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structure) can be performed by this method but only
in combination with other, mainly spectroscopic,
analytical techniques.

See Colour Plates 69, 70.

See also: ll/Chromatography: Paper Chromato-
graphy. Chromatography: Gas: Detectors: Selective;
Gas Chromatography-Mass Spectrometry. Chromato-
graphy: Liquid: Detectors: Mass Spectrometry.
Chromatography: Thin-Layer (Planar): Densitometry
and Image Analysis; Layers; Mass Spectrometry; Modes
of Development: Conventional; Modes of Developement:
Forced Flow, Over Pressured Layer Chromatography and
Centrifugal; Spray Reagents. Extraction: Analytical Ex-
tractions; Solid-Phase Extraction; Solvent Based Separ-
ation; Supercritical Fluid Extraction. [lI/Amino Acids:
Thin-Layer (Planar) Chromatography. Bases: Thin-Layer
(Planar) Chromatography. Bile Compounds: Thin
Layer (Planar) Chromatography. Biomedical Applica-
tions: Gas Chromatography-Mass Spectrometry; Thin-
Layer (Planar) Chromatography. Carbohydrates: Thin-
Layer (Planar) Chromatography. In-Born Metabolic
Disorders: Thin-layer (Planar) Chromatography.
Lipids: Thin-Layer (Planar) Chromatography. Proteins:
Thin-Layer (Planar) Chromatography.
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Clinical laboratories within the UK are responsible
for providing services for the diagnosis and monitor-
ing of disease. There are several specialities within
clinical laboratories or pathology: haematology - ex-
amining blood cells and factors relating to blood cell
production; biochemistry - measurement of metab-
olites, hormones, drugs, proteins; histopathology —
examination of tissues and cells, usually microscop-

ically; immunology - assessment of antibody status in
disease; molecular biology and cytogenetics — special-
ist services looking at genetic disease. Of these depart-
ments, the clinical biochemistry repertoire is the most
amenable to chromatography.

Clinical biochemistry laboratories in an average
district general hospital perform over a million ana-
lyses per annum. The large volume of samples (aver-
age request/analysis ratio ~1:4) received each day,
the clinical demand for rapid turnaround plus the
need for analytical imprecision of less than 5% with
acceptable relative accuracy means that high levels
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Table 1 Analytes, methodology, volume and cost: lllustration of a ‘typical’ clinical biochemistry laboratory workload,

ranked in order of cost

Analyte Tests per day  Method Costltest? (approx)
(approx)

Urea and electrolytes (Na™, K*) 4000 Automated wet chemistries and £1.00 each, i.e. £4.00 profile
ion-selective electrodes

C-reactive protein 50 Automated nephelometry £4.00

Thyroid function 200 Automated non-isotopic immunoassay  £5.00

(thyroid stimulating hormone, thyroxine)

Bedside device for a single drug of abuse 1 Immunochromatography £5.00

Serum proteins 30 Electrophoresis £15.00

Drugs of abuse 30 Automated immunoassay and £15.00
chromatography

Haemoglobin Ajc 50 Automated chromatography £10.00

“Cost includes consumables, reagents, labour overheads and equipment depreciation.

of automation are not only desirable but essential.
Most chemistries used are either wet chemistry or
dry-film technology. The nature of certain analytes
may make them less amenable to the high volume
chemistries or the volumes of the rarer analytes make
the development of automated chemistries more ex-
pensive or time consuming. Chromatography fits this
last scenario in clinical laboratories. An illustrative
workload pattern is presented in Table 1.

Clearly chromatography is utilized for those tests
that are low volume and for which, generally, rapid
turnaround is not required. Table 2 illustrates the
analytes, the mode of chromatography and reasons
for use.

