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ABSTRACT

A high-performance liquid chromatographic method is described for the determination of terbutaline in human plasma in the range
1-35 ng/ml. Detection was achieved using a carbon fibre micro-electrochemical detector and a column-switching system. The micro-
electrode cell has advantages over conventional glassy carbon electrode-based detection systems in that it is easy to prepare, flexible in
its operation and suffers less trouble from problems such as air bubbles and leaks. Furthermore, it has a better detection limit for
terbutaline (0.8 ng/ml) to that obtained using a conventional glassy carbon electrode flow detector (2 ng/ml). Sample clean-up was by
on-line solid-phase extraction with column switching, providing a method which was sensitive and reproducible, where the mean overall
coefficient of variation was 5.60% and drug recovery in excess of 86% at the concentration levels studied.

INTRODUCTION

Terbutaline, 1-(3,5-dthydroxyphenyl)-2-(zert.-
butylamino)ethanol, is a sympathomimetic (or
adrenergic) drug which affects those neurotrans-
mitters which mediate sympathetic nerve impuls-
es [1]. It has clinical application primarily as a
bronchodilator, where it is widely used in the
prophylaxis of bronchospasms. Plasma concen-
trations of unchanged drug associated with effec-
tive therapy are in the range 10-30 pmol/ml [2].
The analysis of terbutaline is important both in
pharmaceutical research and clinical chemistry,
and because the drug is widely prescribed, it can
sometimes be taken in over-dose. Because of the
low concentrations encountered in biological
fluids, the complexity of the sample and the reac-
tivity of the drug to trace impurities, sensitive and
selective detection is necessary for its determina-
tion in plasma.

Multi-dimensional column chromatography
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(now widely known as column switching) is a
powerful technique for the separation of multi-
component samples. Fractions from one chro-
matographic column are selectively transferred
onto one or more secondary columns for further
separation. This technique has been applied in
thin-layer chromatography [3] and gas chroma-
tography (GC) [4]. The principle of on-line pre-
concentration of drugs from biological samples
in high-performance liquid chromatographic
(HPLC) systems has been shown to be advanta-
geous for drug analysis in human plasma [5]. Pre-
concentration is usually carried out on relatively
short (10-30 mm in length) pre-columns, packed
with a sorbent employed in HPLC, such as chem-
ically bonded silicas [6].

Electrochemical detection (ED) combined with
HPLC (LC-ED) offers the capability of selective
and sensitive determination of electroactive drug
species, with little interference from biological
matrix interferences [5] and with low limits of de-
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been prevrously reported [9,10}. Microelectrodes
have a number of distinct advantages {9,11]. For
instance, the ohmic (iR) drop is usually very
small, capacitive charging currents are reduced,
and the rate of mass transport to and from the
electrode surface increases as the electrode area
decreases, thus establishing a steady-state re-
sponse quite rapidly.

Hitherto, only methods based on gas chroma-
tography—mass spectrometry (GC-MS) [12,13]
and ED cmploying a glassy carbon

have been useful for low level analysis of terbuta-

line in human nl/mma f’ﬂ This report describes an
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LC-ED method using a micro-flow cell based on
a carbon fibre working electrode [14]. The meth-
od was found to compare favourably with a
glassy carbon electrode when applied to the same
conditions of analysis and separation and provid-
ed a limit of detection of at least 0.8 ng/ml. In
addition, the on-line technique of sample prep-
aration, which was used for extraction, is less la-
borious and time-consuming than liquid-liquid
partition thus providing an assay which is sensi-
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EXPERIMENTAL
Materials and reagents

