
tions with a mobile phase containing 0.05 M ammonium MCA (pH 3.2) 
and 0.1 M NaC104 in 50% methanol :50% water (v:v). For step changes 
in eluent strength, eluents A and B contained 40 and 60 percent 
methanol, respectively, with the same molar concentrations of buf
fer and electrolyte. The stepwise gradient change was effected by 
manual switching from eluent A to B at a consistent time (5 min.). 
Serum recovery samples were run via gradient elution with dual
electrode detection at +0.75 and +1.15 V and at room temperature 
to simultaneously determine all analgesics except codeine. Codeine 
was determined isocratica11y with 50% methano1:50% pH 7.0,0.2 M 
phosphate buffer, a column temperature of 30oC, and an applied 
potential of +1.12 V. A flow rate of 1.5 mL/min. was used for all 
studies. 

Urine recovery samples were run with gradient elution for 
determination of SAm, SAc, Phen, MeS, and NPX. APAP was deter
mined with eluent A and an applied detector potential of +750 mV 
following the quick extractive cleanup described above. Codeine 
in urine was determined with a mobile phase containing pH 5.8 
phosphate (0.1 ~1) in methanol :water (45:55, v/v) and a column 
temperature of 450 C. 

Ana1yte and internal standard responses were quantitated by 
measuring peak height. Relative recovery values were calculated 
by comparing analyte/internal standard response ratios of spiked 
samples against aqueous standards of similar concentrations. 
Samples were usually bracketed by standards for every 3 to 5 
injections. 

RESULTS AND DISCUSSION 

Electrochemical Properties 
Half-wave potentials from chromatographically assisted 

hydrodynamic voltammograms (HOV's) of the analgesic compounds 
(see Figure 1) and several possible internal standards are 
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TABLE 

Hydrodynamic Voltammogram (HDV) Half-wave potenti~ls (E l / 2) for 
Common Analgesics and Possible Internal Standards 

ANALGESICS E1/2 (VOLTS) 

0.62 
1.08 
1.03 

Acetaminophen 
Phenacetin 
Salicylamide 
Salicylic Acid 
Methyl Salicylate 
Naproxen 
Codeine 

1.09 
1.10 
0.86 
1.12 

INTERNAL STANDARDS 

* 

N-Propiony1-p-aminopheno1 0.62 
2-Acetami dopheno 1 0.65 
p-Methoxyacetani 1 ide 1 .08 
Ethyl Paraben 1.09 
p-Hydroxyphenylpropionic Acid 0.92 
3-Methylsalicy1ic Acid 1.09 

LC mobile phase conditions: pH 4.5 acetate (0.1 M) with vari-
able percent methanol, except for codeine which was evaluated 
in pH 7.0 phosphate (0.1 M) with 50% methanol. 

listed in Table 1. Normalized HDV's of the analgesics are illus
trated in Figure 2 and representative cyclic voltammograms (CV's) 
are shown in Figure 3. 

Acetaminophen and phenacetin are substituted aminophenols 
whose electrochemical properties have been previously investi
gated (15). APAP is oxidized at modest potentials, whereas Phen 
is shifted to somewhat higher potentials due to ethyl substitu
tion of the phenol. Although SAc, SAm, MeS, and EtP (I.S.) 
represent ring-substituted phenols and require even greater anodic 
potentials, they are well within the analytically useful range. 
Naproxen, a sUbstituted naphthol, is oxidized at a lower potential 
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FIGURE 2. Normalized hydrodynamic vo1tammograms (HOV's) of 
analgesic compounds. LC mobile phase conditions same as Table 1. 

than free phenols. The extensive ring conjugation is apparently 
responsible for this unexpected behavior. 

Codeine is more difficult to oxidize but still may 
be determined at an advantageous potential. There is some 
evidence to support oxidation at the tertiary nitrogen (17,18) 
but the presence of a disubstituted catechol group suggests 
possible participation of this site. The appearance of two 
anodic waves in its CV indicates that both sites may be involved 
at adjacent potentials. 

Chromatographic Properties 
As shown in Figure 4, the desired ana1ytes tend to elute 

with a wide range of retention times. APAP and its correspond-
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ing internal standard (PrPAP) which elute early, can be detected 
with greater selectivity due to their significantly lower oxida
tion potentials. 

The retention of SAc, NPX, and Cod is strongly pH dependent 
as shown in Figure 5. In order to sufficiently increase the 
retention of SAc relative to SAm and endogenous components, it 
was necessary to use a mobile phase of pH 3.2. At this pH, SAc 
(ca. pKa = 3.0) is partly undissociated and thus more strongly 
retained. NPX, however, is predominately unionized and exhibits 
strong lipophilic behavior. Codeine is almost completely cationic 
at this pH and elutes with the endogenous milieu of biological 
samples. At values near pH 6 and above, the retention of Cod is 
sufficiently increased to provide separation from most endogenous 
compounds. Endogenous electroactive urine components tend to be 
predominately anionic near neutral pH, and a general reversal of 
retention properties therefore occurs. The anionic nature of 
such uri ne components was demonstrated by observi ng thei r stro.ng 
retention on an anion-exchange mini column. 

Simultaneous determination of all the analgesics does not 
appear readily feasible due mainly to the disparate properties of 
codeine. However, the remainder can be determined in a single 
chromatographic run. Employment of gradient elution to alleviate 
the problem of diverse retention times is illustrated and dis
cussed below. 

Internal Standards 
The use of appropriate internal standards facilitates accu

rate quantitation while eliminating stringent volumetric transfers 
during sample preparation. Compensation is also made for slight 
changes in injection volume and chromatographic parameters. 
Several compounds were evaluated for suitable electrochemical 
and chromatographic properties. EtP and PrPAP were chosen as 
most appropriate for these investigations. The additional com-
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FIGURE 4, Plot of LC capacity factor (k') versus % methanol 
for several analgesics at pH 5.0. 

pounds in Table 1 are listed as useful candidates for additional 
or alternate internal standards to promote flexibility in apply
ing LCEC to other specific applications. For controlled studies, 
the electroactive analgesics not under investigation also repre
sent possibile internal standards. 

Serum and Urine Determinations 
Serum samples run isocratically as shown in Figure 6 provide 

reasonable determinations at levels above about 5 ~g/mL. NPX and 
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FIGURE 5. Plot of LC capacity factor (k') versus pH for SAc, 
NPX, and Cod in 50% methanol as mobile phase. 

8 

MeS, however, elute rather late as fairly broad peaks, and the 
interference of endogenous peaks with APAP, SAm, and SAc becomes 
significant at lower concentration levels. A simple step-gradien 

elution was evaluated in an attempt to improve resolution of 
early eluting components and sharpen the peaks of later eluting 
ones. Inclusion of dual-electrode detection in the "parallel
adjacent" mode enabled simultaneous determination of all anal
gesics except codeine. Representative chromatograms illustra-
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FIGURE 6. Isocratic LC separation of several analgesics in a 
spiked serum sample. Mobile phase = 0.05 M ammonium MCA (pH 
3.2), 0.1 M NaC104 in MeOH:H?O (50:50). Detector potential = 
+1.15 V. Approx. 40 ng of each injected. 
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ting gradient elution with parallel dual-electrode detection 
are shown in Figures 7 and 8. 

Codeine in serum was determined separately with the 50:50 
(v/v) pH 7.0 phosphate:methanol mobile phase. At this pH, Cod 
is well retained and the retention time of NPX is reduced from 
26 to 6 minutes to elute just before Cod. SAm, Phen, NPX, and 
MeS can be conveniently determined with Cod under these condi
tions. APAP can often be included in the higher concentration 
range with adequate selectivity by setting one electrode poten
tial at about +600 mV. 

Serum recovery samples at analgesic levels of 2-50 ~g/mL 
were run via step-gradient elution at pH 3.2 and isocratic 
elution at pH 7.0. Results are listed in Table 2. 

One molar phosphoric acid and MCA buffer were added to the 
injection solution to improve recovery values for SAc and NPX. 
Initial injections of the supernatant from 50:50 (serum:CH3CN) 
protein precipitation yielded low recoveries versus aqueous 
standards. The problem was traced to inadequate pH control in 
the sample injection solution. Low pH maximizes retention at 
the head of the column and increases the sharpness of the 
"plug" injection. 

Urine samples contain a fairly high concentration of early 
eluting endogenous compounds and moderately polar metabolites 
which generate greater interference in APAP determinations. A 
simple ethyl acetate extraction proved sufficient to eliminate 
interferences at the levels evaluated. Note that the working 
standard must be processed through the extraction step since 
the analyte and internal standard distribution coefficients are 
not identical. Although the other analgesics can be readily 

extracted, SAc and MeS are sufficiently volatile to be partially 
lost in the evaporation step. The gradient-elution approach 
proved adequate for determining SAm, SAc, Phen, NPX, and MeS by 
direct injection as shown in Figure 7. APAP was determined with 
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FIGURE 7. Simultaneous determination of several analgesics via 
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each injected. 
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FIGURE 8. Serum blank response for step-gradient elution 
(A to B) as illustrated in Figure 7. 

3.2 

3.2 

mobile phase A. Phen, Cod, and NPX could be determined together 
under isocratic conditions. Urinary recovery results are listed 
in Tables 3 and 4. 

