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Wavelength Modulation Spectroscopy

T. C. O’Haver

1. Introduction

The term wavelength modulation refers to the kind of spectroscopy exper-
iment in which the wavelength to which the monochromator (or other
spectral selection device) is tuned is repetitively scanned more-or-less rap-
idly over a discrete spectral interval called the modulation interval, AX. It
is useful to distinguish this idea from derivative spectroscopy, which refers
to the practice of recording or computing the first or higher wavelength
derivatives of spectral intensity or absorbance with respect to wavelength.
These two concepts are related in that wavelength modulation is a com-
monly used method of obtaining derivative spectra; it is widely known that
if the modulation interval is small compared to the width of a spectral
band, then the resulting ac component of the photosignal at the modulation
frequency or its harmonics will be closely proportional to the wavelength
derivatives. However, derivative spectra may be obtained in other ways not
involving wavelength modulation, and there are other applications of wave-
length modulation which do not involve recording derivative spectra. For
example, as we will see in this chapter, wavelength modulation can be used
to measure the intensity of an atomic spectral line superimposed on an
intense background. In such applications the modulation intervals com-
monly used are far too large to produce a true wavelength derivative of
the spectral line. In another application, wavelength modulation can be
used in fluorescence spectrometry as a component-resolution technique to
record the normal (not derivative) spectra of individual components in a
mixture of overlapping fluorescence spectra. Since these latter applications

T. C. O’Haver ® Department of Chemistry, University of Maryland, College Park,
Maryland 20742



2 T. C. O’Haver

of wavelength modulation normally involve large modulation intervals and
since the application to derivative spectroscopy necessarily involves small
modulation intervals (compared to the width of the spectral lines or bands
being studied), we will treat the large modulation case and the small
modulation case individually. For completeness, we will also consider de-
rivative techniques not involving wavelength modulation.

2. Historical Background

Britton Chance was evidently first to use the wavelength modulation
principle in spectrophotometry. As part of a long-term research effort to
develop better spectrophotometric instrumentation to measure small, rapid
changes in the absorbance of solutions of enzymes, Chance had described
in 1942 a dual-wavelength filter photometer which measured the trans-
mission of a solution at two wavelengths simultaneously, using a single light
source with two filters and two phototubes.”” But this system was not
suitable for investigation of enzymes which could only be obtained as a
turbid suspension because the light loss due to scattering was excessive.
Thus, in 1951, Chance described a dual-wavelength system in which a
single phototube (by then, a photomultiplier was used) was placed as close
to the sample cell as practical.® By itself, this approach minimized scattered
light losses, but it no longer allowed simultaneous measurements at two
wavelengths. Rather, the system employed an oscillating mirror to direct
the exit beams from two monochromators alternately through the sample
cell. Appropriate electronics demodulated the resulting time-shared pho-
tosignal. This was essentially a wavelength modulation spectrometer using
a more-or-less square-wave modulation waveform. Chance clearly dem-
onstrated the idea of “balancing out” the absorption of an interfering band
by setting the monochromators to two different wavelengths at which the
absorption of the interfering component is the same.

Chance’s two-monochromator system was a bit bulky and expensive,
so the idea of modifying a single monochromator so its wavelength could
be modulated rapidly was an attractive one. This seems to have been done
first by Hammond and Price,® who used a vibrating Littrow mirror to
effect the modulation and a tuned amplifier to selectively detect the re-
sulting modulation in the photocurrent. The system was used to reduce
the effects of stray light in the spectrometer.

At this point the further development of the wavelength modulation
principle split into two more-or-less separate paths: the dual-wavelength
approach based directly on Chance’s work, and the modulated-mono-
chromator approach represented by the instrument of Hammond and
Price. The difference is essentially one of modulation waveform, the former
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approach resulting in a square waveform and the latter generally resem-
bling a sinusoidal waveform due to the natural oscillatory properties of
vibrating masses. The dual-wavelength approach has remained a widely
used instrumental technique to this day; several commercial instruments
are now and have been available for years. The modulated-monochromator
approach is less well represented commercially, but conventional mono-
chromators can be modified for wavelength modulation by the experimen-
ter if desired. The dual-wavelength approach does have the advantage of
greater versatility, since it is usually possible to set either of the two wave-
lengths independently to any value within the range of the instrument. On
the other hand most schemes for modulation of a single monochromator
restrict the modulation interval, A\, to a comparatively small value, al-
though of course this interval can be positioned anywhere within the
instrument’s wavelength range. This limitation is of no consequence when
it is desired to obtain wavelength modulation derivative spectra; in fact if
a dual-wavelength instrument is to be used for this purpose, some means
of synchronizing the wavelengths of the two monochromators to a fixed
displacement while they are being scanned must be provided. This is a
standard feature of the modern commercial models.

The idea of obtaining derivative spectra by wavelength modulation
dates from about 1954. Morrison® used an analogous idea in studying
electron impact ionization efficiency curves, i.e., modulation of the ionizing
electron voltage. He explained how to obtain second derivatives by utilizing
second-harmonic detection and included a discussion of the expected sig-
nal-to-noise advantages of the modulation technique. In the same vyear,
Stacy French and co-workers® described an optical absorption spectro-
photometer in which wavelength modulation was produced by vibrating
one of the slits. There had been at that time some interest among applied
spectroscopists in the problems of interpreting systems of overlapping
absorption bands.® Giese and French proposed in 1955 that measurements
of the first derivative of transmission with respect to wavelength would be
useful in studying complex overlapping bands.” The possible use of the
derivative techniques for quantitative analysis, however, was not discussed.
This idea was investigated in 1956 by Collier and Singleton® in a study of
the quantitative infrared analysis of mixtures. These workers preferred to
use electronic differentiation rather than wavelength modulation, in part
because of the mistaken notion that it would not be possible to obtain
second derivatives by the latter approach. However, they explained clearly
for the first time two important properties of the derivative technique: the
idea of making measurements for one component at the “cross-over” point
of an interfering component (subsequently called the zero-crossing tech-
nique), and the idea that in mixtures where the nature of the interference
is unknown, measurements based on the second-derivative central maxi-
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mum generally provide improved accuracy compared to measurements of
total absorption at the analyte maximum. This latter idea turns out to be
quite correct for spectral bands of Lorentzian shape because of the com-
paratively small ratio of the heights of the negative-side lobes to the positive
central maximum in the second derivative.®® However, the band shapes
measured by Collier and Singleton were dominated by a distorted trian-
gular slit function for which no systematic predictions could be made.
Nevertheless, they did point out that for very complex mixtures, one might
expect some degree of cancellation of negative lobes of one interference
with positive lobes of another, and thus might generally obtain somewhat
better accuracy second-derivative measurement. This they did obtain for
very complex (40-50 components) mixtures of crude tar phenols, for which
it proved possible to determine several major components with some ac-
curacy (1-20%).

Although Collier and Singleton,® and subsequently other workers,*~¥
found electronic differentiation useful, the wavelength modulation tech-
nique has received more attention."® The most popular and, in most cases,
the most convenient method of wavelength modulation is the oscillating
transparent refractor plate technique introduced in 1959 by McWilliam.“?
This is an especially useful technique for obtaining small, well-controlled
wavelength modulation intervals. Larger modulation intervals are more
easily obtained by means of an oscillating mirror, prism, or grating.

3. Theoretical Aspects

3.1. The Small Modulation Case: Derivative Spectroscopy

The important questions about derivative spectroscopy to be addressed
theoretically are: how are derivatives produced by wavelength modulation;
how does differentiation affect signal-to-noise ratio; and what selectivity
advantages are to be expected?

The first of these questions has received considerable attention in the
literature*8~29; the most detailed and general analyses have been given by
Hager and Anderson.?* Essentially the process of differentiation by wave-
length modulation may be considered as a form of spatial frequency fil-
tering of the high-pass, low-cut kind. That is, in a derivative spectrum, the
high-spatial-frequency components (fine structure) are emphasized and the
low-spatial-frequency components (broad features) are attenuated. In the
limit of small wavelength modulation interval, the recorded derivative
approaches the true mathematical derivative. All of this is, of course,
intuitively obvious, but the theoretical work does allow a more rigorous
understanding, permits calculation of the “distortion” caused by finite mod-
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ulation intervals, and provides a comparison of square and sinusoidal
modulation waveforms (sinusoidal is marginally better in the sense that the
true derivative is more closely approached at a given modulation interval).
Hager and Anderson®® showed that the spatial frequency filters are Bessel
functions of the first kind, of order equal to the order of the derivative.
They also derived a generalized instrument function for the mth deriva-
ave.

The question of the effect of differentiation on signal-to-noise ratio
(SNR) is an important one which unfortunately has been largely neglected.
There are two parts to this question: first, how does the SNR of a derivative
spectrum compare to the normal spectrum; and second, how do different
methods of obtaining derivatives compare in SNR, i.e., wavelength mod-
ulation vs. electronic differentiation. The second aspect has been addressed
in a strictly qualitative way by Bonfiglioli and Brovetto,"® who argued that
wavelength modulation would in general provide better SNR than elec-
tronic differentiation. On the other hand Gunders and Kaplan®® con-
cluded that there was no significant difference between these techniques,
but their analysis was based on some rather drastic simplifying assumptions,
not the least of which was that only photon shot noise was considered. It
now seems clear that wavelength modulation can be expected to reduce
the effect of low-frequency noises which are additive with respect to the
photosignal modulation. Such noises are common in absorption measure-
ments; some examples are source fluctuation noise and background ab-
sorption fluctuation noise. In measurements dominated by noises of this
type, one may expect that the SNR of the derivatives obtained by wave-
length modulation will be superior to those obtained by electronic differ-
entiation and may even be superior to the SNR of the normal spectrum.
This is due essentially to the independence of the modulation frequency
and the cutoff frequency of the low-pass filter following the phase detector;
the former can be made relatively high to reduce the effect of low-fre-
quency fluctuation noises while the latter can be made much lower to
attenuate high-frequency noises.**?*%*” In contrast, there is no way elec-
tronic differentiation can distinguish between a change in signal caused by
scanning through a genuine spectral feature and one caused by a strictly
temporal intensity fluctuation. This disadvantage may no longer be signif-
icant if the predominant noise is a white noise such as photomultiplier shot
noise. Thus, O’'Haver and Green® have found that in condensed-phase
fluorescence spectrometry, wavelength modulation and electronic differ-
entiation give equivalent results. They also found, both experimentally"®
and on the basis of a computer simulation® that the SNRs of the normal,
first, and second derivative spectra decrease by about twofold in each
successive order of differentiation. This result is not necessarily of general
applicability, however, and in fact one would expect this to be very much
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a function of the extent of data smoothing, i.e., low-pass filtering, etc.,
employed.

The question of selectivity advantage is a central one which has re-
ceived disproportionately little theoretical attention. Bonfiglioli and Brov-
etto”® gave a quantitative treatment for the case of a Gaussian peak su-
perimposed on an exponential background. They predicted a 4- to 20-fold
improvement in peak detectability in the first-derivative mode, depending
on the particular case. O'Haver and Green®® gave a more extensive analysis
of the case of a Gaussian peak superimposed on a Gaussian background.
The selectivity advantage was found to be mostly a function of the peak-
to-background width ratio; if the background is broader than the peak,
there is usually some selectivity advantage in the derivative mode, depend-
ing on the position of the peak relative to the background maximum.

One might reasonably expect that, since the magnitude of the deriv-
ative of a peak is inversely proportional to its width, the selectivity advan-
tage would be given simply by the width ratio (or, for the second derivative,
the square of the width ratio). In fact, the realizable gain is often greater
because it is possible to optimize the selection of one of several possible
ways to measure the derivative “intensity.” Some of these derivative meas-
ures are shown in Figure 1. In this figure the band to be measured (the
“analyte” band) is the narrow one located at X = 5, and the larger band to
the left is the interfering background band. In this example the analyte
band has a height and width half that of the interfering band. In the first
and second derivatives, we see the features of the analyte spectrum em-
phasized twofold and fourfold, respectively, just as we would expect on the
basis of the width ratio. But when we attempt to utilize these spectra for
quantitative analysis purposes, we find that there are several different ways
we can derive quantitative measures from these curves. For example, in
the normal spectrum, the simplest approach would be just to measure the
total intensity (or absorbance, as appropriate) at the analyte maximum (TI)
and ignore the interfering band. This measure will clearly be subject in
this case to a large systematic error, which we define here as the relative
percent difference between the measure taken with and without the inter-
fering band. A popular alternative is the tangential baseline method, labeled
OB, although in this and some other cases the baseline cannot be drawn
uniquely because of the lack of the required points of tangency. The
baseline method can also be applied to the first and second derivatives (1B
and 2B, respectively). In addition, we can measure the “peak-to-peak”
distance between adjacent maxima and minima in the derivatives (1P, 2PN,
and 2PF). All of these measures have different systematic errors and only
the best for each derivative need be retained. The selectivity advantage of
a derivative measurement can then be expressed as the ratio of the system-
atic error of the derivative measure to that of the TI measure. This ratio
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Figure 1. The zeroth, first, and second de-
rivatives of a pair of overlapping Gaussian
bands. The “analyte” band, whose intensity
we seek to measure here, is located at x =
5 and has a height and width one half that
of the “interfering” band located atx = 3.5.
The arrows indicate various ways one
might graphically obtain a measure of the
intensity of the analyte band.

is plotted against the background/analyte width ratio in Figure 2 for the
1P and 2B measures of an analyte band which is positioned near the
maximum of a background band of equal height. The dotted and dashed
lines represent error ratios equal to the width ratio and the square of the
width ratio, respectively. The observed error ratios are always less than
that predicted from the width ratios alone. This is generally the case for
the best measures if the width ratio is greater than about 1.5. For width
ratios less than this, the derivative measures of Figure 1 do not work well.
An alternative is to use the zero-crossing technique of Collier and Single-
ton.®

The decision as to whether a derivative technique will be beneficial
depends on the trade-off between random and systematic errors; the
selectivity advantage will result in a reduction of systematic errors due to
overlapping interfering bands, but the reduced SNR will increase random
measurement errors. We would not, therefore, expect an improvement in
over-all error unless the systematic errors are reduced more than the
random errors are increased. If we make, for the sake of argument, the
assumption that the random errors will increase by a factor of 2 for each
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Figure 2. The ratio of the systematic errors of graphical derivative measures to those of
the total intensity (T1) measures, as a function of the ratio of the width of the interfering
(“background”) band to that of the analyte band. The two solid lines represent the error
ratios of the 1P (first derivative peak-to-peak) and 2B (second derivative baseline) meas-
ures shown in Figure 1. For comparison, the dotted and dashed lines illustrate the
expected behavior for an error ratio which is inversely proportional to (dotted line) and
inversely proportional to the square of (dashed line) the width ratio. In every case the
error ratio is smaller (i.e., derivative measures are better) at larger width ratios (i.e., when
the analyte band is narrower). The 1P error ratio is always lower than reciprocal of the
width ratio and the 2B error ratio is lower than the reciprocal of the square of the width
ratio.

order of differentiation,”® and if we generalize from Figure 2 that the
reduction in systematic error will be at least equal to the width ratio (or its
square, for the second derivative), then it is clear that we can generally
expect some over-all improvement if the width ratio is at least two and if
the random noise error in the normal (nonderivative) measurement is no
greater than the systematic error. This was found to be the case for several
overlapping Gaussian band pairs for which the signal-to-noise ratio of the
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normal spectra were very good (100-200, based on the rms noise). For a
width ratio of two, the total error (a weighted average of systematic error
and random error) was found to be improved by 3- to 60-fold, depending
on the height ratio and band separation, whereas for a width ratio of 10,
the improvement was 30- to 130-fold. Naturally, if the initial SNR is poorer,
the improvement will be less dramatic.

For width ratios near unity, the zero-crossing technique® may be the
only useful derivative method. Although theoretically this method suffers
no systematic error if the wavelength of measurement is properly chosen,
random errors can occasionally be very large.®®

3.2. The Large Modulation Case

In the large modulation case the modulation conditions are generally
chosen to optimize signal-to-noise ratio. The important variables are the
shape of the measured spectral peak; the frequency, waveform and interval
of modulation; the nature of the dominant noise sources. The optimum
value of the interval of modulation, A\, is related to the full width of the
peak, 8\, being that defined by the spectral bandpass of the measuring
monochromator or by the true spectral profile width. Balslev® reasoned
that AA should be made equal to 8\, while Snelleman®® preferred to use
a A\ “a few times larger” than 8A. A more detailed analysis®® shows that
the optimum AN depends on the modulation waveform, the detection
mode (i.e. first or second harmonic), and to some extent on the nature of
the dominant noise source. The second-harmonic (“2F”) mode is generally
favored, because of its ability to reject a sloping linear background. For
sinusoidal modulation waveforms and 2F mode detection, the maximum
signal is obtained at AN = 28\ for either Gaussian, Lorentzian, or triangular
peak shapes. If signal-carried photon shot noise is dominant, such as in
atomic fluorescence measurements in the absence of background, then the
maximum signal-to-noise ratio is obtained at A\ = 2.56A. In the 1F mode
slightly smaller optimum A\’s are predicted. For square modulation there
is no optimum AX in the usual sense, since the SNR increases asymptotically
with AN. The possibility of spectral interferences with nearby lines limits
the maximum A\ employed in practice.

As in the small modulation case, the effect of modulation on the
amplitude of the signal and on the SNR depends on the nature of the
major noise sources. One expects an improvement in SNR if low-frequency
additive noises are dominant. On the other hand, if the dominant noise is
photon shot noise caused by a continuum background emission upon
which the desired spectral line or band is superimposed, then the noise
will not be influenced by wavelength modulation. However, the signal, and
thus the SNR, will be reduced two- to fourfold, depending on the
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modulation waveform, profile shape, and detection mode. The advantage
of square-wave modulation is twofold in the 2F mode. If signal-carried
photon shot noise is dominant, as in the measurement of an isolated atomic
emission or fluorescence line or band without background, the reduction
in the average dc level of the photosignal caused by modulation will result
in a corresponding reduction in shot noise and the SNR will be reduced
by roughly the square root of the factors in Table 1. In either of these
latter two cases, wavelength modulation will actually degrade SNR to some
extent.

4. Experimental Techniques

4.1. Wavelength Modulation

Most schemes for producing wavelength modulation are based on
appropriately modifying a dispersive spectrometer, for example by the
addition of a rotating or oscillating mirror. This approach has been used
to obtain square wave®?" and sinusoidal®'8:2%:23:25:26:30 modulation. Oscil-
lation of one of the slits is also a possibility.®-**32~3” This normally results
in sinusoidal modulation; however, square-wave modulation can be
achieved by using two adjacent stationary exit (or entrance) slits and a
rotating mask which allows light to pass through the slits alternately.®®

One of the most popular techniques for wavelength modulation has
been the use of a vibrating or rotating refractor plate placed inside the
monochromator or polychromator."”#:3=5® The technique requires a
minimum of modification of the spectrometer. In the most common ar-
rangement, a thin plane-parallel quartz plate is mounted just inside the
entrance slit and is either rotationally oscillated about an axis parallel to
the slit or is moved into and out of the beam by means of a vibrating vane
or tuning fork.“?” Refraction of the entrance beam by the plate causes a
lateral displacement of the beam and a corresponding displacement of the
spectral image at the focal plane in the direction of wavelength dispersion.
For small angles, the displacement, d, is given by

d=at(1—1)
n

where d is the displacement in mm, ¢ is the thickness of the plate in mm,
a is the angle of incidence in radians, and r is the refractive index of the
plate material. The resulting wavelength modulation interval can then be
calculated knowing the linear dispersion of the spectrometer. The presence
of the plate also increases the effective focal length of the spectrometer to
an extent which depends on the plate thickness and the speed of the
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spectrometer. This effect may in some instances be negligible,“® but if not,
the spectrometer may be refocused to compensate.®”

A low-cost alternative to a modulated dispersive spectrometer is a
tilting interference filter photometer.®*® The large throughput of filters
is an advantage of this approach, particularly for low-light-level applica-
tions.V

One of the potential sources of error with any of the modulation
schemes discussed is that in the process of obtaining wavelength modula-
tion, they may inadvertently produce some direct intensity modulation as
well. Thus, even a completely flat structureless background spectrum would
give rise to an AC photosignal component which could not be distinguished
from a signal resulting from genuine spectral slope or curvature in the
modulation interval. This is a particular problem with the vibrating slit
devices because of uneven slit illumination in the direction of motion at
the slit (or, in the case of a vibrating exit slit, uneven sensitivity of the
photocathode). Further, in systems utilizing alternately masked fixed slits,
the slit areas must be accurately controlled. In the vibrating-mirror ap-
proach, intensity modulation may be expected for large modulation inter-
vals if the camera lens or mirror collects only a portion of the dispersed
beam from the grating or prism; this would generally be the case for
monochromators, which typically have collimator and camera elements of
equal width, but not in spectrographs or polychromators. Masking the
collimator can reduce this effect.®® In the case of the refractor-plate mod-
ulator, intensity modulation results from the reflective properties of the
air/quartz interface. This is especially serious in the systems which produce
square-wave modulation by moving a tilted plate into and out of the
beam.“® In the more common arrangement, however, the plate stays in
the beam all the time, and one must contend only with the change in
reflection with the angle of incidence. This change is fortunately small at
small angles,“® and in any case it is possible®® to reduce the effect even
further by adjusting the rest angle of the plate so that the intensity mod-
ulation occurs predominantly at the first harmonic of the modulation
frequency and the spectral signal occurs at the second harmonic (or vice
versa). The lock-in amplifier will then reject the intensity modulation almost
completely.

Wavelength modulation may also be achieved by direct oscillation of
the dispersing element.*** This rather straightforward approach has been
applied to grating monochromators when very large modulation intervals
(up to 100 nm) are required.®® Modification of the drive mechanism is
obviously required and the frequency of modulation is restricted (<15 Hz)
because of the inertia of the grating. However, the technique is free from
adventitious intensity modulation, except insofar as the transmission factor
of the monochromator is a function of wavelength.
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At the other extreme of wavelength modulation interval are those
techniques used when extremely high resolution and small modulation
intervals are required, such as in continuum-source atomic-absorption spec-
trometry. For this purpose, it is possible to wavelength-modulate a Fabry-
Perot interferometer by attaching the etalon plates to piezoelectric trans-
ducers.®® Wavelength modulation can also be produced without resorting
to mechanical moving parts by electronic modulation of an image detector.
In this way derivative spectra have been obtained with a vidicon tube®”
and with an image-dissector photomultiplier tube.®

We should also mention here the dual-wavelength approach to wave-
length modulation, which normally results in square-wave modulation and
ordinarily is restricted to the first-harmonic mode.#%%*~% Dual-wave-
length absorption spectrometers are commercially available, but tend to be
rather costly.

The selection of the optimum waveform and frequency of wavelength
modulation often involves a trade-off between theoretical advantages and
practical advantages. On the basis of signal amplitude and, more important,
signal-to-noise ratio, square-wave modulation clearly has the advantage if
lock-in signal processing is utilized. The SNR advantage compared to
sinusoidal modulation can be as much as a factor of 1.8.°” However, it is
more difficult to generate square-wave signals at high frequencies by wave-
length modulation, particularly in the 2F mode. The.vibrating-mirror,
refractor-plate, or slit systems are not normally fast enough to permit
square-wave modulation except at low frequencies.®” Systems using tilted
refractor plates which moved into and out of the beam“? can produce
square-wave modulation in the 1F mode at sufficiently high frequencies,
but are unsuitable for 2F mode operation.

Sinusoidal (including sine, triangular, and trapezoidal) modulation, on
the other hand, has the following advantages: (1) sinusoidal oscillation is
the “natural” waveform of vibrating bodies and is therefore mechanically
easier to generate than square or other waveforms, particularly at high
modulation frequencies; (2) the sinusoidal waveform permits a real-time
x—y oscilloscope display of the entire spectral profile vs. wavelength (not
possible with square-wave modulation); (3) the same waveform, at a slightly
different amplitude, can be used in both first (1F) and second (2F) har-
monic detection modes; (4) sinusoidal modulation is easily performed in a
manner which does not modulate the background intensity to a detectable
extent; and (5) the modulation interval A\ is continuously adjustable.

With respect to the frequency of wavelength modulation, the highest
practical frequency is generally desirable to reduce the effects of low-
frequency noise and background signal transients.®?*® In analytical flames,
low-frequency noise has been observed at frequencies below about 50 Hz.
In “nonflame” electrically heated furnace atomizers, very large background
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signals are often observed, due to thermal emission from the atomizer walls
and/or background absorption and scatter from matrix constituents in
complex samples. Steady background signals of this type are easily cor-
rected by wavelength modulation at any frequency. However, in electrically
heated atomizers, these background signals occur as transients, often of
quite short duration. Transient (pulse-type) signals have frequency spectra
which are weighted toward low frequencies, like low frequency noise; but
the shorter the transient duration, the more the frequency spectrum
spreads out toward higher frequencies. Thus, higher modulation frequen-
cies may be necessary in some cases to avoid spurious response due to
these transients.

4.2. Derivative Techniques Not Involving Wavelength Modulation

The use of an electronic differentiator to obtain derivative
spectra®°~19 is based on the proportionality between time derivatives and
wavelength derivatives at a constant scan rate:

BA _ BA B

o6t O\ &t

where 3A/3t is the time rate of change of absorbance (or intensity), 5A/0A
is the slope of the normal spectrum, and 8\/8¢is the scan rate. A significant
disadvantage of the electronic differentiation technique is that the scan rate
must be constant and it is not possible to monitor the derivative at one
point in a spectrum as a function of time. Also, as mentioned before, the
signal-to-noise ratio of an electronic derivative is in many cases inferior to
a wavelength modulation derivative.“®?*2% However, the electronic ap-
proach is simple and inexpensive and requires no modification of the
spectrometer. Modern differentiators are usually designed around opera-
tional amplifiers.®

In some types of recording spectrometers, a derivative signal may be
obtained from the recorder-pen tachometer generator used to critically
damp the pen motion. The output of the tachometer is an ac signal whose
amplitude is proportional to the pen velocity and thus to the derivative of
the spectrum recorded. Appropriate synchronous (phase) detector and
filter circuitry can be used to convert this signal into a recordable derivative.
This technique has received relatively little attention.®~

Numerical differentiation techniques combined with some sort of data
smoothing have been widely used by spectroscopists‘®~"" and will no doubt
see increased use as microprocessors become a standard part of the elec-
tronics of spectrometric instruments.
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5. Applications

5.1. Atomic Spectroscopy

In this section we consider applications of derivative and wavelength
modulation to the spectroscopy of atoms in the gas phase. In these appli-
cations the object is to measure the intensity of an isolated atomic emission,
absorption, or fluorescence line, usually superimposed on an intense,
probably unstable, background. In general the most useful technique will
involve wavelength modulation across the entire line profile, which we have
called the large modulation case.

5.1.1. Emission

Flame Atomizer. In flame atomic-emission spectrometry (FAES), wave-
length modulation can reduce the effect of flame background and matrix
emission’*8:5272-™ and can often provide a modest (typically twofold)
improvement in precision’*>™ and reduction in detection limits.®*™
Useful secondary benefits include a reduction in the solution volume re-
quired to obtain a background-corrected emission reading and a consid-
erable increase in the speed and convenience with which instrumental
conditions such as burner position and flow rates can be optimized for
maximum analyte line emission intensity. Published applications of wave-
length modulation to FAES, organized by element and type of interfering
background, are summarized in Table 1. In a few cases standard reference
materials have been analyzed with the aid of FAES wavelength modulation
techniques; these include aluminum in steel, iron, and phosphate rock,™
calcium in blood serum and in limestone,®*® and several elements in fly
ash.“? Pertinent details are given in Table 2.

A unique capability of wavelength modulation is the cancellation of
line-overlap spectral interference using the zero-crossing technique.“” This
idea is an extension of a technique described by Collier and Singleton.®
The requirements for its use are that the wavelength of the interfering line
must be known; however, its intensity need not be. Measurements are
taken at the zero-crossing of the second-harmonic response function of the
interfering band. The technique has been used in several modifications of
atomic spectroscopy; line pairs which have been dealt with in this way are
summarized in Table 3. Note that the technique is applicable even when
the separation of the two lines is much less than their width.

Furnace Atomizer. Wavelength modulation is an ideal way to compen-
sate for the large, transient blackbody wall emission observed in graphite
furnace atomic-emission spectrometry. Epstein et al.™ have shown that
detection limits can be improved 10- to 300-fold when wavelength
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Table 3. Atomic Line-Overlap Interferences Which Have Been
Compensated by Wavelength Modulation

Spectrometer
Separation bandpass
Analyte Interference (nm) (nm) Reference
°Lr 670.8 Li 6708 0.015 0.02 79
Cr 359.35 Co 359.49 0.14 0.4 47
Fe 361.88 Ni 361.94 0.062 0.08 47
Co 360.208 Ni 360.228 0.02 0.08 47
Co 388.19 CN 388.34° 0.15 0.4 47
Ni 35245 Co 35234 0.11 0.13 47
Sr*  352.68 0.23
Ca 4227 Fe 421.6 1.1 13 52
Zn 213.856 213.850 0.003 0.002° 85
Zn 213856 Cu 213.853 0.003 0.002° 85

2 Molecular band. )
® Total line FWHM (spectrometer bandpass and true line profile width) = 0.003 nm.

modulation is utilized. Representative data obtained by this technique are
included in Table 1.

Plasma Atomization. Background emission problems can be as bad in
plasma and arc sources as in any flame, and it is therefore no surprise that
wavelength modulation has found an application there.®877-80 Leys®®
reported a 3- to 10-fold improvement in detection limit of copper in the
presence of excess AgNO;. Lichte and Skogerboe™ used wavelength mod-
ulation to reduce spectral interferences caused by carbon monoxide, nitro-
gen oxides, and hydrocarbons in the microwave plasma emission spectros-
copy of mercury vapor. Skogerboe and co-workers =" have described
single-element and multielement®” microwave plasma emission systems
utilizing wavelength modulation background correction. In thermal vola-
tilization® and chromatography detector®? applications, where transient
background emission often results, the dynamic character of wavelength
modulation background correction is particularly valuable. Thus, in a gas-
chromatography microwave-excited plasma-emission detector system used
for studies of selenium and lead alkyls in the environment, wavelength
modulation was found to be essential.®® (The selectivity ratios for dimethyl
selenide and for lead alkyls with respect to methanol were improved 100-
and 10-fold, respectively.)

Elements which have been measured in plasmas with wavelength mod-
ulation are listed in Table 4.