Thin Layer Chromatography (TLC)

Of all chromatographic techniques this is the best
for parallel analyses enabling cost-effective high

Table 2 Common current clinical chromatographic applications

throughput, yet surprisingly this potential has never
been utilized apart from a few aficionados. Tradi-
tional TLC lacked chromatographic efficiency with
consequent loss of resolution and lack of sensitivity.
Widely used in many formative studies over 30 years
ago, having replaced paper chromatography, it is still
used for analytes such as testing drugs of abuse. To
ensure reproducibility from plate to plate, commer-
cial plates are used, often with a fluorescent indicator
to aid detection although final detection relies on
location reagents.

Nearly 20 years ago two developments still in cur-
rent use greatly improved the utility of TLC: the
advent and provision of HPLC column packing ma-
terials led to their introduction in TLC giving the
anticipated high performance, i.e. high performance
thin-layer chromatography (HPTLC). The improved
resolution and sensitivity when coupled to significant
improvements in densitometers and location re-

Analyte class

Chromatographic mode®

Reason for use

Haemoglobin Ajc LC
Haemoglobin variants LC

Most specific, rapid
Specific for certain variants

Metabolites associated with LC/GCMS Specificity/flexibility
inborn errors of metabolism LC-MS-MS Introduced to selected centres as
cost-effective and high specificity
Drugs
Therapeutic drug monitoring LC/GC Cost/flexibility
Drugs of abuse
Screening TLC/HPTLC/GC Specificity/flexibility/cost
Confirmation GC/GCMS/LC-MS Specificity
Toxicology TLC/GC/LC Flexibility
Markers of bone turnover LC Specificity, being superseded by
immunoassay
Near patient testing devices, Immunochromatography Convenience
e.g. drugs of abuse ‘stick’ tests

4LC, liguid chromatography; GC, gas chromatography; MS, linked mass spectrometer; TLC, thin layer chromatography; HPTLC, high

performance thin layer chromatography.
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agents, meant that for the first time quantitative TLC
with performance equivalent to GC or LC was pos-
sible. While some laboratories, particularly in Ger-
many, enthusiastically adopted this technique it
gained very few adherents elsewhere, particularly in
clinical laboratories where the demand and skill base
were inadequate.

Since the mid-1980s there has been an increasing
problem of drug abuse. The initial assays developed
for screening in the late 1970s used enzyme-multi-
plied immunoassay technique (EMIT), followed
a little later by fluorescence polarization immunoas-
say (FPIA). These techniques were good for screening
large numbers of individuals for a range of substances
or classes of substances, e.g. cannabis, cocaine, opi-
ates, benzodiazepines, barbiturates. The test for opi-
ates was designed to detect heroin abuse but in fact it
detects other opiates, i.e. codeine and dihydro-
codeine, which are legitimately available. Clearly,
therefore, any positive for this assay system, and also
for others, requires confirmation. Immunoassay-
based methods inherently depend on the specificity of
their antibody and may not detect subtle structural
differences between compounds leading to false pos-
itives. This clearly has implications for the subject
tested, whether for clinical, forensic or employment
purposes. It is now a firmly established principle,
regretably not always adhered to, that before taking
action confirmation with a non-correlated technique
should be performed. Chromatography is the tech-
nique of choice.

In clinical testing, HPTLC with appropriate loca-
tion reagents and visual inspection is adequate as
a confirmation technique, although this would usu-
ally be supported by other chromatogaphic modes.
HPTLC also enables screening for many of these
compounds not detected by the immunoassay
screens; consequently HPTLC is a dynamically utiliz-

ed method in clinical laboratories performing sub-
stance abuse testing (Figure 1).

However, the other development in TLC was the
development of a cellulose-based commercial system
with a stylized Marquis reaction with reference to
Ry and sequential colour changes collected in a com-
pendium. This system was developed for clinical toxi-
cology work allowing it to be performed by the non-
specialist. In overdoses it works well despite its lack
of chromatographic efficiency. Unfortunately the sys-
tem was inappropriately applied to drugs of abuse
testing which has greater sensitivity and specificity
requirements and external quality assurance data
consistently demonstrate poor performance.