A fabricated C18 minicolumn (1.5 cm x 4 mm i.d., 30 ~m pack
ing) was evaluated as an alternate sample cleanup tool. After 
loading a 500 ~L urine sample, the column was washed with four 
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TABLE 2 

Serum Recovery Values 
=================================================5============== 
Analgesic Conc'(]..lg/mqa % Rec'y C.V. 
APAP 2 100.2 1.0 

10 97.3 2.4 
50 98.1 0.3 

SAm 2 101.7 2.0 
10 98.3 3.6 
50 102.0 3.2 

SAc 2 101. 7 1 .4 
10 96.7 2.5 
50 99.8 5.4 

Phen 2 97.3 2.4 
10 99.2 2.9 
50 98.5 1.7 

MeS 2 99.0 7.4 
10 98.9 1.5 
50 100.6 1.1 

NPX 2 99.0 8.9 
10 83.3 10.8 
50 87.9 9.9 

Codc 2 105.0 6.3 
10 103.2 2.6 
50 104.0 7.4 

a) initial serum concentration 
b) n = 4 
c) pH 7.0 phosphate, 50% MeOH mobile phase 

column volumes (ca. 1.0 mL) of 5% methanol in pH 7.0,0.1 M phos
phate. Four column volumes of 100% methanol were then used to 
elute and collect the analytes. Endogenous interferences were 
greatly diminished by this simple procedure to suggest potential 
value for urinary and other analgesic determinations, especially 
for analyte pre-concentration where lower level determinations are 
desired. Unfortunately, the cleanup step did not eliminate an 
endogenous component which tends to coelute with APAP and exhibit 
a slightly lower oxidation potential. 
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TABLE 3 

Urine Recovery Values with Step-Gradient Elution 
===========================================6===================: 
Analgesic conc.(Vg/mL)a % Rec'y C.V. 
SAm 10 106.6 3.3 

50 100.0 1.8 
SAc 10 99.8 10.0 

50 97.2 1.4 
Phen 10 112.0 2.1 

50 103.8 3.5 
MeS 10 98.6 9.7 

50 102.6 1.0 
NPX 10 104.4 3.4 

50 110.0 4.3 ar initial urine concentration 
b) n = 4 

TABLE 4 

Urine Recovery Values with Isocratic Elution 
===========================================5==================== 
Analgesic Conc.(Vg/mL)a % Rec'y C.V. 
APApc 5 101.7 3.1 

10 101 .2 1 .6 
50 95.1 0.3 

Phend 5 96.9 2.8 
10 96.6 0.8 
50 100.2 0.4 

Cod 5 97.9 1. 3 
10 93.0 2.9 
50 97.2 2.7 

NPX 5 96.7 1.9 
10 95.0 1. 9 
50 99.5 0.4 

a) initial urine concentration 
b) n = 4 
c) mobile phase A, E = +600 mV 
d) mobile phase = 45% methanol/50% 0.2 M phosphate at pH 5.8 
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Codeine exhibited extensive tailing and peak broadening even 
on a relatively new column. Lowering the eluent pH to 5.8 and 
increasing the column temperature to 450 C improved the peak shape 
somewhat. A representative urine sample under these conditions 
is shown in Figure 9. The problem of peak integrity proves to be 
by far the limiting factor in detectability. Codeine exhibits 
low molar absorptivity at wavelengths of 254 nm and above (19), 
therefore, work is currently in progress to circumvent this prob
lem and exploit the sensitivity advantage of electrochemical 
detection. 

Gradient Elution 
Employment of a stepwise gradient change from 40 to 60 per

cent methanol was quite successful. Inspection of Figure 7 shows 
a small "derivative" type baseline disturbance about 2 minutes 
after the mobile phase change. This is followed by a very slight 
rise in baseline. Frequently, the baseline disturbance was more 
pronounced with the baseline rising asymptotically about 10 nA 
within two minutes to a new plateau. Parameters involved appear 
to include dielectric constant, pH, temperature, purity of mobile 
phase and electrode sensitivity. The mobile phase electrolyte 
concentration was held constant with 0.05 M buffer and 0.10 M 
NaC104 to minimize ionic strength changes. A stepwise mobile 
phase change from pH 3.0 to 4.0 with 0.05 M MeA buffer and 0.1 M 

NaC104 in 40% methanol created a baseline shift of similar shape 
and magnitude. A less abrupt or smooth eluent change with re
gard to organic modifier and/or pH may provide a quite accept
able baseline transition. Other workers have recently described 
notable success with linear gradient elution and discussed some 
of the parameters involved (20-22). At lower electrode poten
tials the magnitude of gradient-induced baseline shift decreases 
with the magnitude of the background current. Gradient elution 
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FIGURE 9. Isocratic LC separation of Phen, Cod, and NPX in a 
spiked urine sample (5 ~g/mL). Mobile phase = 0.1 M ammon~um 
phosphate (pH 5.8) in MeOH:H 20 (45:55). Column temp. = 45 C. 
Detector potential = +1.12 V. Approx. 25 ng of each ana1yte 
injected. 
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is therefore even more amenable to LCEC at lower detector poten
tials. 

It is well known that the mobile phase viscosity changes 
with methanol content, yielding corresponding changes in fric
tional heating while eluent is traversing the column. Since 
background current is temperature dependent, temperature changes 
will cause observable baseline shifts. The column eluent was 
thus passed through a section of stainless steel tubing looped 
in a room temperature water bath to stabilize its temperature. 
This setup also noticeably decreased random baseline fluctua
tions, presumably attributed to variable air cooling of the 
friction-heated eluent. When elevated column temperatures are 
employed, eluent cooling is extremely effective in reducing 
total background current. 

When the mobile phase is merely altered by organic modifier 
strength, the EC baseline disturbance has often been observed 
to be much less than for a 254 nm detector operating at similar 
sensitivity. Given certain constraints, the application of 
electrochemical detection to gradient elution separations may 
frequently equal or surpass the performance of UV detection. 

SUMMARY 

LCEC has been shown to provide sensitive determination of 
several analgesics in complex biological samples with minimal 
sample preparation. Pertinent chromatographic and detection 
parameters have beem compiled and discussed to facilitate future 
applications. 

Due to the inherent sensitivity of EC detection for these 
compounds, practical detection limits depend mostly on the degree 
of interference from endogenous components. Simple extraction or 
mini-column cleanup procedures can conveniently eliminate the 
majority of these interferences to extend useful detection limits. 
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Baseline stability is another important factor in attaining low 
detection limits. This can be improved by using isocratic elution 
or continuous gradients, adequate temperature control, electro
chemically pure mobile phases, and uniform mobile phase delivery. 
The results shown here represent determinations achievable with 
relatively lowcost equipment. 

The analgesics evaluated yield diverse UV absorbance and 
fluorescence response sensitivities but rather consistent amper
ometric responses. The detector electrode response appears to 
be predominately diffusion dependent and hence of very similar 
magnitude for each analyte. 

Parallel dual-electrode detection proved convenient for 
simultaneous determination of APAP along with compounds of higher 
oxidation potential. Others have demonstrated the additional 
utility of this electrode configuration in affirming peak identity 
by comparing detector response ratios for electrodes at adjacent 
potentials between sample and standard (23,24). This provides 
an additional parameter of identification comparable to absor
bance ratioing with UV detection. 
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ABSTRACT 

Analysis of catecholamines and related metabolites is often 
based on direct injection on the HPLC column of supernatants of 
centrifuged brain homogenates. In this study we have investigated 
to what extent direct injection techniques are also useful for 
analysis in the picogram-range. The use of Sephadex G 10 (which 
allows a rapid sample purification for 11 compounds) appeared an 
attractive alternative when direct injection techniques cannot be 
applied. Various aspects of the routine use of the electrochemi
cal detector at a sensitive setting are discussed. Finally the 
identity of small peaks in the chromatogram is addressed. 

INTRODUCTION 

An increasing number of methods based on liquid chromato
graphy and electrochemical detection (LC-ED) have been described 
for analysis of monoamines and related metabolites in brain 
tissue (1,2). These methods were mainly concerned with the assay 
of the neurotransmitters dopamine (DA). noradrenaline (NA) , 5-
hydroxytryptamine (5-HT) and their metabolites 3.4-dihydroxyphe-
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nylacetic acid (DOPAC), homovanillic acid (HVA) and 5-hydroxy
indolacetic acid (5-HIAA) in various brain regions. Concentrations 
of these compounds are in the nanogram to microgram-range (0.2 -
12 ~g/g; amounts of tissue available usually less than 50 mg). 
However, various other metabolites of DA and NA such as 3-methoxy
tyramine (3-MT), 3,4-dihydroxyphenylethyleneglycol (DOPEG), 3-
methoxy-4-hydroxyphenylethyleneglycol (MOPEG), 3,4-dihydroxyphe
nylalanine (DOPA) and normetanephrine (NM) are found in the brain 
in the picogram-range (3-30 ng/g). In the same order of magnitude 
are the levels of DA, DOPAC and HVA in the so-called non-dopami
nergic areas (brain regions with a relatively small dopaminergic 
innervation such as the frontal cortex, stem, hippocampus and 
cerebellum). Quantification of these amounts, which are two or
ders of magnitude less than the usually studied contents, require 
a careful analytical approach as these assays reach the detection 
limits of the routinely performed LC-ED techniques. 

Various authors have described attractive methods based on 
direct injection on the HPLCcolumn of the supernatant of centri
fuged brain homogenates (3,4,5). These methods combine an easy 
sample handling with a high analytical recovery, and allow quan
tification of a large series of compounds (4-6) in a single chro
matographic run. However, when this analytical approach is appli
cated to the analysis in the pg-range, interfering peaks in the 
chromatograms are to be expected. Purification of the brain 
samples is the classical answer to this analytical problem, and 
a number of purification procedures for monoamines and related 
metabolites are found in the literature (6,7,8). 

In this study we have investigated to what extent direct in
jection techniques are also useful for analysis in the pg-range. 
When these techniques could not be used, pretreatment of samples 
on Sephadex G 10 was performed. This paper is also concerned with 
two aspects which require special care when the assay is in the 
pg-range: the routine use of an electrochemical detector at the 
highest sensitive setting, and the identity of small peaks in the 
chromatogram. 

METHODS 

Reagents 

Materials and their sources were as follows: dopamine.HCI, 
noradrenaline bitartrate, 3,4-dihydroxyphenylalanine, 3,4-dihy
droxyphenylethyleneglycol, normetanephrine (Sigma), 3,4-dihydro
xyphenylacetic acid, homovanillic acid, and 5-hydroxyindolacetic 
acid (Fluka). All other chemicals were of analytical reagent grade 
and were purchased from E. Merck. All aqueous solutions were pre
pared from deionized water distilled in glass. Stock solutions of 
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the various compounds consisted of 100 ~g/ml in 0.01 M formic acid 
and 0.1 mM EDTA and were stored in portions of approx. 1 ml in the 
freezer (-80°). Standard solutions were prepared every 2 weeks 
from a portion of the stock solutions after appropriate dilution 
in 0.01 M formic acid and 0.1 roM EDTA. Ascorbic acid (final con
centration 0.01 roM) was added to the stock solution of S-HlAA. 
The mobile phases used for the various assays are summarized in 
Table 1. The solutions were filtered before use (0.5 ~m Millipore 
filter). 