Terbutaline was obtained from Sigma (Poole,
UK) and analytical-grade sodium dihydrogen-
phosphate from Merck (Germany). Orthophos-
phoric acid and diethylamine (Analar grade)
were supplied by BDH (Poole, UK) and HPLC-
grade methanol was supplied by Labscan Analyt-
icail Sciences (Dubiin, ireland). Human plasma,
obtained from Beaumont Hospital (Dublin, Ire-

land) wae frazen until reaguired and thawed at
1dndj, was irozen unih réequired and mawea at

room temperature. Water was distilled and then
further purified using a Milli-Q purification sys-
tem (Millipore, Milford, MA, USA). The pre-
concentration column was packed with Corasil
C.s reversed-phase material (37 pum) (Waters,
Milford, MA, USA). Carbon fibres, 14 ym in di-
ameter, were obtained from Avco (Lowell. MA,
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coating. Silver epoxy was purchased from RS
comnonents (Fnrh\r UK) a rl the ¢lassy carbon

‘‘‘‘‘‘ UK) and the glassy carbon
used in the comparison studies was obtained
from EG & G Princeton Applied Research (Prin-

ceton, NJ, USA).

Construction of carbon fibre flow cell

The carbon fibre working electrode was insert-
ed through the centre of a 25-mm-length poly-
ethylene tubing (2 mm X 0.5 mm I.D.) as report-
ed previously {14]. The siiver phosphate reference
electrode was prepared by first connecting a sil-
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platinum electrode to the cathode of a 1.5 V bat-

tery, after which the assembly was immersed for 2
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min in a solution of 1 M phosphoric acid. The
wire was then inserted into a polyethylene tube
(15 mm X 1 mm [.D.) one end of which was
plugged with a ceramic porous rod 2 mm X |
mm [.D. (Reagecon, Clare, Ireland). The tube
was then filled with an internal reference solution
containing 1 M phosphoric acid, and this end
was closed by heating. A 2-cm piece of stainless-
steel tubing (1 mm O.D., 0.2 mm [.D.) served as
the counter electrode. The working, reference

and conntor alactrades wora mio od g 1ha
and countcer electrodes were mounted 1n a 1 tubc

arrangement such that the mobile phase eluent
passed first through the working electrode and

then via the counter electrode, to waste. A dia-
gram of the micro-electrode flow cell is shown in
Fig. 1.

Instrumentation and operating conditions
Chromatographic separation was based on the

work of Jarvie er al. [15] following a slight mod-

ification to the ratio of methanol to aqueous

LOIIlpUIlCHl LO O[)I.d,ll'l d bulLleC rCLCIlLlUIl llI[lC IUI

terbutaline. The drug was separated on a Spheri-
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(HPLC Technology, Mdcclesﬁeld, UK), which
was protected by a guard column with C; 4 pack-
ing material. The mobile phase consisted of 0.067
M phosphate bufter (pH 5)-methanol-40 g/l so-
dium dodecyl sulphate (SDS)-diethylamine
(DEA) in a ratio of 45:55:0.5:0.02 (v/v). Prior to
the addition of SDS and DEA, the mobile phase
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Fig. 1. (a) Methodvofﬁxing a carbon fibre into polyethylene tube. (b) Diagram of the carbon fibre micro-flow cell consisting of (1) silver
wire coated with Ag,PO,, (2) reference electrode body, (3) internal reference solution, (4) T-tube, (5) ceramic rod, (6) stainless-steel

counter electrode and (7) fibre flow electrode.

was filtered and degassed by sonication. The pre-
pared eluent was delivered by a Waters Model
501 HPLC pump at a flow-rate of 1 ml/min. Be-
fore use, the column was conditioned by passing
100 ml mobile phase adjusted to contain 10 times
the standard concentration of SDS and 2.5 times
the standard concentration of DEA. Sample in-
troduction was via a Rheodyne (Cotati, CA.,
USA) Model 7010 injection valve, fitted with a
20-ul loop for direct injection. For the purposes
of extraction by column switching, the injector
was fitted with a 1-ml loop and a second pump
(pump A), and the concentration columns were
connected to the analytical assembly via a Rheo-
dyne Model 7000 six-port switching valve.