In clinical practice, knowledge of which drug
has been taken as determined by laboratory studies is
useful for only a very few drugs and the concept of
screening, usually using chromatography, is no
longer commonly performed in the UK; in difficult
cases, however, this is the preferred method of
investigation.

TLC has a further unique property in clinical in-
vestigation. The plate complete with separation can
be sent from the original investigating laboratory to
a reference centre which will be able to investigate
directly (perhaps using TLC-MS-MS) (Figure 2) any
difficulty to identify/confirm spots. Currently this
type of approach is a neglected area.

Gas Chromatography (GC)

The heyday of GC in clinical laboratories was in the
1970s. Biological fluids contain proteins in high con-
centration (~75gL™") in a complex mixture of
endogenous and exogenous metabolites and the com-
pound of interest may be nonvolatile and present in
low concentrations. The trick therefore was to extract
the compound of interest quantitatively, make it vol-

1 2 3 4 5
Figure 1
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HPTLC of extracted urine from drug abusers. Morphine, the principal metabolite of heroin, is indicated with an arrow.
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Figure 2 HPTLC - fast atom bombardment spectra of nitrazepam (100 ng on plate). Daughter on 282, delta of 46 (MW 236)
characteristic of nitrazepam. (Reproduced with permission from Watson ID (1998) Therapeutic Drug Monitoring 20: 490-497.)

atile and chromatograph it. Method development
could take many man-hours and while some auto-
mation pre- and post-chromatography could be
performed, these were labour-intensive methods
best suited to low molecular weight metabolites.
In the 1980s with increasingly better LC systems,
GC usage in clinical laboratories went into
decline.

Continued use of GC is necessary for a few
analytes, however. Methanol, ethylene glycol, pro-
panol and ethanol poisoning present overlapping
clinical pictures; knowledge of which alcohol has
been taken and how much is vital. GC with
flame ionization detection is the ideal method
giving rapid, reliable results and can be utilized
in an emergency situation (Figure 3). Some laborator-
ies still use GC for drug analysis.

Capillary GC with flame ionization and/or
nitrogen-phophorus detectors offers high sensitivity
and in the latter case good specificity for determining
biological analytes. Applications cover substance
abuse, therapeutic drug monitoring and intermediate
endogenous metabolites. However, GC-MS as bench-
top analysers, either ion-trap or quadrupole, are be-
coming more common, though they are still rare, in
clinical laboratories. The main reasons for the poor
uptake of this combination are cost, demand and
staff skills required.

As noted in Table 2 intermediate metabolites
found in inborn errors of metabolism which can lead
to significant morbidity and mortality, are currently
detected by capillary GC. Early detection is vital, and
although family screening can now be performed by

molecular biology, many cases are sporadic muta-
tions requiring resolution for the optimal care of that
individual. Failure to achieve this results not only in
incapacity for the individuals and their family, but
also in significant costs to the health service.

Capillary GC is satisfactory for a clinical service for
drugs of abuse although GC-MS is essential in any
forensic or employment issues, in which some clinical
laboratories are involved.
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Liquid Chromatography (LC)

Liquid chromatography, with its wide range of modes
and better biocompatibility than other chromato-
graphic methods, has been utilized in clinical laborat-
ories. Classical column chromatography was used in
sample preparation of many of the standard wet
chemistry methods in the past. Protein isolation using
affinity chromatography enabled isolation of anti-
bodies and subsequent labelled antibodies to pro-
vide the first radioimmunoassays in the 1950s and
1960s. Moore and Stein in 1954 developed an amino
acid analyser which was refined over the years. Al-
though primitive by today’s standards, it enabled the
first reliable measurement of the common amino
acids allowing investigation into their metabolism,
role in nutrition and relevance in inborn errors of
metabolism. Amino acid analysers were automated
with post-column reaction for detection and to a lim-
ited extent specificity. Much of the basic knowledge
learnt through this pioneering work formed the basis
for subsequent biological applications of LC.