Animals, drug treatment and dissection 

Male albino rats of 175-200 g weight (Wistar, e.D.L., Gro
ningen, The Netherlands) were used. Pargyline.Hel was administe
red intraperitoneally. The animals were killed by decapitation. 
The brain structures dissected included the frontal cortex, 
striatum, hypothalamus, hippocampus, brain stem and cerebellum. 
The tissue samples were frozen on solid CO2 , Samples were kept 
at -80°C until assayed. 

Isolation procedure on Sephadex G 10 

Several columns (at least 40) can be handled in one run with 
the help of automated pipettes. Before use the columns were 
washed with 3.0 ml 0.02 M ammonia and 3.0 ml 0.01 M formic acid. 
Tissue samples (up to 150 mg) were homogenised in 1.0 ml 0.1 M 
perchloric acid. Following centrifugation (4000 g; 4°C) the super
natants were put on Sephadex G 10 columns (5 x 70 mm) prepared 
in long-size Pasteur pipettes. Two different routes of purifica
tion are possible (route I and route II). 
Route I: After tissue extracts have passed through the columns, 
1.0 ml 0.01 M formic acid and 1.5 ml 0.02 M ammonia (containing 
0.01 roM ascorbic acid and 0.1 roM EDTA) were added. NA, DA, 3-MT, 
DOPAC, HVA and 5-HlAA are then eluted with 1.5 ml 0.02 M ammonia 
(containing 0.01 roM ascorbic acid and 0.1 roM EDTA). Because of 
instability of catecholamines in ammonia this fraction is collec
ted in a vial to which 50 ~l concentrated formic acid was added. 
Route II: After tissue extracts have passed through the columns, 
2.0 ml of a solution of 0.01 M formic acid and 0.1 mM EDTA was 
added. Tyrosine (TYR) , DOPA, DA, NA, NM, 3-MT, DOPEG and MOPEG 
were then eluted with 1.0 ml of the formic acid solution followed 
by 1.5 ml of a phosphate solution (5 roM Na2HP04.2H20 and 0.1 roM 
EDTA). DOPAC, HVA and 5-HlAA were subsequently eluted with 2.0 ml 
of a solution containing 0.02 M ammonia, 0.1 roM EDTA and 0.01 mM 
ascorbic acid. This fraction was collected in a vial to which 
50 ~l concentrated formic acid was added. 

The columns are stored in 0.02 M ammonia. The isolation pro
cedure is summarized in Fig. 1. The columns do not need regene
ration; they are refilled after 6 months use. 
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Fig. 1. Flow chart of the isolation procedures. 

Chromatography 

A Waters tmode1 6000A) liquid chromatograph was employed in 
conjunction with an electrochemical detector. A detector based on 
a rotating disc electrode was used (9). A potentiostat from Bio
analytical Systems, type LC-2A, has been used. The detector po
tentials for the various assays are summarized in Table 1. 
The column (150 x 4.6 mm i.d.) was packed with a slurry of Nu
c1eosi1 5 C 18 (Mackerey-Nagel, Duren, F.G.R.) reverse-phase 
material in methanol/carbon tetrachloride (20/80, v/v). The slur-
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ry (10% w/v), degassed in an ultrasonic generator, was pumped 
into the chromatographic column at the highest possible flow 
rate. Columns were washed by passing 200 ml of methanol and fur
ther equilibrated with the mobile phase. Columns were refilled 
after 5-6 months of use. To maintain the integrity of the micro
particulate column a precolumn (70 x 4.6 mm i.d.; filled with 
Nucleosil 5 C 18) was placed between the pump and the injection 
valve. The precolumn was packed according to the same procedure 
as the analytical column. Analyses were performed at a flow rate 
of 60 ml/h at room temperature. When supernatants of brain homo
genates were directly injected into the chromatograph, a guard 
column filled with reverse phase material (Chrompack; 75 x 2.1 mm 
i.d.) was placed between the injection valve and the analytical 
column. Material was injected with a high-pressure injection 
valve (Rheodyne) fitted with a 50-500 ~l sample loop. Concentra
tions in brain samples were calculated with the aid of (linear) 
calibration curves obtained after the injection of pure standards. 
Recoveries of the various compounds were determined by analysing 
spiked brain tissue. If the Sephadex eluates had to be preserved 
till the next day, they were stored at 4°C. The chromatographic 
conditions for the various assays have been described earlier 
(9,10,11,12) and are summarized in Table 1. 

RESULTS AND DISCUSSION 

The necessity of Sephadex G 10 as purification step 

HPLC of catecholamines and related compounds is usually 
carried out with alkyl sulphonate-containing mobile phases and a 
reverse phase column (1,2,3,4,5). Alkylsulphonates give the re
verse phase material cation-exchanging properties ("soap"-chroma
tography) and for this protonated catecholamines are strongly 
retarded on the HPLC column. Asmus and Freed (13) have described 
the use of trichloracetic acid (TCA) containing eluents as alter
native to the alkylsulphonates. TCA is thought to form ion-pair 
complexes with protonated catecholamines and these ion-pairs are 
retarded on the reverse phase material. It is our experience that 
the use of TCA-solutions results in a somewhat better chromato
graphic separation of the studied compounds when compared with 
eluents based on alkylsulphonates. Moreover the noise level of 
the detector signal was more favourable in the case of TCA-solu
tions. During this study we have developed a TCA-containing 
eluent which could be used for simultaneous assay of 6 compounds. 
When the pH of the eluent was 3.9 ± 0.1, separation was achieved 
between NA, DOPAC, DA, 5-HIAA, HVA and 3-MT (Fig. 2). InFig. 2a a 
chromatogram obtained after direct-injection of a homogenate of 
striatal tissue is depicted. 
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Fig. 2. (a) Chromatogram of 40 mg striatal tissue after direct 
injection of centrifuged homogenate. (b) Chromatogram of 48 mg 
striatal tissue after isolation on Sephadex G 10 (route I). 
(c) Chromatogram of 42 mg hypothalamic tissue after isolation on 
Sephadex G 10. Chromatographic conditions: mobile phase: 78% 0.1 
M TCA, pH 3.9, 22% methanol; flow 1.0 ml/min; 100 ~l sample loop; 
potential setting 750 mV. 

It is clear from this figure that in case of striatal tissue the 
direct-injection method is acceptable for quantification of 
DOPAC, DA, 5-HIAA and 5-HT; but not for NA. The 5-HT and 5-HIAA 
content is in the same order of magnitude throughout the brain 
(Table 2), which means that for these compounds the direct 1nJec
tion technique is always the method of choice. However, in seve
ral areas of the brain the concentrations of DA, DOPAC and HVA 
are 20-100 times lower than in the striatum (Table 2). When these 
amounts are to be determined attenuation of the detector signal 
to 20-100 times that of Fig. 2 is necessary. Fig. 2 indicates 
that at such a sensitive detector setting the broad and tailing 
front of the chromatogram will seriously disturb the quantitation 
of DA, DOPAC and (to a less extent) HVA. The quality of the chro
matogram was much improved when the brain samples were pretreated 
on Sephadex G 10 columns (Fig. 2b,c). Note that quantification of 
NA is now also possible. Only 5-HT cannot be determined as this 
compound is strongly bound to the Sephadex resin. The assays of 
the NA metabolites DOPEG and MOPEG are other examples of assays 
in which direct injections of homogenates cannot be used. Retar
dation on a reverse-phase column with TCA or alkylsulphonate is 
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not possible with alcoholic derivatives such as DOPEG or MOPEG. 
That pretreatment of samples on Sephadex G 10 is required for 
quantification of DOPEG is illustrated in Fig. 3a and 3b • Deter
mination of free DOPEG was achieved with a phosphate-acetate 
buffer (Table 1; manuscript in preparation). The need of sample 
purification was also established for the determination of DOPEG 
sulphate, free MOPEG, MOPEG sulphate, DOPA and NM (results not 
shown). 

The procedure of purification of samples on Sephadex G 10 
columns is depicted in Fig. 1. Two different routes are possible. 
Route I, which was developed during this study, concentrates DA, 
NA, 3-MT, tyrosine (TYR), DOPAC, HVA and 5-HIAA in a relatively 
small fraction of 1.5 mI. DOPEG and MOPEG are not quantitatively 
recovered in this fraction, whereas chromatographic separation 
of NM, DOPA and interfering compounds was not complete. Route II 
has been described in an earlier study (9). Purification via this 
route is more complete, as the nathod affords two fractions. The 
first fraction contains the catecholamines, DOPEG and MOPEG. 
Endogenous levels of DOPA and NM can also be quantified from this 
fraction according to the appropriate chromatographic conditions 
(Table 1). The acidic metabolites are now found in a second 

···DA T 
1 nA 

··DA 

1 

.DOPEG 
a b 

o 10 20 o 10 
min 

Fig. 3. (a) Chromatogram of 55 mg striatal tissue after direct 
injection of centrifuged homogenate. (b) Chromatogram of 60 mg 
striatal tissue after isolation on Sephadex G 10 (route II). 
Chromatographic conditions: mobile phase citrate/phosphate buffer 
0.35 M, pH 5.8; 50 ~l sample loop; flow 1.0 ml/min; potential 
setting 550 mV. 
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fraction. Route II, which is somewhat more time-consuming than 
route I, results in a better purification of brain samples. The 
analytical recoveries of both routes were between 80 and 90%. 
Internal standards were not used. From 18 rat brains we have ana
lyzed the bilateral striatal structures with the direct injection 
method (left striatum) and with the method including Sephadex G 
10 (route I)(right striatum). The results t~g/g ± S.E.M., n = 18), 
were, DA: 9.7 ± 0.4 (left) and 9.7 ± 0.3 (right); DOPAC: 0.57 ± 
0.03 (left) and 0.55 ± 0.02 (right); HVA: 0.73 ± 0.03 (left) and 
0.68 ± 0.03 (right). From these data it is concluded that both 
methods yield similar recoveries. 