5.1.2. Absorption

As conventionally practiced, atomic absorption spectrophotometry
utilizes separate narrow-line primary sources for each element, usually
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Table 4. Applications of Wavelength Modulation in Plasma
Emission Spectrometry

Detection
Line limit
Element (nm) (ng/ml) Reference
As 193.7 0.03 78
0.01¢ 89
B 249.8 0.01 78
Cd 228.8 0.0004 78
228.8 0.005 81
326.1 0.0002¢ 89
Co 240.7 0.06 78
Cu 324.7 0.3? 38
3274 0.009 81
324.7 0.001¢ 89
Fe 372.0 0.01 81
Hg 253.7 0.003 77,78
253.7 0.0006° 89
Mn 403.5 0.0001¢ 89
Pb 405.8 0.005 78
405.8 0.008 81
283.7 55 pg°© 82
405.8 0.0001¢ 89
Se 196.0 0.04 78
196.0 15 pg* 82
A% 437.9 0.08 78
Zn 213.9 0.0006 78
213.9 0.0005 81
213.9 0.0002¢ 89

¢ Thermal volatilization of 5ul sample into plasma.
®DC arc; all others are microwave plasmas.
¢ Absolute detection limit in microwave plasma used as GC detector.

either hollow cathode lamps or electrodeless discharge lamps. Although
such sources provide excellent sensitivity and analytical curve linearity, the
separate lamps are an obvious inconvenience if several elements must be
determined in one sample, and they preclude the possibility of a simple
compact simultaneous multielement analysis system. Moreover, the correc-
tion for nonanalyte absorption is not straightforward, and in fact the
commercial background correctors commonly used can result in subtle
analytical errors in some cases.®® Thus, ever since the earliest days of
atomic absorption, investigators have sought ways to utilize continuum
primary sources effectively. This work has been reviewed by Zander et
al.®* Spelleman®” was the first to point out that the use of wavelength
modulation in conjunction with a continuum primary source would correct
for nonspecific absorption and would reduce low-frequency source fluc-
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tuation noise. This idea has been developed by other workers, %%~ and
it now appears that, largely because of technological advances in the design
of high-intensity continuum sources and high-resolution spectrometers,
continuum-source atomic absorption has much to offer. The particular
advantages of wavelength modulation in this context are illustrated in
Figure 3, which shows the continuum-source atomic-absorption signals at
the Pb 283.3 nm line of a series of lead standard solutions and two solutions

AACE
tc.5s
2%Cr 1%Cr 10 20 50ppm Pb ==
CEWMAA |
ﬂ tc.3s
JLJL L

Figure 3. The effect of wavelength modulation in continuum-source atomic absorption.
Recorder traces are shown of the flame analysis for lead of five solutions containing, from
left to right, 2% by weight Cr but no Pb, 1% by weight Cr but no Pb, and 10, 20, and 50
pg/ml Pb in water. The upper trace is without wavelength modulation and the lower trace
is with wavelength modulation. Note the dramatic improvement in signal-to-noise ratio,
reduction of baseline drift, and correction for nonspecific absorption.
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containing 1% and 2% chromium but no lead. The top trace, without
wavelength modulation, exhibits low SNR, baseline drift, and spurious
signals due to the light scattering and molecular absorption of the (lead-
free) chromium solutions. All of these defects are corrected by wavelength
modulation (bottom trace). It is also possible to use the zero-crossing tech-
nique to compensate for several of the well-known line-overlap interfer-
ences which can occasionally be a problem in the atomic-absorption analysis
of alloys.® Some of these cases are also included in Table 3.

Detection limits obtained by various workers using wavelength mod-
ulation techniques in flame atomic absorption are listed in Table 5.

The very large transient background absorption signals often observed
in graphite furnace atomic absorption of complex samples is easily com-
pensated by wavelength modulation.®®8” Table 6 lists some detection limits

Table 5. Applications of Wavelength Modulation in Flame
Atomic Absorption Spectrometry

Detection
Line limit

Element (nm) (ng/ml) Reference
Zn 213.8 0.03 83
Cd 216.9 0.07¢ 83
0.02° 9
10 84
0.2 56
Ni 232.0 2 84
0.1 83
Co 240.7 0.2 83
Fe 248.3 04 84
0.08 83
Mn 279.5 0.03 83
Pb 283.3 0.15 83
Mg 285.2 0.1 84
0.03 56
0.002 83
Cu 324.7 0.5 84
0.1 56
0.018 83
Cr 357.9 0.4 84
04 56
0.3 83
Ca 422.7 0.1 84
0.07 56
0.018 83

¢ 1 s time constant.
%10 s time constant.
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Table 6. Detection Limits in Complex Matrices Obtained by
Graphite Furnace® Wavelength Modulation Continuum Source
Atomic Absorption

Detection
limit
Element Matrix (ug/ml) Reference
Ba Sea water 0.001? 86
Cr Blood serum 0.0003° 86
Cu 3% NaCl 0.0024¢ 86
Pb 3% NaCl 0.001°¢ 86
Cd 3% NaCl 0.002¢ 87

¢ Perkin-Elmer HGA-2000.
®25-ul sample volume.
€ 20-ul sample volume.

measured in complex matrices by the technique of wavelength modulation
continuum-source atomic absorption.

Thus it seems possible that, for very difficult samples plagued by
serious spectral interference, wavelength modulation continuum-source
atomic absorption may well be the method of choice. Applications of the
technique to various reference samples are included in Table 2.

5.1.3. Fluorescence

In continuum-source atomic-fluorescence spectrometry, wavelength
modulation can reduce the effects of light scattering from particles in the
flame.®® The technique has not been widely applied.

5.1.4. Simultaneous Multielement Systems

The idea of using a refractor plate in the entrance beam of a poly-
chromator (e.g., direct reader) to provide simultaneous wavelength mod-
ulation of all channels has been utilized by Skogerboe® and by Kirk-
bright®-#? (o provide background correction in multielement microwave
plasma emission systems. Particularly in the case of Kirkbright's system,
which utilizes thermal volatilization from electrically heated substrates into
the plasma, the dynamic characteristic of wavelength modulation back-
ground correction is a considerable advantage over the older “spectrum
shifter” idea, in which separate readings are taken off the lines and sub-
tracted from the readings on the lines. On the other hand, a multichannel
wavelength modulation system involves more complicated signal-processing
electronics. This problem can be handled either by using separate syn-
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chronous ac detectors for each channel® or by using a computer-based
data system.®”

5.2. Molecular Spectroscopy

In this section we will consider applications of derivative and wave-
length modulation techniques to molecular and/or condensed-phase spec-
troscopy. In these applications there is often useful information contained
in the detailed shape and structure of the spectral bands, so one finds a
greater application of derivative techniques, for example by small-ampli-
tude wavelength modulation, electronic differentiation, or some other tech-
nique aimed at obtaining a wavelength derivative of the spectral band.

5.2.1. Spectroscopy of Solids

Interestingly, the most extensive applications of derivative spectros-
copy have not been in mainstream quantitative analytical chemistry but in
solid-state physics, where derivative techniques have been widely used since
the mid-1960s in studies of the optical properties of solids, particularly
semiconductors.#-2591~128 The topic has been the subject of several re-
views.®'~% The optical spectra of many semiconductors exhibit a strong
absorption edge on which are superimposed very subtle features which are
related to the electronic structure of the material. The observation of these
subtle features is greatly facilitated by generating the derivative spectra,
which is almost always done by wavelength modulation. This approach has
been applied to both absorption and reflectance spectra and has been used
to Study electronic band Structure,(103’106'110'113’119'126’127, phonon(115,120,l23)
and exciton!%114116:12L.122 phenomena, dielectric functions,*%'** and
phase transitions."?” The materials which have been studied are listed in
Table 7.

5.2.2. Spectroscopy of Molecules in Solution

Absorption  Spectrophotometry. Many applications of derivative and
wavelength modulation techniques in absorption spectrophotometry have
been in biochemical analysis.?13:14:62.65:129-132) These techniques have been
used in the study of enzymes,®'* steroids,® chlorophyll,"® and bacter-
iochlorophyll-protein complexes.®® These applications have mostly been
of a qualitative nature, in which the characteristic enhancement of spectral
detail in the derivative spectra are used to distinguish between similar
compounds or to follow subtle changes in spectral features. Thus, for
example, in a study of testosterone and hydroxylated progesterones, Olson
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Table 7. Solid Materials Studied by Derivative Spectroscopy

Material Reference
Antimony sulfide iodide 119
Cadmium indium gallium sulfide 1
Copper metal 103, 105
Cuprous oxide 108,117, 121, 122
Gallium arsenide 25, 111
Gallium phosphade 106, 107, 113
Germanium metal 107, 112
Gold metal crystals 103, 105
Holmium oxide 111
Indium gallium phosphide 123, 126
Indium phosphide 106
Iron garnet 116
Lead sulfide, selenide, and telluride “ 118
Lead tin telluride 103, 109
Manganese oxide 128
Molybdenum sulfide 23
Potassium tantalate 115
Silver metal crystals 103, 105
Silicon 107
Strontium titanate 115, 120
Tin diselenide 118, 127
Tin disulfide 127

and Alway‘® were able to distinguish a and 8 epimers and to locate the

position of substitution in some cases.

Applications to quantitative analysis have also been fruitful. An early
paper by Collier and Singleton® describes an extensive investigation into
the application of derivative techniques to the IR analysis of mixtures of
the various isomers of cresol, xylenol, and mesitol. More recent applications
include the determination of acetone in chloroform,“® mixtures of di- and
trichlorophenols,®? /-methylpyridinium chloride absorbed on clay,®® mix-
tures of isophthalic and terephthalic acids,®® mixtures of methyl violet and
eosin y,®*® bilirubin in the presence of albumin,"*” and mixtures of
various polycyclic aromatic hydrocarbons such as anthracene, phenan-
threne, chrysene, and pyrene.*®® Quantitative applications to inorganic
species in solution include the determination of nickel in the presence of
cobalt,*® Pr and Nd nitrates in the presence of Cu nitrate,"*” and mix-
tures of various rare-earth salts. 62

Fluorescence Spectrometry. In recent years derivative techniques have
been profitably applied to fluorescence spectrometry for both qualitative
structure-enhancement applications3-13-67:13140 and for the quantitative
analysis of mixtures.*35>136~13 [p addition to the more-or-less straight-



24 T. C. O’Haver

forward application of derivative concepts to fluorescence spectrometry,
there has also been the development of a wavelength-modulation compo-
nent resolution technique called selective modulation*5-*37-13 which is capable
of extracting the spectrum of one component in a mixture of two fluores-
cent species whose spectra overlap heavily. Both this and conventional
derivative techniques have recently been applied to problems in environ-
mental analysis. Fox and Staley,"*® in a study of polycyclic aromatic hy-
drocarbons in atmospheric particulate matter, utilized derivative and selec-
tive modulation techniques to detect and identify traces of
benzo[k]fluoranthene  coeluting  with  benzo[e]pyrene and of
benz[alanthracene coeluting with chrysene. Kolb and Shearin®*?® applied
derivative techniques to petroleum oil fingerprinting based on low-tem-
perature fluorescence spectra.

It seems likely that derivative and wavelength modulation techniques
will find increasing use in fluorescence spectrophotometry.

5.2.3. Spectroscopy of Molecules in the Gas Phase

Derivative spectroscopy has proved to be a very useful approach to
the analysis of small molecules in the gas phase. Hager and Anderson®?~39
have developed a second-derivative method and have applied it to the
trace analysis of various pollutant gases in air, including NO, NO,, O3, SO,
NHs, etc. A commerical second-derivative spectrometer based on their
work is manufactured by Lear-Siegler Instruments. Hunt and Williams*?
have used this instrument to measure NH; in human breath at sub-ppm
levels. Strojek, Yates, and Kuwana®*® have designed an elaborate rapid-
scanning derivative spectrometer which they have applied to the analysis
of SO, in air. These applications have demonstrated excellent sensitivity
and selectivity.
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Apparatus and Methods for Laser
Doppler Electrophoresis

Barton A. Smith and B. R. Ware

1. Introduction

1.1. Description of Technique

Laser Doppler electrophoresis is a descriptive name for a new analytical
technique for the determination of the electrophoretic mobilities of parti-
cles in suspension or of macromolecules in solution. It is a combination of
electrophoresis, the motion of charged particles in an electric field, with
laser Doppler velocimetry, a technique for determining the velocities of
particles by measuring the Doppler shift of laser light which is scattered
from them. The laser Doppler approach differs from other types of elec-
trophoresis in that the velocities of the particles are measured continuously,
rather than being inferred from a measurement of displacement over a
period of time. Several names have been applied to this new technique.
The most common names in current use in the literature are laser Doppler
spectroscopy and electrophoretic light scattering (ELS). We shall use pri-
marily the latter name and the abbreviation ELS.

Electrophoretic light scattering measurements can usually be per-
formed in a small fraction of the time required for equivalent measure-
ments by other techniques. For solutions of macromolecules, both the
electrophoretic mobilities and the diffusion coefficients of molecules in a
sample can be determined simultaneously. In addition, since the measuring
process does not require the separation of the different species in solution
and no concentration gradients are established, it is possible to study in-
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teracting systems in uniform concentrations. For suspensions of larger
particles, ELS is often far superior to the standard microelectrophoresis
method, since the measurement can be made much more quickly, objec-
tively, and automatically. In many cases, ELS yields higher accuracy and
better resolution than can be obtained by any classical technique.

The many advantages of ELS must be weighed against the limitations
and difficulties introduced by the laser Doppler approach. One objective
of this article is to provide a description of the technique in sufficient detail
to allow a careful assessment by the reader of the applicability of ELS to
whatever problem may be of specific interest. A second objective is to
provide a systematic account of the current experimental methods and
design considerations, which will hopefully be of use to the growing num-
ber of groups who are embarking on research programs in this area.

1.2. Applications

In this section we list the applications to date of electrophoretic light
scattering. The reader should consult the review articles on the subject for
a more thorough discussion of these applications.”~® The first theory and
experiments were reported by Ware and Flygare,” who measured simul-
taneously the electrophoretic mobility and diffusion coefficient of bovine
serum albumin. Several groups have reported various modifications and
improvements in the apparatus, including adaptations of the technique for
the study of different types of samples.®~' Further theoretical work has
led to a better understanding of the quantities measured by ELS**~'® and
has predicted that ELS can be used as a probe of reaction kinetics."?

Suspensions of polystyrene latex spheres have been used extensively
as a model system for the development of the technique.®~®!” Latex
spheres have also been used for the study of interactions between charged
particles,*®'® for the study of polymer reactions,?” and for the devel-
opment of an immunological assay.?? For the application of the technique
to smaller macromolecules, the plasma proteins”®** and hemoglobin®”
have been used as model systems. Other sytems on which ELS experiments
have been reported include suspensions of DNA,*® bacteria,® viruses, ***¥
vesicles,*” and secretory granules.®”

The laser Doppler approach has been particularly useful for the study
of living cells, for which the scattering intensity is high and the diffusion
broadening is negligible. ELS has been used to characterize the electro-
phoretic distributions of blood cells*®*” and to study the reactions of these
cells with mitogens®**® and with antigens.®® Differences in the electro-
phoretic mobility distributions of white blood cells from normal individuals
and from patients with acute lymphocytic leukemia have been observed.®"
Correlations between charge and cell-surface marker characteristics®® as
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well as the relationship between charge and cell aggregation®® have been
studied. ELS has also been used to characterize cell subpopulations.®?
Recently ELS and two other electrophoresis techniques have been applied
to the study of red blood cells of differing age and have laid to rest the
common belief that the surface charge density of red blood cells decreases
with age.®”

All of the above experiments have been performed on aqueous sus-
pensions of uniform concentration. Application of this technique to the
study of electrophoretic motion in supporting media such as gels has been
attempted in our laboratory and elsewhere,®® but only limited success has
been achieved, primarily because of the intense signal which is produced
by the internal motions of the supporting medium.

2. Principles

2.1. Electrophoresis
2.1.1. Electrophoresis Theory

The phenomenon of electrophoresis is the basis of a wide variety of
analytical and preparative techniques used in research and industry. There
are several reviews which describe the theory and apparatus in common
use for solution electrophoresis. # 3%

Electrophoresis is the migration of ions in an electric field. The velocity
v of a given ion in a field E is given by

v =UE (1)

where the constant of proportionality U is known as the electrophoretic
mobility. In general, the electrophoretic mobility for a particular species will
be a function of solution conditions and must be experimentally deter-
mined.

The electrophoretic mobility can be related theoretically to fundamen-
tal physical properties of the particles of interest. The mobility of a spherical
macroion is given approximately by Henry’s equation,®®

_ Ze X(kR)
6mmR (1 + «R)

@)

where Z is the number of elementary charges on the particde, € is the
magnitude of a unit charge, 7 is the viscosity of the solution, R is the radius
of the particle, and « is the Debye-Hiickel constant, which is propor-
tional to the square root of the ionic strength of the solution. X(kR) is
Henry’s function,® which ranges from 1.0 for small values of R to 1.5
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for large values of «R. Thus, from the measured electrophoretic mobility
of a macroion and its diffusion coefficient, from which the radius can be
determined, the charge of the ion can be calculated. Equation (2) predicts
that for values of kR much greater than one, the electrophoretic mobility
of a particle is proportional to and uniquely determined by the net charge
per unit surface area (the surface charge density) of the particle.

2.1.2. Electroosmosis

Electroosmosis is a phenomenon closely related to electrophoresis
which often causes experimental difficulties in electrophoresis measure-
ments. Electroosmosis is the flow of solution past a charged, stationary
solid surface caused by an electric field parallel to the surface. In most
electrophoresis sample chambers, electroosmosis causes a bulk flow of
solution along the walls of the chamber in one direction, and a return flow
along the center of the chamber in the opposite direction. This flow
produces a velocity profile across the chamber which adds to the electro-
phoretic velocity of the particles of interest, complicating the analysis of
the experimental data.

2.1.3. Electrophoresis Techniques

There are two common techniques for making electrophoresis meas-
urements in solution. For macromolecules and other submicroscopic par-
ticles, moving-boundary electrophoresis®” is used. In this technique, a
sharp boundary is formed between a solution containing the particles of
interest and a buffer solution. Electric current is passed through the cham-
ber and the position of the moving boundary is monitored at later times
by optical methods. Although this technique has made great contributions
to biology and colloid research, it has been used less frequently in recent
years because of a number of fundamental limitations. Each measurement
generally requires several hours and a substantial quantity of material.
Interpretation of the measurement is complicated, because gradients in
conductivity, pH, macroion concentration, and salt concentration at the
boundaries may cause the mobility of the boundaries to differ from the
mobility of the macroion in dilute homogeneous solution. The interpre-
tation becomes even more complicated for solutions of several species,
particularly when interaction is present. The fundamental limitations of
measurement time and quantity of material required are greatly alleviated
by electrophoretic light scattering, and boundary anomalies are obviated
entirely.

For larger particles, the most common technique is microelectropho-
resis, in which the velocities of particles are determined by measuring the
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time required for each particle to traverse a predetermined distance. The
particles are observed through a microscope with a calibrated reticle to
measure the distance traveled, and the time is measured with a stop watch.
The determination of the mobilities of a statistically significant number of
particles in a sample by this method is obviously a laborious and time-
consuming task.

2.2. Light-Scattering Velocimetry

The frequency spectrum of light scattered from a collection of moving
particles contains information about the motion of these particles. The
various applications of this principle have been reviewed in recent
books.“*~*® We shall confine ourselves to a discussion of the application
of this technique to velocimetry.“? Stated simply, the frequency of the
scattered light is Doppler-shifted from the frequency of the incident light
by the motion of the particle. This frequency shift is usually very small with
respect to the frequency of the light, so a special technique called optical
mixing spectroscopy is employed to determine the frequency spectrum of
the scattered light. In optical mixing spectroscopy, a coherent, monochro-
matic light source (laser) is used to illuminate the sample. Light scattered
from the sample is mixed at the surface of a photodetector with light from
the source which has not been shifted in frequency. The resulting signal
from the photodetector has a frequency spectrum which corresponds to
the difference between the frequencies of the incident light and of the
scattered light. The use of a reference local oscillator is often called het-
erodyne detection, although some confusion exists in the literature because
heterodyne detection in engineering literature implies that the reference
local oscillator is shifted in frequency from the primary carrier frequency.

Figure 1 illustrates the geometry of a light-scattering experiment. All
of the vectors in the figure lie in a plane which is perpendicular to the
plane of polarization of the incident laser beam. The incident laser beam

Figure 1. Geometry of a laser light-

scattering experiment. The scattering

vector K, the difference between the k;
wave vectors of the scattered and in- f Laser /—+ > >
cident light, represents the momen-
tum imparted to the light by the scat-
terer. The scattering angle 6 is that ki=ks=— k 0
angle through which the light is scat- A s

tered in the sample. Refraction at the

windows of the sample chamber must =Ky — Ky

be considered in determining the scat-

tering angle from the relative orien- K= 4mn (9)
tation of the laser and detector.

y
3
=
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is characterized by the wave vector k; which is parallel to the direction of
propagation of the beam and has magnitude k; = 27n/\; where nis the index
of refraction of the medium in which the scatterers are suspended and A;
is the wavelength in vacuo of the incident light. Light is scattered in all
directions by the sample, but only light scattered at a particular angle 6, which
is called the scattering angle, is allowed to fall onto the detector. The light
scattered at angle 6 is characterized by wave vector k, with magnitude &,
= 2w n/A,. The scattering vector K is defined by the equation

K= kx- ki (3)
Since A; = A; because the Doppler shift is very small with respect to the
incident frequency, the magnitude of the scattering vector is

= 4%” sin(8/2) , o

The power spectrum of the signal from the photodetector in an
electrophoretic light scattering measurement of a collection of identical
particles with diffusion coefficient D and electrophoretic velocity v is

DK? + DK?
(w + Kv)2+ (DK?)? (0w —K'v)2+ (DK?)?

S(w) = &)

where S(w) is the spectral intensity at angular frequency @. Two terms
appear in this expression because the optical mixing technique determines
only the magnitude of the Doppler shift and not its sign. Equation (5)
describes a Lorentzian frequency distribution centered at a frequency equal
to |K-v | with half-width at half-height equal to DK® Thus from the
frequency spectrum of the light scattered from a sample of macromolecules
undergoing electrophoresis, one can determine simultaneously the diffu-
sion coefficient and the electrophoretic mobility. The diffusion coefficient
is inversely proportional to the friction constant, which for a sphere is given
by 67 MR, where 7 is the viscosity of the solvent and R is the radius of the
sphere. From examination of equation (2), it is evident that a simultaneous
determination of the electrophoretic mobility and the friction constant
permits a calculation of the charge on the particles.

The ELS spectrum from a sample containing a mixture of noninter-
acting macroions is the sum of the spectra which would be obtained from
each component measured separately. Each term in the sum is weighted
by the intensity of light scattered by that component. If electrophoretically
distinct species are interacting on a time scale which is of the same order
as the correlation time of the measurement, then the spectrum will be
modified, and in principle the kinetics of the interaction can be studied by
proper manipulation of the scattering angle and electric field."®
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The analytical resolution for macromolecules of identical electrophor-
etic mobility is defined to be the ratio of the frequency of the center of the
peak to the width of the peak:

(6)

For the case of particles which are sufficiently large that diffusion can
be neglected, the Doppler frequency spectrum is a direct representation of
the distribution of the velocities present in the sample. Thus, by use of the
relationship @ = |K-v | and equation (1), the frequency spectrum can be
converted into the electrophoretic mobility distribution for the sample
simply by renumbering the frequency axis in terms of mobility.

2.3. Signal Analysis

The signal from the photomultiplier tube can be processed to obtain
either the autocorrelation function or the power spectrum, which is the
Fourier transform of the autocorrelation function. The power spectrum
can also be calculated as the square of the modulus of the Fourier transform
of the time domain signal. The data from a laser Doppler velocimetry
experiment are easiest to interpret in the frequency domain because of the
linear relationship between frequency shift and velocity. We shall therefore
discuss signal analysis in terms of the power spectrum.

According to the sampling theorem,*® in order to determine the
spectrum with a given resolution, we must record the signal for a period
of time in seconds equal to the reciprocal of the desired resolution in hertz.
This requirement sets a lower limit on the length of time that the electric
field must be applied to the sample for a single measurement. The same
lower limit applies to the length of time that each particle must remain
under observation by the detector. Loss of resolution due to the particles
traversing the incident beam in less than this lower time limit is known as
transit-time broadening.

2.4, Implications of Theory for Experimental Design
2.4.1. Direction and Magnitude of the Electric Field

It can be seen from equation (6) that the resolution of the ELS
measurement is maximized by maximizing the projection of the velocity v
on the scattering vector K. The velocity is parallel to the applied electric
field, so the apparatus should be arranged in a configuration in which the
applied field is parallel or antiparallel to the vector K, which bisects the



36 Barton A. Smith and B. R. Ware

angle between —k; and k; as shown in Figure 1. Another way to increase
the resolution is to increase the magnitude of v, which can be done by
applying the highest possible electric field to the sample, and by choosing
solution conditions so as to maximize the electrophoretic mobility of the
particles. However, the solution conditions are often dictated by the ex-
periment to be performed, and the maximum possible electric field is limited
by Joule heating as discussed in Section 2.5.

2.4.2. Selection of Scattering Angle

From equation (6) we can see that, other things being held constant,
the resolution is proportional to 1/K. Thus, to overcome diffusion broad-
ening, it is desirable to work at the lowest possible scattering angle. There
are, however, some difficulties associated with very low scattering angles.
At low angles the relative angular uncertainty for a fixed detection aperture
increases, and greater care is required to maintain a sufficiently precise
definition of the scattering angle. A low magnitude of K also implies that
the Doppler spectrum will be at very low frequencies, where mechanical
noise tends to be a more serious problem. In addition low-frequency
spectra require a longer duration of the electric field pulse to achieve
sufficient spectral resolution, and the longer duration reduces the maxi-
mum electric field which can be applied. It is generally best to work in the
spectral range above 1 or 2 Hz and to avoid electric field pulse durations
greater than 4 s. Typical scattering angles for measurements on protein
solutions range from 2° to 5°.

For suspensions of large particles such as blood cells, the diffusion
broadening is negligible, and the linewidth is due primarily to electro-
phoretic heterogeneity. In this case, the optimal scattering angle may be
quite high. The principal advantage of a higher scattering angle is an
increase in the magnitude of the Doppler shift for a given field strength,
while the typical disadvantages of a higher scattering angle are reduced
scattered intensity and possibly some inconvenience in optical alignment.
The resolution of measurements for these large particles is limited pri-
marily by movement of the particles due to forces other than electropho-
resis, such as convection.

2.5. Electric Field and Power Dissipation

The electric field in a solution with conductivity o is determined by
the current density J:

E=]o (7

If the current density is constant throughout a specified region which has
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a uniform cross-sectional area A, the electric field is constant in magnitude
throughout this region and can be calculated from the current I flowing
through the region by the equation

E=1/Ac 8)

The passage of current through a solution produces heat in the so-
lution (Joule heating). The power dissipated per unit volume of solution
is given by

P=J%/o ©)

The maximum possible temperature rise which will be caused by a
short current pulse can be estimated by assuming that none of the heat is
removed from the sample during the pulse. Assuming that the solution
has the specific heat of water, the temperature rise in °C for a current
density J in A/cm? and a conductivity o in mho/cm in a time ¢ in seconds
is

AT =024J%t/c (10)

The amount of heating must be limited since an excessive temperature
increase will change the solution conditions and cause convection in the
sample.

3. Apparatus

In this section we give a detailed list of the components which make
up an electrophoretic light-scattering apparatus (Figure 2). In each case,
the general considerations pertinent to design of the apparatus for various
types of samples are given, followed by a description of the equipment
currently in use in our laboratory for the measurement of electrophoretic
mobilities of blood cells in physiological ionic strength media.

3.1. Laser

The two most important characteristics to consider in the choice of a
laser are its wavelength and its power. The wavelength is usually chosen
to minimize absorption of light by the sample, which can cause both
convection and photochemical damage of the particles of interest. In ad-
dition, the wavelength dependences of the respective scattering cross sec-
tions of the particles and of the sensitivity of the photodetector should be
considered. Both of these considerations generally favor shorter wave-
lengths. When diffusion broadening is a serious problem, the resolution
(equation 6) is proportional to laser wavelength, resulting in a slight ad-
vantage at longer wavelengths. Typical power levels range from a few
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Figure 2. Diagram of the apparatus for electrophoretic light scattering. The sample is
illuminated by a laser and the light scattered at a particular angle is detected. A timer
controls the application of an electric field to the sample and synchronizes the data
collection with the field pulses. The power spectrum of the signal from the photodetector
is calculated and displayed by the spectrum analyzer, which also performs the signal
averaging of the successive spectra collected during the respective electric field pulses.

milliwatts for strongly scattering samples to a hundred milliwatts for a
dilute solution of macromolecules. The laser should be operated in the
single transverse mode TEMy,. The polarization of the laser should be
perpendicular to the plane determined by the incident and scattered wave
vectors.

A further consideration in the selection of a laser is the magnitude of
noise present in its output. Fluctuations in the intensity of the light at a
frequency within the bandwidth being measured will appear as noise in
the spectrum. Power-line-frequency ripple in the laser intensity is partic-
ularly troublesome. Helium-neon lasers are generally the best of the com-
monly available types with respect to noise, reliability, convenience of op-
eration, and price. We use a Spectra Physics model 125A He-Ne laser
operating at a wavelength of 632.8 nm at a power of 50 mW.

3.2. Optics

The optical system associated with the scattering chamber has two
functions. The first is to focus the laser beam into the chamber, thereby
defining the volume of the sample that is illuminated. Since the beam in
the sample should be of approximately uniform intensity, spatial filtering
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may be desirable. The dimension of the illuminated volume along the
direction of migration should be kept sufficiently large that the transit time
of the particles during an electric field pulse is greater than the reciprocal
of the frequency resolution of the Doppler spectrum.

The second function of the chamber-associated optics is to provide the
reference beam (local oscillator) for optical mixing detection. In the sim-
plest case, stray scattered light from the windows of the chamber will serve
this purpose. This may be the method of choice for weakly scattering
samples at low scattering angles. Two disadvantages of this method are
that it does not allow easy adjustment of the relative intensity of the local
oscillator and that it requires the scattering volume to include at least one
chamber window. When the stray scattering from the windows will not
serve as a suitable local oscillator, optical elements such as beam splitters
and mirrors must be used to direct a part of the light from the incident
laser beam onto the surface of the photodetector. Special effort must be
made to minimize vibrations of these optical elements with respect to the
scattering volume, since even very low amplitude vibrations, on the order
of a fraction of the wavelength of light, will produce spurious signals in
the output of the photodetector.

Figure 3 is a diagram of the optical arrangement used in our appa-
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Figure 3. Optical system for electrophoretic light scattering at high scattering angle.
The laser beam is divided into two parts, the reference beam and the sample-illuminating
beam. The reference beam is combined at the photodetector with light scattered from
the sample. The beam splitter, mirrors, attenuator, glass rod, and chamber are all
mounted on a metal plate to prevent vibrations of these components with respect to each
other.
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ratus. The laser beam is focused into the chamber by a converging lens
with a focal length of 20 cm. The beam diameter in the sample is approx-
imately 0.15 mm. A cube beam splitter divides the beam into two parts,
one of which goes through the sample and the other of which is directed,
by means of front-surface mirrors, through a variable attenuator and onto
a glass rod on the other side of the chamber. This rod, which has a
diameter of 0.2 mm, is positioned so that light scattered from the rod will
be reflected by the window of the scattering chamber into the detection
optics. The chamber is oriented so that the electric field in the solution is
parallel to the scattering vector. All of the optical components of the system,
including the laser and photodetector, are mounted on a heavy table which
is vibrationally isolated from the floor by foam rubber pads. In order to
minimize relative vibration of these components, the beam splitter, mirrors,
glass rod, and chamber are attached to a metal plate. The optical elements
are mounted on small permanent magnets which attach them rigidly to
the metal plate but allow the convenient adjustment of their positions when
aligning the apparatus. This design also allows easy rearrangement of the
optical system to different configurations. The optical arrangement in
Figure 3 is only one of a variety of possible options which we have em-
ployed. Although we have found it to be an optimal design for many
experiments, the selection of the optical configuration depends upon a
number of specific factors such as chamber design, scattering angle, and
available optical components.

3.3. Chamber

The electrophoretic light-scattering chamber must allow the applica-
tion of an electric field to the sample, and it must have optical windows for
the entrance and exit of light. Temperature control and stabilization are
also important. Efficient heat transfer is required to minimize the rise in
temperature of the solution due to Joule heating during the application of
the electric current pulse. The chamber geometry should be designed to
minimize convection in the scattering region, which can occur during the
current pulse as a result of thermal gradients. It is desirable to reduce or
eliminate electroosmosis. It is necessary to minimize the sample volume
required for the measurement when only a small amount of material is
available for the experiment. Of course, the materials of which the chamber
is made must be chemically compatible with the samples being studied,
and the chamber should be easy to clean. There are several quite different
chamber designs in use,®”'"*” and in general the chamber to use in a
particular instance depends upon the type of sample being studied.