The concentration column (10 cm X 1.5 mm
1.D.) was dry-packed in-house with Corasil mate-
rial. The loading/washing eluent delivered by
pump A was filtered degassed deionised water.
The operation of this instrument arrangement
has been previously described [16]. Oxidative am-
perometric measurements were performed using
an EG & G Princeton Applied Research Model
400 EC potentiostat connected to the flow cell by
crocodile pins. The drug was detected ampero-

metrically by employing a potential of +1.3 V at
the working electrode. The resultant signals were
recorded on a Philips Model PM8261 X-t record-
er (Eindhoven, Netherlands) at a chart speed of
300 mm/h. The peak currents (measured as peak
heights on the recorder) as a function of concen-
tration were then measured for quantitative anal-
ysis.

Standard solutions and calibration curves

Stock solutions equivalent to 0.2 mg/ml drug
in water were freshly prepared. These were dilut-
ed and added to drug-free plasma aliquots to
generate spiked plasma standards in the concen-
tration range 1-35 ng/ml. Each calibration point
was run in triplicate over three consecutive days.

Extraction procedure

Aliquots of the drug in plasma (1 ml) were in-
troduced via the injector port and swept onto the
concentration column by water from pump A,
whereupon the drug was retained on the sorbent
while the gross plasma interferents were eluted to
waste (Fig. 2). After a pre-determined wash time,
the valve was rotated to position 2, which caused
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Fig. 2. Column-switching assembly, used for retaining terbuta-
linc in the pre-concentration column (a) and eluting the drug
from the pre-concentration column (b).

the analytical mobile phase to flow in a back-
flush mode through the concentration column
whence terbutaline was desorbed and swept onto
the analytical column for separation.

RESULTS AND DISCUSSION

Hydrodynamic studies

The hydrodynamic voltammogram for terbu-
taline was obtained by injecting 35 ng/ml drug
into the chromatograph with the detector set at
different working electrode potentials vs. Ag/
Ag;PO,4. The hydrodynamic voltammogram
shown in Fig. 3 indicates that a working potential
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Fig. 3. Hydrodynamic voltammogram of terbutaline obtained by
injecting 35 ng into the chromatogram with detection using the
carbon fibre electrode at different potentials (vs. Ag/Ag,PO,).

of +1.4 V was required for maximum response.
When the potential was greater than +1.3 V,
both background current and the noise level in-
creased rapidly. Accordingly, a potential of +1.3
V was used in subsequent experiments.

Optimisation of extraction procedure

Pre-column. selection. Terbutaline can be ex-
tracted into organic solvents, either as a zwitter-
ion [13] or as an ion pair [17.18]. Such off-line
methods are time-consuming and may cause loss
of the analyte through the formation of emul-
sions or artefacts, or by adsorption of the drugs
onto glassware. Solid-phase extraction was cho-
sen to circumvent some of these problems, and
the column-switching technique described in this
paper provided the requisite extraction selectivity
in a reasonable time frame.

The first step in the set-up of the switching sys-
tem involved selection of a suitable pre- (or con-
centration) column which would retain the drug.
A short stainless-steel pre-column (10 mm X 1.5
mm [.D.) was chosen for this purpose. Pellicular
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C.s material showed the most favourable reten-
tion characteristics for terbutaline when com-
pared to Cg and cyano packing materials and was
therefore chosen as the pre-column packing. The
next stage was to find two compatible eluents of
different elutropic strengths [19]; one weakly elut-
ing solvent to concentrate terbutaline on the pre-
column and a second strongly eluting solvent to
elute terbutaline off the pre-column and onto the
analytical column. The choice of solvents is also
important in terms of their mutual miscibility, as
even slight incompatibility could result in a slug
of solvent travelling down the analytical column
partially carrying sample components which may
cause band broadening. The washing/loading
eluent (designated mobile phase A) ideally would
have poor elution capability on the pre-column
in order to ensure maximum concentration of the
sample with minimum band broadening. De-
gassed, deionised water was found to provide ad-
equate concentration and was compatible with
an aqueous-based mobile phase (mobile phase
B). This effected full elution of the drug from the
concentration column, and any possible band
broadening was minimised by eluting in a back-
flush direction. Typical chromatograms of drug-
free plasma and a plasma extract spiked with ter-
butaline at the 30 ng/ml level are shown in Fig. 4a
and b, respectively.