In summary, there are several conditions when direct injec
tion techniques cannot be used. The use of small Sephadex G 10 
columns is then an attractive alternative. The eluates of the 
Sephadex procedure consist of relatively clean solutions and 
allow the detection of small amounts of compounds with minimal 
interference of other biological substances. Purification on Sep
hadex G 10 is possible for a total number of 11 compounds. This 
versatile application is an advantage to currently used purifica
tion methods such as alumina pretreatment, ion-exchange chromato
graphy, or solvent-solvent extraction (6,7,8), as the latter 
methods are restricted to catechol-containing compounds. As the 
columns can be used during many months and for a variety of as
says, they are very suitable for routine determinations. Handling 
of the columns with the help of automated pipettes takes only 
some seconds per column. New Sephadex G 10 material may contain 
some compounds that interfere with the chromatographic separation. 
These compounds disappear after excessive washing of the resin or 
during routine use of the columns. 

Routine use of the electrochemical detector 

In our laboratory the HPLC is carried out with a rotating
disk electrochemical detector. The rotating-disk detector pro
sesses some advantages over the widely used thin-layer cells that 
are of importance for determination of compounds in the pg-range 
(9). The rotation of the electrode results in an increased sensi
tivity of the detection (by 250-600%, depending of the compound). 
The sensitivity of the detector is in the range of 3-6 nA/ng for 
the compounds in this study (50-200 ~l sample loop; retention 
time less than 10 min). The most sensitive setting during routine 
use was 2 nA/V. If we assume 1% of the full scale value as detec
tion limit, it means that 0.01 x 2 nA = 20 pA can be detected. 
20 pA corresponds to 3-7 pg per injection. When a 200 ~l sample 
loop is used and assuming that the compounds are eluted in 1.5 
ml, it can be calculated that 1.5 (3 7) b 25 50 / I --- x - = a out - pg samp e 0.2 
is the detection limit of the method during routine use. The di-
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lution of the sample during the Sephadex G 10 procedure is a li
mitation of the method. However, several assays (HVA, 5-HIAA, 
3-MT) permit the use of a 500 ~l sample loop with virtually no 
peak broadening. 

When pg amounts are to be detected, special attention should 
be given to the following aspects: 

--When various mobile phases were compared, the signal-to-noise 
levels varied as follows: phosphate/citrate buffer = phosphate/ 
acetate buffer > trichloracetic acid containing eluent > alkyl
sulphonate containing eluent. In general the noise level in
creased with a decreasing pH value. It was often noticed that a 
mobile phase of pH < 4 resulted in an unstable baseline. These 
baseline fluctuations (in which the pump-pulsation was some
times recognized) could be overcome by the addition of EDTA to 
the mobile phase (final concentration: 10-4 M). This indicates 
formation of Fe2+ in the HPLC equipment, probably caused by the 
relatively low pH of the buffer. 

--External sources of electrical noise can seriously disturb the 
baseline of the detector, especially at a sensitive setting. 
This problem is usually overcome by placing electronic filters 
between the HPLC equipment and the mains supply. 

--The various parts of the HPLC and detector equipment should be 
earthed properly. A Faraday cage around the detector should be 
used when the analysis is in the pg-range. 

--An unfavourable signal-to-noise level is not always solved by 
repacking the carbon paste electrode. A carbon electrode can be 
used during several weeks/months. A high residual current and 
an instable baseline are indications that the electrode needs 
repacking (when other sources of baseline noise are excluded). 

It should be noted that these precautions do not prevent the 
fact that often an inexplicable day-to-day fluctuation in the 
amount of electrical noise was noticed. 

Identification of small amounts in chromatograms 

Determination of compounds near the detection limit usually 
means quantification of one of the smallest peaks in the chromato
gram. It is therefore of utmost importance to have sufficient cer
tainty about the identity of the peak to be calculated. Apart 
from the typical chromatographic behaviour, there are in general 
three possible ways to confirm the identity of these compounds. 
a) Determinations of a voltammogram. Chromatograms of both a puri

fied brain extract and a standard solution are recorded at 
various oxidation potentials. The studied compound and the 
authentic one should have similar electrochemical behaviour. 
In Fig. 4 the electrochemical behaviour of endogenous DOPA, 



Fig. 4. Influence of the electrode potential setting on the res
ponse of authentic DOPA, DOPEG, MOPEG and NM (open symbols) and 
on the compounds isolated from brain tissue (closed symbols). 

free DOPEG, free MOPEG and NM isolated from the brain tissue, 
is compared with corresponding standard solutions. The simila
rity of the voltammograms supports the specificity of the 
assay. 

b) Catecholamines and related amino acids are retarded on Sepha
dex G 10 columns as ion-pair complexes with perchlorate (9). 
If brain samples are homogenised in 0.1 M HCl instead of per
chloric acid, the former compounds do not bind to the Sephadex 
resin and disappear from the chromatograms (acids such as HVA, 
5-HIAA and DOPAC do not require perchlorate and these compounds 
remain in the chromatogram). This method has been used in our 
laboratory to support the identity of endogenous DOPA, NM and 
3-MT in brain samples. 

c) The most elegant way to contribute to the identity of a com
pound is the use of selective enzyme inhibitors. Inhibition of 
the enzymatic reaction can remove certain metabolites from the 
brain (and subsequently from the chromatograms). Concentrations 
of oxidative deaminated metabolites such as DOPEG, MOPEG, 
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Table 3. 

Effect of monoamine oxidase inhibition (75 mg/kg pargyline, i.p.) 
on the levels of the oxidative desaminated metabolites of DA and 
NA in the striatum of rats. Values are given in ng/g ± S.E.M. (n). 

Compound time of pre- controls pargyline treated 
treatment with 
pargyline (h) 

DOPAC 873 ±42 (5) 22 ± 5.9 (3) 

HVA 1044 ±27 (5) 141 ±14.6 (3) 

free DOPEG 3 7.2± 0.5 (6) < 5 

total DOPEG 3 25.0± 0.5 (4) < 5 

free MOPEG 3 11.3± 1.8 (4) < 5 

total MOPEG 3 61 ± 6.5 (6) 23.8± 4.2 (3) 

DA 
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1 nA DA 

1 DA 

DOPEG 
DOPEG 

DOPEG 

a c 

o 10 o 10 0 10 
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Fig. 5. (a) Chromatogram of 64 mg hypothalamic tissue (50% of the 
sample). lb) Chromatogram of the remaining 50% of the same sample 
after thermic hydrolysis (10', 100°C). (c) Chromatogram of 40 mg 
hypothalamic tissue after thermic hydrolysis (10', 100°C). The rat 
was pretreated with pargyline.HCl (100 mg/kg) for 3 hours. Chroma
tographic conditions: isolation on Sephadex G 10 (route II), HPLC 
conditions see legend to Fig. 3. 
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DOPAC; HVA and 5-HIAA are considerably reduced after monoamine 
oxidase inhibition (Table 3). Fig. 5b shows the chromatogram 
of a brain extract after thermic hydrolysis. The hydrolysis 
induced a pronounced rise in the "DOPEG" peak (probably caused 
by hydrolysis of DOPEG-sulphate), but the chromatogram does 
not seem very reliable as various compounds eluted with reten
tion times near that of DOPEG. Pretreatment of the rat with a 
monoamine oxidase inhibitor (pargyline.HCI; 100 mg/kg), virtu
ally removed "DOPEG" from the chromatogram, thereby confirming 
its identity (Fig. 5C ). 

Other pharmacological tools which can be used for identification 
of compounds are tropolone and reserpine. The catechol-O-methyl 
transferase inhibitor tropolone induces a selective and pronounced 
decrease (> 90%) in brain concentrations of'methylated metabolites 
such as 3-MT and HVA. Reserpine is known to deplete (> 90%) cate
cholamin~ stores in nervous tissue. 
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Norwalk, Connecticut 06855 

ABSTRACT 

The chromatographic performance of an electrochemical 
detector incorporating a f10wcell with improved dispersive charac
teristics has been evaluated for use in high-speed liquid chroma
tography. High-speed C18/3 ~m columns, 100 x 4.6 mm, i.d. were 
found to be well matched to this detector with respect to extra
column contributions to band broadening. The capabilities of this 
high-speed LC-EC system are demonstrated by a 3-minute separation 
of phenols and a 4-minute separation of catecho1amines and ace
tominophen. 

INTROIUCTION 

In 1981, several publications by DiCesare et al. provided an 

introduction to practical high-speed liquid chromatography (LC) 

(1,2). The importance of considering all components of the LC 

system, in order to optimize system performance, was clearly 

demonstrated in studies carried out examining the relationship 

between column geometry and the extra-column contributions to 
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peak dispersion, the so-called instrumental bandwidth (IBW). As 

a result of this effort, the first commercial LC system designed 

for high-speed analysis became available (1). 

Important features of this system include a low dispersion 

injector, low volume (2.4 ~L originally, now 1.4 ~L) detector 

flowcell, fast detector response time (135 milliseconds originally, 

now 20 milliseconds) and short, 0.007 inch Ld. connecting tubes. 

This system is co~atible with short columns (e.g. 100 or 33 mm 

long by 4.6 mm i.d.) packed with 3 ~m particles. Reduction in 

particle size from 10 ~ or 5 ~ to 3 ~ provides two main advan

tages. As particle size decreases, the column length required to 

achieve a given efficiency decreases proportionally. Also as 

particle size decreases, the optimum mobile phase velocity increases. 

Therefore, shorter columns at higher flow rates achieve similar 

separations in reduced times as discussed below. 

The intervening years have seen rapid growth (3-10) in the 

acceptance of high-speed LC and significant improvements over 

initial systems in several respects. Specifically, further reduc

tions in instrumental bandwidth contributions of connecting tubing 

(11), detectors (12), and injectors (13) are responsible for these 

advances. 

All of these early developments occurred using the most 

commonly encountered variable wavelength UV detector. A similar 

path of development is being traversed by fluorometric (14) and 

RI detection (15) where IBW values of 40 and 55 ~L, respectively, 

have been reported. To-date, little has been reported with respect 
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to high-speed liquid chromatography with electrochemical (EC) 

detection (16). However, many practical applications (e.g. 17-20) 

and several good discussions of basic detection principles (21, 22) 

have been published using EC detection. The purpose of this 

communication is to report the results of preliminary investiga

tions of the high-speed capabilities of LC-EC. 