Uzgiris®” has chosen the simplest possible chamber design, placing
closely spaced parallel-plate electrodes in a standard cuvette. This design
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has the great advantage that it completely avoids the problem of electroos-
mosis, since there are no chamber walls in the region of the sample through
which current passes. A disadvantage of this design is that square-wave
modulation of the applied electric field must be used to reduce the effects
of electrode polarization and current-induced concentration gradients.
This modulation results in a complication of the observed spectrum, which
makes data interpretation more difficult."”

Figure 4 is a diagram of the chamber which we use for the measure-
ment of the electrophoretic mobility distribution of blood cell samples, as
viewed looking through the optical windows (which are not shown). The
two largest pieces of the chamber are made of silver-plated copper, chosen
for excellent thermal and electrical conductivity. Water from a constant-
temperature bath flows through these pieces to maintain the sample tem-
perature. The electrodes are semicylindrical silver/silver chloride reversible
electrodes. They are attached to the copper pieces by epoxy cement which
conducts both heat and electricity (Emerson & Cuming, Inc. Eccobond
Solder #56C). The incident laser beam is directed through the sample in
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Figure 4. Electrophoretic light-scattering chamber, as seen looking through the optical
windows. The body of the chamber is made of two pieces of silver-plated copper, to which
the electrodes are cemented. The copper pieces contain channels through which water
from a constant temperature bath flows. The two copper pieces are separated by a pair
of insulators which restrict current flow through the sample to a small cross section. The
distance between the inner surfaces of the windows is 0.37 cm.
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the small region between the two glass spacers in the center of the chamber.
These spacers and the plastic insulators restrict the current flow through
the solution to a small cross-sectional area in which the scattering region is
located. The current density is much greater in this region than at the
electrodes; thus, a high electric field can be applied to the sample without
exceeding maximum allowable current densities at the electrodes. The
semicylindrical shape of the electrodes is chosen to establish a uniform
current density at the electrodes in order to pass the maximum possible
total current. Since significant Joule heating is confined to a small volume,
the heat is quickly dissipated during the interval between electric field
pulses. The narrow gap between the glass spacers serves also to inhibit
convection in the scattering region. Although the solution outside the gap
exhibits substantial convection, allowing rapid heat transfer from the gap
to the thermostatted electrodes, no convection is observed in the gap due
to the stabilizing effect of the closely spaced horizontal surfaces. This
chamber is similar to that designed by Haas and Ware,"" and the original
account of that design includes a discussion of the electric field configu-
ration and of the application of the chamber to experiments on protein
solutions.

The windows and spacers are made of white crown glass. The windows
are pressed onto the front and back of the chamber by plastic mounting
flanges so that they lie flat against both the edges of the electrodes and the
glass/Lexan spacers. The windows are sealed with a thin layer of stopcock
grease. The distance between the inner surfaces of the windows is 0.37 cm.
The interior glass surfaces of the chamber are coated with methylcellulose
to reduce electroosmosis.

The sample is introduced into the chamber by means of a 23-gauge
hypodermic needle through the fill holes in the top Lexan insulator. The
chamber can be emptied by inserting the needle to the bottom. Thus the
chamber can be rinsed and filled in place.

The cross-sectional area through which the current flows in the solu-
tion is constant over the region in which the light scattering is observed, so
that the electric field is constant over this region. The electric field strength
can be determined from a knowledge of the current flowing through the
chamber, the solution conductivity, and the cross-sectional area of the gap
(equation 8).

3.4. Power Supply and Switching

In almost all cases, a constant-current power supply is the best choice
for ELS. If a constant voltage is applied to the electrodes, electrode polar-
ization and other effects may cause variations of the electric field in the
sample. However, if a constant current is passed through the sample, these
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electrode variations will not affect the electric field in the sample. Constant
current has an additional advantage over constant voltage: typical current
densities for electrophoresis result in Joule heating which raises the tem-
perature of the solution significantly, often causing a substantial decrease
in the viscosity of the solution. Since electrophoretic mobility is inversely
proportional to viscosity (equation 2), a change in viscosity will result in a
change in the mobilities of the particles being measured. However, the
conductivity of the solution is also inversely proportional to viscosity. At a
constant current density, the electric field will be reduced by a factor equal
to the factor by which the electrophoretic mobility is increased (equation
8). Thus, the particles will have the same velocities as if no heating had
occurred.

The power supply should provide a well-regulated, low-noise, constant
current which is adjustable over the range necessary for various samples
and chambers. In our laboratory, we have used currents in the range from
0.01 to 10 mA and employ an Electronic Measurements Inc. (Neptune,
New Jersey) model C6112AL power supply.

An advantage of ELS over classical electrophoresis is that the polarity
of the electric field in the sample can be alternated, thereby avoiding the
formation of concentration gradients in the sample. In addition, the field
can be pulsed with time for heat dissipation between the pulses, and the
pulses can therefore be of higher field magnitude than can be employed
with continuous current. A timing device is necessary to switch the field on
and off and to alternate its polarity. This device must also synchronize the
collection of data with the field pulses. The minimum duration of a single
pulse is determined by the spectral resolution required for the measure-
ment (Section 2.3). The ratio of field off-to-on time depends on the heat-
dissipation time constant of the chamber and on the amount of heat
produced during the pulse.

We use a custom-made digital electronic timing circuit which controls
the application of the electric field to the sample and simultaneously trig-
gers the spectrum analyzer. The timer actuates mercury-wetted contact
relays which connect the constant-current supply to the chamber electrodes.
The current is measured by a digital ammeter in series with the electrodes.

For measurements in physiological ionic strength media, we typically
analyze the signal with a spectral resolution of 0.5 Hz. This requires an
electric field pulse duration of 2.0 s. The time between pulses is typically
15s.

3.5. Detection Optics

The optical arrangement used in connection with the photodetector
determines the scattering angle and the scattering volume. The scattering
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volume is that volume of the sample from which scattered light reaches
the photodetector. Light from other sources must be prevented from
reaching the photodetector. In the simplest case, the detection optics can
consist of a pair of iris diaphragms placed in the front of the detector so
that only light scattered from the sample in a certain direction can enter
the photodetector. More elaborate arrangements can be used to define the
scattering volume more precisely, to limit the range and uncertainty in
scattering angle, and to simplify the optical alignment procedure.

Figure 5 is a diagram of our photodetection apparatus, which is similar
in function to a single-lens reflex camera. A lens of focal length 20 cm and
diameter 2.5 cm forms a real image in the plane of the adjustable slit,
which is directly in front of the photomultiplier tube. The distance from
the lens to the real-image plane is approximately 75 cm, resulting in an
image magnification of about a factor of three. By moving the reflex
mirror into position, the image of the sample is diverted onto the viewing
screen, which is a Nikon camera focusing screen with centering grid. The
viewing screen and mirror are positioned so that the part of the image
falling on the center of the grid will fall on the center of the slit when the
mirror is moved aside. Thus we can, by looking at the viewing screen,
determine exactly what will be “seen” by the detector during the measure-
ment. The iris diaphragm in front of the lens allows the amount of light
entering the detector to be adjusted. This adjustment determines both the
depth of field of the image and the span of scattering angles collected by
the lens. The position of the sliding tube in which the lens is mounted can
be adjusted to bring the image into focus. The width of the slit determines
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Figure 5. Reflex optical detection system. This system, which is similar in design to a
single-lens reflex camera, allows the operator to determine exactly from which part of
the sample scattered light will reach the photomultiplier. Light from the reference beam
can be superimposed precisely upon the image of the sample to achieve proper optical
mixing. The lens, which has a focal length of 20 cm, is approximately 75 cm from the
adjustable slit onto which the real image of the sample is projected.
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the size of the scattering volume. In addition to the adjustable slit shown
in Figure 5, there is a fixed 0.7-mm-high horizontal slit which limits the
vertical extent of the image allowed to fall onto the photomultiplier. The
iris in front of the lens is usually set at a diameter of approximately 1 mm,
and the slit is set at a width of about 0.5 mm.

The photomultiplier tube is an EMI model 9558B in a Products for
Research housing. It is powered by Keithley Instruments model 244 high-
voltage supply. This tube has a quantum efficiency of approximately 0.08
at 633 nm. We typically operate the tube at a gain of 10* with a photocur-
rent of 2 A. The photocurrent is monitored with a digital ammeter.

3.6. Signal Analysis and Data Collection

The desired form of the data is the power spectrum of the photocur-
rent. It is important that the spectral components of the signal be deter-
mined with real-time efficiency, i.e., that all of the time-domain data be
used in measuring each spectral intensity. Each calculated spectrum should
be available to the experimenter as the measurement is in progress in
order to facilitate any necessary adjustments or diagnosis of experimental
problems. Because the frequencies of interest in ELS are generally in a
very low frequency range (1-200 Hz), there are a number of efficient ways
to calculate the spectrum.

Autocorrelators have become very popular among workers in the field
of dynamic light scattering, and most autocorrelators are acceptable for
ELS experiments, provided some means of fast Fourier transformation is
available so that the data can be viewed in the frequency domain for
immediate interpretation. However, clipped autocorrelators,*" which have
great advantages in other types of experiments, are not suitable for ELS
measurements, because the local oscillator intensity will make it difficult to
establish a suitable clipping level. In fact, any photon-counting device will
require the incident laser intensity to be extremely low, since the photon
counts per sample time increment in this experiment are typically far
higher than those in most light-scattering experiments and far higher than
the capabilities of any commercial photon-counting instrument. The re-
quired reduction of laser intensity would cause an unacceptable decrease
in signal-to-noise ratio. The best signal-to-noise ratio will generally be
achieved by treating the photocurrent as an analog signal, digitizing it, and
performing digital operations to calculate the power spectrum.

A number of hard-wired fast Fourier transform audio spectrum ana-
lyzers have appeared on the market recently which are ideal for laser
Doppler applications, including ELS. (Consult Princeton Applied Research,
Princeton, New Jersey; Nicolet, Inc., Madison, Wisconsin; and Spectral
Dynamics Corporation, San Diego, California.)
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For those laboratories with a dedicated computer or access to rapid
on-line processing, the method of choice will probably be to digitize the
photocurrent and perform the Fourier transformation with the computer.
Because the data are at very low frequency and there is a substantial off-
time between pulses, any modern computer will be able to perform these
operations with real-time efficiency.

In our apparatus, the photocurrent returns to ground through a 20-
k{1 resistor. The voltage across this resistor is the signal, which is propor-
tional to the intensity of light falling on the photocathode. This voltage is
amplified by a Keithley Instruments model 103A nanovolt amplifier, which
is an AC-coupled differential amplifier with variable high- and low-fre-
quency cutoff filters, and gain variable from 10 to 1000.

The output of the amplifier is connected to a Honeywell-SAICOR
SAI-51B real-time spectrum analyzer/digital integrator which computes
the power spectrum of the signal and averages spectra computed during
successive electric field pulses. The single and averaged spectra are dis-
played on CRT monitors. Averaged spectra can be recorded digitally on
punched paper tape for later computer analysis or plotted on graph paper
by an X-Y recorder. '

4. Methods

4.1. Chamber Preparation

Prior to each series of experiments the chamber is disassembled and
cleaned thoroughly. The glass and plastic parts are immersed in an ultra-
sonic cleaner with liquid detergent for about a half hour and then rinsed
with distilled water. The metal parts are rinsed with distilled water. The
interior glass surfaces are then coated with methylcellulose to minimize the
surface charge and hence minimize electroosmosis.“” The coating proce-
dure is as follows:

A 2% solution of Dow Corning Z-6040 (glycidoxypropyltrimethoxy-
silane) is prepared in one part water, four parts methanol. This solution
is acidified with a few drops of concentrated acetic acid and has a shelf life
of 1 h. A 0.1% solution of methylcellulose (Polysciences #0846) is prepared
in distilled water and centrifuged to remove particulate matter. This so-
lution can be stored indefinitely at 4°C.

The glass is cleaned thoroughly, dried, and dipped into the Z-6040
solution for 1-2 min. It is allowed to dry at room temperature, placed in
an oven at about 75°C for 1 h, then rinsed with distilled water. The glass
is then dipped into the methylcellulose solution for 5 min, dried at room
temperature, and placed in the oven for 1 h.
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The methylcellulose coating will remain adsorbed to the walls for
several days if the chamber is filled with distilled water and left undisturbed.
However, the useful lifetime of a coating is dependent upon the particular
experiment being done. A small amount of coating may be removed with
each rinsing of the chamber. In addition, some samples may adhere to the
wall coating and after a period of time the optical quality of the surfaces
may be degraded and the wall charge may be increased. We have found
the coatings to have an average working lifetime of about 10 h of operation.

The electrodes are made from 99.99% pure Ag sheet. The surface of
the silver is cleaned with concentrated NH,OH. The electrodes are then
anodized in a 0.1 M HCl solution at a current of 5 mA/cm? for 5 min. This
need not be repeated unless the electrodes are damaged either mechani-
cally or by passage of excessive current.

4.2." Sample Preparation

There are two special considerations for the preparation of electro-
phoretic light-scattering samples. The first is that solution conditions which
affect electrophoretic mobility, such as pH, ionic strength, and viscosity,
must be carefully controlled and accurately known. The conductivity of the
solution must also be measured accurately, so that the electric field can be
determined from the current density.

The second consideration is that the sample must be free of extraneous
particles which scatter a significant amount of light. The most common
problems are dust and bubbles in the sample. Relatively dust-free solutions
can usually be prepared by filtration through small-pore, e.g., 0.1-um,
filters. Filters which are coated with detergents or surfactants should be
avoided, as these compounds can interfere with the measurements. The
presence of bubbles can be minimized by degassing the sample and storing
it at a temperature slightly above that at which the measurements will be
made. Routine procedures will work for most samples, but for dilute
solutions of macromolecules, extraordinary cleaning methods must some-
times be employed.“®

4.3. The Measurement

Once the sample has been introduced into the chamber, the intensity
of the reference beam is adjusted by means of a variable attenuator to be
between 10 and 100 times the intensity of the light scattered from the
sample. The relative intensities are determined by observing the photo-
current alternately with and without the reference beam blocked. If the
reference beam intensity is too low, it will be insufficient for optical mixing.
If it is too high, laser intensity noise will appear in the measured spectrum.
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A low-power microscope is used to observe the scattering volume
during the measurement to be sure that no foreign matter has drifted into
the laser beam and to facilitate adjustment of the position of the beam in
the chamber. The microscope also allows the sign of the electrophoretic
mobility to be determined for microscopic particles by visual observation
of the direction of their motion in the electric field.

For suspensions of large particles which sediment rapidly, it is some-
times necessary to stop data accumulation briefly and stir the sample. At
the beginning of the measurement and after each stirring, the spectrum
is observed in the absence of an applied electric field to determine that
there is no undesirable motion, such as convection, in the sample. The
measurement is complete when the averaged spectrum has an acceptably
high signal-to-noise ratio and a statistically significant number of particles
has been sampled, which usually requires about 5 min.

At the beginning of each experiment, the velocity is measured at
various vertical positions in the chamber gap. The position is quantified
using an external height gauge. If there is a significant deviation in the
measurements at different gap positions, the usual interpretation is that
electroosmosis is present. Small magnitudes of electroosmosis can be de-
termined from the flow profile and corrected for in the interpretation of
the data, or the scattering volume can be selected to be centered at the
region in the chamber at which the electroosmotic velocity is zero, the so-
called stationary layer.®® The flow profile is checked periodically during
the course of the experiment. If the electroosmotic velocity is greater than
10% of the electrophoretic velocities, it is best to disassemble the chamber
and repeat the methylcellulose coating procedure.

4.4. Common Experimental Problems

The three major sources of instrumental noise in the light-scattering
spectra are electromagnetic interference, laser noise, and vibration. The
most common example of electromagnetic interference is the presence of
peaks in the spectrum at the power-line frequency (60 Hz in the U.S.) and
its harmonics. Noise from this source can be identified by its presence even
when light is prevented from reaching the photodetector. Electromagnetic
interference can be reduced to an acceptable level by proper shielding and
grounding of the electronic components.

Laser noise will be present in the spectrum even when only the ref-
erence beam is allowed to fall onto the photodetector. Laser noise may
consist of both broad-band components and harmonics (120 Hz, etc.) of
the power-line frequency. If the laser is designed properly and in good
operating condition, laser noise will be much smaller than the signal as
long as the intensity of the reference beam is not excessive. Laser noise



Apparatus and Methods for Laser Doppler Electrophoresis 49

can thus be controlled by proper adjustment of the optics so that a mini-
mum reference-beam intensity will suffice for optical mixing.

Vibrations of the optical components will introduce spurious sharp
peaks into the spectrum. Peaks due to vibration can be recognized by the
fact that they are not affected by the application of an electric field to the
sample. Vibration noise can be eliminated only by preventing vibration of
the components, which can be done by isolating the apparatus from sources
of vibration and by mounting the components rigidly with respect to each
other.

Obtaining proper optical mixing is often a major difficulty in electro-
phoretic light scattering experiments. A lack of proper optical mixing will
result in the presence of a large signal at the low-frequency end of the
spectrum, and a loss of intensity in the Doppler-shifted peaks.“” It is
sometimes difficult, however, to tell whether the absence of shifted peaks
in the spectrum is due to poor optical mixing, or to the absence of electro-
phoretic motion in the sample. A good method to distinguish between
these possibilities is to flow the sample slowly through the chamber while
observing the spectrum. If no shifted peak due to the flow is observed, the
optics are not properly aligned. Final adjustments of the positions of the
optical components are best made while observing the quality of the spectra
being recorded.

Bulk flow of the sample in the scattering region due to a difference
in the level of the liquid on different sides of the chamber or to thermal
convection will cause distortion of the spectra. In the absence of an applied
electric field, the spectrum should consist of a single peak centered at zero
frequency. The zero field spectrum should be observed at the beginning
of each measurement to be sure that no bulk flow is present. Flow of the
sample will also cause electrophoretically shifted peaks to alternate between
two different positions as the direction of the electric field is alternated,
since the flow will in one case add to, and in the other case subtract from,
the electrophoretic velocity. Convection due to excessive Joule heating
during the electric field pulse will broaden the peaks in the spectrum and
introduce noise throughout the spectrum. This problem can be corrected
by operation at a lower electric field or with shorter field pulses.

5. Examples of Electrophoretic Light-Scattering Spectra

5.1. Blood Plasma

As an example of an electrophoretic light-scattering spectrum from a
protein solution, we have selected the spectrum of human blood plasma
shown in Figure 6. This spectrum was collected under conditions of low
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Figure 6. Electrophoretic light-scattering spectrum of human blood plasma. Fresh human
plasma was dialyzed and then diluted several-fold to final solution conditions of pH 9.1
and ionic strength 0.004. This spectrum was taken with a high field strength (183 V/cm)
to maximize the Doppler shift and at a low scattering angle (3.2°) to minimize the diffusion
broadening of each peak. The large peak at the highest frequency can be identified as
albumin from its relative magnitude and its electrophoretic mobility (3.9 x 107 em?%V-
sec). Positive identification of the peaks at lower mobility cannot be made from the
Doppler spectrum alone, but the form of the spectrum is similar to the known electro-
phoretic pattern of normal human plasma.

ionic strength, high electric field, and low scattering angle in order to
maximize the resolution. The chamber used for this measurement was one
of the original Ware-Flygare designs with a BeO cooling plate.” The most
intense peak is also the highest mobility peak, and it can be identified as
albumin both from its relative intensity and its mobility. The frequency
shift of this peak was shown to depend linearly on electric field over the
range from 25 V/cm to 250 V/cm. The peaks at lower mobility cannot be
identified positively, but the form of the spectrum is similar to the known
electrophoretic distribution of normal human plasma. Similar ELS spectra
of blood plasma have been reported by Ware and by Mohan et al. *®

5.2. Blood Cells

As an example of electrophoretic light-scattering measurements on
blood cells, we have chosen an experiment to determine the effect of the
enzyme neuraminidase on the surface charge density of human lympho-
blasts. Neuraminidase removes N-acetylneuraminic acid from glycopro-
teins and glycolipids on cell surfaces, thereby reducing the net negative
charge of the cells.

A cryopreserved sample of mononucdear white blood cells from a
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patient with acute lymphocytic leukemia was thawed®” and suspended in
tissue culture medium 199 (Grand Island Biological Co. #235) at a con-
centration of 3 X 106 cells/ml. This suspension was divided into two sam-
ples. Neuraminidase (Sigma N-3001) was added to one sample at a con-
centration of 1.25 units/ml. The other sample served as a control. Both
samples were incubated at 37°C for 70 min and then cooled to room
temperature. Electrophoretic light-scattering spectra were then recorded
for both samples. These spectra are shown in Figure 7. The spectrum
from the neuraminidase-treated sample is labeled N and the spectrum
from the control samples is labeled C.

The measurements were made at 20°C using the apparatus described
in Section 3 of this chapter, at a scattering angle of 58° with an applied
electric field of 25 V/cm. The horizontal axis in Figure 7 has been labeled
in units of electrophoretic mobility. An electrophoretic mobility of 2.0 X
10™* cm”V-sec under these conditions corresponds to a frequency shift of
approximately 100 Hz. The sign of the mobility is not indicated on this
axis, since the optical mixing technique allows the measurement of only
the magnitude of the frequency shift. These cells have a negative surface
charge.

The two spectra in Figure 7 demonstrate the value of electrophoretic
light scattering for measuring mobility distributions. The time required for
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Figure 7. The effect of neuraminidase on the electrophoretic mobility of human lymph-
oblasts. The curve marked N is the mobility distribution for a sample of cells which have
been treated with neuraminidase, an enzyme which reduces the net negative charge of
the cells. C represents the control sample. Measurements were made in a physiological-
ionic-strength medium at 20°C at a scattering angle of 58° with an applied electric field
of 25 V/em. Since the optical mixing technique does not determine the sign of the velocity
of the scattering particles, the mobility axis in the figure specifies only the magnitude of
the electrophoretic mobility and not its sign, which for these cells is negative.
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data accumulation was about 8 min for each spectrum. Instrumental noise
is not significant, and the width of the peaks is due to the heterogeneity of
the samples, rather than te limited instrumental resolution. From these
spectra, one can determine quantitatively the effects of the enzyme on the
electrophoretic mobility of these cells.
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Detectors for Trace Organic Analysis by
Liquid Chromatography: Principles and
Applications

Peter T. Kissinger, Lawrence J. Felice, David J. Miner,
Carl R. Preddy, and Ronald E. Shoup

1. General Considerations

1.1. Introduction

Although liquid column chromatography (LC) had been used as a means
of chemical separation for many years prior to 1969, it was not accepted
as a method useful for rapid, routine analysis, due to the relatively long
times required to achieve resolution. Significant theoretical and technolog-
ical advances have since been made in this field, and excellent separations
can now be achieved within a few minutes using high-efficiency LC column
packings. Liquid chromatography offers many advantages over gas-liquid
chromatography (GLC) in that no restrictions are placed on the size, vol-
atility, or thermal stability of the sample molecules. In addition, LC offers
tremendous flexibility in the choice of mobile and stationary phases such
that most sample components can be conveniently resolved using some
appropriate combination of mobile and stationary phases.

One area of widespread interest is the trace analysis of drugs, drug
metabolites, pesticides, and other biologically important compounds in
complicated matrices (e.g., body fluids, tissue samples, and foodstuffs).
Often the thermal instability of these molecules makes their direct GLC
analysis difficult, if not impossible. While derivatization is, in some cases,
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a satisfactory solution, this approach can be difficult to employ quantita-
tively on trace amounts of material. Another area of increasing concern is
the detection of trace organic impurities in bulk industrial chemicals and
commercial products (especially pharmaceuticals). There are now a num-
ber of examples in the literature where such determinations have been
carried out by LC. Applications to trace (submicrogram) analysis have until
recently been hampered by the lack of sufficiently sensitive detectors.

The objective of this chapter is to describe the variety of detectors in
use for trace organic analysis by liquid column chromatography. Although
many of the detectors discussed here have some applicability to inorganic
ions and organometallics, this area will not be emphasized, since a very
high percentage of trace LC work is focused on organic substances. This
situation is accounted for primarily by the success of atomic spectroscopy
techniques that are capable of multielement analysis without prior sepa-
ration.

Following a brief introduction to the principles and instrumentation
required for individual detectors, attention will be given to applications.
The utility of chemical reactions to improve sensitivity, to increase specific-
ity, or to extend the applicability of certain detectors will be described in
some detail. We have attempted to give a realistic view of both the advan-
tages and limitations of the various approaches currently in use as well as
those which are under active development. A number of detectors which
have been developed over the years are not reviewed because in our
judgment they are not competitive with alternate methods.

Throughout this chapter we have avoided the use of the term HPLC,
due to the misconceptions this nomenclature implies for inexperienced
chemists. If this designation is used, the “P” refers to “performance” and
not to “pressure.” Very high pressure (a relatively meaningless term) is
certainly not required in modern liquid chromatography nor is pressure
a particularly important experimental variable. Frequently “high pressure”
is construed as meaning very high cost. Excellent “HPLC” separations can
be achieved with equipment operating at pressures below 500-1000 psi.
While “high performance” (or “high efficiency”) was a useful term a decade
ago, today such characteristics of an LC system are commonly taken for

granted.

1.2. Trace Analysis
1.2.1. Sample Preparation

The injection of raw biological or environmental samples directly into
a chromatograph without prior work-up may at first thought seem attrac-
tive. In reality, this approach often leads to degradation of column per-
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formance, and places an unnecessary burden on the column to resolve
many components which are likely to be of no interest. Even if the reso-
lution is adequate for the component(s) of interest, direct injection of a raw
sample will often extend the time required for a complete chromatographic
run. Most applications of the apparatus described in this chapter will
require the assay of very large numbers of samples. It is, therefore, very
desirable to develop approaches which permit the most rapid analysis
possible.

As a rule of thumb, trace analysis problems which are most often
solved by LC are those involving aqueous solutions of very polar com-
pounds. There are, of course, many exceptions which include fat-soluble
substances of high molecular weight (e.g., aromatic hydrocarbons in air
particulate samples). In general, low-molecular-weight volatile substances
are best handled by GLC. Prior to the analysis of an organic compound in
an aqueous tissue homogenate or biological fluid, several cleanup steps are
usually necessary. The first of these commonly involves the removal of
proteins from the sample. This can often be accomplished by the addition
of an agent which causes the proteins to precipitate. A few of the common
reagents used for this purpose are perchloric acid, ammonium sulfate,
ethanol, and trichloroacetic acid.

After elimination of the protein, it is desirable to devise a method to
isolate the class(es) of compounds of interest, while eliminating as many
potential interferences as possible. Often this is accomplished by one or
more solvent extractions. By careful pH adjustment and judicious selection
of the solvent, it is possible to be quite selective in a single extraction step.
For example, extraction of urine at pH 7 with ethyl acetate will remove
most of the neutral aromatic compounds, while leaving the acidic and basic
compounds in the aqueous phase. At pH 2, organic acids will be undisso-
ciated and will partition into ethyl acetate, while leaving bases and very
strong acids (e.g., sulfuric acid esters) behind. Extractions of this type are
most commonly carried out by mechanical shaking in small glass centrifuge
tubes (15 ml or less). Brief centrifugation is often helpful to restore the
two layers after the agitation step is complete. It is a very simple matter to
extract a large number of samples in parallel, and isolate the separated
phases using a pipette or syringe. The extracts are usually concentrated by
evaporation under a steam of dry nitrogen, using a manifold of syringe
needles to blow down several tubes simultaneously. Often the extract is
taken to dryness and then accurately redissolved in a small volume of
solvent for direct injection or TLC (see below). A preconcentration by a
factor of 10 or more is often possible using solvent extraction followed by
evaporation. This provides an obvious advantage in trace analysis.

In some cases, liquid-liquid extraction is not effective. Isolation may
then be accomplished using a liquid-solid, liquid-gel, or ion-exchange
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extraction. In the analysis of urinary and tissue catecholamines using elec-
trochemical detection, for example, advantage is taken of the fact that
catechol compounds are selectively adsorbed onto alumina at pH 8.5 and
then released at low pH. Sample work-up using one or more extraction
techniques often seems hopelessly awkward and time-consuming to the
novice. While the simplest procedures are most desirable, with appropriate
equipment experienced personnel can rapidly carry out large numbers of
extractions with good precision. A variety of mechanical pipettes, shakers,
and evaporators are now commercially available, and total automation of
the process is possible in some cases.

Thin-layer chromatography is another technique which is useful for
LC sample preparation. Both specificity and sample preparation are often
improved because large numbers of samples can be run in parallel and
because the mechanism of separation in TLC is often very different (nor-
mal phase) from that used in the column (reverse phase). All components
necessarily elute between R;0 and 1, whereas for LC there is no limitation
on the retention time. This means that TLC-LC experiments on a large
number of samples can often be carried out more quickly than LC alone,
because uninteresting components eliminated in the TLC cleanup would
be strongly retained on the LC column. Furthermore, a TLC cleanup will
often prolong the life of very expensive LC packing materials. In the
determination of a trace constituent in the presence of a large amount of
a bulk chemical, TLC is a useful means of minimizing the amount of major
constituent injected on the LC column. Avoiding an overload condition in
this manner often makes it easier to resolve the trace component.

TLC zones chosen for examination by LC will normally cover 0.1 R,
units or less. The adsorbent is removed from the plate and treated with
solvent in a small (1-3 ml) centrifuge tube. Before such a sample is injected
into a modern liquid chromatograph, it should be passed through a filter
with a submicron pore size to remove residual TLC stationary phase.
Without this precaution, it is likely that the top frit on the LC column will
become clogged.

1.2.2. Sample Injection

One of the most important factors in successful trace analysis is effi-
cient utilization of the available sample without sacrifice of precision or
accuracy. Gas chromatographic methods frequently require the injection
of microliter amounts of derivatized sample contained in a volatile solvent.
Difficulties with manipulating such small amounts of material often result
in the adoption of procedures in which most of the available sample is
wasted (i.e., not injected). The use of automatic sample injectors often
involves additional sacrifice of precious sample. Fortunately these problems
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are greatly minimized in liquid chromatography because it is possible to
inject rather large volumes of sample without sacrifice of resolution.”

Septum injection ports and stopped-flow injection techniques are a
thing of the past in LC, and rotary injection valves (i.e., sample valves) are
rapidly becoming the method of choice. When sample is quite limited, a
microliter syringe can be used to partially load a sample loop. This tech-
nique avoids the waste normally encountered when a loop is filled by
suction using a capillary tube immersed in the sample vial. Valves modified
for syringe loading are also useful for development work, but they are not
recommended for routine trace analysis. These devices lack the precision
which can be expected from the conventional six-port valves and are more
expensive. Many injection valves are equipped with needlessly long inlet
lines and sample loops which are far too small. If the inlet line is shortened
and the sample loop lengthened, a greater percentage of a precious sample
can be injected while avoiding the sacrifice of precision and the possibility
of contamination from a syringe. For commercial LC columns, there are
few cases where any advantage will be gained from injecting less than
about 20 ul of sample.

For practical work the injection volume can be at least as great as the
peak standard deviation (o) for the least-retained component of interest.
In other words, if the response at the detector to an impulse injection
(negligible volume) is known to be Gaussian with a baseline width expressed
in volume of mobile phase, the injection volume may be as large as 25%
of the peak width without significantly influencing the response. This
means that if only a small amount of sample is available, it often may be
diluted with mobile phase so as to fill a given injection loop. The important
lesson here is that sample preparation techniques for trace components
need not aim toward concentrating the final extract into the smallest
possible volume. There is a common misconception that greater sample
preconcentration leads to greater sensitivity. Beyond a certain point, de-
pendent on the chromatographic efficiency, no benefit is derived from
such an effort. It is frequently desirable to work with large volumes because
of the improvement in precision and recovery which often results. To give
one typical example, if a peak has a baseline width of 30 s and the flow
rate is 1 ml/min, it is possible to inject 125 ul (or more) without seriously
degrading performance! A complete mathematical treatment is described
in Section 1.3.3.