Ten to fifteen years ago LC was making a signifi-
cant impact in research-orientated clinical laborator-
ies. Initially work focused on reversed-phase mater-
ials with many publications on the separation of
a wide variety of drugs, endogenous metabolites and
steroid hormones. A major difficulty was sensitivity
and there was no true universal detector, nonetheless
therapeutic drug monitoring already expanding due
to the availability of EMIT technology consolidated
using LC procedures for previously difficult analytes.
A classic example was the common anticonvulsant
carbamazepine which suffered thermal degradation
on GC leading to significant imprecision. This was
resolved by using LC. Additionally, it became readily
possible to measure several drugs simultaneously.
While this had been done using temperature-pro-
grammed GC it was frequently necessary to derivatize
compounds to obtain satisfactory volatility and po-
larity and this could affect the selectivity. LC enabled
the same approach, initially using solvent gradient
programming on underivatized samples, often with
minimal sample preparation. This approach enabled
separation of a full range of anticonvulsants: ethosuc-
cimide, primidone, phenytoin, phenobarbitone and
carbamazepine and their metabolites (Figure 4).

This meant that efficient processing, all samples
followed the same analytical track, reduced costs per
analyte and the occasional detection of inappropriate
medication. In this particular area the wide and in-
creasing range of nonisotopic immunoassays compat-
ible with automation has meant many clinical labor-
atories find it more organizationally efficient to per-
form these assays by automated immunoassay; a hard
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Figure 4 |Isocratic liquid chromatography of anticonvulsants in

serum. Analysed on Gilson ASTED system with sample pre-dialy-
sis and trace enrichment prior to chromatography. (Reproduced
with permission from O’Connell, D.)

core still use LC, though whenever possible using an
automated system. Surveys through the UK National
External Quality Assurance Programme have consis-
tently shown LC methods to have the best accuracy
with acceptable imprecision. The introduction of new
anticonvulsants, e.g. lamotrigine, has led to a demand
for analysis. This has meant development of LC as-
says demonstrating the role of chromatography in
development of clinical investigations.

This is a common scenario in method development
in that research or reference centres develop an LC
assay for a new analyte to detect or monitor disease.
As the utility of this determinand is demonstrated,
demand rises, causing processing difficulties for the
reference centre, parallel to an increasing demand
from less specialist centres. Some will invest in an LC
solution but the reagent manufacturers are alerted to
the developing interest in the analyte. Knowing that
clinical laboratories have a predilection for rapid,
automated large single or multiple similar medium
analysers, they develop wet chemistry or immunoas-
say methods. This approach will be reagent expensive
but require minimal labour utilizing pre-existing
equipment. Once this is marketed and adopted the
LC procedure, albeit more accurate, declines and may
be dropped altogether.

A further illustration of this is the measurement of
bone turnover; the original analyte hydroxyproline
was determined by a cumbersome, manual, wet
chemistry assay. As interest grew in hormone replace-
ment therapy effects in osteoporosis much effort was
expended in developing a gold standard LC assay for
pyrodinoline and deoxypyrodinoline. There were
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particular problems, eventually resolved, with ob-
taining a satisfactory internal standard. This has be-
come established as the reference method, but is now
being supplanted by immunoassay measurement of
deoxypyrodinoline.

Screening methods using LC have suffered from the
lack of reproducibility between reversed phases. The
REMEDI system for drug abuse screening is however
an established screening technique linked to a linear
diode array with spectral library and has been shown
to provide satisfactory identifications on screening for
drugs.

The detection of inborn errors of metabolism by
reference paediatric biochemistry laboratories has
hitherto relied heavily on GC-MS with all the in-
herent problems plus the need for separate assay
condition for different compound classes, e.g. organic
acids and amino acids. Recently the NHS Research
and Development Programme - Health Technology
Assessment — after an evidence-based medicine re-
search exercise, has indicated that LC-MS-MS
would deliver appreciably greater benefits than cur-
rent systems for the detection of a variety of different
forms of inborn error of metabolism. Hitherto, fund-
ing for such equipment had been stalled on the capital
cost, but demonstration of the economies delivered
by LC tandem MS argued in favour of the system
which is now being introduced in selected centres. It
is such economic analyses that may progress and
sustain chromatographic methods in the face of a de-
creasing skill base and drive for consolidation in
clinical laboratories.