EXPERIMENTAL 

All chromatographic equipment used in this study is available 

from The Perkin-Elmer Corporation (Norwalk, en. Peak dispersion 

studies and high-speed LC of catecholamines were performed with a 

SERIES 10 ptlllp. Other high-speed analyses were performed with the 

SERIES 4 Liquid Chromatograph. Injections were made through a 

Model 71255 injector equipped with either a 6 ~L or a 20 ~L sample 

loop. Samples were chromatographed on HS-3 CIS (100 x 4.6 1111\ Ld. -

part number 0254-1501) and 3x3 C18 (33 x 4.6 mm i.d. - part number 

0258-0160) columns containing 3 um C18 bonded phase particles. 

Short lengths of 0.007" Ld. stainless steel tubing were used for 

injector-to-column cormections. An LC-85B variable wavelength IN 

detector equipped with a 1. 4 llL flowcell was used for peak disper

sion studies. 

Amperometric detection was accomplished with the LC-4B electro

chemical detector ~lipped with TL-5 glassy carbon electrode cell 

block and an Ag/AgCI reference electrode. For high-speed LC-EC, the 

plastic top half of the TL-S cell block was stainless steel and also 

served as the auxiliary electrode. In other cases, the metal outlet 
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tube of the reference compartment served as the auxiliary electrode 

(Figure 2). Column-to-detector cell connections were made with 

either 0.011" Ld. Tefzel tubing (Zeus Industrial Products, 

Raritan, NI) or 0.031" Ld. Teflon tubing. 

Phenols and catecholamines were purchased from Sigma Chemical 

Company, St. Louis, t.D or Aldrich Chemical Company, Milwaukee, WI. 

MObile phases consisted of HPLC grade organic modifiers and deion

ized, distilled water. Other mobile phase additives were analytical

reagent grade. MObile phase compositions are listed in Figure 

legends. 

Instrumental bandwidths of the EC detector were estimated by 

analyzing peaks produced by 6 ~L injections of phenol solution 

(100 ng/~L) through the chromatographic system in which the ECcell 

was connected directly to the injector (Figure 1). Phenol was then 
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detected at an applied potential of +1.0 V with a mobile phase of 

50% acetonitrile in 0.2 M NaCl04, S roM sodium citrate, pH 5.4. 

A I-meter coil of 0.007" stainless steel tubing was placed between 

the injector and pump in order to produce sufficient backpressure 

to allow proper operation of the pulse dampener. In order to 

determine the upper limit of the cell volume contribution to peak 

dispersion, the outlet of the cell was connected to the LC-8SB UV 

detector via a short length of 0.007" Ld. stainless steel tubing 

(Figure 2) with a specially made low-volume end fitting. Phenol 

peaks were then detected at 280 nm. By connecting the LC-85B 

directly to the injector, dispersion due to the system without 

the EC cell was estimated. Bandwidths (4 sigma) were calculated 

UV Detector 
LC-858 

1.4 ilL Cell 

Thin Layer 
Cell 

1===9\ Ir=~ 

I!!!!I !!!!!!!I 

High Speed 
AID Interface 

3600 
Data Station 

FIGURE 2 
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7125-S 
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System for estimating EC flowcell hydraulics' contribution to 
dispersion. 
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by width at half-heights as measured on recorder paper and by 

computer determination of central moments. 

Detector output signals were acquired by a Model 3600 Data 

Station via the Chromatography Interface (Figure 2) which is a 

high-speed analog to digital converter. Data acquisition and 

storage were controlled by software written in BASIC. Central 

IOOments of peaks were then determined as discussed by Grushka, 

et al. (23) using a second BASIC program. An abbreviated 

algorithm of this program is shown in Figure 3. 

v = Re.pon.e 

FIGURE 3 

Calc. Oth Moment 
m.= IV, 

Calc. 1st Moment 
m, = I(t,)V, 

IV, 

Calc. 2nd Moment 
m. = I(t,-m,)'y, 

Iy, 

Peak Area 

Peak Retention 

Peak Dispersion 
o· 

Flow chart for computerized Central Moments Determination. 
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RESlIT..TS AND DISQJSSION 

Instrumental Bandwidth 

2359 

IBW can be defined as the band broadening of a solute zone 

passing through the LC system caused by all the system components 

except the column. IBW is determined by injecting a solute into 

the chromatograph with the column replaced by a zero dead volume 

connection (or appropriate capillary tubing directly connecting 

the injector and detector) and measuring the volume of the result

ant eluted peak. Replacing the column with a zero-dead vol\Blle lDlion 

in Figure 1 illustrates such a system. IBW is equal to four times 

the standard deviation (a) of the eluting peak. 

The value of (] can be estimated in many ways, analogous to the 

many methods of determining theoretical plate number N. The quality 

of the value obtained in (] estimation (or N estimation) depends on 

the shape of the peak and the measurement technique used. In this 

study we have estimated IBW using two procedures: 

1. Peak width at half-height 

2. Statistical moments 

The half-height method allows estimation of a and, therefore, 4 a 

according to: 
Wh 

a" ---......- (1) 
2.354 

Where ~ is the peak width at half-height. 

This method asS\BlleS gaussian peak shape and any deviation 

results in an underestimation of dispersion and, therefore, an 

overestimation of resolving power. This method is a practical 

alternative since many practicing chromatographers do not have 
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ready access to the insttunentation and software required to apply 

statistical moments analysis to the general problem of estimating 

dispersion. 

Application of the moments method provides good estimation of 

peak variance as illustrated by Kirkland, et a1. (24) even for very 

asynmetrical peaks. Peak variance (J2. the second central moment, can 

Where ti - time 

~ - the first moment 

Yi • response 

(2) 

Figure 3 schematically illustrates the computer program for 

moments determination (25) using chromatographic data stored on disc. 

The data file is selected from disc and displayed graphically on the 

CRT. The beginning and end of the peak of interest is determined 

(either manually or automatically) and a time versus response array 

is created. The zeroeth, first and second moments are calculated and 

the results printed. 

In this study, our specific aim was to estimate IBW for the 

high-speed LC-EC system illustrated in Figure I so that we could 

estimate the proper instrument-column match, assess the impact of 

improved cell design and compare the state of high-speed LC-EC with 

high-speed LC using UV detection. 

The improvement in performance resulting from cell design 

modifications is very apparent by comparing Figure 4a with 4b. The 
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Dispersion of new versus old cell design. CA) High-speed cell 
4 a = 47 pL by Wh, 4 a m 64 pL by moments. (B) Conventional cell, 
4 a = 113 pL by Wh, 4 a = 164 pL by moments. 

estimation of IBW by half-height decreases from 113 pL to 47 pL 

and by moments from 164 pL to 64 pL. For a 15,000 theoretical 

plate column at k' = 3, this corresponds to changes in observed N oi 

11257 to 14184 and 8821 to 13554 using the half-height and moments 

estimations of IBW, respectively. The resultant decrease in band

width is obvious just by looking at the width and tailing of the 

two peaks. It's interesting that this improvement in high-speed 
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LC-EC is roughly equivalent to the improvement reported for the 

first high-speed LC systems using UV detection relative to 

'conventional' systems of the time (1-3). The practical conclu

sion is columns of about 100 x 4.6 mm packed with 3 um particles 

are compatihle with high-speed LC-EC. 

This compatibility is best illustrated by the example of 

Table 1. 

The observed efficiency (Nobserved) of a 15,000 theoretical 

plate co1l11U'l (Ncol) is compared to Ncol with respect to \ loss of 

N defined as 

and 

\ loss N .. 
N - N col observed x 100 

N col 

\ loss of resolution (Rs) defined as 

Rs col - Rs observed x 100 , loss Rs • ----......;;.."""""..;;...;.~'--

Rs observed 

TABLE 1 

(3) 

(4) 

Influence of tBW on Observed Efficiency and Resolution (a) 

k' Nco1 Nobserved 
, loss N , loss Rs 

0 15000 4491 70 
1 15000 9464 37 21.0\ 

3 15000 13086 13 6.6\ 

5 15000 14085 6 3.1\ 

10 15000 14715 2 1.0\ 

(a) tRW .. SO uL, initial Rs .. 1. 25, 100 x 4.6 mm 3 um 
column with Vo = 1 mL. 
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where Rs col is 1.25 and 

R = ~ N observed x Rs 
s observed J N 

col 
col (5) 

The example of Table 1 assumes IBW = 50 llL and Vo = 1.0 mL 

01
0 

= column void volume) for a 100 x 4.6 mm column packed with 3 urn 

particles. At low k' (k' = capacity factor) (26), 0 to 1, 40% to 70% 

of the colUlTn'l. efficiency is lost due to IBW. At k' = 3.0, only about 

10% of the efficiency is lost. Of greater practical consequence is 

the resultant loss in Rs. Even at k' = 1, only 20% of the Rs is lost. 

At k' = 3, the loss in Rs is quite small, only about 6%. 

It is of interest to attempt to differentiate the various 

instrumental contributions to band broadening. We have attempted to 

isolate the influence of the cell flow path (o:p) by placing the 

cell between an injector and detector of known dispersion as 

illustrated in Figure 2. The total EC detector variance (O~ET) can 

be described as 

2 where 0ELEe = apparent dispersion resulting from the detector elec-

tronics and O~ = apparent dispersion resulting from electrochem

ical processes (22). The (fFP contribution of flow through the cell 

is about 5 llL by this procedure. The variance due to the flow path 

is estimated by subtracting the variance of the system composed of 

injector, connecting tubes and LC-85B from this system illustrated 

in Figure 2. The actual contribution of the flow path is from the 

detector inlet to the working electrode. O~p was used to estimate 
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the upper limit of the cell flow path volume contribution to a~ET 

since the IBW data of Figure 4 led us to suspect a significant 

contribution from something other than flow path volume. By 

combining this result with the IBW of the system in Figure 1, an 

estimate of lEW of 'total electronic factors' 4 aELEC = 60 vL, 

can be achieved. This confirms our suspicion and indicates one 

direction for future developments in high-speed compatible EC 

detectors, i.e. reduction in 'electronic factors' related 

dispersion. Further, more detailed studies are necessary to 

support this observation and should be designed to differentiate 
2 2 between aELEC and aECP ' 

Another experiment performed during this study further illus

trates the importance of 'electronic factors' in lEW of Be cells. 