There is one important caveat to the above recommendations. It is
preferable that the sample be dissolved in the mobile phase prior to injec-
tion and that the unretained components do not overload the column. The
influence of injection volume is most pronounced on nonretained sub-
stances (k' = 0) since these theoretically result in the narrowest peaks. For
biological samples there are often numerous nonretained components at
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much higher concentrations than the trace components of interest. Inject-
ing a very large volume (based on measurement of @, for the peak of
interest) can overload the column with nonretained material, resulting in
a “tail” which interferes with the determination of weakly retained sub-
stances. This is a problem which is much less important for detectors which
can respond specifically to the analyte(s) under study.

The virtue of injecting the sample dissolved in the mobile phase
extends to the fact that most detectors will respond to a change in the bulk
properties of the effluent stream. For example, ultraviolet absorption de-
tectors will often respond to a change in refractive index and electrochem-
ical detectors will sense a change in ionic strength. If the components to be
measured have small capacity factors (desirable for trace analysis), a detec-
tor response to the media injected can lead to serious problems. Because
removal of solvent by evaporation or lyophilization is commonly the last
step in sample preparation, dissolving the sample in the mobile phase is
often convenient.

When trace analysis is the goal, impurities in the mobile phase can be
a problem for two reasons. First there is the obvious difficulty of these
components contributing to the baseline. More important in some cases is
the problem of “vacancy peaks” which may occur when the sample is
dissolved in a medium which does not contain the same impurities as the
mobile phase. These “negative” peaks will appear at the retention time of
the impurities. Those not familiar with “vacancy chromatography” may
wish to refer to the literature for a detailed explanation.®

1.2.3. Chromatograph

Before beginning a discussion of individual detectors, it will be helpful
to briefly consider the general arrangement of the four building blocks of
LC: pump, injector, column; and detector. The arrangements schematically
shown in Figure 1 will serve to illustrate several concepts which are useful
in the design of chromatographs for analyzing both simple and complex
samples.

Due to the large number and varied properties of components found
in biological samples, there is a high probability that some components will
be more-or-less permanently retained on the stationary phase, gradually
altering its affinity for compounds of interest. The same problem can result
from contamination by trace components in the reagents used to formulate
the mobile phase. Since the mobile phase is pumped continuously (typically
1-2 ml/min) and the sample only injected periodically (typically 20-100 ul
every 10-30 min), the latter problem can be more severe than one might
expect. A “guard column” between the pump and the injection valve is a
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Figure 1. Strategies for development of LC systems for trace analysis. A: A guard column
(C1) and pre-column (C2) following the sample injection valve (V1) enhance the life of
the analytical column (C3). B: A selection of mobile phase reservoirs (R) prior to the
pump (P) is used to select a periodic wash cycle whereas large volume injection valve (V2)
is available to apply a gradient plus at some preset time following sample injection (V3).
C: A low-dead-volume bypass valve (V2) prior to the detector (D) provides a shunt for
concentrated components which degrade detector life. D: A split column permits diversion
of high-capacity-factor components using a switching valve (V2) to bypass the major
column segment (C2). (Reprinted from reference 3 by courtesy of the American Associ-

ation for Clinical Chemistry.)
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useful means of prepurifying the mobile phase. Guard columns are often
packed with a relatively inexpensive, low-efficiency, high-capacity stationary
phase that is chemically similar to the high-efficiency material used in the
analytical column.

Contamination of the analytical stationary phase by sample constitu-
ents may be avoided by use of a short (2-5 cm) “precolumn” packed with
high-efficiency material immediately after the injection valve. Such columns
are essential when very complex samples such as urine or diluted serum
are injected, but can often be avoided by the use of appropriate isolation
procedures prior to injection. Precolumns are easily slurry-packed to give
low plate heights, H, because they are short; however, some deterioration
in over-all column efficiency is to be expected from the additional fittings
required. Precolumns often can be used for several hundred samples
before replacement is indicated (usually by an increase in back pressure
for constant-flow systems).

The useful life of reverse-phase columns can sometimes be extended
by periodically flushing them with one or more mobile phases containing
a higher concentration of organic solvent. Several useful recipes have been
described in manufacturers’ literature (e.g., Waters Associates and What-
man have appropriate brochures). For routine work it is convenient to
install a valve at the inlet to the pump (Figure 1B) to permit selection of
a “cleaning solution.” Solenoid-controlled pneumatically actuated valves
permit the flush sequence to be carried out at night. The column can then
be reequilibrated with the analytical mobile phase before arrival of the next
batch of samples. A flush sequence should not be used with a guard column
and/or precolumn in position.

A problem frequently encountered in clinical and environmental work
is that uninteresting, strongly retained components limit the rate at which
samples can be injected. This difficulty is frequently ameliorated by use of
a step change in mobile-phase composition and/or flow rate. Step gradients
can be accomplished either with a valve prior to the pump or with a six-
port sampling valve with a large volume loop (V2 in Figure 1B) between
the pump and sample injection valve (V3).

Some detectors perform best at the trace level (electrochemistry and
fluorescence) and problems can occasionally result if a major component
is permitted to pass through the detector due to adsorption of that com-
ponent on the walls of the detector cell. In such cases, a bypass valve (V2
in Figure 1C) can be useful to shunt the major component(s) to waste.
Figure 1D illustrates another approach (“column switching”) which can be
used to increase the sampling rate and/or shunt undesired constituents to
waste. The chromatographic conditions are adjusted so that the compo-
nent(s) of interest have an optimum X’ (approx. 2-5) and components with
a greater affinity for the stationary phase are diverted by V2 after the
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crucial peak(s) have eluted from the first column (C1). This scheme makes
it unnecessary to wait for stongly retained components to pass through the
entire column while avoiding a change in mobile-phase composition.

In some detergent-modified reverse-phase columns it is not possible
to instantly reequilibrate the column following a step gradient due to the
large &’ for the modifying reagent. Adsorption and ion-exchange columns
also reequilibrate slowly following a gradient elution. It is not always desir-
able to divert compounds with large &’ to waste. In some complex problems
the least-retained components are deposited on the top of C2; V2 is then
switched to divert the more strongly retained components to the detector.
After these peaks have been detected, V2 is switched back and the low &’
components are detected after passage through C2. Due to the low diffu-
sion coefficients of compounds in liquid media, this process can be accom-
plished with negligible loss in efficiency. The split-column technique re-
quires careful adjustment of the mobile phase and relative column lengths,
but once a procedure is established the savings in time can be substantial.

Most detectors respond to a change in the bulk properties of the
mobile phase causing a baseline drift during the chromatographic run. It
should now be clear that there are several excellent reasons to prefer
column switching over gradient elution to solve problems in which capacity
factors cover a wide range. At this writing the technique is just beginning
to attract attention, and very few examples of its use have been published.

An alternative to the split-column idea is to back-flush a single column
after the peaks of interest have been quantitated. When the appropriate
valving is provided (not shown), it is possible, in effect, to invert the column
so that mobile phase flushes strongly retained components off the “top”
(now the bottom). There is some controversy about whether or not this
procedure (not widely practiced to date) is good for microparticle columns.
If a column is well packed (i.e., is not in a mechanically metastable state),
most chromatographers believe that there is no detrimental effect from
reversing the flow direction.

1.2.4. Peak Quantitation

Most detectors which have been developed for liquid chromatography
respond directly to the concentration of a compound in the effluent stream
and only indirectly to the amount of that compound which was injected on
the column. Since LC experiments are reproducible, the relationship be-
tween the peak height (or area) and the amount injected is readily estab-
lished by the use of calibration standards. Because a variety of factors
influence the width and shape of an eluted zone, the calibration factor
usually must be determined at least daily. Whenever a column or the
mobile phase is changed, one often encounters significant differences in
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efficiency which will alter a calibraton based on peak height but not on
peak area. Some detectors (e.g., amperometric devices) are flow-sensitive
and thus, if the mobile-phase velocity drifts with time, both peak height
and area measurements will drift off calibration.

In practice, once a linear response has been established, quantitation
is accomplished by the use of an external standard injected before and
after a series of samples. If drift is likely, then it may be necessary to inject
a standard quite frequently, perhaps after every tenth sample. When in-
jection valves are used the precision of an LC measurement can be expected
to be less than 2% coefficient of variation. This degree of precision is, of
course, well within the requirements for most trace determinations. In
some quality-control applications better precision is required.

Internal and external standards are often used in combination for LC
methods. An internal standard (IS) is helpful in ascertaining whether or
not the sample injection was made properly, since the IS peak height
should be nearly the same from injection to injection while the sample
peaks may vary widely. The ratio of the response for a sample component
to that of an internal standard is often more precise than the response to
the sample component alone. This advantage is, of course, more significant
when the injection precision is poor (e.g., when small sample loops or
syringe injection are used). If an internal standard is selected to improve
the precision of the chromatography step alone, any readily available pure
compound which has a capacity factor close to that of the peak(s) of interest
will do the job nicely.

The use of an internal standard is far more important when the
intention is to calibrate a sample preparation in a method where the
absolute recovery is less precise than the final chromatographic quantita-
tion. When a liquid-liquid or a liquid-solid extraction is carried out on a
biological fluid such as urine, the extraction efficiency for the compounds
of interest will vary somewhat from sample to sample due to matrix dif-
ferences (e.g., in ionic strength). In such cases the internal standard must
be carefully selected to meet two criteria: (1) variations in the extraction
process should similarly effect the sample component(s) and the internal
standard, and (2) the internal standard should elute from the column near
the peak(s) of interest.

An example of a good internal standard is the use of 3,4-dihydroxy-
benzylamine to improve the precision of an assay for the catecholamine

HO CH,NH, HO CH,CH,NH,
’ x
|
/
HO HO

Internal standard Dopamine
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dopamine.”” Both compounds are isolated from urine (spiked with a

known amount of internal standard) by cation-exchange extraction and
then by binding the catechol function to aluminum oxide. They are sepa-
rated by reverse-phase ion-pair chromatography and detected electrochem-
ically. For every step in the procedure the two molecules behave very
similarly, although the hydrophobicity of the internal standard is suffi-
ciently less than for dopamine to ensure adequate resolution of the two
compounds. Even the electrochemical oxidation potential and kinetics are
nearly identical, ensuring that the relative response factor for the detector
will remain constant.

Some workers rely too heavily on an internal standard and assume
that it will ensure adequate long-term calibration. This is sometimes not
the case since small changes in the chromatographic conditions may change
the relative peak heights for the internal standard and compounds of
interest. With most detectors this problem can be alleviated by the meas-
urement of peak areas.

While an internal standard is often reliable for quality-control appli-
cations where sample-to-sample variability is small, there is good reason to
be cautious when very complex environmental or biological mixtures are
under study. In the latter cases, limited peak capacity may make it very
difficult to “find room” for an internal standard on the chromatogram.
Furthermore, there is no guarantee that some future sample will not
contain a compound with a capacity factor indistinguishable from that of
the internal standard. In many cases it may therefore be desirable to forfeit
the use of an internal standard.

1.2.5. Detector Sensitivity

The assignment of detector or method sensitivity is one of the most
controversial subjects in chromatography. The reason for this is that there
is no completely general method of defining sensitivity which will permit conven-
tent comparison between all detectors, compounds, and chromatographic condi-
tions. Much of the confusion could be eliminated if authors would carefully
define what they mean by statements such as

One ng could be detected
It was possible to quantitate as little as 10 ng/ml of blood
A detection limit of 0.2 ng was achieved and the method was linear from 1

ng to 10 ug
Two ppm of the pesticide residue was detected
The detector gave a signal-to-noise ratio of 5 at 1077 g/ml

All of the above statements are ambiguous for various reasons. Atten-
tion to a few simple rules can clarify their significance:

1. It is meaningless to state a sensitivity or detection limit figure without
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including some measure of precision. Does the quoted figure imply
that “with some imagination I think we can see a peak” or that
“good quantitation can be achieved at this level ”? A signal-to-noise
ratio of 2 is generally used to define the detection limit, but for
many analytical objectives data at this level of precision are, of
course, useless.

2. When a sensitivity figure is quoted it should be clearly stated whether the
Jigure refers to the concentration or amount in the original sample, in
the injection valve, or in the detector cell. In most cases it is best to
express sensitivity both in terms of the original sample (before
extractions, etc.) and in relation to the actual injection solution. The
quantity or concentration in a given volume of sample should be stated
(a concentration figure alone is not meaningful). Statement of the
amount injected in grams or moles (be it for a sample or a standard
solution) is more useful than the concentration injected, due to the
relative independence of the LC response from the injection vol-
ume (see Section 1.2.2.).

3. The inevitable effects of band broadening on a sample slug as it
travels through the chromatographic column necessarily cause di-
lution of that sample. The concentration in the detector may be an
order of magnitude less than what was originally present prior to
injection. For this reason, impressive statements of sensitivity for a
solution sitting in the detector cell are often unimpressive when couched
in terms of an injected sample. Another problem along these lines is
the time constant of the detector. It can be very misleading to
measure the sensitivity of the detector using a stagnant solution
(where the time constant could be set at a very large value with no
ill effects), if in fact the compound of interest eluted in a very sharp
zone.

4. It is important to give some information about the chromatographic
efficiency and the compound for which the sensitivity figure is quoted.
All too often the compound in question is not even identified!
Without some knowledge of k' and the column plate count, it is
impossible to predict the sensitivity to be expected under different
conditions. If detector sensitivity is an important issue, one should
refer to the key molecular property (e.g., molar absorptivity at the
wavelength used, quantum yield of fluorescence, specific refractive
index, oxidation potential).

In general, the above suggestions have not been followed in published
reports. It is therefore impossible to give an-accurate comparative assess-
ment of the sensitivity to be expected from the various detectors discussed
in this chapter. When a number is quoted, it will be qualified as specifically
as possible. Obviously, these detection limits are intended to be only a
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rough guide at the present state of the art. Uniformity in the citing of
specifications of detector sensitivity would greatly aid future evaluations.
We strongly urge that all reports refer to the amount injected on a column
with about 2000 theoretical plates for a compound with a capacity factor
between about 2 and 5.

There have been attempts in the past to compare the operating range
of various detectors by means of a horizontal bar graph plotted as a
function of concentration. Such plots are not meaningful due to the variety
of molecular properties used to advantage in the different detectors. It is
very difficult to generalize about detection limits and dynamic range with-
out at least specifying the class of compound detected in addition to the
chromatographic efficiency.

1.3. Instrumental Causes of Peak Distortion
1.3.1. Introduction

A great deal of attention has been given to the improvement of
chromatographic efficiency over the past 20 years, with spectacular results.
Modern column LC has earned the title “high performance” largely as a
result of a steep reduction in attainable plate heights. The importance of
over-all system efficiency in trace analysis cannot be overemphasized. As
we examine sample components at lower levels, the number of compounds
encountered sharply increases, and with it the probability of serious inter-
ference to quantitation. One countermeasure is the selection of a column
and operating conditions leading to optimum selectivity (a), hence best
resolution. There are both inherent and practical limitations on the ability
to accomplish this aim, and the methods best employed are very much
dependent on the nature of the analysis and analytes. A successful ap-
proach to a challenging trace determination using LC involves complex,
semiempirical trade-offs of factors such as column length, stationary-phase
composition, precolumn derivatization, mobile-phase modifiers, polarity,
pH, ionic strength, and flow rate.

Highly efficient columns can provide the requisite resolution without
need for great selectivity, lessening the analyst’s burden in every case. En-
hanced efficiency leads to increased system peak capacity, for the simple
reason that each peak becomes narrower. Interference from neighboring
peaks will be diminished, and shorter analysis times are possible. A second
important benefit arises from decreased zone dilution, as evidenced by
enhanced sensitivity. Efficient systems deliver separated components in
more concentrated zones to the detector, yielding a relative increase in
signal for a given amount of substance.

Because of dramatic improvements in column performance, extra-
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column contributions to zone-broadening can have a significant effect on
resolution in some applications. The more efficient the column, the more
concern must be given to reduction of all other detractors from total system
efficiency. Extra-column peak distortions fall into two categories: those
arising from mobile-phase hydrodynamics (“dead-volume” effects), and
those of a purely instrumental nature. Both types can become critical,
particularly in attempting to detect a minute amount of one component in
the presence of a host of others.

The most common occurrence of distortion is introduced by a delay
in response to change with a characteristic time constant. Both electronic
time constants and extra-column dead volume manifest themselves in a
tailing peak. To an experimentally adequate approximation, this distortion
can be modeled by an “exponentially modified Gaussian” function. In this
section we will examine the origin of instrumental distortion, the properties
of the modified response functions, and the influence on system efficiency.

1.3.2. Effect of Finite Response Time

No electronic device is capable of responding instantaneously to a
changing input or, in other words, to operate with signals of arbitrarily high
frequency. Vanishing response times imply infinite bandwidth, suggesting
a reciprocal relationship:

B-1 )
T

where B is the bandwidth in hertz and 7is the system response time, or time
constant, in seconds. Limited bandwidth is an essential feature of amplifier
design and may be nothing more than an intentional increase in the time
constant (7) to discriminate against high frequencies. A chromatogram is
a low-frequency signal. Components above a certain frequency contribute
no information and are observed as “noise.” A low-pass circuit makes an
effective noise filter as long as it does not reduce the bandwidth to the extent
that frequencies carrying information are attenuated. When this occurs,
distortion of the peak shape will become evident.

A completely general analysis of this type of distortion would involve
application of the Fourier transform to the filter input waveform E(z). The
resulting function can be presented as the frequency spectrum E( ) equiv-
alent to the input. The effect of the filter is completely described by its
complex transfer function, which, when multiplied by £( ), gives P( »), the
output frequency spectrum. The inverse Fourier transform of P( ) is P(t),
the output waveform. The power of the transform approach lies in its
generality and the relative ease with which a result may be obtained from
complex waveforms and transfer functions. The mathematical details are
beyond the scope of this discussion.
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The low-pass filter most often encountered in chromatography is the
simple RC network or filtered amplifier stage, for which the former serves
as an adequate model. Since a Gaussian excitation function E(¢) is a fair
approximation of an eluting peak, a rigorously correct solution for the effect
of 7= RC may be arrived at under these assumptions by solving a simple
differential equation. This analysis, involving only elementary calculus, is
detailed in Appendix 1, along with a graphical presentation of the results.

Excessive RC filtering (7 too large) produces a “tailing” peak which is
lower, broader, and shifted to longer apparent retention times. These
general characteristics, each of which is objectionable to the chromatogra-
pher, are observed regardless of the exact functional form assumed for a
detector output. The extent of distortion is controlled by the ratio § of the
undistorted peak standard deviation to the filter time constant (S = a/7).
Figure 2 depicts the influence of 1/ on relative peak amplitude, full-width
at half-maximum, and displacement from the true retention time.
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Figure 2. Relative error in (1) maximum amplitude, (2) retention time, and (3) full-width
at half-maximum for increasing time-constant distortion. Note that 7/o = 1/S.
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In the absence of complications, the peak standard deviation for a
component of given capacity factor k' is related to the total number of
theoretical plates N exhibited by the column by

o« YNVN 2)

High-performance LC columns typically give large N values, thus “sharp-
ened” peaks and lower § values. If the filter time constant is not also
reduced, needless distortion may ensue. Unfortunately, it is rather difficult
to recognize purely electronic distortion because quite similar asymmetric
broadening is very often produced by column and flow-stream anomalies
(see Section 1.3.4). Well-designed detector amplifiers should include a
provision for time-constant adjustment so that the minimum distortion-
free setting can be chosen. To avoid half-width broadening in excess of
5%, the time constant should be less than o73.

The deleterious effect of excessive filtering on resolution of neigh-
boring peaks is quite pronounced. McWilliam and Bolton®® have treated
this problem in detail. Figure 3 illustrates the effect of “dialing in” a time
constant on three Gaussian peaks of unity standard deviation. Two situa-
tions are illustrated, namely those of a minor component eluting prior to a
major one and following a major one. These authors have shown that the
latter case is more sensitive to the “swamping-out” effect. The overlap can
become so severe as to obliterate the minimum between the two peaks.

1.3.3. Influence of Finite Detection and Injection Volume

Distortion can ‘arise when the volume of mobile phase subject to
detection at any instant is not negligible relative to the total peak volume.
All commonly used detectors provide an output which is ideally propor-
tional to the quantity of some component(s) of the mobile phase present
in the detection zone. This zone must have a finite volume, so the detector
output is actually representative of the average (integral) concentration
across the zone. Rapid concentration changes passing through the zone
will be “averaged out” to give a diminished response, whereas gradual
changes will be unaffected. It is important to realize that this is entirely an
instrumental artifact, separate from. response time effects (Section 1.3.2.)
and flow dynamics. Peak amplitude and dispersion, but not retention time,
are affected. This symmetrical broadening can be shown to occur whether
the zone of finite volume resides in the detector or the injector (see Ap-
pendix 2). Both effects are readily summarized as additive contributions to
the peak second moment (variance):

0yl =op:+ o2 + o2 3)
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Figure 3. Artificial Gaussian chromatogram, showing effect of a time constant on shape
and resolution. All peaks have unity standard deviation, and the time axis is arbitrarily
shown as standard deviation units from the central peak.

where 0,® = observed variance; 0»* = inherent peak variance; 0p® =
contribution from the detector; and o3> = contribution from the injector.

The derivation of the modified peak-shape function and the depend-
ence of peak amplitude, 05% and 0;* on zone volume are given in Appen-
dix 2. The results are summarized in Table 1, which expresses the maxi-
mum value of zone-to-peak volume (or time) ratio which can be tolerated
for selected relative errors in peak amplitude and variance. The latter
quantity is clearly the more susceptible to degradation. This will appear as
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Table 1. Effect of Detection Zone Transit Time on
Peak Amplitude and Variance®

. . Quantity (maximum 7/0)
Relative error in

quantity (%) Amplitude Variance
0.5 0.35 0.24
1 0.49 0.35
3 0.86 0.60
5 1.12 0.77
10 1.63 1.09

?The maximum 7/0 ratio allowed for fixed error limits on
each quantity is shown. The two right-hand columns show
the value to which 7o must be reduced in order to assure
an error no greater than that in the left-hand column for
the chosen quantity.

a decrease in realizable column efficiency and resolution, even though
column processes are not involved. Furthermore, the situation is worse for
early peaks in the chromatogram and for higher-efficiency columns, since
the detector and injector volumes are fixed by their design. If the true
peak-volume standard deviation equals the zone volume (7/0 = 1), the
observed variance is increased by 10% and the standard deviation o by
about 5%. Since resolution is inversely proportional to observed standard
deviation, resolution of neighboring peaks whose average standard devia-
tion is less than either zone volume will be degraded by more than 5%.
This statement supports the prior assertion (Section 1.2.2.) that the injected
volume should be under 25% of the basewidth (40) if a 5% error margin
is acceptable.

1.3.4. Fluid Time Constant Effects

Among the many influences on peak shape, only the electronic ones
are well defined and lend themselves to straightforward, general analysis
and correction. The most pervasive and obstinate detractions from system
performance stem from the paths taken by the mobile phase between
injection and detection. Flow anomalies engender two distinct types of
band broadening; symmetric and nonsymmetric. Symmetric broadening
phenomena in liquid chromatography have been extensively studied and
appear to result largely from inhomogeneities in bed packing. Unlike for
gas chromatography, longitudinal diffusion makes a very minor contribu-
tion.

Nonsymmetric distortion, or skewing, can arise from a variety of
sources. Column overloading and other phenomena related to isotherm
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nonlinearity are common sources of skewing which are easily traceable and
usually curable. Less amenable to correction and less well understood is
band broadening due to extra-column flow disturbances. These are gen-
erally depicted as sharp transitions in tubing diameter and pockets of fluid
not cleanly swept by the eluant stream, often lumped together under the
term “extra-column dead volume.” Gaps or channels in the column bed
can also fall into this category.

A rigorous treatment of nonsymmetric broadening has been thwarted
by the complexity of interacting convective and diffusive processes variant
with pressure, temperature, viscosity, geometry, and flow rate. However,
a good physical insight is offered by loosely applymg the hydrodynamlc
analogies to electronics. For simple electronic circuits, one can envision an
ideal fluid model in which pressure is analogous to voltage, flow rate to
current, and diameter to resistance. One model for a capacitor is simply a
“bulge” in a straight pipe which stores a quantity of fluid (charge) at a
certain pressure (potential) for subsequent release. The presence of this
“unswept pocket” introduces an element of delay into the flow stream. If
the flow resistance due to tube walls ahead of the pocket is thought of as
the fluid equivalent of a resistor, the analogy to the RC network (Figure
52) is complete. A fluid time constant is often intentionally introduced
immediately following the pump in the form of a pulse damper. Its tre-
mendous “dead volume” acts to partially absorb pressure impulses. In a
like fashion, parasitic liquid time constants dampen impulses of solute
concentration (peaks).

This analogy is obviously inexact, since it does not include liquid
compressibility or velocity distributions, nor does it satisfactorily explain
the situation at diameter transitions. However, its essential correctness is
attested to by the remarkable degree to which the exponentially convoluted
Gaussian model appears to fit experimental peaks.”” Dead-volume broad-
ening is therefore another manifestation of finite system response time, as
discussed in Section 1.3.2.

The effect of several delaying elements in the system is cumulative;
the broadening, attentuation, and displacement due to a series of time
constants is approximately the sum of those from each acting separately,
if no one is predominantly large.® Thus it is feasible to assess a chroma-
tographic performance in terms of its over-all time constant. A novel
method for extracting the time constant from an isolated peak profile has
recently appeared.® Other studies®!® have demonstrated the validity of
this model as a means of LLC peak characterization.

Of particular relevance to trace analysis using LC is the direct rela-
tionship between system efficiency and detection limit. A detailed discussion
of this point is given by Karger, Martin, and Guiochon,’” who define the
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detection limit characteristic as

e |27, G

D ~ V3 4)
where N = theoretical plate number, V, = retention volume of the sample
component, and G/S is the noise-to-signal ratio characteristic of the in-
strument. N must be taken as the apparent plate number deduced from
the peak width. Several alternatives exist for calculation of N through the
definition of the plate height H of a column of length L:

_L_ 0'2_ sz; Wiz *
H_N~(Z) - 16(—tr—) _5'54(7) s)

Here o is the standard deviation in time units. For a Gaussian of
standard deviation ¢’ convoluted with an exponential of time constant 7,
N )
(see Appendix 1). Both W, and W,,, the baseline width and full-width at
half-maximum, respectively, are also increased. W, is usually found by
triangulation at the inflection points, but examination of Figure 52 shows
that location of the trailing inflection point becomes more troublesome
with increasing 7. Regardless of the method used, a diminished N value is
found, and so an elevated detection limit follows. The line of reasoning
here is not entirely without complication, since increased RC filtering may
help reduce G/S in some situations. No such virtue can be attributed to
extra-column fluid time constants, whose chief effect is a dilution of the
zone preceding its detection.

The cost and effort, often considerable, which must be expended to
achieve very high efficiency () columns can easily be wasted by inattention
to extra-column band broadening. Every portion of the system associated
with the sample, injector, tubing, fittings, column bed, detector, amplifier,
and recorder, may influence the output peak shape. Each can and should
be examined independently to assess its contribution. Among the mathe-
matical treatments of extra-column broadening, the enduring work of
Sternberg™® stands out. Although written with a focus on capillary gas
chromatography, also a high-efficiency technique, its generality makes
transference to LC virtually complete.

2. Optical Detectors
2.1. Infrared Detectors

The infrared spectrum of a molecule provides excellent information
as to its identity. Thus a rapid-scanning IR detector for LC could aid in
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the identification of eluted compounds. A variable-wavelength IR detector
would have adjustable selectivity: set to the C—H stretch region it would
be a universal detector for organics; tuned to other regions it might pri-
marily detect compounds having a given functional group.

The infrared region is not widely used for LC detection for several
reasons. A major problem is IR absorption by the mobile phase. One is
limited to relatively nonpolar aprotic solvents, and from these a solvent
must be chosen which transmits significantly in the region of interest. With
these limitations on solvent selection, chromatographic optimization is dif-
ficult (e.g., most reverse-phase separations are ruled out). To overcome
this, Griffiths and Kuehl have studied several techniques for eliminating
the mobile phase in an on-line fashion."® They had greatest success with
an FT-IR system in which the effluent is sprayed into a gold-coated light
pipe. The solvent is evaporated off and the reflection-absorption spectrum
of the residual sample is measured. More work is required before this
approach becomes practical.

A second limitation of IR detectors is that absorption coefficients are
lower in the IR than in the UV, thus sensitivity is poor. The use of Fourier
transform techniques could alleviate this problem, as it has in GC-IR, if
solvent absorption problems can be overcome.

IR detection has been successfully used in gel permeation chromatog-
raphy of polymers. In this application, high sensitivity is not usually re-
quired. Furthermore the choice of mobile phase is less critical in size
exclusion separations than in other forms of chromatography. In compar-
ison with the refractive-index detectors also employed in polymer work,
IR detectors can be more sensitive, their response varies less with molecular
weight, and they are much less temperature sensitive."* A quality instru-
ment designed for GPC is available from Wilks Scientific. The Miran I
operates over the full IR region from 2.5 to 14.5 um with good photometric
accuracy and low noise and drift. Several low-volume flow cells are avail-
able, providing different path lengths for solvents of different opacities.
Minimum detectable quantities are on the order of 1 ug.

2.2. UV-Vis Absorbance
2.2.1. Recent Advances in Instrumentation

General. Ultraviolet absorption detectors are the most widely used
detectors for LC. Absorption of UV radiation by solutes is often charac-
terized by broad bands with large extinction coefficients. Therefore UV
absorption detectors provide relatively low specificity and high sensitivity.
Because the concepts of electronic spectroscopy are widely appreciated in
connection with other applications, we will devote our attention here to
several aspects of major importance to the LC application.
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Several types of UV detectors are commercially available. The simplest
and most common detector is the fixed-wavelength photometer. This in-
strument utilizes the 254 nm line from a low-pressure mercury lamp. The
line is sharp and strong, and the detector is quite sensitive and stable.
Another wavelength used alternately or in tandem with 254 is 280 nm,
which is obtained from a phosphor excited by 254 nm light. Multiwave-
length filter photometers employ a medium-pressure mercury lamp, which
has lines of good intensity at 254, 280, 313, 334, and 365 nm. The line of
interest is isolated with a narrow bandpass interference filter. Variable
wavelength spectrophotometers employ continuous sources such as deu-
terium or xenon-arc lamps. A single wavelength of interest is selected with
a grating monochromator. These instruments are much more flexible,
although less stable, less sensitive, and more expensive.

Variable-wavelength instruments with two new capabilities have re-
cently become available from several manufacturers. These detectors use
a deuterium arc source and are stabilized by double-beam design. Their
first advantage is that they can be operated down to 190 nm, opening up
the far-UV region. This was made possible by minimizing stray light prob-
lems which normally interfere due to low source intensity in this region.
Many compounds absorb strongly in the far UV, including aromatics and
unsaturated or heteroatom-containing compounds. Many common solvents
which are used as mobile phases will also absorb in the far UV, but these
can be successfully avoided. Solvents which are used must be of very high
purity, and their cost is high.

The focus of much recent work is on the acquisition of more spectral
information from a single chromatographic run. Several commercial in-
struments now have the capability to obtain complete spectra of species in
the cell. This is accomplished by stopping the flow through the chroma-
tograph. A complete spectrum of the column effluent trapped in the cell
is then obtained by switching on a wavelength drive mechanism. This is a
less-than-ideal method for obtaining spectra since the chromatographic
process will be more or less disturbed, but the spectra obtained can be
quite useful for identification of unknown peaks. Simply collecting fractions
and using a conventional spectrophotometer would appear to be a more
realistic approach.