Boundary conditions. To determine the opti-
mum wash time for the samples on the concentra-
tion column, plasma aliquots containing 10 ng/

(@) . (b)
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Fig. 4. Chromatogram obtained by analysis of drug-free plasma
extract (a) and an extract of plasma spiked with 30 ng/ml terbu-
taline (b).
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ml drug were injected onto the concentration col-
umn. The wash time (defined as the length of time
between injection and switching of the valve) was
varied between 1 and 3 min, and it was found
that a maximum response was obtained at 1.7
min, in that it provided good clean-up of the plas-
ma components without causing the drug to
clute. Seven replicate injections of plasma sam-
ples containing 10 ng/ml terbutaline yielded a rel-
ative standard deviation (R.S.D.) of 5% for ter-
butaline.

Electrode pre-treatment

A variety of methods have been devised for
pre-treating carbon fibre electrodes, including la-
ser treatment [20] and electrochemical activation
[21]. The reason electrode pretreatment is re-
quired is that its surface changes with time due to
either the adsorption of species from solution or
chemical changes on the electrode surface itself.
These changes often result in variations in sensi-
tivity, reproducibility and selectivity.

One protocol which improved the peak current
and reduced the noise to its orginal level involved
the anodisation of the microelectrode at +1.4 V
for 10 s, then cathodisation at — 1.4 V for 10 s vs.
Ag/AgiPO,, followed by equilibration for 5 min.
It has been proposed [22] that the improvement
in performance is a result of the removal of sur-
face contaminants or inhibitory layers which hin-
der electron transport. Thus, extended lifetime
can be obtained after electrochemical pre-treat-
ment, and the effect of the procedure described
above is shown in Fig. 5b. The effect of pre-treat-
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Fig. 5. Chromatograms of 20 ng/ml terbutaline obtained by ana-
lysing the drug (a) before and (b) after electrochemical pre-treat-
ment of the working electrode surface.
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ing the eclectrode is to increase its current re-
sponse, which is probably due to activation of the
surface, producing quinoidal functionalities [23].
It also seemed to stabilise the noise contribution
due to the charging current. Another source of
noise in the system might be the potentiostat,
which was designed for a conventional glassy car-
bon working electrode and tailored to analyses at
higher currents. A lower noise level would be ex-
pected with a potentiostat more suitable for the
lower current encountered with the carbon fibre
electrodes.

Assay performance

The linearity of the method was determined by
constructing a calibration curve in the concentra-
tion range 0-35 ng/ml terbutaline in plasma, and,
as shown from the data in Table I, the method is
linear over this range with correlation coefficients
of greater than 0.999 on each of three successive
days.

The precision or reproducibility of the assay
was evaluated in terms of the variability both be-
tween and within batches of replicate analyses at
the concentrations 3, 5, 10, 20 ng/ml terbutaline
in plasma. Within-batch or intra-assay variability
was determined by analysing seven replicates at
cach of the concentrations. A calibration curve
based on the mean (of seven) detector response
values was constructed and individual peak cur-
rent values were then interpolated on the regres-
sion line to yield seven new values of x (ie.
amount found) at each concentration. The mean,
standard deviation (S.D.) and coefficient of vari-
ation (C.V.) for each amount found were then
calculated, with the intra-assay being expressed
as the mean C.V. over the entire concentration
range.

TABLE 1
CALIBRATION DATA FOR TERBUTALINE

K. A. SAGAR ¢t al.

Between-batch (inter-assay) variability was
calculated by constructing a calibration curve on
each of three consecutive days in the same con-
centration range as above. Peak current values
were interpolated on the individual regression
lines to yield three new values of amount found at
each concentration level. Between-batch variabil-
ity was then calculated by obtaining the mean
C.V. over the calibration range. Results from this
experiment are presented in Table I, and they
show that the overall intra-assay C.V. was 4.4%,
while the corresponding value for the inter-assay
variability was 5.6%.