It is well known that positioning of the auxiliary electrode 

relative to the working electrode is very influential regarding 

detector response (22). Generally, the closer the auxiliary elec-

trode is to the working electrode, the greater the linear range, 

all other factors being equal. With the new cell design, there are 

two convenient auxiliary electrode positions - the top half of the 

cell block and the outlet tube from the reference electrode (see 

Figure 1). Figure 5 compares lEW as determined using the two 

different auxiliary electrode configurations. Clearly, using the 

top half of the cell as the auxiliary electrode is vastly superior, 

presumably by minimizing the resistance and concomitantly sharpening 

the potential gradient. 
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FIGURE 5 
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0.1 0.2 

Effect of auxiliary electrode position on dispersion. (A) top 
half of cell as auxiliary electrode : 4 cr ~ 47 ~L by Wh. 
4 cr = 64 ~L by moments. (B) Outlet tube as auxiliary electrode: 
4 cr = 74 ~L by ~. 4 cr .. 109 ~L by moments. 

Another important consideration in high-speed LC-EC is the 

dependence of IBW on flow rate. Over the flow rate range examined. 

IBW increases linear with flow rate (Figure 6). This is distinctly 

different from results reported for a high-speed UV detector where 
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FIGURE 6 

The influence of flow rate on dispersion in the high-speed EC cell. 

IBW does not increase, but actually decreases slightly over the flow 

rate Tange of the present study (2). At the present time, the reasons 

for the different relationships between IBW and flow rate for the two 

different detector types are unknown. An lmderstanding of this phe

nomena would be quite useful in further improving the high-speed 

characteristics of the EC cell. 

Applications of High-Speed LC-EC 

The benefits of high-speed LC-EC are best illustrated by compar-

ison of high-speed chromatograms with 'conventional' LC-EC chromato-
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grams. The separation of two important sample types, phenols and 

catecholamines will be used for this purpose. 

2367 

The determination of phenols in environmental samples is 

important due to their toxicity and widespread use. Recently, Dong 

and DiCesare (16) have reported high-speed LC-EC separations of 

phenols, and Shoup and Mayer (27) have reported the determination of 

phenols in environmental samples. High-speed isocratic and gradient 

separations of phenols are demonstrated in Figures 7 and 8. A high

speed C18 column using 3 ~ particles, 100 x 4.6 rnm i.d. was used 

to achieve 3-minute isocratic and 6-minute gradient chromatograms. 

Similar conventional separations required ~ 20 minutes (28, 29). 

The physiological importance and diagnostic value of catechol

amine assays necessitate their optimization in terms of both speed 

of analysis and sensitivity. LC-EC has great potential in this 

respect, as evidenced by recent reviews of various protocols for 

the quantitation of subnanogram levels of catecholamines (30-32). 

Using a mobile phase of 0.1 M formic acid containing 4% ()I IV) 

acetonitrile, 1 M EIYfA and 0.2 11M sodilll1 octyl sulfate at a pH of 

3.2 (adjusted with solid KOH) and a flow rate of 3 mL/min, the 

isocratic separation of OOPA, norepinephrine, epinephrine, aceta

minophen and dopamine was accomplished within four minutes on a 

100 x 4.6 mm i.d. high-speed 3 ~ C18 column (Figure 9). This 

chromatogram was detected using the optimized system in which the 

metal cell block served as the auxiliary electrode and was 

connected to the column via a 10 em length of 0.011" Ld. 

tubing. The suitability of this system for plasma samples will be 

the subject of a forthcoming paper. 
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FIGURE 7 
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Isocratic high-speed LC-EC separation of phenols. Column: C18 - 3 vrn. 
Pump: SERIES 4. Detector: LC-4B (+0.9 V). Flow rate: 2.5 rnL/min. 
Mobile phase: sot acetonitrile/SOt aqueous solution of 0.2 M NaCl04, 
0.005 M sodium citrate (pH 5.4). Peak identification: (1) phenol, 
(2) o-chlorophenol, (3) 2,4-dimethylphenol, (4) 4-chloro-m-cresol, 
(5) 2,4 dichlorophenol, (6) 2,4,6-trichlorophenol, (7) pentachloro
phenol. Amount injected in A: (1) 800 pg, (2) 700 pg, (3) 300 pg, 
(4) 1300 pg, (5) 800 pg, (6) 1150 pg and (7) 14000 pg. Amount 
injected in B is 10 times less than A. 

Using the same mobile phase at a flow rate of 4 rnL/min, this 

same separation was accomplished in one-minute with the 33 x 4.6 mm 

column (Figure 10). The use of the shorter column at one-fourth the 

analysis time of the 10 em column resulted in a small loss of 
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024 6 
Time (Minutes) 

FIGURE 8 

Gradient high-speed LC-EC separation of phenols. Conditions as in 
Figure 8 except mobile phase. Mobile phase: linear gradient 0\ to 
60%A in 6 minutes. A = acetonitrile, B = 30\ acetonitrile/70\ 
aqueous solution of 0.2 M NaCI04, 0.005 M sodium citrate (pH 5.4). 

resolution which could be compensated for by adjustment of mobile 

phase components (33). However, increased baseline noise observed 

with the short column prevented acceptable detection below 300 pg. 

This phenomenon is currently under investigation. It is apparent 

that further improvements in EC detector design, including flow 
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FIGURE 9 

High-speed LC-EC separation of catecholamines and acetaminophen. 
Column: C18-3 ~, 0.46 x 10 em. Pump: SERIES 10. Detector: LC-4B, 
+ 600 mY. Flow rate: 3 mL/min. MObile phase: aqueous solution of 
0.1 M formic acid, 4% (V~acetonitrile, 0.001 M EDTA, 0.0002 M 
sodium octyl sulfate, adjusted to pH 3.2 with KOH. Peak identifi
cation: 300 picograms each of (1) L-dopa, (2) norepinephrine, (3) 
epinephrine, (4) acetaminophen, (5) dopamine. 

geometry of the cell as well as electronics, are needed in order to 

match the performance of the shorter column. 

OONCWSIONS 

The IBW of a conventional LC-EC system has been estimated at 

approximately 160 ilL by a computerized central moments procedure. An 
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FIGURE 10 

High-speed LC-EC separation of catecho1amines and acetaminophen 
using a 3.3 en co1unm. Conditions as in Figure 10 except co1\.Dl1I1 
length is 3.3 en and flow rate is 4.0 mL/rnin. Peak identification: 
60 ng each of (1) L-dopa, (2) norepinephrine, (3) epinephrine, 
(4) acetaminophen, (5) dopamine. 

improved high-speed LC-EC system has an IBW of approximately 60 ~L. 

The metal block EC cell design permitting use of 0.011" connecting 

tubing and proper location of the auxiliary electrode is responsible 

for the improved IBW characteristics. This system is compatible with 

high-speed 3 ~ particle co1unms, 100 x 4.6 mm and is roughly compa-
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rable to reported fluorescence and refractive index detector-based 

systems with respect to IBW. High-speed LC-EC has not achieved the 

IBW performance reported for systems using UV detection (i.e. IBW = 

15 ~L) (12), but may well be capable of evolving to that performance 

level. 
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LC NEWS 

REACTIVATION SOLUTION RESTORES SILICA COLUMNS following 
water-deactivation during normal phase LC. The three-component 
solution provides a cost-saving treatment which avoids a lengthy 
series of multiple solvent washes and reduces down time. Burdick & 
Jackson Labs., JLC/83/12, 1953 S. Harvey Street, Muekegon, MI, 
49442, USA. 

DIGITAL MICROPIPETTOR is a positive displacement device with a 
digital display, is easily set and secured at a precise volume. 
Sample volumes are unaffected by surface tension, viscosity, vapor 
pressure or density. No calibration for each reagent is necessary. 
Labindustries, JLC/83/12, 620 Hearst Avenue, Berkeley, CA, 94710, 
USA. 

REVERSED-PHASE ODS COLUMNS are constructed of stainless steel with 
a highly polished interior surface. They are packed with 
Spherisorb ODS-II, a spherical silica of very narrow particle size 
distribution. It is coated with a C18 function and is fully end 
capped. Columns are guaranteed to deliver 50,000 to 80,000 plates 
per meter. HPLC Specialties, JLC/83/12, P. O. Box 484, Edmond, OK, 
73083, USA. 

THE MOLECULAR BIOLOGY CATALOG contains information on 
DNA/RNA-modifying enzymes, restriction nuclease enzymes, DNA 
sequencing products, nucleic acids, cloning vectors, 
oligodeoxynucleotides and other nucleosides and nucleotides of 
special interest. Included are technique information, references, 
cloning procedures, cloning vector maps, restriction nuclease assay 
conditions, and more. Pharmacia P-L Biochemicals, JLC/83/12, 1037 
W. McKinley Ave., Milwaukee, WI, 53205, USA. 

PHENOLS IN WATER are determined by isocratic mode LC. A large 
volume of water is injected onto a reversed-phase column, and 
eluted with a 40:60 acetonitrile/water mobile phase. Detection is 
at 200 nm down to less than 0.001 ppm. Pye Unicam Ltd., JLC/83/12, 
York Street, Cambridge CBl 2PX, England. 

ULTRA-RESOLUTION IN GPC ANALYSIS is offered by a new generation of 
GPC columns for polymer analysis and testing. They are available 
in 500, 1,000, 10,000, and 100,000 angstroms exclusion limits as 

2375 
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well as a mixed-bed column that provides ultra-resolution from less 
than 100 to well over 20 million Daltons. They are available 
par.ked in any of several commonly used GPC solvents and in Inany 
polymer solvents not generally available with GPC columns. Jordi 
Associates, Inc., JLC/83/12, 397 Village Street, Millis, MA, 02054, 
USA. 