A simple means of acquiring limited qualitative information involves
obtaining ratios of absorbances at two wavelengths. These ratios are char-
acteristic of a given species, and several ratios matching those of a standard
constitute good evidence for the identity of a peak. Ratios can be obtained
from two detectors operating in tandem or from a variable-wavelength
instrument by stopping the flow through the cell and manually adjusting
the wavelength dial. Several authors have discussed the value of absorbance
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ratios for peak identification and for quantitative determination of unre-
solved peaks.®*~17

Flow Cells. The standard flow cell used for absorption detection is
schematically depicted in Figure 4. Recent work in the literature describes
two modifications of the standard absorption cell. The use of a tapered
cell, whose radius increases toward the detector end, was suggested as a
means for eliminating refractive index effects."® Some light is always
refracted at the entrance window-solution interface and strikes the walls
of a conventional cell. Changes in the refractive index of the solution in
the cell will change the amount of light striking the walls. If the cell is
constructed such that the walls are strongly absorbing, the amount of light
reaching the detector will also change. Refractive index changes can occur
during gradient elution or when a high concentration of sample passes
through the cell. The tapered cell minimizes the amount of refracted light
which strikes the walls and thus stabilizes the baseline response of an
instrument.

A second cell modification involves the reconnection of the two cells
of a dual-beam instrument such that the solution from the column flows

column

!
|

source ——> ——> detector

waste

Figure 4. “Z” cell used for UV detection.
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first through the sample cell and then in the same direction through the
reference cell."® The result is that the derivative signal dA/dt is obtained
from the instrument. This is easily done and does not affect the stability
of the dual-beam instrument, but the derivative signal is generally of little
Interest.

Simultaneous Multiwavelength Instruments. Currently there is some in-
terest in the development of simultaneous multiwavelength UV detectors.
On the slow time scale of a liquid chromatographic separation, these de-
tectors provide essentially instantaneous scans of the absorption spectra of
the contents of the detection cell. Thus they can provide a wealth of
information about the chromatographic process. (It should be clear that
such an instrument is only practical when interfaced to a computer for
processing the enormous amount of data generated.)

Since the original work in this area done by Bylina and co-workers,*”
three instrumental approaches to the problem have been studied. An
oscillating-mirror rapid-scanning spectrometer has been used as a detec-
tor.?? The 3-dimensional chromatograms generated by this instrument
(see Figure 5) serve to illustrate the potential of multiwavelength detection

Figure 5. Three-dimensional chromatogram obtained with rapid scanning spectrometer
for the separation of uracil, cytosine, and adenine on Aminex A-4 cation exchange resin.
(Reprinted from reference 21 by courtesy of the American Chemical Society.)
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for LC. The cost and complexity of this dispersive spectrometer precludes
its routine use in the near future. Available repetition rates, for example
(218 Hz) are much greater than necessary.

Two other approaches to multiwavelength detection, in principle, pro-
vide a multichannel advantage in signal-to-noise ratio over the oscillating-
mirror detector by simultaneously monitoring multiple wavelengths. In
these instruments the total output of a UV source (deuterium or xenon
arc) passes through the flow cell and is dispersed afterwards. A multichan-
nel detector is placed in the exit focal plane of the monochromator (see
Figure 6). Two types of array detectors have been tested for this applica-
tion. Pardue and McDowell used a vidicon tube in the simple single-beam
configuration.®” In the vidicon the light beam impinges on a photocon-
ductive target. The incident radiation creates electron-hole pairs which
discharge the capacitive elements. The signal is extracted by restoring the
target potential with an electron beam. Several groups have used solid-state
linear photodiode arrays in both single- and double-beam config-
urations.®*~2 These arrays consist of a series of photosensitive p—n junc-
tion diodes together with address and control circuitry and an amplifier.

The relative merits of the two detectors are such that for liquid chro-
matography no clear choice can be made between them at this time. The
vidicon is capable of being operated in a dual-beam mode without having
two sets of optics and two detectors as is required for the linear diode
arrays. However, their integration time is limited. The linear arrays are less
expensive and should become even less costly in the future. Both detectors
are subject to systematic pattern noise, but this can easily be computer-
corrected. A limitation of both array detectors is that compared with single-
wavelength instruments they perform poorly below 210 nm, a problem
which is not readily solved.

A number of advantages to obtaining complete multiwavelength data
have been demonstrated or postulated. Complete spectral data allows se-
lection of detection wavelengths for each peak such that maximum sensi-
tivity and best resolution are obtained while interferences are tuned out.
Spectral information is available to complement retention times in deter-

s°“"“'] | Cell N Monochromator Ell’emr

Figure 6. Schematic representation of optical layout of array detectors. (Reprinted from
reference 22 by courtesy of the American Chemical Society.)
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mining peak identities. By the same token, impurities can be detected by
comparing spectra at different points across a peak. If the spectra of
overlapped peaks are known or are at least partially chromatographically
resolved, they can be deconvoluted. Ultimate sensitivity for well-resolved
peaks should be enhanced by integration over the entire absorption spec-
trum. This advantage over single-wavelength detectors has not yet been
achieved due to the superior performance of photomultiplier tubes com-
pared with the individual elements making up an array detector.

An interesting treatment of multiwavelength data was carried out by
Milano and Grushka.®® They demonstrated two uses for derivative spectral
monitoring (dA/d\ vs. time). Two overlapping peaks can be deconvoluted
by monitoring dA/d\ at a wavelength where the derivative for one of the
components is zero. Derivative chromatograms are reportedly more sen-
sitive for single-beam instruments in that the derivative reduces the noise
due to lamp fluctuations.

Utilization of all the data generated by an array detector requires a
computerized data-handling system. Sophisticated algorithms are currently
being developed for efficient data reduction. Ultimately, comparison with
libraries of spectral data for compound identification should be possible;
however, the molecular specificity of UV absorption is rather limited when
compared to other techniques such as mass spectrometry.

The cost of a complete simultaneous multiwavelength instrument (if
one were available) would be at least $20,000, as compared to $5,000 for
the dual-beam variable-wavelength spectrometers discussed earlier. Are the
capabilities of the simultaneous multiwavelength detector worth the cost?
For routine applications, the answer is no. They should, however, be of
considerable value in the development of new LC assays and may solve
intractable resolution problems in complex cases by virtue of their decon-
volution potential. If the technology improves somewhat, as seems likely,
array detectors will certainly be a very useful tool in liquid chromatography.

2.2.2. Direct UV Detection of Column Effluent

Applicability. It should be clear from the above discussion that there
has been a great deal of activity in the optimization of UV absorption
measurements in small-volume flow cells. A few years ago the performance
of most commercial UV detectors was not satisfactory when the injected
amount of a simple aromatic compound was less than about 0.2 ug. In
those days fluorescence and amperometric detectors were the only choices
when quantitative data were required at the low-nanogram level. It is
important to recognize that the UV detector is currently a very viable
approach to trace analysis, and the advent of sensitive variable-wavelength
detectors has provided a degree of selectivity which was previously una-
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vailable at the trace level. At this writing, the single-wavelength UV detector
at 254 nm is the most generally satisfactory LC detector for a wide variety
of problems.

The authors estimate that better than 95% of all submicrogram LC
methods are currently carried out using UV detection. Before examining
pre- and post-column derivatization techniques, it is appropriate to consider
the power of UV detection for directly detecting sample constituents. A
large number of complex organic molecules contain conjugated systems
which strongly absorb UV radiation. Examples in the literature of direct
UV methods are numerous and thus will not be covered here, instead the
reader is referred to Chapter 5 of this volume, where examples in the area
of clinical analysis are discussed in detail.

In assessing the applicability of UV detectors it is useful to examine
data such as those listed in Table 2. The effect of numerous functional
groups on the extinction coefficient and absorption maximum for mono-
substituted benzenes is summarized. Starting with data such as these, it
might be expected that maximum sensitivity would be attained using a

Table 2. Absorption Maxima of the Substituted Benzene Rings Ph—R*

}\max nm (E)

R (solvent H,O or MeOH)
—H 208.5 (7,400) 954 (204)
—NH,* 203 (7,500) 254 (160)
—Me 206.5 (7,000) 261 (225)
—1 207 (7,000) 957 (700)
—Cl 209.5 (7,400) 263.5 (190)
—Br 210 (7,900) 261 (192)
—OH 210.5 (6,200) 270 (1,450)
—OMe 217 (6,400) 269 (1,480)
—SO,NH, 217.5 (9,700) 264.5 (740)
—CN 294 (13,000) 271 (1,000)
—CO,~ 294 (8,700) 268 (560)
—CO;H 230 (11,600) 273 (970)
—NH, 230 (8,600) 280 (1,430)
—0- 235 (9,400) 287 (2,600)
—NHAc 238 (10,500)
—COMe 245.5 (9,800)
—CHO 249.5 (11,400)
—Ph 251.5 (18,300
—NO, 268.5 (7,800)
t
—CH=CHCO.H 273 (21,000)
t
—CH=CHPh 295.5 (29,000

¢From: D. Williams and I. Fleming, Spectroscopic Methods in Organic Chemistry, McGraw-Hill,
London (1973), by permission. Most values from: H. H. Jaffe and M. Orchin, Theory and
Applications of Ultraviolet Spectroscopy, Wiley, New York (1962), by permission.
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variable-wavelength instrument adjusted to Amax. This is not necessarily the
case, however. For compounds with maxima around 254 nm, the fixed-
wavelength instrument is the one of choice. When using a variable-wave-
length instrument it must be remembered that S/N is a function of source
intensity and detector response as well as €,,,. In addition, the need to
minimize interferences may be a factor in selection of an optimum wave-
length.

Use of the Far UV. The above-mentioned considerations are especially
important when operating in the far UV. In this region source intensity is
low and falling off rapidly. Most organics absorb very strongly in this
region (see Table 3), which is both an advantage and a serious drawback.
It is an advantage since compounds such as alkyl halides, nitro compounds,
and sugars, which are difficult to detect by other means, will absorb strongly
in this region. However, this is also true of numerous interferences in
complex samples and of most mobile-phase constituents; these two factors
make chromatographic optimization more difficult. Solvents must be of
very high purity and therefore are expensive. Nevertheless, Figure 7 illus-

Table 3. Characteristics of Simple Chromophoric Groups®

Chromophore Example AmaxnM €max Solvent
AN J/ 1-Octene 177 12,600 Heptane
c=C
/ N
—(C=C— 2-Octyne 178 10,000 Heptane
196 ca2,100 Heptane
223 160 Heptane
AN Acetone 189 900 Hexane
C=0 279 15 Hexane
/
—CO,H Acetic acid 208 32 Ethanol
—COcCl Acetyl chloride 220 100 Hexane
—CONH, Acetamide 178 9,500 Hexane
220 63 Water
—CO;R Ethyl acetate 211 57 Ethanol
—NO, Nitromethane 201 5,000 Methanol
274 17 Methanol
—ONO, Butyl nitrate 270 17 Ethanol
—ONO Butyl nitrite 220 14,500 Hexane
356 87 Hexane
—NO Nitrosobutane 300 100 Ether
665 20 Ether
AN Neopentylidene 235 100 Ethanol
C—N n-butylamine
/

“From: Dyer, Applications of Absorption Spectroscopy of Organic Compounds, Prentice-Hall, Englewood
Cliffs, New Jersey (1965), by permission. Most values from Organic Spectral Data, Vols. 1, 11, and 1V,
Interscience, New York.
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trates the impressive sensitivity advantage which can sometimes be realized.

PTH Amino Acids. Classical spectrophotometric methods of analysis
can often be modified to LC/UV procedures, thereby gaining specificity
and sensitivity. A related example is the analysis of PTH amino acids.
These derivatives are formed in the course of the Edman degradation and
can also be directly detected in the UV. The Edman degradation is a
powerful technique used for the determination of the amino acid sequence
in polypeptides. In the Edman degradation, phenylisothiocyanate is cou-
pled to the terminal amino group of a peptide, resulting in a phenylthio-
carbamoyl peptide (Figure 8). Treatment with mild acid results in the
cleavage of the N-terminal amino acid as a cyclic thiazolinone derivative,
which rearranges to form a phenylthiohydantoin. The parent peptide
remains intact and is again subjected to the Edman reaction. The process
is repeated until the entire peptide has been degraded. This process has
been automated and can be carried out very rapidly and efficiently. The
PTH derivative resulting from each reaction sequence is then analyzed
and the amino acid sequence determined.

The PTH derivatives are often analyzed by TLC, GC, or by an amino
acid analyzer following the conversion of the PTH derivative to its parent

R, O R,O
¢ -NCS+ H,N-CH-C-NH-CH-C-peptide

pH8-9
IS| Fli, Ic|> llazﬁ (coupling)
- NH- C-NH- CH-C-NH-CH-C-peptide
H+
(cleavage) Tz ﬁ
- NH-(I: = T+H +#H4N-CH-C- peptide
H
S, CHRy

(rearrangement) c
I (PTH-amino acid released

via initial cycle)

Figure 8. Edman degradation reaction.



Detectors for Trace Organic Analysis 85

Asp
Ala
Glu Asn
Gly
Ser Tyr
O
% Gin
¥
His AT
hr

(0] S 10 B
Time in minutes

Figure 9. Reverse-phase (C,s) separation of PTH amino acids. (Reprinted from reference
30 by courtesy of the Federation of American Societies for Experimental Biology.)

amino acid. Recently modern LC has been applied to the analysis of the
PTHs with great success.?#~3” The PTHs have been resolved by a number
of normal and reverse-phase systems using linear or exponential gradient
elution. An alternate to gradient LC is offered by Zimmerman et al.®®
These authors use two columns simultaneously under isocratic conditions.
Polar PTHs are resolved on a C,s column and the less polar PTHs are
separated on an alkyl ether bonded phase. All of the PTHs are eluted
from either column in less than 40 min. Unfortunately, this approach
requires two detectors.

An alternative to either continuous gradients or dual columns has
been developed in order to avoid the need for expensive pumping systems
or dual detectors.®® All 20 PTH derivatives can be separated on a single
reverse-phase column by means of a step-gradient elution profile. In this
manner it is possible to process the results from a single Edman step in
approximately 30 min (Figure 9). Over-all instrument precision ultimately
limits the Edman method when it is no longer possible to distinguish the
residue released in the current cycle from the background of residues
released in previous cycles. The sample injection, column stability, and
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detector performance must be optimized if reliable results are to be ob-
tained over a long period of time.

2.2.3. Pre-Column Derivatization and Post-Column Reactions

Pre-Column Derivatization. In liquid chromatography derivatization
can be performed prior to separation or in a post-column mode.

In pre-column derivatization there is considerably more latitude in the
choice of reaction conditions. In this approach the reaction medium need
not be compatible with the chromatographic system. If necessary, the
derivatives can be isolated from the reaction solvent prior to chromato-
graphic separation. Much longer reaction times and higher reaction tem-
peratures are also tolerable. Pre-column derivatization may also facilitate
the separation of a class of compounds by changing their properties (e.g.,
reduce polarity). However, the advantages of pre-column derivatization
are gained at the expense of convenience, since sample manipulation is
usually increased.

A number of pre-column and post-column reagents are now available
which can be used to enhance the UV absorption or fluorescence of various
classes of compounds. The number of reagents, however, is small, and the
use of derivatization in liquid chromatography remains underdeveloped.
Those reagents used for UV enhancement are mainly of the pre-column
type and can be used with several different functional groups. The few
fluorescence derivatizing agents, discussed in a later section, are usually
employed in a post-column reactor. A recent book by Frei describes some
aspects of derivatization in LC and presents recipes for the use of a number
of promising reagents.®”

Post-Column Reactions. In the post-column or on-line approach the
eluted compounds are mixed with a derivatizing reagent as they pass from
the column. Reaction takes place in a length of capillary tubing or in a
column packed with glass beads. Alternatively, the column effluent may be
segmented by air bubbles, with the reaction occurring in each segment.
The various “on-line” approaches are discussed in Chapter 5 of this volume.

The attractive feature of the on-line “reaction detector” approach is
the reduced sample manipulation and analysis time. However, this ap-
proach imposes many restraints upon the derivatization reaction, making
it difficult to find a suitable reagent. The reagent must be transparent to
the detector and should react to near completion in only minutes. Long
reaction times are undesirable, since they require long reaction coils which
can lead to considerable band broadening. Incomplete reactions require
precise temperature control since the reaction kinetics are critical to the
conversion efficiency. High temperatures may improve the efficiency, but
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limitations imposed by solvent boiling point, detector noise, and air-bubble
formation may be too severe. In addition the reaction solvent must be
compatible with the mobile phase. A derivatizing agent which has a very
specific solvent requirement will be usable with only a limited number of
chromatographic systems.

Ninhydrin. Ninhydrin remains the most widely used reagent for the
determination of amino acids. The ninhydrin is dissolved in a DMSO/
acetate buffer mixture and reacts in a post-column mode producing a
colored species. This product, “Ruheman’s purple,” has an absorption
maximum at 570 nm and results from the reaction of any primary e-amino
acid. Reaction times of about 15 min at pH 5 and 95°C are required.

(0} O
H
OH |
+H;N—C—COOH — N=
OH |
R
(0} . O_
Ninhydrin Amino acid “‘Ruheman’s purple”’

Anderson et al.®® have developed a pressurized reaction cell which
allowed operating temperatures of over 135°C and reaction times of less
than 2 min. The reaction mechanism is complex and appears to be some-
what controversial. Hydrindantin, a reduced ninhydrin product, facilitates
color formation. It is added to the ninhydrin solution or generated in situ

0} O
OH

HO
O O

Hydrindantin

by the addition of a reducing agent. In one of the most recent studies of
the reaction presented by Lamothe and McCormick,®® the kinetic de-
pendence of color formation on hydrindantin concentration is demon-
strated. These authors review some earlier work and present a detailed
mechanism of the ninhydrin reaction. The interested reader is referred to
this paper for details.

The secondary amino acids, proline and hydroxyproline, also react
with ninhydrin, but the reaction products vary with the conditions. Under
those conditions normally used for the primary amino acids, a yellow
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product is formed. The absorption of this product at 440 nm is used for
quantitation of the prolines. Ninhydrin also reacts with peptides, ammonia,
and primary amines.

DNPH Derivatives. In addition to those reagents designed specifically
for use in liquid chromatography, there are a variety of classical functional-
group reagents used for qualitative organic analysis which may be valuable
for LC derivatization. An excellent example is the derivatization of carbon-

yls using 2,4-dinitrophenylhydrazine (DNPH). Henry et al.®® prepared a
NHNH, NHN=CR|R,
+ R,R,C=0 — + H,0
O,N NO, 0,N NO,
DNPH

variety of steroid dinitrophenylhydrazones and resolved them on a number
of chromatographic systems. Normal-phase, reverse-phase, and ion-ex-
change chromatography were used to separate the DNPH derivatives of
estrogens, androgens, progestogens, and adrenocortical hormones, as well
as the insect hormone ecdysone and several steroid conjugates. The deri-
vatization was carried out in acidic methanol heated to 50°C for several
minutes. The resulting derivatives had extinction coefficients on the order
of 10* at 254 nm. Siggia and co-workers utilized DNPH derivatives for the
analysis of 17-ketosteroids in human urine and plasma.®” The separation
and detection of simple aliphatic aldehydes and ketones has also been
accomplished using DNPH. #¢-37

Carboxylic Acid Derivatives. Fatty acids are a class of biologically im-
portant molecules well suited to analysis by LC. Unfortunately the detection
limits for free fatty acids are severely limited by the lack of a strongly
absorbing chromophore. To increase the utility of LC for fatty acid analysis,
several reagents have been designed to enhance the UV absorption of
carboxylic acids. The reagent benzyl-3- p-tolytriazine can be used to form
the benzyl esters of fatty acids.®® The acids are derivatized in diethyl ether
at 36°C for 3 h. The 1- p-nitrobenzyl-3- p-tolyltriazine converts carboxylic
acids to their nitrobenzyl esters. With this reagent, esterification is accom-

HQC—QNZN—NH——CHZONOZ + RCOOH —

(0}

I
R—C—OCH, NO, + CHS—QNH, + N,
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plished in ethanol at 56°C for 1 h. The resulting nitrobenzyl esters have
extinction coefficients of approx. 5 X 10%at 254 nm. An alternate reagent
for the formation of nitrobenzyl esters is O-p-nitrobenzyl-N,N-diisopropyl-
isourea. Esterification of fatty acids in methylene chloride requires 2 h at
80°C. 89 .

H,C CH,
AN
?H
N
OzN—©—CH2—-O—C
NH 0o
+ | I
CH -  R—C—OCH, NO,
AR
RCOOH H,C CH,
+
H,C e} CH,
| /
CH,—N—C—N—CH,
| AN
H;C H H CH,

Grushka and co-workers“? have developed a unique approach to the
formation of a variety of esters of carboxylic acids. The esterification is
carried out in an aprotic solvent using a crown ether catalyst. The crown
ether complexes with the salt of the acid to be derivatized, increasing its
solubility and reactivity in the aprotic solvent. The resulting acid-crown

Step 1
0

K'"0,CR+ ( J- -0,CR
[e] [e]
Lo

Step 2

(K)Br +RCO,K— RCO,(K")+ KBrl
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ether complex will then react with a variety of esterifying agents. This
procedure was used to esterify fatty acids with a-p-dibromoacetophen-
one in acetonitrile or benzene. The reaction time was 15 min at 80°C. The
resulting phenacyl esters had extinction coefficients of greater than 17,000
at 254 nm. In addition to acetonitrile and benzene, the reaction will proceed
in other aprotic solvents such as cyclohexane, methylene chloride, or carbon
tetrachloride. The crown ether approach can also be used to form benzyl,
nitrobenzyl, p-chlorophenacyl, p-phenylphenacyl, and 2-napthacyl esters.
Grushka et al.“” have used the crown ether approach to prepare phenacyl
and benzyl derivatives of some biologically significant dicarboxylic acids.
These esters were readily resolved on a Cy reverse-phase system and de-
tected at the 5- to 15-ng level.

The utility of the p-bromophenacyl esters for fatty acid analysis is
demonstrated in a recent paper by Borch.“? Phenacyl derivatives of 24
C12-Cy4 acids were resolved using a microparticulate C;s column and an
acetonitrile-water step gradient (see Figure 10). The author reports the
successful application of this system to the analysis of fatty acids in chick
fibroblasts and platelets.

Fatty acids have also been derivatized with p-methoxyaniline to form
the corresponding anilides.“” Two derivatization procedures have been
developed and applied to Cg-C,4 fatty acids. One procedure involves the
heating of the acid in carbon tetrachloride in the presence of triphenyl-
phosphine at 80°C for 5 min to form the acyl chloride. p-Methoxyaniline
in ethyl acetate is then added, and the mixture is heated for 1 h. The
alternate method employs triphenylphosphine bound to polystyrene, which
decreases the reaction time from 1 h to 10 min. The use of the bound
reagent also prevents sample contamination with triphenylphosphine or
triphenylphosphine oxide. The anilides are resolved on a microparticulate
Cis column using a methanol-water or an acetonitrile-water gradient (see
Figure 11). The methoxyanilides have extinction coefficients of approx.
2.4 X 10* at 254 nm.

O O

1l [
R—C—OH + (C¢Hj)sP + CCL, — R—C—Cl + (CgHj3);PO + CHCl

@) O

| |
R—C—Cl + CH;0—(C¢H)—NH, > R—C—NH—(C¢H,)—OCH,

The prostaglandins are a class of oxygenated fatty acids that are found
in most bodily secretions. Their biochemical role is not well understood
and is currently the object of intensive research. The prostaglandins are
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Figure 10. LC of fatty acid phenacyl esters. Peak 1, lauric (12:0); 2, myristoleic (14:1);
3, a- and -linolenic (18:3); 4, myristic (14:0); 5, palmitoleic (16: 1); 6, arachidonic (12: 4);
7, trans-palmitoleic (frans 16:1); 8, linoleic (18:2); 9, pentadecanoic (15: 0); 10, linolelaidic
(trans 18:2); 11, licosatrienoic (20:3); 12, palmitic (16:0); 13, oleic (18: 1, A®) and vaccenic
(18:1, A'™); 14, petroselinic (18:1, A%; 15, elaidic (trans 18:1); 16, eicosadienoic (20:2,
A1) 17, heptadecanoic (17:0); 18, stearic (18:0); 19, eicosaenoic (20:1, A'Y); 20, non-
adecanoic (19:0); 21, arachidic (20:0) and reucic (22:1); 22, heneicosanoic (21:0); 23,
behemic (22:0) and nervonic (24:1); 24, lignoceric (24:0). Column: 90 cm X 0.64 cm u-
Bondapak Cys; eluent: acetonitrile-water; flow rate: 2.0 ml/min. (Reprinted from refer-
ence 42 by courtesy of the American Chemical Society.)

extremely potent and elicit a number of very diverse physiological re-
sponses. Their action is quite dependent on structure. Only a minor change
in structure can cause a dramatic change in response. The analysis of
prostaglandins in biological fluids and pharmaceutical preparations re-
quires efficient separation and very sensitive detection methods.

Several LC assays based on derivatization and UV detection have been
developed, but they have been primarily used for pharmaceutical analysis.
The p-nitrophenacyl esters of over 20 prostaglandins have been pre-
pared.“* The derivatization is carried out in acetonitrile in the presence of
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Figure 11. Water-methanol gradient elution LC of fatty acid p-methoxyanilides. Peaks:
(a) p-methoxyaniline, (b) unknown, (c) G, (d) Cs, (€) Cyo, (f) Ciz, (§) Cis + Ciga, (h) Cazse,
(i) Cis + Ci6:—Cz0:4, () Cies (K) Cis:1, (I) Cyz, (M) Cyg, (n) Cap + Coz4, (0) Coz + Caau, (p) Coa.
(Reprinted from reference 43 by courtesy of the American Chemical Society.)

N, N-diisopropylethylamine and p-nitrophenacyl bromide. Only 15 min at
room temperature is required. The extinction coefficient of the p-nitro-
phenacyl ester of prostaglandin Fy, at 254 nm was 1.3 X 10*. The phenacyl
esters were separated with a microparticulate silica column (see Figure 12).
A silver-ion-loaded microparticulate cation-exchange resin has also been
shown to be effective for the phenacyl derivatives of very similar prosta-
glandins.“?

A very imaginative approach to the derivatization of prostaglandins
has recently been developed by Morozowich and Douglas.“® The carbox-
ylic acid moiety of the prostaglandin is reacted with p-(9-
anthroyloxy)phenacyl bromide to yield the corresponding p-(9-anthroy-
loxy)phenacyl ester or so-called “panacyl ester” (see Figure 13). The re-
sulting esters have absorption maxima at 253 nm with extinction coeffi-
cdients in excess of 174,000. This allows the detection of less than 100 pg
of prostaglandin E, by LC/UV. This is an order of magnitude better
sensitivity than that achieved with phenacyl derivatives. The reagent should
also be applicable to other carboxylic acids, as well as amines. The reaction
requires 40-100 min at room temperature in acetonitrile-THF (4:1). The
resolution of a number of panacyl derivatives of prostaglandins on a silica-
gel system was similar to that of the phenacyl derivatives (see Figure 14).

2.3. Fluorescence Detection in Liquid Chromatography (LC/F)

2.3.1. Recent Advances in Instrumentation for LC/F

Introduction. The use of fluorescence for LC detection provides high
sensitivity and specificity. Compounds which display native fluorescence or
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Figure 12. LC separation of a mixture of F-series prostaglandin p-nitrophenacyl esters
on two series couples 2.1 mm (ID) X 25 cm microparticulate silica gel columns. Conditons:
mobile phase, methylene chloride-hexane-methanol (55:45:5); 3000 psi; 0.3 ml/min.
(Reprinted from reference 44 by courtesy of Dr. P. W. Ramwell.)

which can be derivatized to form fluorescent species can sometimes be
detected at the picogram level, two or more orders of magnitude lower
than is possible at present with UV absorption detection.

Fluorescence detection of LC effluents was originally carried out by
incorporating simple flow cells into existing fluorometers. Since 1972 when
Thacker introduced the miniature flow fluorometer,” a number of in-
struments have been designed specifically for LC. Although some room
for improvement remains, good equipment is now commerically available
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Figure 13. Synthesis of PGE; panacyl ester. (Reprinted from reference 46 by courtesy of
the American Chemical Society.)

and the emphasis of recent work has shifted to the development of appli-
cations and means for producing a signal from molecules which are non-
fluorescent.

Flow Cells. In designing a detector for LC, the volume of the flow cell
is kept small to minimize post-column band broadening. This necessarily
means that for a given sample concentration, the quantity of fluorescing
material in the cell at any given moment is small in comparison with
classical cuvettes. In addition, the small volume requirement makes it dif-
ficult to focus the excitation beam and to collect the emitted photons. The
inherent advantage of fluorescence is not easily achieved in small-volume
flow cells, especially when chromatographic performance demands a low
time constant for the photometer.

The most straightforward approach is to utilize a piece of quartz
tubing. Exciting radiation is focused on the tube at right angles to the
direction of flow and fluorescence is monitored at right angles to both.
Light scattered by the tubing can be a serious problem in cells of this type,
therefore a filter is normally placed between the cell and the photomulti-
plier tube. The flow cell in the Du Pont model 836 is a twist on the simple
approach.“® This cleverly designed cell permits both absorbance and flu-
orescence detection (see Figure 15). The 20-mm X 1-mm ID quartz tube
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is capped at the ends with quartz windows. The excitation beam enters
through the planar windows, traveling in the direction of the flow, and the
light transmitted is monitored. Simultaneously, fluorescence radiatioh is
collected and monitored at right angles to the flow. To minimize detection
of scattered light, the photomultiplier “sees” only photons produced in the
middle 8 ul of the 16-ul cell. This means, however, that much of the
fluorescence produced in the cell is not collected. In addition, absorbance
of some of the exciting beam before it reaches the middle of the cell can
accentuate problems arising from strongly absorbing components. Absorb-
ance data available from the detector allow the experimenter to determine
if the absorbance in the cell is too high for linear fluorescence measure-
ments to be made.

A more recent design is the flow cell employed in the Schoeffel model
FS-970 (see Figure 16). The excitation beam enters from the left, exciting
the sample in the 5-ul cuvette. Fluorescent radiation emitted in the direc-
tion of the hemispherical mirror is reflected back parallel to the excitation
beam. The light not striking the narrow chamber bar is filtered and de-
tected at the right. This design is attractive from several points of view.
Relatively efficient optical collection is obtained from the silvered quartz
mirror mounted opposite the emission filter and photomultiplier. The
detector primarily collects front surface fluorescence, minimizing inner
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Figure 14. LC separation of the panacyl esters of 13,14-dihydro-15-keto-PGE,, (3); P6F,,
(4); 8-is0-PGF,, (5); and PGFys (6) (70-350 ng each). LC conditions: ZORBAX-SIL, 2.1
mm (ID) X 25 cm; methylene chloride-methanol (97: 3); 2200 psi; 0.5 ml/min. (Reprinted
from reference 46 by courtesy of the American Chemical Society.)
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Figure 15. Absorbance fluorescence flow cell: (a) quartz window, (b) quartz tube, (c)
reflective fluorescence chamber, (d) emission filter, (e) photomultiplier, (f) absorbance
phototube. (Redrawn from reference 48 by courtesy of Elsevier Scientific Publishing
Corp.)

filter effect problems. One problem is that scattered light is collected as
well, but this is virtually eliminated by the emission filter.