Recovery of terbutaline from plasma was as-
sessed by comparing the peak current of extract-
ed plasma samples at the 3, 8, 15 and 30 ng/ml
levels with the peak current of authentic (unex-
tracted, aqueous) standards, which were direclty
injected (i.e. without column switching) onto the
analytical column at all concentration levels. The
results presented in Table 111 show that drug re-
covery was greater than 86% and usually greater
than 91%. The minimum detectable concentra-
tion was found to be 0.8 ng/ml terbutaline in
plasma, at which the signal-to-noise ratio was
3:1. This limit of detection compares favourably
with previous methods for determination of ter-
butaline in biological fluids, and the method is
capable of monitoring the therapeutic range of
the drug.

Comparison with conventional glassy carbon-
based detector

The performance of the micro-electrochemical
flow cell was compared to a conventional macro-
glassy carbon electrode flow cell, the electrode of
which was polished successively with small-parti-
cle-size silicon carbide, alumina, diamond paste

Day Regression equation Correlation coeflicient (r)
1 y =39 107 2(£0.0004) + 0.0067(£0.0001)x 0.9997
2 y = 3.8 1072(£0.0003) + 0.0041(£0.0003)x 0.9998
3 y = 3.7 107 3(£0.0004) + 0.0027(£0.0002)x 0.9999
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TABLE 11
INTRA-AND INTER-ASSAY VARIABILITY

Amount Amount found Coeflicient of
added (mean = S.D.) variation
(ng/ml) (ng/ml) (%)
Intra-assay (n = 7)

3 29 +£02 7.2

5 4.7 £ 0.2 5.3

10 9.6 £ 0.3 3.0
20 199 + 04 2.3
Mean 4.4
Inter-assay (n = 3)

3 30+02 8.1

5 52 £ 03 7.0

10 10.1 £ 0.4 43

20 20.2 £ 0.50 3.0
Mean 5.6

and then subjected to ultrasonic cleaning [24]. As
shown in Fig. 6, the detection limit of the carbon
fibre electrode was shown to be approximately
half that obtained using the macro-glassy carbon
electrode. Similar findings have been reported by
Luscombe and Bond [25] for the determination
of copper in urine using platinum disc micro-elec-
trodes instead of a conventional carbon disc mac-
roelectrode, and in our laboratory, using a car-
bon fibre microelectrode for determination of
salbutamol in human plasma [26] in place of a
glassy carbon electrode. In addition, the cell de-
sign can overcome many problems associated
with a conventional glassy carbon-based detec-
tion system. For example, the glassy carbon elec-
trode requires frequent polishing, which can be

TABLE 111
RECOVERY STUDY
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Fig. 6. Chromatograms obtained by analysis of (a) 1 ng/ml ter-
butaline using the carbon fibre micro-electrode at +1.3 V vs.
Ag/Ag PO, and (b) 2 ng/ml terbutaline using a macro-glassy
carbon electrode at +1.3 V vs. Ag/Ag,PO,.

quite tedious, fluid can leak from the cell, air
bubbles can form in the cell, and a high electro-
lyte concentration is needed in order to reduce
the iR drop in the cell caused by the large surface
area.

CONCLUSION

An HPLC method for the determination of
terbutaline in human plasma, based on pre-col-
umn switching and electrochemical detection us-
ing a carbon fibre flow cell, has been described.
The column-switching technique permitted selec-
tive retention of terbutaline of the pre-column
and provided satisfactory clean-up to avoid any
interferences due to endogenous plasma compo-
nents. The micro-flow cell described here is sim-
ple to prepare and easy to manage. The cell has
the advantage of a small /R drop, virtually in-
significant capacitive charging currents and a
rapid response due to rapid mass transport to
and from the working electrode. The limit of de-
tection of the method was found to be 0.8 ng/ml,

Terbutaline Detector response (nA) Recovery Coefficient of
concentration (%) variation
(ng/ml) Extracted standards Authentic standards (%)

3 0.12 0.14 86 9.2

S 0.59 0.63 93 6.0

8 0.31 0.34 91 7.4
30 1.21 1.26 96 35
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the mean overall C.V. was 5.60%, and drug re-
covery was in excess of 86% over the concentra-
tion levels investigated.
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