VARIABLE WAVELENGTH ABSORBANCE DETECTOR is compatible with 
analytical and microbore scale LC and operates from 190 to 800 nm. 
A membrane touch panel provides all setup and operation parameter 
control. The unit is completely automatable. For microbore 
chromatography, it can be equipped with a 0.5 mucroliter flowcell 
that provides for direct column to flowcell hookup to minimize dead 
volume. Kratos Analytical Instruments, JLC/83/12, 170 Williams 
Dr., Ramsey, NJ, 07446, USA. 

HPLC GRADIENT CONTROLLER is a microprocessor-based module designed 
to provide maximum flexibility for binary and ternary programs. It 
helps minimize errors by constantly showing run status, all system 
parameters, and the file name during the run. Tracor, Inc., 
JLC/83/12, 6500 Tracor Lane, Austin, TX, 78721, USa. 

HPLC-GRADE WATER is produced on demand by a system it employs an 
organic scavenger resin cartridge combined with absolute 0.45 
micron low-extractable membrane filtration to give consistenly pure 
water from average-quality distilled or deionized feed water. Up 
to 15 liters of organic-free water is produced by a single 
cartridge. Millipore Corp., JLC/83/12, Bedford, MA, 01730, USA. 

DEDICATED SUGAR ANALYSIS LC is custom-tailored for use by producers 
and large-scale users of sugar products. It is optimized for rapid 
analysis of corn, beet, and cane sugars and processing liquors. 
Waters Associates, Inc., JLC/83/12, 34 Maple Street, Milford, MA, 
01757, USA. 

SULFITE IN FOODS is determined without interferences using 
electrochemical detection at ppm levels. Samples need only be 
homogenized, diluted, and filtered prior to injection. Dionex 
Corp., JLC/83/12, 1228 Titan Way, Sunnyvale, CA, 94086, USA. 

PROTEIN ANALYSIS LC is described in a recent brochure. Four 
separation mechanisms are used--ion exchange, gel filtration, 
reverse phase, and hydroxyapatite fractionation. The methods allow 
identification and quantitation of components that might not be 
amenable to any single mechanism. Bio-Rad Labs, JLC/83/12, 2200 
Wright Avenue, Richmond, CA, 94804, USA. 

AUTOMATED TLC SAMPLE APPLICATOR consists of a control unit and the 
actual applicator. The control unit is a Z-80 microprocessor-based 
device that holds 8 sample application modes, five of which are 
user programmable. Sample volumes from 100 nL to 20 microL may be 
applied. Applied Analytical Industries, JLC/83/12, Route 6, Box 
55, New Hanover Air Park, Wilmington, NC, 28405, USA. 
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THIN-LAYER CELL FOR ELECTROCHEMICAL DETECTION allows placement of 
the auxilliary electrode both downstream and across from the 
working electrode. A highly polished stainless steel top extends 
cell life, permits compatibility with new "high speed" columns, and 
allows for connection of low dead volume fittings for use with 
micro columns. Bioanalytical Systems, Inc., JLC/83/12, 1205 Kent 
Avenue, Purdue Research Park, West Lafayette, IN, 47906, USA. 

LIQUID PROCESSING UNIT can be used to feed most analytical 
instruments. It performs all of the crucial sample pickup, mixing 
and dispensing operations. A pair of syringes whose plungers are 
driven by a stepper motor and precision ball lead screws, a mixing 
chamber, and a hand-held control unit are the principal working 
parts. A computer program directs all operations. Processing 
parameters such as time, volume, ratios, and increments are entered 
thru the control unit and become a part of an individual routine 
program. Hamilton Company, JLC/83/12, P. O. Box 10030, Reno, NV, 
89510, USA. 
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LC CALENDAR 

1983 

OCTOBER 12-13: 8th Annual Baton Rouge Anal. Instrum Discussion 
Group Symposium, Baton Rouge, LA. Contact: G. Lash, P. O. Box 
14233, Baton Rouge, LA, USA 

OCTOBER 12-14: Analyticaon'83 - Conference for Analytical Sciencp, 
sponsored by the Royal Society of Chemistry and the Scientific 
Instrument Manufacturers Ass'n of Grereat Britain, Barbican 
Centre, London. Contact:G. C. Young, SIMA, Leicester House, 8 
Leicester Street, London, WC2H 7BN, England. 

NOVEMBER 3-4 ACS 18th Midwest Regional Meeting, Lawrence, Kansas. 
Contact: W. Grindstaff, SW Missouri State Univ., Springfield, MO, 
65802, USA. 

NOVEMBER 9-11: ACS 34th SE Regional 
Contact: J. M. Fredericksen, Chern. 
Davidson, NC, 28036, USA. 

Meeting, Charlotte, NC. 
Dept., Davidson College, 

NOVEMBER 10-11: Electrofocusing and Electrophoresis Workshop, 
Birmingham, AL, USA. Contact: Workshop Registrar, LKB Instruments, 
Inc., 9319 Gaither Rd., Gaithersburg, MD, 20877, USA. 

NOVEMBER 14-16: 3rd Int'l. Sympos. on HPLC of Proteins, Peptides 
and Polynucleotides, Monte Carlo, Monaco. Contact: S. E. 
Schlessinger, 400 East Randolph, Chicago, IL, 60601, USA. 

NOVEMBER 16-18: Eastern Analytical Symposium, New York Statler 
Hotel, New York City. Contact: S. David Klein, Merck & Co., P. O. 
Box 2000, Rahway, NJ, 07065, USA. 

NOVEMBER 22-23: Short Course: "Sample Handling in Liquid 
Chromatography," sponsored by the Int'l. Assoc. of Environmental 
and Biological Samples in Chromatography, Palais de Beaulieu, 
Lausanne, Switzerland. Contact: Dr. A. Donzel, Workshop Office, 
Case Postale 130, CH-1000 Lausanne 20, Switzerland. 
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NOVEMBER 24-25: Workshop: "Handling of Environmental and 
Biological Samples in Chromatography." sponsored by the Int'l. 
Assoc. of Environmental Anal. Chern .• Pa1ais de Beaulieu. Lausanne. 
Switzerland. Contact: Dr. A. Donze1. Workshop Office. Case 
Posta1e 130. CH-1000 Lausanne 20. Switzerland. 

NOVEMBER 29-30: E1ectrofocusing and Electrophoresis Workshop. San 
Francisco. CA. USA. Contact: Workshop Registrar. LKB 
Instruments. Inc .• 9319 Gaither Road. Gaithersburg. MD. 20877. 
USA. 

DECEMBER 6-7 
Workshop. Los 
Instruments. 
USA. 

and 8-9: E1ectrofocusing and Electrophoresis 
Angeles. CA. USA. Contact: Workshop Registrar. LKB 
Inc .• 9319 Gaither Road. Gaithersburg. MD. 20877. 

1984 

FEBRUARY 12-16: 14th Australian Polymer Symposium. Old Ballarat 
Travel Inn. Ballarat. Australia. sponsored by the Polymer Div .• 
Royal Australian Chemical Inst. Contact: Dr. G. B. Guise. RACI 
Polymer Div .• P. O. Box 224. Belmont. Victoria 3216. Australia. 

FEBRUARY 20-22: International Symposium on HPLC in the Biological 
Sciences. Regent Hotel. Melbourne. Australia. Contact: The 
Secretary. Int'l Symposium on HPLC in the Biological Sciences. St. 
Vincent's School of Medical Research. 41 Victoria Parade. Fitzroy 
3065. Victoria. Australia. 

APRIL 8-13: National ACS Meeting. St. Louis. MO. Contact: 
Meetings. ACS. 1155 16th Street. NW. Washington. DC. 20036. USA. 

MAY 20 - 26: 8th Int1. Symposium on Column Liquid Chromatography. 
New York Statler Hotel. New York City. Contact: Prof. Cs. 
Horvath. Yale University. Dept. of Chern. Eng .• P. O. Box 2159. 
Yale Stn .• New Haven. CT. 06520. USA. 

JUNE 18-21: Symposium on Liquid Chromatography in the Biological 
Sciences. Ronneby. Sweden. sponsored by The Swedish Academy of 
Pharmaceutical Sciences. Contact: Swedish Academy of 
Pharmaceutical Sciences. P. O. Box 1136. S-l11 81 Stockholm. 
Sweden. 

AUGUST 26-31: National ACS Meeting. Philadelphia. PA. Contact: 
Meetings. ACS. 1155 16th Street. NW. Washington. DC. 20036. USA. 

OCTOBER 1-5: 15th Int'l. Sympos. on Chromatography. Nurenberg. 
West Germany. Contact: K. Begitt. Ges. Deutscher Chemiker. 
Postfach 90 04 40. D-6000 Frankfurt Main. West Germany. 

DECEMBER 16-21: International Chemical Congress of Pacific Basin 
Societies. Honolulu. Hawaii. sponsored by the Chemical Inst. of 
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Canada, Chemical Soc. of Japan, and the American Chern. Soc. 
Contact: PAC CHEM '84, International Activities Office, American 
Chern. Soc., 1155 Sixteenth St., NW, Washington, DC, 20036, USA. 

1985 

FEBRUARY 11-14: Polymer 85, Int'l Symposium on Characterization 
and Analysis of Polymers, Monash University, Melbourne, Australia, 
sponsored by the Polymer Div., Royal Australian Chemical Inst. 
Contact: Polymer 85, RACI, 191 Royal Parade, Parkville Victoria 
3052, Australia. 

APRIL 28 - MAY 3: 189th National ACS Meeting, Miami Beach. 
Contact: A. T. Winstead, ACS, 1155 16th Street, NW, Washington, 
DC, 20036, USA. 

SEPTEMBER 8-13: 190th National ACS Meeting, Chicago. Contact: A. 
T. Winstead, ACS, 1155 16th Street, NW, Washington, DC, 20036, USA 

1986 

APRIL 6-11: 191st National Am. Chern. Soc. Mtng., Atlantic City, 
NJ. Contact: A. T. Winstead, ACS, 1155 16th Streeet, NW, 
Washington, DC, 20036, USA. 