A novel approach to fluorescence detection for LC was recently re-
ported by Martin et al. “® The authors developed a system which eliminates
the need for a flow cell as such. The column effluent is formed into drops
by a needle embedded in the top of a brass sphere. The falling drops pass
through a horizontal light beam. Scattered light is detected by a photo-
multiplier. The output of this photomultiplier creates timing pulses for
processing the output of a second photomultiplier which receives the flu-
orescence at right angles to the excitation radiation. This simple approach
presumably means that the detector is easily and inexpensively constructed.
There are problems with this design, however. Changes in the viscosity or
surface tension of the mobile phase may change the size of the drops,
altering response to a given concentration. Also, scattered light may be
worse from a moving spherical drop than from a planar quartz window as
in a flow cell. As a result, the sensitivity of the “falling-drop detector” is not
comparable to commercially available detectors.

Along the same line, a windowless cell was recently described where
the drop does not “fall” (see Figure 17). In this design, the column effluent
flows continuously from a 1.6-mm stainless-steel capillary tube down onto
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a 1.6-mm stainless rod 2 mm below it,'forming a 4-ul cell in the gap. This
unit is further discussed in the following section.

Sources and Optics. The factors involved in the evaluation of light
sources include spectral output, cost, and stability. Up to a point, increased
fluorescence sensitivity will be obtained if the intensity of the exciting
radiation can be increased. Thacker’s miniature flow fluorometer used
lines isolated from a mercury arc lamp for excitation. The bands are strong
and sharp, but the choice of wavelength is limited. Deuterium lamps
provide a continuum of light, with useful power:down to 190 nm. Increased
intensity in a continuous source is provided by the use of xenon arc lamps.
However, xenon arcs are bulky, less stable, and more costly. These prob-
lems are somewhat overcome by the use of a repetitive xenon flash lamp.®”
Instruments employing all of the above are commercially available.

The tremendous potential of LC fluorescence for quantitation of small
amounts of materials has been recently demonstrated with a laser fluores-
cence detector described by Diebold and Zare.®” A He-Cd ion laser which
produces 325-nm radiation was used for excitation. The laser had an
internal feedback loop, and its output was amplitude modulated at 50 kHz
through the use of an oscillator and an acousto-optic light modulator (see
Figure 17). Fluorescence was viewed by a photomultiplier whose signal was
detected in a phase-sensitive mode using a lock-in amplifier. The high
intensity of the laser together with the noise reduction from the associated
electronics allowed chromatographic quantitation orders of magnitude
lower than had been previously attained.

Another detector employing a laser has been described.®® It is based

Figure 16. FS-970 flow cell. (Reprinted from FS-970 Instruction/Maintenance Manual by
courtesy of Schoeffel Instrument Corp.)
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Figure 17. LC-laser fluorescence detector. (Reprinted from reference 51, copyright 1977
by the American Association for the Advancement of Science.)

on the process whereby a molecule absorbs two photons simultaneously to
achieve an excited state, from which state it fluoresces as in conventional
single-photon fluorescence. While the idea is intellectually interesting, the
value of two-photon fluorescence for analytical chemistry lies elsewhere.®®
This detector could only detect highly fluorescent standards at the ng level,
without demonstrating any advantage over conventional LC/F detectors.

The choice of optics for selection of excitation and emission wave-
lengths involves a trade-off between selectivity (resolution) and sensitivity
(light throughput). Commercial instruments are available which employ
filters for both excitation and emission, a monochromator for excitation or
emission only, or monochromators for both excitation and emission. The
use of wide-band filters is the simplest and least expensive approach.
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Monochromators improve selectivity but also increase cost and decrease
light throughput. In most routine applications the selectivity gained should
be unnecessary since fluorescence coupled to LC is inherently selective. A
good compromise is the continuously graded interference filter employed
in the emission portion of the Perkin Elmer LC-1000. It is wavelength-
tunable yet has good transmittance.®®

In addition to devices employing single excitation and emission wave-
lengths, some instruments have been developed to scan the excitation or
emission spectra of compounds eluted from an LC column. The additional
spectral information allows qualitative confirmation of the identity of eluted
peaks, and together with computer processing power could allow the quan-
titation of superimposed peaks. Two straightforward approaches to scan-
ning were described in 1973.%4%® One approach was to stop the flow while
scanning. The second approach was to record spectra (12-20 s required)
while compounds passed through the cell. More recently, a multichannel
detector similar to those discussed on pages 78-80 has been described.®®
This instrument continuously recorded emission spectra of chromato-
graphed petroleum fractions. For most purposes, however, collecting frac-
tions and using conventional instrumentation is adequate.

A promising new approach to acquiring complete spectra, which could
be applied to LC, was recently described by Christian et al. ®” Their “video
fluorometer” allows rapid acquisition of three-dimensional fluorescence
intensity plots. The output of a xenon arc lamp is spectrally dispersed by
a monochromator and impinges on the sample cuvette (see Figure 18).
Perpendicular to the excitation light plane, emission is monitored. Flu-
orescent light from the entire cuvette is dispersed using a second mono-
chromator. The result is a two-dimensional image giving the fluorescence
intensity as a function of both excitation and emission wavelengths (see

Cuvette containing
fluorescent sampie

Red T~
Dispersed exciting | Orange —* I
light provided byd Yellow —1~ . Luminescence excited by red light
“polychromator” S,:?n L, \s‘ v o 32?3 "
lndigo —_— E\ " " " green "
N . . ‘blue *
o “  indigo "

Excited beam to
analyzing "polychromator”

Figure 18. Geometry of illumination of the sample in the video fluorometer. (Reprinted
from reference 57 by courtesy of the American Association for Clinical Chemistry.)
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Figure 19). This image is monitored with an intensified-silicon intensified-
target vidicon, a low-light-level TV camera. Spectra can be recorded in
under 100 us, and integration and time-averaging capabilities are built into
the instrument. The video fluorometer generates a vast amount of data.
At present a large computer is required for processing, but the cost and
size should come down in the future as more efficient data-reduction
algorithms are developed. The ability to quantitate five components si-
multaneously, given standard spectra, has already been demonstrated.
Applied to LC, the rapid scanning capability of the video fluorometer
would allow signal averaging and complete fluorescence characterization
of all peaks. Comparisons with standards would give positive identification

Figure 19. Production of the emission excitation matrix for a hypothetical compound.
(Reprinted from reference 57 by courtesy of the American Association for Clinical Chem-
istry.)
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of species eluted. Also, resolution of two or more overlapping peaks, even
in cases where one component is only weakly fluorescent, should be possible
given the wealth of spectral information available. The additional data
obtained by taking complete spectra during an LC separation will be
superfluous for most routine determinations but could be of some value
during the development of assay procedures to optimize wavelength selec-
tion. At the present time the instrumentation required for such experi-
ments is not cost effective considering the relatively meager advantages.

2.3.2. Direct Fluorescence Detection

Characteristics of Fluorescent Molecules. Relatively few organic mole-
cules exhibit intense native fluorescence. The emission characteristics of
molecules are difficult to predict, although some generalizations can be
made. Extended conjugation favors a high fluorescence quantum yield.
Although most fluorescent compounds are aromatic, aromaticity is by no
means a guarantee that a molecule will fluoresce. Fluorescence is particu-
larly sensitive to small structural changes in a molecule. Changes in the
substituents on an aromatic ring can significantly alter the fluorescence
quantum vyield. Substitution of —OH, —OCH,;, —NH,, —NHCH;,
—N(CHj3);, —F, and —CN generally results in fluorescent compounds,
while —NHCOCH,;, —Cl, —Br, —I, —CO, —NO,, —SO;H, and
—COOH substituents result in weak or nonfluorescent compounds. The
emission characteristics of some representative nonsubstituted benzenes are
listed in Table 4. When more than one substituent is added to the ring,
the result is not always easily predicted.

Other structural features such as the planarity and rigidity of the
molecule are also important. Any deviation from planarity that restricts the
mobility of electrons in a 7 system will, in general, result in a decreased
quantum yield. Rigidity will decrease the loss of energy through vibrational
modes (i.e., radiationless transitions).

In addition to the structural features of a molecule, fluorescence is
very dependent on the sample matrix. Solvent properties, pH, and sample
contaminants all may influence the emission characteristics of a compound.
Bromine and iodine atoms, for example, reduce the quantum efficiency
when substituted on a fluorescent molecule and in addition adversely effect
the analyte’s fluorescence when present in the solvent molecule as well.
Solvents such as ethyl iodide would quench fluorescent molecules. Dis-
solved oxygen promotes intersystem crossing of an excited singlet to its triplet
state and is therefore a potent quenching agent. The polycyclic aromatic
hydrocarbons are particularly sensitive to oxygen quenching.

Matrix effects are not always detrimental to measurement of fluores-
cence and in some instances can be used to an advantage. The emission
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Table 4. Fluorescence of Monosubstituted Benzenes,” C;H;R

Substituent Excitation Fluorescence Relative
Compound R €max (Amax nNM) (max NM)  intensity

Ortho-paradirecting
Benzene H 204 260 291 1
Aniline NH, - 1,430 280 345 46
Monomethylaniline NHCH;, 280 360
Dimethylaniline N(CHy), 283 363 114
Acetanilide NHCOCH, None 0
Fluorobenzene F 262 285 13
Chlorobenzene Cl 190 265 294 0.02
Bromobenzene Br 192 None 0
Iodoébenzene 1 190 None 0
Toluene CH,; 225 265 292 3.8
Ethylbenzene C,Hy 240 265 292 1.2
Phenol OH 1,450 272 320 112
Anisole OCH; 1,480 269 302 92
Phenoxide ion O~ 2,600 289 345 ~1

Metadirecting
Benzoic acid COOH 970 None 0
Benzoate ion COO~ 560 None 0
Nitrobenzene NO, 7,800 None 0
Benzene sulfonic acid SOz;H None 0
Benzenesulfonamide  SO,NH, 740 None 0
Benzaldehyde CHO 11,400 None 0
Benzenearsonic acid  AsOzH, None 0
Benzonitrile CN 1,000 273 294 45

¢ From: E. J. Bowen, Luminescence in Chemistry, p. 85, Van Nostrand, New York (1968), by permission.

properties of ionizable compounds are often pH-dependent. In some in-
stances the pH can be used to selectively enhance the fluorescence of an
analyte relative to other potentially interfering compounds. As discussed
on pages 111-112, even the quenching phenomenon itself can be used to
detect the nonfluorescent quenchers. The successful utilization of fluores-
cent methods demands that careful control be maintained over the many
factors which may influence such methods.

The use of fluorescence in LC has not yet gained widespread popu-
larity. Most of the published applications of direct fluorimetric detection
have been directed to the determination of the polycyclic aromatic hydro-
carbons and the aflatoxins. The measurement of these two classes of
compounds is discussed in detail in the following sections.

Aromatic Hydrocarbons. Polycyclic aromatic hydrocarbons are constit-
uents of the particulate matter in air. They are the result of a variety of
combustion processes such as the burning of gasoline in automobiles and
the use of coal for fuel. Many PAHs are known carcinogens and have been
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implicated in the cause of lung cancer. Currently much effort is under way
to more fully evaluate the role of airborne PAHs in cancer.

The PAHs are usually collected from air by filtration and then sub-
jected to a variety of chromatographic procedures. The large number of
individual PAHs and their small quantities make identification and quan-
titation difficult. After a number of cleanup steps, the PAHs are frequently
detected by their native fluorescence. The fluorescence spectra of over 50
PAHs were measured by McKay and Latham.®® Due to the diversity of
this class of compounds, the excitation and emission spectra occur over a
wide range of wavelengths. Due to their rigid structure, most of the com-
pounds exhibit several maxima in both their excitation and emission spec-
tra.

Recently fluorescence has been coupled to LC and successfully applied
to the analysis of PAHs in airborne particulates. Air-filter samples were
extracted with benzene and subjected to LC/F. Over 35 components were
resolved on a microparticulate C,3 column (see Figure 20). Fractions were
collected and subjected to further analysis by fluorescence and mass spec-
trometry. Eleven of the 35 components were identified and measured in
a number of samples. Numerous examples of the LC analysis of PAHs are

Relative Intensity

1 1 1 1 1 1 1 1 1 1 1
o 5 10 5 20 25 30 35 40 45 50

Time after Injection (min)

Figure 20. Partial LC/fluorescence trace of a benzene extract of an atmospheric parti-
culate matter sample collected on the roof of Wing 1 of the Department of Chemistry,
University of Maryland, College Park, Maryland. Conditions: 0.25 m X 8 mm (ID)
ZORBAX ODS column, 7:3 (v/v methanol-water), 65°C, 1600 psi, flow rate 1.7 ml/min.
(Reprinted from reference 59 by courtesy of the American Chemical Society.)
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cited by Fox and Staley.®® It is apparent that PAH analysis is an ideal
application for LC/F.

Aflatoxins. The aflatoxins are a group of structurally related toxins
produced by several species of the fungus Aspergillus (Figure 21). Under
certain conditions of storage, these fungi will grow in a variety of grains,
seeds, and nuts and can eventually find their way into food products. The
extreme hepatocarcinogenic activity of these compounds makes them a
serious threat to human and animal populations. Sensitive assays are re-
quired to screen agricultural and food products. Since these toxins are
found in a variety of matrices, the methods of isolation are quite variable.
However, most approaches utilize the natural fluorescence of the aflatoxins
for their detection.

The fluorescent properties of the aflatoxins have been well character-
ized.®%Y The long-wavelength absorption maxima of the aflatoxins (B,
B,, G, and G,) in methanol occur between 335 and 360 nm, with a
hypsochromic shift of the maxima as the solvent polarity is decreased. Both
the emission maxima and fluorescent intensities are significantly altered by
solvent polarity (see Table 5). The fluorescent intensities of aflatoxins B,
and G, in polar solvents are relatively low. In methanol the relative in-
tensities of Gg, By, Gy, and B, are 14.5:8.8:1.7: 1.0, respectively. Treatment
of the B, and G; with a mild acid converts these compounds to their

O 0
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0O O
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Figure 21. Chemical structures of six aflatoxins.
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hemiacetal derivatives By, and G, (see Figure 21), which have much higher
fluorescent intensities. This reaction is incorporated into many analytical
schemes to decrease the detection limit for B, and G,.©%1:6?

Most methods of analysis rely on TLC for the final separation of the
aflatoxins. Recently a number of LC separations of aflatoxins using micro-
particulate silica have appeared in the literature.®®~% Unfortunately, the
majority of these LC methods have not been applied to real samples.
Takahashi®® has compared the use of silica, bonded —CN, and C, col-
umns for the analysis of aflatoxins in wine. Six aflatoxins were resolved in
less than 15 min and could be detected in wine at the 0.02-ug/liter level.
Both a UV and fluorescence detector were used in this work, and the
advantage of a selective detector such as the fluorescence detector is beau-

(A)
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Figure 22. Madeira wine extract. (A) spiked with aflatoxins at 1 ug/l level; (B) unspiked
sample extract. Conditions: 25 cm X 3.2 mm (ID) 10-um Spherisorb-ODS, water-meth-
anol (3:2); pressure, 2300 psi; 2.1 ml/min; 2 = aflatoxin Bs; 4 = G, 5 = Bga, 6 = Gga, X
= unknown. (Reprinted from reference 66 by courtesy of Elsevier Scientific Publishing
Co., Inc.)
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tifully demonstrated (see Figure 22). The potential of LC/F for trace anal-
ysis is clearly shown by Diebold and Zare.®" Development of the laser
fluorimetry system discussed on page 97 allowed the determination of
four aflatoxins in less than 15 min, with the detection limit of 750 fg. This
instrument was applied to the analysis of aflatoxins in yellow corn extract,
where aflatoxin B, could be determined at the 2-ppb level after conversion
to By, (see Figure 23).

2.3.3. Derivatization and Indirect Fluorescent Detection

Fluorescamine. Fluorescamine is a reagent used for the conversion of
primary amines to fluorescent products.®” The reaction proceeds to near
completion in less than a second at room temperature. The resulting
fluorophors have excitation maxima at 390-410 nm and emit at 475-500
nm. Fluorescamine itself is nonfluorescent and is hydrolyzed in water to
nonfluorescent products. The reaction with amino acids and aliphatic

BZa

AFLATOXIN
G,, STANDARDS,
30 pg EACH

7 ppb AFLATOXIN B,,(B,)
IN CORN

1. B 1 - - 1 B I W L ] 1 1 1 1

15 10 5 0
Minutes

Figure 23. Aflatoxin chromatograms: (A) detection of the four aflatoxin standards fol-
lowing addition of HCI and (B) detection of aflatoxin B, in corn extract, by the same
procedure, using a 10-ul sample injection. The chromatogram represents 45 pg of B, in
the injected sample. (Reprinted from reference 51. Copyright 1977 by the American
Association for the Advancement of Science.)
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amines is generally carried out in alkaline buffer, while many aromatic
amines favor acidic conditions. Since the reagent is unstable in water, it is
dissolved in a water-soluble nonhydroxylic solvent such as acetone or diox-
ane. This solution is then mixed with a buffer containing the analyte of
interest. Reaction with primary amines occurs rapidly, followed by hydrol-
ysis of fluorescamine to nonfluorescent products.

)
o o R—NH,
0 t;, = 100-500 ms
(6]
Fluorescamine Fluorescent product

t,, = 5-10 s\ H,0

Nonfluorescent products

The rapidity of the reaction makes it ideally suited for on-line detection
in LC. The fluorescamine reaction has been studied in detail and both the
kinetics with primary amines and the properties of the resulting fluoro-
phors have been well characterized.®®

Although fluorescamine is suitable for the detection of a wide variety
of compounds, the analysis of amino acids has received the most attention.
The combination of high-performance ion-exchange chromatography with
fluorescamine detection is the basis for several of the commercial amino
acid analyzers. The analysis of picomole amounts of the naturally occurring
a-amino acids is accomplished in about 2 h. The secondary amino acids
proline and hydroxyproline can be detected after oxidation to primary
amines by N-chlorosuccinimide. The advantages of fluorescamine over the
use of ninhydrin are its more rapid reaction time and its relative insensi-
tivity toward ammonia. Also, fluorescence techniques are generally more
sensitive than absorption techniques.

Several recent publications illustrate the general applicability of the
fluorescamine reagent. Frei et al.®® developed an assay for the nonapep-
tides oxytocin, lysine-vasopressin, and ornipressin in pharmaceutical in-
jectables, using the fluorescamine approach. A thorough study of the
reaction parameters of fluorescamine with the peptides is presented. Using
a reverse-phase system, the peptides elute in 10 min or less and are detectable
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at 5- to 10-ng levels. Compatibility of the fluorescamine reaction
with a number of other pharmaceuticals, both aromatic and aliphatic
amines, has also been recently tested.” Standard mixtures of diamines
and polyamines have been determined by LC-fluorescamine.”” Several
biogenic amines have also been analyzed by derivatization with fluoresca-
mine prior to LC.™

o-Phthalaldehyde. Another relatively new fluorescence reagent is o-
phthalaldehyde which was first proposed by Roth in 1974.”® Like fluores-
camine, it has primarily been used for the detection of amino acids and is
the reagent used in some commercial amino acid analyzers. Although o-
“phthalaldehyde is reported to form fluorescent products with primary
amines, the nature and scope of the reaction have not been fully investi-
gated.

At room temperature o-phthalaldehyde reacts with amino acids and

primary amines in just seconds to form a fluorescent isoindole product.”®
SCH,CH,OH
CHO
=
+ HOCH,CH,SH + RNH, — N—R
x
CHO

The reaction is usually carried out at alkaline pH and requires a thiol, such
as mercaptoethanol. The excitation maximum of the substituted isoindole
is at 340 nm with an emission maximum at about 455 nm. This product
slowly decays and measurements should be accomplished within 30 min of
its formation.

The detection of proline and hydroxyproline is possible only after
oxidation of these compounds with sodium hypochlorite. Cysteine gives a
very low fluorescent yield with o-phthalaldehyde. In order to achieve
sensitivity equivalent to that obtained for the other amino acids, cysteine
must be oxidized to cysteic acid, prior to the coupling reaction. The sen-
sitivity of this approach for amino acid analysis relative to that of ninhydrin
and fluorescamine remains to be accurately determined.

Meek ™ has utilized the o-phthalaldehyde reaction for the analysis of
the putative neurotransmitters taurine and y-aminobutyric acid in small
regions of the rat brain. The brain tissue homogenate could be analyzed
with no work-up other than centrifugation of the proteins. Only 3-7 min
is required per sample, and the amines were detectable at the 50-pmol
level.

Dansyl Chloride. Dansyl chloride deserves mention because of its wide-
spread use as a fluorescent derivatizing agent for primary and secondary
amines, phenols, and alcohols. Long reaction times and the fact that dansyl
chloride itself fluoresces has limited its use to pre-column derivatization.
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Reactions are usually carried out in an alkaline buffer-acetone solution
and require at least 1 h at room temperature. An added drawback of this
reagent for on-line use is the low fluorescent yield obtained in solvents of
high dielectric constant such as water. This limits the sensitivity in ion-
exchange or reverse-phase chromatography, since these are both typically
used for the separation of amines.

T '
SO, S0,
N

/N 7/ \

CH, CH, CH, CH,

One rather impressive approach to the analysis of amino acids involves
derivatization with dansyl chloride prior to separation by LC.”® With the
use of microparticulate silica and reverse-phase columns, the dansyl deriv-
atives of 20 amino acids were resolved in about 30 min (see Figure 24).
Using an exciting wavelength of 340 nm and monitoring the fluorescence
at 510, femtomole quantities were detectable.

Frei et al.™” have used dansyl chloride for the analysis of alkaloids in
complex pharmaceutical mixtures. The use of fluorescence eliminates
many UV-absorbing interferences. The dansyl derivatives of a large num-
ber of carbamate pesticides are separated under a variety of LC conditions
and allow the analysis of these pesticides in soil and water samples.” Other
interesting applications of the dansyl reagent are the analysis of therapeutic
levels of barbiturates in blood”® and the determination of diamines and
polyamines in tissue samples.®”

Cerate Oxidative Monitor. The so-called “cerate oxidative monitor” is
a reaction detector in which compounds such as carbohydrates, phenols,
and aromatic acids are oxidized by cerium IV in an acidic medium.®” The
cerium III produced by the one-electron transfer reaction is measured by
fluorescence (excite 260 nm, emit 350 nm). This approach has been used
in combination with the traditional UV absorption detector. The combined
detection system has been successfully applied to complex urine, serum,
and environmental samples.®**® The reduction potential for cerium IV
varies considerably with the medium, and thus the conditions under which
the oxidation is carried out can be varied to control specificity.

The eluate from the column of a combined UV-fluorescence system
flows first through a UV photometer and then to a mixer where it is
diluted with certum IV in strong acid solution (see Figure 25). The mixed
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Figure 24. Reversed-phase chro-
matography of dansyl amino
acids on Li Chrosorb RP8 (Merck
A.G), 10 pm, 50 cm X 0.3 cm
(ID), 45°C, 140 atm, 1.5 ml/min;
eluent: aqueous 0.01 M Na,HPO,
buffer-methanol (50: 20) to which 12
1.5 ml methanol/min is added. 10l €
Peak (1): dimethylaminona-
phthalene-5-sulfonic acid; dansyl

derivatives of (2) histudine, (3) 18
serine, (4) glycine, (5) threonine, 19 14
(6) alanine, (7) arginine, (8) pro- 20 7
line, (9) valine, (10) methionine,
(11) phenylalanine, (12) isoleu-
cine, (13) leucine, (14) cystine,
(15) aspartic acid, (16) trypto- 3
phan, (17) lysine (didansyl deriv- ‘) U

ative), (18) tyrosine (didansyl de- 15

rivative), (19) dansyl amide, and

(20) dansyl chloride. (Reprinted & n A A
from reference 76, courtesy of 35 30 20 10 0
the American Chemical Society.) Minutes
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eluate passes through a reaction coil in a boiling-water bath and on to a
fluorometer. Although dilution and diffusional band spreading in the
reaction coil result in some loss of sensitivity, the system is capable of
detecting as little as 10 ng of injected phenol.®® As yet there have been no
published reports on the application of this reaction detector to separations
on silica-based microparticle columns.

Fluorescence Enhancement and Quenching. Fluorescence is undoubtedly
one of the more sensitive modes of LC detection. However, the dependence
of fluorescence intensity on the solvent can become a problem. The mobile-
phase requirements of a particular separation may result in poor fluores-
cence intensities of the compounds to be separated and thus lower sensi-
tivity. This dependence of fluorescence intensity on environment is used
to advantage by Novotny and co-workers.®® The dependence of the flu-
orescence intensity of a dye on its environment is used as the basis for an
LC detector. The fluorescence intensity of the dye l-anilinonaphthalene-
8-sulfonic acid (ANS) in an aqueous buffer is significantly enhanced by the
presence of phospholipids. This is presumably due to formation of micelles
by the lipids and the partitioning of ANS into the hydrophobic micelles.
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Figure 25. Arrangement of cerate oxidative monitor. (Reprinted from reference 81,
courtesy of the American Association for Clinical Chemistry.)

For LC detection, a solution of ANS is mixed with the effluent of an LC
column and passed through a fluorescence detector. The fluorescence of
the ANS is continuously monitored. As a phospholipid elutes from the
column, it is recorded as an enhancement of the steady-state fluorescence.
Using this principle, several lipids were separated on the microgram level.
The detection limit for phosphatidylcholine is given as 500 ng. Hardly a
detector for trace analysis! As the authors point out, the system has not
been optimized. With further refinements this clever approach may be-
come a viable method for difficult-to-detect molecules such as phospho-
lipids. At present, it is at least competitive with such detectors as the
refractive-index and moving-wire detectors.

3. Electrochemical Detectors

3.1. Introduction

Many organic molecules of practical importance are electrochemically
reactive at modest potentials, whereas many others are not. It is therefore
sometimes possible to use electrode reactions as the basis for direct detec-
tion of one or two compounds in very complex samples without prior
separation. While electrochemical techniques are inherently quite sensitive,
the resolution of mixtures of electroactive compounds is very difficult. At
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most only about 3 V is available for analytical work between those potentials
at which the medium itself begins to oxidize and reduce. Because a single
electrode is rarely stable itself over this range, a practical working range
may be less than 1.5 V for a given electrode material. Within this limited
“potential window,” it is only possible to reliably determine components of
a mixture if the separation of half-wave potentials is at least 200-400 mV,
depending on the kinetics of the reaction and the relative amount of each
component present. It is therefore very unusual when more than 2 or 3
substances can be determined in a single electrochemical experiment. Be-
cause electrochemical reactions are surface reactions confined to a very
small volume of adjacent solution, the resolution problem can often be
overcome by placing an electrode in the effluent stream from a liquid
chromatography column. The low dead volume required, the great sensi-
tvity of hydrodynamic electrochemistry, and the tunability afforded by the
electrode potential are desirable features which make the match of liquid
chromatography to electrochemistry(LC/EC) ideal for many trace analysis
problems.

In the following sections the principles, limitations, and major appli-
cations of the LC/EC technique will be described. Our discussion will be
limited to finite-current electrochemical measurements in which a net con-
version of material occurs. Although potentiometric measurements (e.g.,
selective electrodes) may ultimately have some limited utility in LC, at
present potential measurements at zero current do not appear promising
for this application.

While conductivity measurements are certainly within the purview of
modern electrochemistry, they are not well suited to trace organic analysis,
particularly in the presence of a relatvely large concentration of back-
ground electrolyte. The innovative technique “ion chromatography” pro-
vides an exception to this point of view. In this case, a two-stage ion-
exchange system is used. Figure 26 illustrates the principles of this tech-
nique for cation separations, using dilute hydrochloric acid as eluant. Sam-
Ple constituents (denoted as M*X") are first separated on a low-capacity
pellicular column with fixed anionic sites (R”) by undergoing the following
reaction:

M*X~ + R'H*— R"™M* + H*X"
Effluent from the separating column is then passed into a high-capacity
“stripper column” with fixed cationic sites (R*) in the hydroxide form

(R*OM"). This latter stage suppresses the background electrolyte by two
simple neutralization steps:

M*X~ + R*OH™— M*OH™ + R*X"
H*Cl” + R*OH™ — R*Cl™ + H,0O
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Figure 26. Schematic diagram of ion-chromatography apparatus (illustrated for cation
analysis). (Reprinted from reference 85, courtesy of the American Chemical Society.)

In essence, the only electrolyte remaining to pass through the conductivity
detector is that due to the analyte, transformed to the hydroxide form.
The mobile phase is effectively neutralized, provided that the capacity of
the “stripper” is not exceeded. In this clever manner a conductivity detector
is made to be quite useful. The technique performs best for inorganic ions,
although some organic ions have also been determined with good sensitiv-
ity.®>%® At present ion chromatography is being most widely employed for
the determination of ions in aqueous samples (waste water, boiler feedstock,
municipal water supplies).

3.2. Applicability of Finite-Current Electrochemical Detectors

The applicability of electrochemical detection to a given trace-analysis
problem ultimately depends on the voltammetric characteristics of the
molecule(s) of interest in a suitable mobile phase and at a suitable electrode
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surface. It is therefore important to evaluate the voltammetric behavior
under conditions meaningful to the chromatographic experiment. This is
normally carried out using the cyclic voltammetry (CV) technique which is
convenient for quickly assessing the thermodynamic and kinetic properties
of the electrode reaction per se and the stability of the initial product.
Hydrodynamic voltammetry (next section) is more closely related to the
actual situation in an LC/EC experiment; however, CV is far more con-
venient to carry out in practice.

All detectors place limitations on mobile-phase composition to some
degree; however, in electrochemical detection one must be conscious of the
fact that a complex surface reaction is involved which depends on both the
physical and chemical properties of the medium. Considerable effort may
be required to optimize an LC/EC determination. Both the column and
detector must be considered together. In fact the entire chromatograph
may be considered part of the electrochemical cell. Fortunately, it is possible
to make a few generalizations. For all practical purposes direct electrochem-
ical detection is not likely to be useful in normal phase adsorption (e.g.,
silica gel) separations since nonpolar organic solvents are not well suited to
many electrochemical reactions. The preferred LC stationary phases for
LC/EC detection clearly include all ion-exchange and reverse-phase mate-
rials since these are compatible with polar solvents containing dissolved
ions. The ionic strength, pH, electrochemical reactivity of the solvent and
electrolyte, and the presence of electroactive impurities (e.g., dissolved
oxygen, halides, trace metals, etc.) are all important variables that must be
adjusted simultaneously for optimum separation and detection.

The choice of electrode material is more critical in LC/EC than for
the usual electroanalytical experiment, primarily because of the ruggedness
and long-term stability required. While electrochemists are accustomed to
mechanically awkward devices such as dropping-mercury or rotating-disk
electrodes, such gadgets will try the patience of the most stalwart chro-
matographer. Electrodes subject to complicated surface-renewal problems
(e.g., platinum, glassy carbon, and mercury films) work well in some cases
and are disastrous in others. In spite of these difficulties, it is possible to
routinely achieve quantitation at the picomole level (or far below in some
cases) using the LC/EC approach.

3.3. Principles of Amperometric and Coulometric Detection
3.3.1. Some Basic Considerations

In order to fully understand the performance of electrochemical de-
tectors, it is necessary to appreciate hydrodynamic voltammetry. For chro-
matographic detection it is most advantageous to operate an electrode at
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a fixed applied potential. If the potential were to be scanned (either step-
wise or as a slow ramp) and the current plotted as a function of potential,
then one would observe a voltammogram as illustrated in Figure 27A for
the mobile phase alone. The addition of a dilute oxidizable solute to the
medium would result in the conventional “voltammetric wave” shown in
Figure 27B. The “voltammogram” is characterized by the half-wave poten-
tial and limiting current for the oxidation wave. It is important to recognize
that the hydrodynamic voltammogram represents a steady-state experi-
ment. Under ideal conditions the scan rate and direction will have no
influence on the recorded curve.