An example of where the specificity of LC is valued
nd is allied to an improvement in efficiency is the
analysis of haemoglobin A;c. (Hb A;c). Hb Aic is
glycated haemoglobin A, and is a long-term measure
of control in diabetes mellitus. Recent international
advice has called for close control of Hb Ac in
diabetics and requires an accurate and precise
method. Early studes on Hb A c used classical col-
umn chromatography on mini-columns, this was la-
bour intensive and commercial ‘kit’ LC solutions be-
gan to be offered. Soon an automated wet chemistry
analyser compatible methods were developed and
embraced.

However, significant proportions of the popula-
tion, depending on ethnic mix, do not have haemo-
globin A as their sole haemoglobin and to assess
glycaemic control one must look at the glycation of
the variant haemoglobin; the wet chemistry method
cannot do this. There has therefore been a resurgence
of interest in the ‘kit’ LC solutions; popular ones use
anion exchange chromatography which have run
times of 4 min providing full sample automation for
over 250 samples per day (Figure 5).
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Figure 5 lon exchange chromatography of haemoglobin A;c,
an indicator of glucose control in diabetics. Hb A;c retention 1.75
min.

As diabetic assessment is performed regularly and
many organ systems are examined, it is not uncommon
for blood to be drawn from a patient and the Hb A,c
to be measured in the clinic using LC while they wait.
This provides the clinician with the result when seeing
the patient and improves the patient throughput.

Immunochromatography

Immunochromatography is the preserve of research
laboratories as a laboratory technique. Near-patient
testing, however, utilizes commercially produced



2490 1I/COAL: FLOTATION
Syva® Rapid Test
THC
Date
ID
-(: -C
non
. - THC
S
HRING
P-2769p
k-. /
Figure 6 Immunochromatography slide for once-only use near

the subject testing to detect abused drugs. C = control,
THC = tetrahydrocannabinol, a metabolite of cannabis.

‘sticks” which use immunochromatography. The prin-
ciple is that the sample, e.g. urine, is applied to the
stick which is then developed, e.g. by capillary attrac-
tion, the analyte of interest binding at a zone where
there are antibodies. There are sometimes built-in

COAL: FLOTATION

positive and negative controls. When the antigen and
antibody combine they develop a visible colour spot
or band which confirms the presence of the com-
pound of interest (Figure 6). While these devices are
expensive and inaccurate they have the benefit of
immediacy which may be clinically acceptable pro-
vided they are used appropriately.

The Future

Chromatography has maintained its role in certain
niches in clinical laboratories. Interest in manufac-
turer-supplied solutions for chromatography, par-
ticularly LC, exists and compensates for the lack
of skill base. For difficult low throughput analyses
this may be how developments will be consolidated.
Capillary zone electrophoresis could impact on much
current LC work but again skill and capital costs
militate against this. If accuracy rather than impreci-
sion becomes a major clinical laboratory issue, as it
may, then the inherent accuracy of chromatography
probably linked to mass spectrometry will provide
a role for definitive methods and may provide a role
for methods used in routine laboratories.

See also: llIChromatography: Thin-Layer (Planar):
Mass Spectrometry. Ill/Toxicological Analysis: Liquid
Chromatography.
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Introduction

The process of froth flotation for upgrading the qual-
ity of coal by removing mineral matter (ash and

pyrite) has received increased attention since the
1960s. The froth flotation process is typically used for
treating <0.5-mm size coal and is currently the only
technique both effective and economical to clean coal
on a commercial scale. In the USA, the majority of
coal preparation plants discard the <0.5-mm coal
owing to the high cost of processing of the fine coal.