SEPTEMBER 7-12: 192nd National Am. Chern. Soc. Mtng., Anaheim, 
Calif. Contact: A. T. Winstead, ACS, 1155 16th Street, NW, 
Washington, DC, 20036, USA 

1987 

APRIL 5-10: 193rd National Am. Chern. Soc. Mtng., Denver, Colo. 
Contact: A. T. Winstead, ACS, 1155 16th Street, NW, Washington, 
DC, 20036, USA. 

AUGUST 30 - SEPTEMBER 4: 194th National Am. Chern. Soc. Mtng., New 
Orleans, LA. Contact: A. T. Winstead, ACS, 1155 16th Street, NW, 
Washington, DC, 20036, USA. 

The Journal of Liquid Chromatography will publish 
announcements of interest to liquid chromatographers 
in every issue of the Journal. To be listed in the 
LC Calendar, we will need to know: Name of the 
meeting or symposium, sponsoring organization, when 
and where it will be held, and whom to contact for 
additional details. You are invited fo send 
announcements to Dr. Jack Cazes, Editor, Journal of 
Liquid Chromatography, P. O. Box 1440-SMS, Fairfield, 
CT, 06430, USA. 
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I 

I tHE EXPLOSIVE GROWTH of chromatog-
raphy has made it difficult for any 

single person to maintain a coherent 
view of progress in the field. Individual 
investigators trying to preserve even a 
moderate awareness of advances must 
rely upon responsible survey~, rather 
than attempting to read the avalanche 
of original research papers. 

This continuing series presents critical, 
I current reviews, written by noted au
,thorities, of the most important devel
opments of chromatographic science. 
The wealth of literature, even in spe
cialized areas of chromatography, is 
so great that in these superb volumes 

i recognized experts separate hard-core 
i advances from the overwhelming mass 
• of supporting evidence and data. The 
authors summarize and develop self
contained evaluations of various fac
ets and trends in research, putting 

I their subject matter into perspective. 

Volume 21, like its predecessors, pro
vides up-to-the-minute coverage of 
topics of contemporary interest, in
cluding 

• quantitation in trace analysis by GC, by the 
renowned expert, Josef Novak 

• HPLC/MS instrumentation and applications, 
one of the fastest growing chromatographic 
techniques 

• the use of capillary columns in LC, an ap
proach that lowers costs, speeds analyses, 
and affords ultra high resolution 

• droplet counter-current chromatography, a 
newly developed partition chromatography 
method 

• chromatographic determination of copoly
mer composition, expanding the range of 
chromatographic applications 

These volumes are of utmost interest to 
all researchers who need to use separa
tion techniques effectively-especially 
analytical, organic, and physical chem
ists; biochemists; biomedical research
ers; clinical chemists; polymer scientists; 
environmental scientists; as well as sci
entists in academia, government, hos
pitals, and industry, both in research 
and quality control. 



INSTRUCTIONS FOR PREPARATION OF MANUSCRIPTS 
FOR DIRECT REPRODUCTION 

Journal of Liquid Chromatography is a bimonthly 
publication in the English language for the rapid com
munication of liquid chromatographic research. 

Directions for Submission 

One typewritten manuscript suitable for direct 
reproduction, carefully inserted in a folder, and two 
(2) copies of the manuscript must be submitted. Since 
all contributions are reproduced by direct photography 
of the manuscripts, the typing and format instructions 
must be strictly adhered to. Noncompliance will result 
in return of the manuscript to the authors and delay 
its publication. To avoid creasing, manuscripts should 
be placed between heavy cardboards and securely 
bound before mailing. 

Manuscripts should be mailed to the Editor: 

Dr. Jac k Cazas 
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P. O. Box 1440-SMS 
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Reprints 

Owing to the short production time for articles in 
this journal, it is essential to indicate the number of 
reprints required upon notification of acceptance of 
the manuscript. Reprints are available in quantities 
of 100 and multiples thereof. For orders of 100 or 
more reprints, twentY (20) free copies are provided. 
A reprint order form and price list will be sent to the 
author with the notification of acceptance of the 
manuscript. 

Format of Manuscript 

1. The general format of the manuscript should be 
as follows: title of article; names and addresses of 
authors; abstract; and text discussion. 

2. Title and Authors: The entire title should be in 
capital letters and centered on the width of the typing 
area at least 2 inches (5.1 cm) from the top of the 
page. This should be followed by three lines of space 
and then by the names and addresses of the authors in 
the following way (also centered): 

A SEMI-AUTOMATIC TECHNIQUE FOR THE 
SEPARATION AND DETERMINATION OF 

BARIUM AND STRONTIUM IN SURFACE WATERS 
BY ION EXCHANGE CHROMATOGRAPHY AND 

ATOMIC EMISSION SPECTROMETRY 

F. D. Pierce and H. R. Brown 
Utah Biomedical Test Laboratory 

520 Wa kra Way 
Salt Lake City, Utah 8410B 

3. Abstract: Three lines below the addresses, the 
title ABSTRACT should be typed (capitalized and cen
tered on the page). This should be followed by a 
single-spaced, concise, abstract comprising less than 
10%of the length ofthe text of the article. Allow three 
I ines of space below the abstract before beginning the 
article itself. 

4. Text Discussion: Whenever pOSSible, the text dis· 
cuss ion should be divided into such major sections as 
INTRODUCTION, MATERIALS, METHODS, RE· 
SUL TS, DISCUSSION, ACKNOWLEDGMENTS, and 
REFERENCES. These major headings should be sepa
rated from the text by two lines of space above and 
one line of space below. Each heading should be in 
capital letters, centered, and underlined. Secondary 
headings, if any, should be flush with the left margin, 
underscored, and have the first letter of all main words 
capitalized. Leave two lines of space above and one 
line of space below secondary heedings. 

5. Paragraphs should be indented five (5) typewriter 
spaces. 

6. Acknowledgment of collaboration, sources of ra
search funds, and address changes for an author should 
be listed in a separate section at the end of the paper. 

7. References (including footnotes) in the text will 
be numbered consecutively by numbers in parentheses. 
All references (and footnotes) should then be aggre
gated in sequence at the end of the communication. 
No footnotes should be shown at the bottom of pages. 
The reference list follows immediately after the text. 
The word REFERENCES should be capitalized and 
centered above the reference list. It should be noted 
that all reference lists should contain initials and names 
of all authors; et al. will not be used in reference lists. 
Abbreviations of journal titles and stYles of reference 
lists will follow the American Chemical Society'S 
Chemical Abstracts List of Periodicals. References 
should be tYped single-spaced with one line space be
tween each reference. 

B. Each page of manuscript should be numbered 
lightly at the bottom of the sheet with a light blue 
pencil. 

9. Only standard symbols and nomenclature ap
proved by the International Union of Pure and Ap
plied Chemistry should be used. 

10. Any material that cannot be typed, such as Greek 
letters, script letters, and structural formulae, should 
be drawn carefully in black India ink (do not use blue 
ink). 

Typing Instructions 

1. The manuscript must be typewritten On good 
quality white bond paper measuring approximately 8Y, 
x 11 inches (21.6 cm x 27.9 cm). Do not use Corrasi
ble bond or its equivalent. The typing area of the 
article opening page, including the title, should be 5Y, 
inches wide by 7 inches deep (14 cm x 18 cm). The 
typing area of all other pages should be no more than 
5Y, inches wide by 8Y, inches deep (14 cm x 21.6 em). 

2. In general, the chapter title and the abstract, as 
well as the tables and references, are tYped single
spaced. All other text discussion should be typed 1 Y,
line spaced, if available, or double-spaced. Prestige elite 
characters (12 per inch) are recommended, if available. 



3. It is essential to use black typewriter ribbon (car
bon film is preferred) in good condition so that a clean, 
clear impression of the letters is obtained. Erasure 
marks, smudges, creases, etc., may result in return of 
the manuscript to the authors for retyping. 

4. Tables should be typed as part of the text but in 
such a way as to separate them from the text by a 
three-line space at both tOP and bottom of each table. 
Tables shou Id be inserted in the text as close to the 
point of reference as possible, but authors must make 
sure that one table does not run over to the next page. 
that is, no table may exceed one page. The word TA
BLE (capitalized and followed by an Arabic number) 
should precede the table and be centered on the page. 
The table title should have the first letters of all main 
words ill capitals. Title. should be typed single-spaced. 
Use the full width of the type page for the table title. 

5. Drawings, graphs, and other numbered figures 
should be professionally drawn in black India ink (do 
not use blue ink) on separate sheets of white paper and 
placed at the end of text. Figures should not be placed 
within the body of the text. They should be sized to 
Ht within the width andlor height of the type page, 
including any legend, label, or number associated with 
them. Photographs should be glossy prints. A type
writer or lettering set should be used for all labels on 
the figures or photographs; they may not be hand 
drawn. Captions for the pictures should be typed single
spaced on a separate sheet, along the full width of the 

type page, and preceded by the word F I GUR E and a 
number in arabic numerals. All figures and lettering 
must be of a size to remain legible after a 20% reduc
tion from original size. Figure numbers, name of senior 
author, and arrow indicating "top" should be written 
in light blue pencil on the back or typed on a gummed 
label, which should be attached to the back of the 
illustration. Indicate approximate placement of the il
lustrations in the text by a marginal note in I ight blue 
pencil. 

6. The reference list should be typed single-spaced 
although separated from one another by an extra line 
of space. Use Chemical Abstract abbreviations for jour
nal titles. References to journal articles should in
clude (1) the last name of all author(s) to anyone 
paper, followed by their initials, (2) article title, (3) 
journal, (4) volume number (underlined), (5) first page, 
and (6) year, in that order. Books should be cited 
similarly and include (1) author, surname, first and 
middle initials, (2) title of book, (3) editor of book (if 
applicable), (4) edition of book (if any), (5) publisher, 
(6) city of publication, (7) year of publication, and (8) 
page reference (if applicable). E.g., Journals: Craig, 
L. C. and Konigsber, W., Use of Catechol Oxygenase 
and Determination of Catechol, Chromatogr., 10,421, 
1963. Books: Albertsson, P. A., Partition of Cell Parti
cles and Macromolecules, Wiley, New York, 1960. 
Article in a Book: Walter, H., Proceedings of the Pro
tides of Biological Fluids, XVth Colloquim, Pteeters., 
H., eds., Elsevier, Amsterdam, 1968, p. 367. 
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