Quantitative determinations based on voltammetry depend on the
degree to which the limiting current can be distinguished from the back-
ground current. At trace levels this ultimately becomes very difficult on
the basis of signal-to-noise considerations. More significant, however, is the
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Figure 27. Hydrodynamic voltammetry. A: Current-potential curve for a mobile phase
containing an inert electrolyte. B: Current-potential curve for the same solution following
addition of an electrooxidizable substance.
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problem of reproducing the background trace. This difficulty results from
the fact that very slow processes alter the character of the electrode surface
during a potential sweep. The background current will frequently depend
on such variables as the initial potential and the elapsed time prior to
initiation of the sweep. The anomalous “memory” effects, which apparently
are related to previous experiments carried out using the same surface,
are very difficult to deal with in routine practice. The heterogeneous
electron-transfer kinetics for the sample molecule is generally fast and
therefore the limiting current is related more to mass transport than to
surface chemistry. In summary, hydrodynamic voltammetry is a good
quantitative tool when the background current is small relative to the
limiting current.

The situation can be improved dramatically by operating the electrode
at a fixed potential (usually on the limiting current plateau) and recording
the current as a function of time. The use of a constant potential improves
the stability of the background current sufficiently to permit an enhance-
ment of sensitivity by as much as two or three orders of magnitude. Most
LC/EC experiments are carried out in this amperometric mode.

Once the operating potential is chosen, LC/EC chromatograms are
obtained by plotting current as a function of time. The chromatographic
baseline consists of the background current discussed above. The data are
recorded with this “bucked out” to zero. In view of the fact that excellent
current-to-voltage converters can be constructed from rugged integrated
circuit operational amplifiers with field-effect inputs, it is not surprising
that electrochemical detection is quite inexpensive, even for work at the
picoequivalent level and below (where nanoamp currents are often en-
countered).

All of Faradaic electrochemistry ultimately depends on Faraday’s law:

Q = nFN @)

For each chromatographic zone the number of coulombs (Q) passed will
be proportional to the number of moles (/N) converted to product in the
cell, the number of electrons (n) involved in the reaction, and the Faraday
constant (F). Coulometric detectors are defined as those where the con-
version efficiency (extent of reaction) is 100%. For amperometric detectors
the efficiency is somewhat less (often 1-10%). In both cases current is
measured, and the instantaneous current is given by
., _dQ _dN
"o T "
= (9.65 x 10* X (equivalents converted per second)

®)

A current of 107 A (easily measured in practice) therefore corresponds to
a conversion rate of 107" eq/s. The conversion efficiency in cells designed
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for routine use is difficult to predict mathematically. Since the LC is op-
erated at a constant flow rate, the fact that the conversion efficiency varies
with flow rate is of little practical concern.

3.3.2. Amperometry vs. Coulometry

Amperometric detectors presently have the advantage of being more
sensitive and less complex than coulometric detectors. But how can the
sensitivity be better if less material is converted? This is often true in
practice, because of the special geometry required to achieve complete
conversion in a flowing stream. As the electrode surface area is increased
to improve efficiency, each added increment of surface area contributes
proportionately less to the total amount converted, but approximately
equally to the background current from solvent, electrolyte, and electrode
breakdown. Coulometric cells tend to be somewhat awkward in design.
They involve electrodes made from beds of conducting particles or fibers
to increase the area-to-volume ratio and thus the conversion efficiency. In
general, coulometric cells are usually less satisfactory for routine use by
chromatographers.

Perhaps more important is the fact that the advantage of coulometry
for titrations and the like is not often realized in practice for chromatog-
raphy detection where sample preparation and injection are normally the
primary sources of error and relative measurements (internal and/or ex-
ternal standards) predominate. In any case, coulometric detection will only
provide an absolute measurement for completely resolved compounds.
Since one often cannot afford to operate with baseline resolution between
peaks (it takes too long and is unnecessary), the question of absolute
coulometric detection is academic. Nevertheless, coulometric detectors for
LC have been applied to some important problems, particularly by Dennis
Johnson and his students at Iowa State® ~®® and more recently by Poppe
and co-workers. %9

3.3.3. Cell Design

LC amperometric detection has been most widely used for applications
involving the trace analysis of organic components in complex biological
media. The active region of most amperometric detectors consists either
of a tubular electrode or a thin-layer cell. The latter has been more popular
in practice due to the ease of achieving a small volume (less than 1 ul) and
in accommodating a variety of electrode materials. Thin-layer cells have
been constructed with fluid flow strictly parallel to an electrode imbedded
in a rectangular channel®® or by directing the stream perpendicular to the
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surface followed by radial dispersion.®® A popular design of the former
type is illustrated in Figure 28. In this case the electrode surface is part of
the channel wall formed by sandwiching a fluorocarbon gasket (typically
50-125 pm) between two blocks machined from Plexiglas, Kel-F, or similar
engineering plastics.®® A variety of electrode materials can be used (plat-
inum, gold, glassy carbon, etc.); however, carbon paste has been found to
be most satisfactory for a number of important analytical applications
involving the oxidation of phenols, aromatic amines, and heterocycles.
Normally electrodes with diameters of 2-4 mm are used in these cells.

Figure 28. Thin-layer amperometric detector. (Reprinted from reference 114, courtesy
of the American Chemical Society.)
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3.3.4. Electrode Materials

Mercury has been the most widely used electrode material in electroan-
alytical chemistry. Its smooth, reproducible surface and high hydrogen
overvoltage are very attractive characteristics. Unfortunately, in using mer-
cury for LC/EC, a number of difficulties arise. First, at potentials greater
than approx. +0.2 V (vs. the saturated calomel electrode), mercury is
usually oxidized and thus the oxidation of most organic compounds is not
possible using this electrode material. Furthermore, the mechanical design
of a reliable low-dead-volume cell is quite difficult.

Platinum has been used to a limited extent, although it is not attractive
for general organic use in aqueous solutions, since adsorption or filming
of material at the electrode surface often makes frequent and careful
deaning necessary. These problems are less severe in nonaqueous solvents,
where platinum is often an ideal choice.

The most commonly used electrode materials in LC/EC are carbon
paste and glassy carbon. Carbon paste is made by mixing a fine graphite
powder with mineral oil (or another dielectric material) to obtain a paste.
This paste is then used to fill a small cavity facing into the flow stream.
Carbon paste has a fair potential range which can be moderately adjusted
by using different waxes or oils in the paste. In general, carbon paste is
used for oxidizable species and easily reducible species. The major advan-
tage of carbon paste is the relative freedom from surface filming. Usually
an electrode will last for weeks without resurfacing. Glassy carbon is ob-
tained as a solid rod which can be polished to a mirror finish at one end
and inserted into the flow stream. Glassy carbon has a good useful potential
range in aqueous solutions (+1.0 to —0.8 V) so that both oxidizable and
reducible organic species can be electrolyzed with this system. The glassy
carbon electrodes in current use are subject to adsorption problems, and
may have to be cleaned and polished frequently. The material also has a
reputation for not being reproducible from lot to lot. Hopefully these
difficulties will be overcome soon.

Because of the low currents encountered in trace analysis work it is
possible to operate an LC/EC cell in the classical two-electrode mode. When
three electrodes are used, the auxiliary electrode and reference electrode
can be placed downstream as illustrated in Figure 28. This arrangement,
while convenient, does result in nonlinear behavior when large samples are
injected (typically >200 ng for compounds with small k') unless the ionic
strength is very high or the gasket very thick. The nonlinearity arises from
an ohmic drop along the thin film of solution, which at high currents
causes the electrode potential to decrease. Positioning the auxiliary elec-
trode across the flow stream from the working electrode reduces the
uncompensated resistance to a negligible value even when low-ionic-
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strength (<10 mM) mobile phases are used. With a low uncompensated
resistance, the interfacial electrode potential is' not significantly influenced
by sample concentration and a wide linear range is obtained. Another
modification of the thin-layer detector cell involves the use of two identical
counterposed working electrodes to enhance conversion efficiency. Elec-
trodes are mounted in both the upper and lower blocks (see Figure 28)
and electrically connected to a single current-to-voltage converter.

3.3.5. Instrumentation

Although constant-potential amperometry using conventional three-
electrode circuitry is the only LC/EC approach which has been widely used
in practice, it is, of course, possible to carry out more sophisticated exper-
iments. There has been some interest in the possibility of programming
the potential during a chromatographic run using a triangular wave in the
manner of cyclic voltammetry. There are several reasons why this idea has
little practical merit. Steady-state hydrodynamic electroanalysis has the ad-
vantage of being relatively free of double-layer charging effects, and there
is no point indiscarding this very desirable feature. Furthermore, Faradaic
reorganization of electrode surface groups (particularly on carbon) is often
a slow process which wastes charge and leads to very significant background
currents when trace analysis is attempted with a ramp excitation. If “cyclic
voltammetry” is possible in an electrochemical detector, then the concen-
tration of analyte will be sufficiently great that a sample could just as easily
be collected and studied under stationary solution conditions using various
microcells.®®

Potential pulse experiments are far more practical than ramp excita-
tions due to the possibility of discriminating against background effects as
is done in pulse voltammetry.®® For example, repetitive waveforms using
several pulses of different amplitude can be used with sample and hold
circuitry to provide “simultaneous” multipotential chromatograms. It is also
possible to selectively detect components eluted together by using small-
amplitude differential-pulse techniques. Referring to Figure 29, B could
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Figure 29. Hydrodynamic voltammo-
grams for individual solutions of three
oxidizable substances. (Reprinted from
reference 114, courtesy of the American
Chemical Society.) [P
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be detected in the presence of C using a constant potential ( E), however,
B could not ordinarily be selectively detected in the company of species A.
A pulse train may be applied with the potential stepped between E; and E;
and the current sampled at the end of each half-cycle. If the difference in
the sampled currents is plotted, the response to molecule A will subtract
out and that to molecule B will be enhanced. An example of this approach
has recently been published by Swartzfager.®” For the reasons described
above, pulse experiments tend to have significantly reduced sensitivity
when compared to the constant-potential experiment. In most cases, simple
DC amperometry will provide the best performance.

Another approach to obtaining improved selectivity is to operate two
(or more) electrodes at different potentials at the same time, avoiding the
problem with pulsed waveforms.®® The several electrodes can be used
independently or downstream electrodes can be used to detect the products
from upstream electrodes. Although this concept works, it very likely will
never see widespread application to practical chromatographic problems.
As far as LC/EC is concerned, improved chromatography is always more
desirable than adoption of a more complex scheme for operation of the
detector.

3.4. Applications of Amperometric and Coulometric Detectors
3.4.1. Range of Applicability

In addition to being extremely sensitive, the electrochemical detector
is quite selective in that only compounds electroactive at a given potential
are detected. This feature can be viewed as either an advantage or disad-
vantage, depending on the analytical goal. For general use it is important
to have a detector which is sensitive to a large number of compounds. On
the other hand, when determining a trace component in a matrix as
complex as body fluid or plant material, detector selectivity is a great
advantage and can compensate for limited resolution by the chromato-
graphic column. Since the majority of organic compounds are not elec-
troactive in an easily accessible potential range, the electrochemical detector
is relatively selective. Fortunately, a large number of extremely important
compounds of biomedical and environmental interest are electroactive and
therefore can be studied by LC/EC.

The electrochemical properties of a molecule are most often deter-
mined by the nature of the electroactive functional groups in the molecule.
Electroactive molecules are either oxidizable, reducible, or both. One can
anticipate with reasonable certainty that all phenols, aromatic amines, qui-
nones, imines, and nitro compounds will be electroactive. Often the be-
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havior of different molecules bearing the same electroactive function will
be quite similar, and therefore voltammetric studies may not be necessary
prior to setting up an electrochemical detector.

When determining whether or not a particular compound can be
successfully analyzed by LC/EC, it is not sufficient to know that the com-
pound can react electrochemically. The type of electrode surface, nature
of the solvent, and relative ease of oxidation or reduction must be carefully
considered, before one can be sure that such an analysis is feasible. Perhaps
the most important consideration for trace analysis is the relative contri-
bution which can be expected from the background current under a given
set of conditions. In general, detection limits are lower for more easily
oxidized (or reduced) substances, since these can be determined at poten-
tials well inside the available potential window (see Figure 27).

There are special experimental problems associated with the LC/EC
detection of trace amounts of reducible substances such as nitro com-
pounds, nitrosamines, and imines. Reduction of dissolved oxygen, trace
metal ions, and hydrogen ions can be difficult to eliminate. Although these
problems (which lead to high background currents) can certainly be over-
come, most practical applications which have been published involve oxi-
dizable components. This trend may eventually be mitigated by recent
improvements in electrode materials.

3.4.2. Recent Applications of LC/EC

The detector design schematically shown in Figure 28 was originally
developed®? in response to the need for a convenient method for deter-
mination of trace amounts of tyrosine metabolites in tissue samples and
body fluids. The initial applications were directed toward measurement of
catecholamines in small-animal brain tissue. Recently a number of im-
proved methods have been developed for these molecules and their me-
tabolites in brain®® and urine.*%

Figure 30 illustrates the power of amperometric detection for selective
detection of easily oxidized components.”*? Homogentisic acid (2,5-dihy-
droxyphenylacetic acid, HGA) is an important compound in the primary
catabolic pathway for tyrosine in ‘man. In the LC/EC determination of
HGA in serum (Figure 30), it is clearly advantageous to operate the detector
at a low potential (+0.45 V) where possible interferences are less reactive.
This degree of selectivity is rarely possible with a UV absorption detector
since the electronic spectra of aromatic compounds are broad and are
usually less sensitive to variation in substituents than is the oxidation po-
tential.

Amperometric detection is broadly applicable in biomedical and phy-
tochemical research, largely because of the predominance of aromatic
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Figure 30. Determination of
homogentisic acid in serum at
100 ng/ml, illustrating the influ-
ence of electrode potential. Two
7-ng samples were injected. The
electrode potential was +0.75 V
(upper trace) and +0.45 V (lower
trace). Vydac SAX column (50
cm X 2.1 mm) with 0.5 M pH 4
acetate buffer as mobile phase
(0.2 ml/min). (Reprinted from
reference 101, courtesy of the
American Chemical Society.)

hydroxylation in small-molecule metabolism. Many biochemicals, phar-
maceuticals, food additives, pesticide residues, industrial antioxidants, plant
phenolics, and so forth are also ideal candidates for LC/EC methods de-
velopment. Simple aromatic amines and their derivatives (e.g:, hydroxyl-
amines, amides, quinoneimines, etc.) represent another large class of im-
portant molecules of scientific and commerdial interest. Most of these are
not well suited to GLC, but can often be handled with ease by the LC/EC
technique. Many important compounds have been studied including as-
corbic acid ****¥; acetaminophen“®”; cysteine, glutathione, and penicillam-
ine®®; chlorogenic acid'; diethylstilbestrol**”; benzidine**®; folic acid,

vitamin Bg, indoleacetic acid, kynurenic acid, and 5-hydroxytryptamine®”;
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pentachlorophenol®'?; the parabens!?; tetrahydroisoquinoline alka-
loids!'?; and the phenothiazines.®”

A frequently encountered problem in the use of LC for trace analysis
is the positive identification of a trace constituent. Figure 31 illustrates a
chromatogram of a human urine extract which was optimized for detection
of 3-methoxy-4-hydroxyphenylethanolamine (normetanephrine, NM), me-
tanephrine (M), and 3-methoxytyramine (3-MT). Tyramine (T) and sero-
tonin (5-hydroxytryptamine, 5-HT) were also carried through the isolation
procedure. Because most LC/EC determinations involve nanogram
amounts of injected material, it is virtually impossible to obtain spectral
information on collected fractions. It is therefore useful to carry out the
measurement under at least two substantially different chromatographic
conditions. Quantitative agreement between two such sets of data is excel-
lent support for the absence of significant interfering components. In our
laboratory, we also use TLC for this purpose. If a preliminary TLC step
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Figure 31. Chromatogram of an extract

of a urine sample from a healthy individ-
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(see Section 1.2.) does not change the results, it is likely that the peak(s) of
interest are not representative of more than one substance.

Additional confirmation can be obtained by plotting hydrodynamic
voltammograms for individual chromatographic zones. The curves are
constructed by making repeated injections of a specimen extract at differ-
ent potentials and plotting the peak current (i.e., peak height) vs. the
applied potential. In order to facilitate comparison of the voltammogram
with that for a standard, it is useful to ratio all the recorded currents to
that measured at the most extreme potential. The resulting normalized
current functions (¢) for standards and sample zones were plotted for all
peaks identified in Figure 31. Excellent agreement was obtained, as illus-
trated in Figure 32 for tyramine.

3.4.3. Reaction Detectors Based on LC/EC

The limitations of amperometric and coulometric detection can be
overcome in some cases by the use of post-column reactions.”"' A reagent
may be mixed with the column effluent in order to convert the sample
components into electroactive molecules. More commonly, a change in the
reagent itself is measured. Sulfhydryl compounds are difficult to oxidize
at graphite electrodes, but they reduce ferricyanide with ease. It is therefore
possible to detect sulfhydryl compounds (e.g., penicillamine, cysteine, and
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Figure 32. Hydrodynamic voltammograms of authentic tyramine standard (@) and urine
extract (O). The normalized current function (¢) for each case (described in the text) is
plotted versus the detector potential. (Reprinted from reference 100, courtesy of the
American Association for Clinical Che'mistry.)
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glutathione) by reaction with ferricyanide and detection of the resulting
ferrocyanide. %

Reaction: RSH + Fe(CN)g>~— RS: + Fe(Cn)g*™ + H*
Detection: Fe(Cn)g*™ — 1e~— Fe(CN)s*~

This concept will work with a large number of compounds due to the
disparity between thermodynamic E°values and half-wave potentials. Many
organic compounds react slowly at electrode surfaces and therefore exhibit
“irreversible” voltammetric waves at potentials (E;j;) far in excess of the
standard potential (E°). Because of this situation, many seemingly ideal
candidates for LC/EC cannot be detected with adequate selectivity in com-
plex samples. Fortunately, the homogeneous redox reactions of many of
these same compounds can be made to be quite rapid by using transition-
metal oxidants. The reduced form of these reagents often oxidizes readily
(“reversibly”) at an electrode. The over-all result of this chemistry is to shift
the required detector potential to a value where better selectivity and
sensitivity can be anticipated.

Phenols and unsaturated compounds (e.g., prostaglandins) can be
determined in a two-stage electrochemical reaction detector. The com-
pounds are reacted with coulometrically generated bromine followed by
amperometric detection of the bromine thus consumed. Perhaps the sim-
plest “reaction detector” for LC/EC is one in which the reagent is mixed
with the mobile phase for purposes of changing the pH and/or ionic
strength to enhance sensitivity. It is also possible to use post-column mixing
to permit the chromatography to be carried out with purely organic mobile
phases of very low dielectric constant. A miscible solvent containing a
supporting electrolyte is added just prior to the detector cell. *'® Research
in this area is just beginning, with initially encouraging results. The addi-
tional complexity of post-column reactions always detracts somewhat from
the convenience of direct measurement of mobile-phase constituents. On
the other hand, the added selectivity and/or sensitivity can be important
advantages for certain analytical problems.

Some of the material presented above has been briefly discussed in an
earlier report."' A comprehensive review of the history, theory, and
applications of electrochemical detectors will be published elsewhere.'®

4. Vapor-Phase Detection Schemes

4.1. Introduction

The most extensive advances in chromatographic detectors have been
made in gas-liquid chromatography. The development of such sensitive
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devices as the electron-capture detector and the chromatograph-coupled
mass spectrometer have revolutionized the breadth of the gas chromato-
graph in analytical problem-solving. Accordingly, the versatility of gas-
phase detection schemes in GLC has inspired a number of investigators to
extend these techniques to liquid chromatography and eliminate some of
the deficiencies in present LC detectors. Although some of the LC schemes
mentioned below have no GLC counterpart, most will be recognized as
simple modifications of existing GLC detectors. All involve the physical
transformation of the liquid LC effluent to the gas phase prior to or at the
time of detection.

Gas-phase LC detectors have not enjoyed widespread popularity. A
few are commercially available, but most still remain within the haunts of
academia. Although the reasons for this poor showing are varied and
depend on the detector, general problem areas exist in all past approaches.
Major obstacles include:

1. In total-volatilization schemes, the liquid effluent must undergo
expansion to a volume 1000-10,000 times that originally occupied.
During this process zones may become broadened or distorted.
Alternate designs employ effluent “splitters” that funnel only a
certain percentage (1-20%) of the liquid flow into the detector.
Although large gaseous volumes are avoided, splitters obviously
reduce sensitivity.

2. Nearly all gas-phase LC detection methods pass the totally vapor-
ized effluent to the detector without attempting prior removal of
mobile phase. The actual process of detection, therefore, is largely
solvent-mediated and -controlled. In comparison to GLC, the
higher relative proportions of solvent to solute molecules in LC
particularly accentuate this effect. In LC/MS, for example, the
mobile phase may act as the chemical ionization reagent and largely
determines the mass spectrum. Gradient elution techniques are
therefore difficult to implement. Another case in point is the LC
electron-capture detector. The quenching effect of large popula-
tions of solvent molecules on the standing current is chiefly re-
sponsible for the 100-fold decrease in sensitivity of the device rel-
ative to its GLC cousin. It will be seen in other examples as well
that the mobile phase is largely responsible for the disparities in
performance between the LC and GLC versions.

3. Contrary to GLC, where monoatomic gases are often used for the
mobile phase, in LC the differences in physical properties between
analyte and mobile phase are often much less distinct. The business
of devising suitable “separators” for analyte enrichment analogous
to those in GC/MS consequently becomes quite complicated. “Mov-
ing-wire” approaches (see Section 4.2.4) claim complete removal of
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mobile phase while leaving isolated solute behind but only provide
workable results when the solute is much less volatile than the
solvent. In cases where mobile phase and analyte are of comparable
volatility, the selectivity of these separators for the latter is minimal.

4. Vapor-phase techniques work best with volatile, nonpolar mobile
phases (such as hexane or chloroform). Polar solvents, particularly
water or aqueous buffers, cannot be used in the majority of these
approaches. A further problem lies in the inability of gas-phase
detectors to cope with dissolved salts. Vaporization of buffers, for
example, leaves behind salt deposits in the detector interface that
eventually disable the entire system. These obstacles generally pre-
clude their application to all ion-exchange and a significant portion
of reverse-phase separations.

5. The costs of engineering and manufacture of these devices are

" fairly steep, with some units requiring an investment of $30,000 or
more for detector alone. In spite of the cost, the mechanical com-
plexity of many designs reduces their reliability for routine analysis.

4.2. Detector Designs: Principles and Applications

In spite of the above problems, a number of useful but limited LC
detectors have emerged utilizing post-column volatilization. As with any
new instrumental device, many reports are simply small modifications of
established designs; it is our intent to discuss only those approaches that
warrant mention for their versatility or usefulness.

4.2.1. Coulson Electrolytic Conductivity Detector

As an element-selective detector (primarily for N, S, and halogens),
the Coulson electrolytic conductivity detector (CECD)*® was first proposed
in 1965 for use in gas-liquid chromatography and soon found extensive
use in the GLC analysis of heteroatom-rich pesticides. However, in many
situations, assay by GLC was not possible due to the nonvolatile or thermally
labile character of these compounds. It appeared that liquid chromatog-
raphy could be the solution in dealing with these substances if a similarly
selective detector were available. A relatively simple interface™'” was de-
signed to bridge the gap between the liquid chromatograph and a com-
mercial GLC Coulson electrolytic conductivity detector, as illustrated in
Figure 33. Liquid effluent (in this case, aqueous methanol) is quickly vol-
atilized by passage through a 900°C furnace and then mixed with a con-
centric sheath of preheated hydrogen gas. The mixture is carried into a
hot quartz pyrolysis tube farther down-line where the reductive nature of
the gaseous hyarogen atmosphere converts S, N, and X (halogen) atoms
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Figure 33. Details of interface to standard Coulson electrolytic conductivity detector.
(Reprinted from reference 117, courtesy of the American Chemical Society.)

in the system to the corresponding gas-phase H,S, NH;, and HX. The
gaseous reaction products are finally mixed with a previously deionized
circulating water or water/alcohol solution and then passed into a standard
CECD cell where changes in electrolytic conductivity due to ionized H,S,
NHj;, and HX are measured between platinum electrodes in an AC con-
ductance bridge circuit. Since detection is a multistep process, it is not
surprising to note that optimization strongly depends on such conditions
as the nature of the pyrolysis gas, the furnace temperature, and the pres-
ence of a catalyst in the pyrolysis tube (necessary for production of am-
monia from N-containing compounds). The system as reported was optim-
ized for organochlorine compounds, but it is not unlikely that conditions
for N-, S-, and P-containing compounds could also be devised. Simple
modifications of the operating conditions extend its versatility. Malissa et
al.,"*® for example, devised a similar approach for determining sulfur in
organic solvents by nebulizing the LC effluent in an oxygen atmosphere
to produce SO, and finally H,SO;.

For many pesticides and their natural conversion products, the scheme
may be a viable alternative to mass-spectrometric and electron-capture
methods. Detection limits of approx. 50 ng for heavily chlorinated lindane
(k' ~ 1.5) and a linear range of about 10° have been reported."'” The
device has great mechanical simplicity and would not appear difficult to
service. Nevertheless, direct volatilization approaches intrinsically display
certain weaknesses. The massive quantities of mobile phase that must pass
the orifice and become volatilized often fail to do so cleanly and eventually
dog the inlet. This drawback usually stipulates limiting flow rates into the
detector to 0.5 ml/min or less. For higher LC elution rates, effluent splitters
would be necessary. As suggested by the authors, the more sensitive Hall
electrolytic conductivity detector design'® could alleviate many of these
deficiencies, particularly in regard to sensitivity.
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4.2.2. Photometric Vapor-Phase Techniques

Atomic Absorption. The analytical problems of organometallic chem-
istry, particularly those concerned with the role of chelation in biological
chemistry, could benefit from the development of specific metal-ion detec-
tion schemes in LC. A fresh approach in LC detectors was taken by Jones
and Manahan,"®~'*® who, by direct connection of the column effluent
tube to the nebulizer of a standard atomic absorption spectrophotometer
(AA), effected a very simple interface. Mobile phase from the LC contain-
ing the free or chelated metal ions of interest is passed directly into the
AA, readied at the spectral line of interest. The narrow bandwidths of
atomic absorption transitions ensure adequate specificity for the particular
metal ion desired. Extensive matrix cleanup procedures are usually not
required. This detector would appear to be ideally suited to the selective
determination of organometallics as well as those substances which can
undergo “derivatization” via chelation. UV-absorbing solvents may be used
without concern about the effects of high background, thereby adding to
the variety of elution conditions possible for achieving a given separation.
Spectrophotometric grade solvents and elaborate mobile-phase preparation
are also not necessary.

The influence of the nebulization efficiency of the burner, the free
atom population in the flame, and the variation in flame temperature with
LC flow rate all interact to determine the maximum sensitivity attainable.
Increasing mobile phase flow rates, for example, will quench the flame and
produce a smaller free atom fraction, but will also deliver more analyte to
the AA per unit time. In general, solutions containing metals in the 1-10
pg/ml range (or greater) may be analyzed. The utility of the system is
demonstrated in Figure 34 with the detection of EDTA, NTA, EGTA, and
DCTA copper chelates on an anion-exchange system. The authors esti-
mated detection limits at ~13-450 ng injected, depending on the chelate’s
capacity factor and its behavior in the flame.

Flame Emission. With the advent of atomic absorption principles in
LC detection, it was not surprising to see flame-emission techniques also
being devised. Freed outlined a modular on-line approach®*® in which LC
effluent was aspirated directly into the flame. The emission spectrum was
optically monitored with a monochromator, photomultiplier tube, and as-
sociated amplifier electronics. The major advantages of this detector in-
cude virtual elimination of spectral overlap problems and less stringent
conditions for chromatographic resolution of matrix constituents from the
ions of interest. Mobile phase flow rates, however, must be closely matched
to the normal aspiration rates of the burner; if too high, the flame is cooled
with subsequent loss in sensitivity. Lower flow rates starve the flame and
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Figure 34. Separation of four chelating agents as Cu(II) com-
plex: (1) Cuy(EGTA), (2) Cu(NTA)", (3) Cu(EDTA)*", (4)
Cu(CDTA)?*". Column: Aminex A-14 anion exchange resin, 5
cm X 2.1 mm (ID); detector: atomic absorption. (Reprinted
from reference 121, courtesy of the American Chemical
Society.)

likewise decrease performance. The system is, of course, necessarily sample-
destructive.

Julin et al."*® followed a similar approach in the development of a
selective flame-emission detector for sulfur and phosphorus in LC effluent;
their system, however, entailed the design of a special burner (see Figure
35) to handle flow rates from the LC of up to 2 ml/min. Effluent is
nebulized and mixed with H, and N, to give a cool flame which may be
selectively monitored by a simple filter monochromator and PMT. About
one quarter of the nebulized effluent actually reaches the flame for emis-
sion. A cool flame was required to avoid breakdown of the emitters in this
specific application. Phosphorus and sulfur were observed from the emis-
sions of the HPO and S, species at 526 and 383 nm, respectively. Sensitivity
for P was about 107™® g of phosphorus/ml of effluent; sulfur measurements
were an order of magnitude less sensitive.

Many of the previously mentioned limitations of aspirator interfaces
apply here as well. Burner gas flow rates must be carefully regulated to
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avoid noise and baseline drift and maintain steady flame temperature.
Organic solvents (even 1% aqueous methanol) and metal ions cause an
unpredictable decrease in phosphorus emissions. The detector appears
best suited for aqueous ion-exchange and reverse-phase separations.
Gas-Phase Chemiluminescence. Initially developed for use in GLC, the
so-called “thermal energy analysis” detector described by Fine and co-
workers"?® for N-nitroso compounds has been modified for use with LC
effluent.**” The selectivity of the device depends on the relatively weak
nature of the N-nitroso bond and involves the following mechanism:

R—N—NO (gaseous)— RN- + NO-
NO' + 03-'> NO; + 02
NO; = NO; + hv

Under relatively weak pyrolysis conditions, the N-NO bond is split to
liberate the nitrosyl radical which then reacts with ozone to produce elec-
tronically excited nitrogen dioxide. As the NO, decays back to the ground

Figure 35. Flame emission burner and associated optics. (Reprinted from reference 125,
courtesy of Elsevier Scientific Publishing Co.)
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state, radiation in the 0.6- to 3.0-um region is released. The mechanism is
implemented as shown in Figure 36. Nozzle-atomized LC effluent enters
as sample into a heated quartz pyrolysis tube packed with catalyst. The
ruptured free radical is subsequently swept into an evacuated reaction
chamber filled with ozone to yield chemiluminescent nitrogen dioxide.
Since the emission intensity is directly related to the N—NO content, the
response is nearly independent of the compound’s over-all structure.

The LC/TEA system responds to N-nitroso compounds, organic ni-
trates and nitrites, and some inorganic nitrites. As the detector is not 100%
selective to N-nitroso substances, users must be aware of these false positives
and guard against them with sufficient chromatographic resolution. Some
substances such as sodium nitrate must be avoided entirely, as they slowly
decompose over several hours to disrupt baseline response. Relative to the
GC detector, the LC system is about three orders of magnitude less sen-
sitive, presumably due to the collision deactivation of NO; by the large
number of mobile-phase molecules. Detection limits are reported to be 20-
50 ng of injected N-nitroso compound. At present, the greatest drawback
to the detector is its complexity and cost (approx. $30,000). Its inherent
selectivity, however, may allow a sizable savings in time otherwise spent in
more extensive sample preparation.

A fturther application of LC/TEA extends the detector’s range to
include organic nitrogen compounds.”*® The only major modification
involves replacement of the pyrolyzer with a combustion chamber in which

Figure 36. Schematic of the thermal energy analyzer. Atomized LC effluent enters at
sample inlet on left. (Reprinted from reference 126, courtesy of the American Chemical
Society.)
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LC effluent is mixed with oxygen and burned at 1000°C to produce CO,,
H;0, and NO. Major restrictions include detector flow rate limitations of
0.1-0.5 ml/min and the inability to use N-containing organic solvents for
mobile phases. About 100 pg of organic nitrogen could be detected for
weakly retained substances, at least two orders of magnitude more sensitive
than the expected limits using an electrolytic conductivity cell optimized
for total nitrogen.

4.2.3. UV Photoionization

An alternative detection approach suggested by Schmermund and
Locke"*? utilizes selective ionization of vaporized LC effluent under vac-
uum UV radiation to produce a measurable ion current. The detector is
represented in Figure 37. The totally vaporized mobile phase (transformed
from the liquid state by an on-line low-dead-volume heater assembly) enters
at the bottom and passes down a set of concentric electrodes mounted
axially to the high-vacuum UV discharge lamp. Although this orientation
maximized the effectiveness of the ionizing radiation, the process yielded
an ionization efficiency of only 107%.

Only those substances with an ionization potential less than the energy
of the ionizing UV radiation will give rise to a detectable increase in ion
current. Luckily most solvents employed in LC mobile phases have ioni-
zation potentials greater than the energies emitted by the UV lamps and
therefore pose no problem in causing significant background currents.
Such an attribute can be highly desirable in gradient elution techniques.

Figure 37. Diagram of photoionization detector. (Redrawn from reference 129, courtesy
of Marcel Dekker, Inc.)
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Minimum detectable concentrations in the effluent on the order of
107® g/ml and a linear range of 10° were reported. At present the design is
still in its infancy; the potential benefits to analytical problem-solving are
yet to be demonstrated.

4.2.4. Flame Ionization

A recurring problem in all of the vapor-phase approaches described
so far is the deleterious presence of both solute and mobile-phase molecules
during detection. In some cases the response from analyte can be severely
attenuated due to the overwhelming proportion of solvent molecules pres-
ent. In the chemiluminescent nitric oxide-ozone reaction employed in
thermal energy analysis, for example, the presence of gaseous mobile-
phase molecules can reduce the desired emission intensity. Obvious entan-
glements ensue if both solute and solvent yield a positive response; back-
ground effects, particularly with gradient elution techniques, become pro-
hibitive.

The apparent solution to these problems'would be the total fraction-
ation of solute from the mobile phase. Without solvent to interfere, the
solute could be chemically or physically manipulated in any manner so
desired for detection. This attribute forms the central theme of the so-
called “solute transport” class of detectors. In these systems, effluent from
the LC is applied by drop, continuous stream, or spray to a moving
transport carrier. Usually a belt, chain, or wire, the carrier conveys the
sample to sequential stations where the mobile phase is evaporated—leaving
only solute—and the residual analyte then detected farther down-line. Nearly
all such systems employ flame-ionization sensors.

Most transport detectors have been based on the early prototypes
developed by Haahti and co-workers."®” Their important features are
exemplified in Figure 38. In this particular design,”3? a stainless-steel wire
serves as the transport medium for passage through different oven stages
and a FID. As a preliminary step, the wire is heated in a nitrogen atmos-
phere to remove contaminants and reduce standing noise levels. Effluent
is then coated onto the wire by placing its path in very close juxtaposition
to the liquid exit. The thin film of solute and mobile phase on the transport
passes into a heated evaporator. Since the mobile phase is more volatile than
the solute in most separations, it can therefore be differentially removed
in the evaporator prior to the wire’s passage into the flame ionization
detector unit. A tubular oven held at 600-700°C farther along pyrolyzes
the remaining solute to fragmentation products which are subsequently
swept by nitrogen into the flame-ionization detector. Several obstacles,
however, precluded the widespread use of the detector. Mechanical diffi-
culties in maintaining optimum operating conditions, noise problems due
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Figure 38. Normal wire transport flame ionization detector. LC effluent is applied to
wire at coating block. (Reprinted from reference 132, courtesy of Preston Publications,
Inc.)

to wire transport speed variations, and its failure to adequately detect
highly oxygenated compounds led to its demise. Pyrolysis efficiencies were
often quite low, usually amounting to only a few percent of the solute mass
coating the wire. Maximum sensitivities of about 4 ug/ml in the effluent
were possible. With respect to an injected sample, this sensitivity is quite
poor.

An alternate design*® replaces the pyrolysis oven with an oxygen-
rich oxidation unit maintained at 800°C. The modified unit is shown in
Figure 39. Instead of pyrolysis, solute is combusted to completion to yield
carbon dioxide and water; the products are swept over a specially prepared
nickel catalyst in the presence of hydrogen gas to form methane. The
methane is finally detected by the FID. Since combustion affords more
complete removal of solute from the wire than pyrolysis, the minimum
detectable concentration in the effluent accordingly decreased to 1 pg/ml
levels (again in the effluent). Another advantage is the predictable, pro-
portional response of the system to organic carbon in the sample. Probably
the greatest strength (or weakness, depending on viewpoint) is its applic-
ability to nearly all classes of relatively nonvolatile compounds. For samples
such as lipids, fats, carbohydrates, and polymers, which do not fluoresce
or absorb UV -visible radiation, solute transport detectors may be compet-
itive for the detection of microgram amounts.

(132)
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Figure 39. Modified flame ionization detector. (Reprinted from reference 132, courtesy
of Preston Publications, Inc.) '

A number of modifications for improving the performance of the
flame-ionization detector have been proposed, usually as a direct outgrowth
of some mechanical or physical problem in keeping the device operable.
A major problem centers on the uniform application of effluent on the
transport carrier. The physical separation of sample into irregular “pools”
during coating and the coalescence of wet retreating solute as the sample
approaches the hot evaporator all contribute to its random noise. The
latter effect is thought to be responsible for the “spiking” phenomenon
which shows up as a series of sharp spikes superimposed on the over-all
elution profile. Dispersion of LC effluent as a “semidry” atomized spray
reduced coalescence phenomena to some extent,*® but does not appear
applicable to all mobile phases. Transport systems are also plagued by low
coating efficiencies. Investigators have proposed other solute carriers,
namely chains,"®* porous-coated wires,"® rotating disks,*****” and helical
encapsulated cable.®**'*® At present, the latter approach appears most
successful, both in eliminating spiking and in allowing higher sample-coat-
ing capacity on the wire. This modification permitted 25 ng of triolein to
be detected in an actual chromatographic separation."*” It has been sug-
gested that the problems of uneven coating and poor coating efficiencies
with wire transport detectors might be solved by using an electrostatic
spray-painting technique, whereby a potential difference would be applied
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between the effluent nozzle and the moving wire.™*? Effluent would be
attracted to the wire uniformly by electrostatics.

The choice of a particular mobile phase for the chromatography may
be contradictory to the requirements for solute and solvent volatility in
these detectors. If a separation necessitates using a polar solvent or ionic
buffer, for example, it may not be possible to leave the solute intact on the
carrier during the more vigorous conditions required for the evaporation
of that mobile phase. Buffer salts are troublesome since they remain on
the wire throughout the process.

4.2.5. Electron Capture

For the analysis of nonvolatile pesticides and their ubiquitous residues,
the applicability of an electron-capture detector to liquid chromatography
could be a productive development. To date, two designs have been pro-
posed. The first involves a moving-wire approach*? as described in the
preceding section and therefore will not be discussed here. The other
design,™® shown in Figure 40, avoids a transport system entirely and
rather employs total vaporization of the effluent in heated transfer tubing.
As vaporization occurs, the expansion forces the gaseous mobile phase into
a small chamber fitted with a ®Ni B-emitter. The minimum detectable
concentration for aldrin is approx. 1 X 107'° g/ml of effluent. When
compared on an equivalent basis to GLC designs, the performance of the
LC electron-capture scheme is approximately two orders of magnitude less
sensitive, presumably due to the overwhelming presence of mobile-phase
molecules in reducing the probability of e~ capture by solute. Flow rates
of up to 3.5 ml/min, however, can be tolerated in the detector if extreme
sensitivity is not required. The greatest restriction of the electron-capture
detector is the limited choice of mobile phases. Obviously, such solvents as
chloroform and carbon tetrachloride are ineligible. Some polar solvents
may be used, but only in dilute (1-5%) solutions of saturated hydrocarbons.
Most of the separations demonstrated so far have required a solvent such
as n-hexane as the mobile phase. A major advantage of the electron-capture
detector is its selectivity for compounds that contain- halogen and nitro
functional groups. This feature is exemplified in Figure 41, where the UV
and electron-capture traces for the separation of nanogram amounts of
two nitrated toluene isomers are presented.

4.2.6. Liquid Chromatography/Mass Spectrometry

For trace organic analysis, the universal liquid chromatography detec-
tor remains a Pandora’s box. Chromatographers, in their desire to design
a detector that can sense any component, often fail to realize that it will
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Figure 40. Schematic diagram of liquid chromatograph interfaced to electron capture
detector. (Reprinted from reference 143, courtesy of Preston Publications, Inc.)

usually detect all substances as well. More often than not, the analytical
sample is sufficiently complex that even the most efficient chromatographic
column is incapable of resolving all the components present. With a uni-
versal detector, the peaks of interest—perhaps a drug and its metabolites—
may be so obscured by the background of the sample matrix that even
qualitative information could be highly suspect. The analyst must then
reconsider his approach and search for more selective methods of detec-
tion.

Even in specific techniques, the issue of unequivocal peak identification
remains a major obstacle. Often peak identities are based only on the
capacity factor which is determined by injecting a known standard. Obvious
difficulties arise in scaling up this limited identification method to complex
mixtures of unknown composition.
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The ideal LC detector would have subnanogram sensitivity, a tunable
selectivity for all molecules, and a wide linear dynamic range. In addition,
the detection should be accompanied by positive identification of the sam-
ple component. This system might eventually be derived from a combi-
nation of liquid chromatography plus mass spectrometry (LC/MS). LC
would provide optimum separation and MS would provide sensitivity and
specific structural information.

The principal problem in coupling an LC to a mass spectrometer
occurs at the proposed interface, since there is apparently no simple way
of modifying the LC effluent stream for introduction into the low-pressure
ion source of the mass spectrometer. The problem is analogous to that
faced earlier in the development of gas chromatograph-mass spectrome-
ters (GC/MS). In GC/MS a liquid sample is volatilized in the injection port
prior to chromatography. The purpose of the interface is to enrich the
solute relative to the mobile phase during an over-all pressure reduction
of a continuously gaseous sample. With LC/MS, a phase change must occur
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at the interface to the mass spectrometer. The excess of vaporized mobile
phase is a greater problem if solute enrichment is to be achieved, since LC
solvents are of higher molecular weight and therefore harder to separate
by diffusional processes (vs. GC carrier gases such as H, or He).

Most papers in the field of LC/MS are concerned with the solution of
these two problems in the design and operation of a suitable interface. In
all of the interfaces described below, it should be remembered that the
primary problem is in achieving enrichment of solute during an over-all
phase change from liquid to gas.

Four main types of LC/MS interfaces have been developed: (1) flash
evaporation of solvent on a solid probe followed by periodic introduction
of the probe into the ion source of the MS, either manually™*® or me-
chanically™®; (2) a continually moving wire or belt™*"**® upon which the
eluate is coated, the solvent evaporated, and the resulting solute passed
directly through the ion source, on the carrier; (3) direct introduction of
the eluate into a chemical ionization mass spectrometer via a capillary
tube***159; and (4) atmospheric-pressure ionization,**""1*® whereby the LC
eluate is vaporized by preheated carrier gas and passed into an ionizing
source external to the low-pressure region of the MS where ®*Ni foil or a
corona discharge causes ionization. The solid-probe approach in on-line
LC/MS has largely fallen from use and will not be discussed further in this
review.

Moving Wire. The LC/MS moving-wire (or belt) interface basically
shares the same transport system as the flame ionization detector discussed
in Section 4.2.4. The most significant advantage of these systems is their
freedom from mobile-phase effects in MS. Solvent-mediated fragmentation
processes are no longer a factor. The analyst can employ electron impact
or chemical ionization techniques at his discretion. The earliest design
along these lines was offered by Scott and co-workers,™*” who adapted a
commercial FID transport system for travel through the mass spectrometer
ion source. A small current passed through the transport wire is responsible
for the thermal desorption of the solute from the wire into the ion source.
The performance of the device, however, prohibits its use in trace organic
analysis. Most of the separations reported using the detector required
samples on the order of 1 mg!

The Finnigan LC/MS interface™*® is probably the best variation on the
moving-wire theme. The major improvements, illustrated in Figure 42,
include an infrared reflector for accommodating increased solvent flow
rates and a flash vaporizer. A cleaning element after the ion source recon-
ditions the metal belt prior to another round of coating on the next
revolution. Depending on the polarity of the mobile phase, flow rates from
0.2 to 2.0 ml/min can be tolerated. Sensitivity under actual chromatographic
conditions varies with the background spectrum. Solvent residues remain-
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Figure 42. Finnigan LC/MS interface. Moving belt serves as transport carrier for solute.
(Reprinted from reference 148, courtesy of Finnigan Corp.)

ing on the carrier may increase noise in the 100-300 atomic-mass-unit
region to the extent that detection limits may rise as high as several hundred
nanograms for a full scan. At higher mass values, this background problem
is less severe and detection limits for injections of 50 ng of solute or less
can be achieved. With selected ion monitoring, subnanogram sensitivity is
attainable.

Direct Inlet Sampling. McLafferty et al. *****® have developed systems
representative of the third class of interface. Direct introduction of the LC
effluent via a capillary tube into a chemical ionization (CI) mass spectrom-
eter allows solution to continuously enter the source at about 1% of the
normal effluent flow rate. The detection limits for the 1% split ratio are
about 1-10 ng of injected solute, and 10-100 pg have been detected on
direct injection. As Figure 43 shows, effluent is partitioned between the
LC detector and the MS capillary inlet by a needle valve. The Teflon
capillary structure is surrounded by vacuum, and the capillary is constricted
at the CI source to give suitable flow. The whole structure fits into the
opening made for the solid sample probe. The entire system has been
coupled to a laboratory minicomputer.

Obvious advantages to this design are the lower detection limits, the
nondestructive nature of the system, and the relative ease of adapting the
interface to commercial mass spectrometers. The disadvantages in this
design are physical rather than mechanical. Compounds with insufficient
vapor pressure for the chemical ionization technique are not detectable.
Also, flow rates greater than 10 ul/min can cause high-voltage breakdown
in the ion source. In general, this system cannot accept buffers used for
ion-exchange or reverse-phase chromatography except at very low ionic
strengths. Finally, the mass spectrum is heavily dependent on the solvent
employed, since the solvent acts as the agent for chemical ionization. This
is not a major disadvantage, as such effects can usually be predicted using
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model compounds. However, in cases when gradient elution is desired, the
composition of the solvent (and therefore the chemical ionization reagent
gas) is continually in a state of flux during separation. As a result the
spectrum is changing so that the predominant quasi-molecular ion might,
for example, change from MH* to M—H™*. Chemical ionization also, by
nature of the technique, yields little structural information; electron impact
would be the desired mode for any determination of structure.

Atmospheric-Pressure Ionization (API). Work in this regard has been
carried out by the Hornings and co-workers. *****? In spite of complications
and difficulties to be discussed later, this type of system has been proved
to be the most sensitive under optimum conditions.

The basic schematic of the API-LC/MS is given in Figure 44 and one
version of the API source itself in Figure 45. Eluate is passed through a
UV detector and then fed into a heated (275°C) vaporizing chamber, while
being intermixed with preheated carrier gas (usually N,). This aids in
vaporization and also serves for CI reactions in the API source. The vapors
are then passed into a 0.025-cm® chamber where the B-emitting ®Ni foil
is placed. The latter source extends the linear dynamic range of the de-
tector into the microgram region. Subsequent electron-molecule collisions
produce the ions, which then diffuse through a 25-um pinhole to the mass
spectrometer focusing elements. It is important to remember that only
after the ions pass through the aperture do they enter a low-pressure
region. :

The complicated aspect of the system is the interpretation of the

Figure 44. Block diagram of LC/MS system using atmospheric pressure ionization. (Re-
printed from reference 151, courtesy of Elsevier Scientific Publishing Co.)
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Figure 45. Diagram of corona discharge atmospheric-pressure ionization source. The
electrode is positioned in close proximity to the sampling aperture leading to the low-
pressure region of the MS. (Reprinted from reference 152, courtesy of the American
Chemical Society.)

spectra produced. Due to the possible variety of conditions inside the
source, a complex series of ion—-molecule reactions can occur for a relatively
simple situation. Also, the particular ion output for the same chemical
system is a sensitive function of such factors as the ionization chamber
temperature, various component concentrations, and the chemical prop-
erties of the material in the gas phase.

Overall, the advantage of API is its great sensitivity. Sample size can
be limited to the picogram level in an ion-monitoring mode. Disadvantages
include the greater variability of operational conditions and the greater
number of background ions present. This solvent mediation could pose a
large problem for widescale use of the system, since establishment of a
known and stable background would be impossible when using gradient
elution techniques. Another problem is matching solvents with the neces-
sary characteristics for resolution of a particular mixture on the LC with
those required for solvent-mediated ionization. The over-all efficiency of
the sytem is drastically reduced by such factors as incomplete ionization
and effusion. The many complicating factors in the sensitive API system
are being studied by several groups.

The major drawback to API-LC/MS is the requirement that the com-
pound be volatile at relatively high temperatures and 1 atmosphere pres-
sure. Since most biologically important molecules have high molecular
weights and low volatility, this limitation—common to some degree in the
other interfaces as well—severely undercuts their worth as LC detectors.
An extreme case in point is the obviously doomed membrane separator
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design.®*® Oddly enough, therefore, those molecules which comprise LC’s
forte are not easily determined with these systems. At present, barring
some major development in ion-source design or sample volatilization, it
appears unlikely that LC/MS will attain the versatility and sensitivity now
enjoyed by GC/MS.

5. Miscellaneous Detectors

5.1. Bulk-Solution Property Detectors

The search for universality of detection often leads to attempts to
utilize measurement of some physical property of the solution which under-
goes a change in the presence of the analyte. Unlike selective detection
schemes, such as the UV and electrochemical detectors, which respond to
an analyte property ideally immeasurable in its absence, bulk-property
detectors must transduce minute changes in a quantity which is large
relative to the change. This fact is the most serious, fundamental limitation
inherent in the two detection schemes described in this subsection. The
problem is comparable to arriving at the weight of a passenger by weighing
the Boeing 747 before and after he has boarded.

Bulk-property methods generally attain lower absolute sensitivity, but
perform satisfactorily among a wider class of molecular types. Such is the
variety of analytical problems to which liquid chromatography is being
applied that this fact is alternately construed as a significant advantage and
a major drawback. Nonselective detectors have enjoyed great popularity in
gas chromatography. Their application to LC has been thwarted by the
fact that solutes in a homogeneous liquid phase generally have a smaller
relative perturbation on its physical properties than a comparable amount
present in a gas. Some detection schemes alleviate this limitation by vola-
tilizing the column effluent prior to detection, but this may defeat one of
LC’s chief advantages over GC, namely its ability to separate labile and
nonvolatile components. In addition, the vaporized mobile phase often
causes problems, as noted in Section 4.

The most popular bulk property detector is the differential refractom-
eter, described in brief below.

5.1.1. Refractive-Index Detector

The popularity of the differential refractometer is second only to the
UV detector. There are many instances in which it is by far the best
alternative currently available. The measured quantity is a change in the
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refractive index of the mobile phase, defined as

"= sin ¢, ©)

sin d’M

The quantities ¢, and ¢y, are the angles of incidence and departure
of a beam crossing the interface between air and the liquid phase. The
refractive index of a liquid is particularly sensitive to the presence of
solutes, the basis for its frequent use in determining liquid purity.

Two distinctly different LC detector designs are available commer-
cially. One is based on the deflection of a penetrant beam, and one meas-
ures total reflectance, a function of n. A diagram of one deflection-type
detector- is shown in Figure 46. The deflection of a beam passing twice
through a tandem sample reference flow cell can be measured by focusing
it on a photoelectric position sensor. Figure 47 depicts a reflectance, or
Fresnel, design. Although the optics are slightly simpler, two prism cells
are required to cover the full range of n. Only the ratio of incident to
reflected intensity is required and, since it senses only the minuscule volume
of mobile phase at the prism surface, very small dead-volume cells are
achieved. :

In practice, the performance of these two designs is essentially the
same. The limiting factor for both is the control of temperature. Thermal
coefficients of refractive index are extremely high, as much as 107 °C/n.
A high premium must be placed on precise thermostatting, often with
cumbersome immersion baths. Heat conduction through the arriving ef-
fluent is a major problem. Relief is offered by long runs of narrow-bore
heat-exchanging tubing prior to the cell, but these invariably introduce
extra dead volume and back pressure. Measures more extensive than
placing the column in a water jacket are not often considered. Pre-equili-
bration of both eluant and sample would be beneficial.

This detection mode offers a versatile, convenient, and reliable alter-
native if the demands for trace levels are not too encumbering. Under
optimum conditions, quantitation down to 50 ng injected is possible. ¥
Refractive-index detectors are not currently in a state of development, and
a significant improvement in sensitivity does not appear to be forthcoming.

5.1.2. Dielectric-Constant Detector

Two parallel conducting planes of common area A separated by a
thickness d of nonconductive (dielective) matter constitute a capacitor of
capacitance

C=e§e¢, (10)



149

Detectors for Trace Organic Analysis

(-s91B1D08SY $197BA JO £8911Nn0D)) 1010919p '] I919WOIIELJIL UONIIJIP-wedy gy dinSi]



150 Peter T. Kissinger et al.

Figure 47. Fresnel refractometer LC detector. L designates a lens, M a mask, and D the
detector photocell. (Courtesy of DuPont Instrument Products Division.)

€y is a universal constant and € is the dielectric constant, a fundamental
property of the dielectric material. The dielectric constant of a liquid can
be altered by the presence of a solute, forming the basis for the use of a
flow-through capacitor as an LC detector. In dilute binary solutions,
dielectric constants are to a good approximation additive, weighted by
volume fractions:

&= Ve, + (1 — Ve, (11)

where V, = volume fraction of minor component; €, = dielectric constant
of minor component; and €, = dielectric constant of pure mobile phase.

It should be noted that a slightly more complicated expression is more
satisfactory when polar solvents are used.*® The change in capacitance is
given by the difference of the cell capacitance with only mobile phase, C,,
and with added solute C;,

AC= (C, — C,) = (& — €,)C. = (e, — €,)C.V, (12)

In principle, adequate sensitivity in this mode is possible only if the sample
dielectric constant differs significantly from that of the mobile phase, per-
haps by more than three units for trace levels."*® The capacitance change
should be linear with volume fraction and thus with concentration at a
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fixed temperature. This has been shown to be the case for at least one
detector design in one of the most complete evaluations yet reported.**®
The underlying principles of dielectric-constant measurement is some-
what more complex than equation (12) would suggest. When an oscillating
electric field is applied to a capacitance cell, as is always the case in LC
detection, the dielectric constant can be separated into two orthogonal
componénts, € and €. The actual measured property is the complex

permittivity
e = €+ je (13)

a function of applied frequency. The € component is identified with con-
ventional bulk polarization opposing the applied field. The term € is the
loss component, due to dissipation of energy by dielectric absorption. The
latter is in phase with the applied electric field and is more familiar as the
basis for the operation of the microwave oven. Liquid chromatography
detectors employing a capacitance cell are sometimes called permittivity
detectors,®® although this designation is only correct when € is apprecia-
ble at the operating frequency. The frequency can, in principle, be ex-
tended upwards into the near infrared, where the dipoles can no longer
follow the applied field by rotation and vibration. Here the loss term €
vanishes, but measurement using a capacitor becomes impractical. The
Maxwell relationship shows the connection between dielectric constant and
refractive index:

e=n? (14)

In a sense, a dielectric constant measurement is a very-low-frequency optical
refractive-index measurement, and it is reasonable to expect comparable
performance as LC detectors. However, this is strictly true only for non-
polar, homogeneous gas-phase atoms. Local field effects in liquids, hydro-
dynamic anomalies in flow cells, temperature sensitivity, electronic excita-
tion, permanent dipole moments, inherent polarizability, and solute
interactions make theoretical comparison intractable.

The equivalent circuit for a generalized cell is shown in Figure 48. To
the cell capacitance C. must be added residual capacitance C. due to
surroundings and wiring not influenced by liquid flow. All capacitors
exhibit residual series resistance and inductance R, and L, from the plates,
leads, and connections. The term L, becomes important only in the mi-
crowave region, establishing an upper usable frequency limit well above
that commonly used for detectors. Proper design can minimize R,. The
term R, represents all forms of electronic conduction across the capacitor
and is absent only if a vacuum is used as the dielectric. Dielectric “leakage”
can be a serious problem in flow capacitors if ionic solutes or buffers are
used. Most designs strive to minimize conduction (maximize R,;). The
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Figure 48. Electrical equivalent circuit of a dielectric constant cell.

R, component represents dielectric loss. Strictly speaking, all these param-
eters are functions of temperature, the precise control of which is an
important consideration in practical cell design. *”

The simplest means of detecting a change in capacitance is to use the
flow cell as a variable reactance in a resonant circuit. The frequency of a
tuned oscillator then becomes a function of cell capacitance and can be
measured or converted to a convenient form. In practice, greater precision
and stability is afforded by a heterodyne method,"*® wherein the sample
cell oscillator is mixed with a stable, fixed-frequency oscillator. The filtered
mixer output is a signal whose frequency is the difference of the sample
and reference oscillator frequency. The chromatogram may be taken di-
rectly from a frequency-to-voltage converter. A detector employing this
circuit has recently been evaluated.”*® Employing a thin-layer, direct-con-
tact flow cell, this arrangement appears to compare favorably with the
refractive-index detector. A minimum detectable increment of 1 X 107*
A€ (A f— 25 Hz) afforded a detection limit of 1-50 ng injected for several
simple organic solutes. A strong response dependence on the nature of
the solute was observed, evidence that the nonspecific nature of this mode
has been overemphasized. Dielectric loss and conductance tend to dampen
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oscillation and sharply degrade performance, rendering this mode unsuit-
able for eluants of high dielectric constant and for ionic solutes.

A conventional AC bridge circuit can measure capacitance changes,
but the need to maintain proper phasing with a variable capacitance in the
reference arm proves impractical. A related circuit, an operational ampli-
fier difference differentiator devised by Erbelding,%” gave satisfactory
performance, but offers no relief for the problems of the heterodyne
mode. The tubular brass flow cell of this author has excessive dead volume
(700 pl) and contributes to a flow-dependent response not usually observed
in thin-layer geometrics.

Poppe and Kuysten®® presented an inductively coupled 1-MHz
bridge for use with their two-compartment thin-layer cell. A full assessment
of this arrangement with respect to sensitivity and noise shows the former
to be adequate, but the latter, disappointing. The source of this background
noise appears to be external to the electronics. Despite careful thermostat-
ting, pulseless pumping, and a reference cell, this unit achieves a lower
limit of detection only about a factor of three better than a commercial
refractive-index detector under the most favorable circumstances.

Detectors measuring only capacitance, such as the AC bridge and
heterodyne circuits, usually suffer ill effects from R,, C,, R;,and R.. How-
ever, as pointed out by Haderka,®" it is possible to design detectors which
respond only to the in-phase components or to the combined effects of
both phases. This author®®® has devised a quadrature circuit capable of
extracting two chromatograms from one detector, one reactive and one
resistive. The possibility of operating a capacitance detector in a quasi-
selective mode is intriguing, but no practical evaluation of a working model
has been forthcoming.

Klatt"®® has implemented the most advanced electronic scheme yet
applied to a working model. A block diagram of his phase-locked loop
detector is shown in Figure 49. The detector, a concentric tubular geometry
of established merit,"®® shown in Figure 50, forms half of a parallel LC
network. The cell admittance contributes to that of the over-all network in
additive fashion. From AC circuit theory, it is a simple matter to arrive at
the phase angle and frequency across R in Figure 49:

[ R/oLy (1 — @*/wy?)
6 = tan [ T ] (15)
Rs = (Rﬂ—l + Rs’_l)_l
wy = (LC.)™"* (16)

The resonant angular frequency is a function of the cell capacitance. Since
¢ = 0 only when w = w,, the condition of resonance, a control signal
which is a function of all the variable cell parameters can be derived. The
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Figure 50. Construction of a tubular flow cell dielectric constant detector. (Reprinted
from reference 162, courtesy of the American Chemical Society.)

off-resonance signal is fed back to a voltage-controlled oscillator, forcing it
to adjust the resonant frequency as the cell environment changes. In this
way, the circuit tracks the natural resonance across a broad range of
frequencies with one coarse tuning adjustment, from 0.6 to 5 MHz in this
model. The upper limit of eluant dielectric constant is consequently ex-
tended to the point that, for the first time, largely aqueous mobile phases
are possible. Digitally sampling the oscillator frequency shift provides a
chromatogram showing positive deflections for both increasing and de-
creasing frequencies.

Noise limits the minimal detection increment to about 5 X 107 Ae
units, translating to around 50 ng injected for favorable samples. More
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extensive evaluation of this and other designs will be needed before their
applicability to a wide base of chromatographic systems is firmly established.
An experimental performance comparison®® of the capacitance detector
of Vespalec and Hana,*® later improved by Vespalec,*®* to two commer-
cial LC refractometers concluded that the former is competitive but some-
what underperforms the popular refractive-index units in sensitivity, noise,
and detection limit. One distinct advantage of capacitance detectors seems
to be a linear range wider by almost one order of magnitude. This advan-
tage may be offset by the higher noise level, a recurrent problem in this
mode of detection. This may reflect the natural 1/ f dependence of noise
power. The advantages of reasonably simple, noncritical design and the
prospect for further reduction of instrumental noise should make pursuit
along these lines attractive to the frustrated chromatographer in search of
a reliable, inexpensive, nonspecific detector usable to the 100 ppm level.

5.2. Microadsorption Detector

Fundamental to chromatography in all its forms is the transition of a
solute component from one phase to another, accompanied by a change
in its free energy. In the particular instance of adsorption liquid chroma-
tography, a molecule in the mobile phase must sacrifice free energy in the
form of heat in order to adsorb to the lower entropy environment on the
surface of the stationary phase. The passage of a zone of concentration
through an adsorption column will always be accompanied by a zone of
elevated temperature, if there is any interaction with the stationary phase.
If there is not, the component will elute in the void volume and no useful
chromatography will have taken place. A probe sensitive to very small
temperature differentials would then seem to offer the ideal nonspecific
LC detector.

Claxton®’ was first to apply this principle to liquid chromatography,
as a detector for hydrocarbons eluting from silica gel, but the first design
to achieve promising sensitivity was that of Hupe and Bayer."*® A dual-
chamber PTFE flow cell with embedded thermistors serves as a differential
tlow microcalorimeter. The upstream chamber contains only a thermistor
bead projecting into the effluent stream. The second chamber is packed
with an adsorbent material, usually the same used in the column. A con-
ventional DC Wheatstone bridge circuit produces a difference output,
which is amplified and recorded. At the sensitivity attained by these au-
thors, the output is clearly not a conventional chromatogram, but rather
one resembling the first derivative thereof.

Hupe and Bayer®® report a detection limit below 50 ng injected for
rather polar alcohols and ketones eluting from silica gel, but a figure as
much as an order of magnitude higher is more realistic. The range of

(165)
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linear response was severely restricted, from about 0.5 to 20 ug, probably
due to saturation of available sites on the silica. Furthermore, peak shape
was found to be a function of solvent polarity, flow, and gradient elution
rate, indicative of unsuitability for use with mobile-phase programming. This
conclusion was further substantiated by Munk and Raval,"®” who carried
out a rather detailed design study with emphasis on baseline instability and
flow-rate sensitivity.

The most puzzling and detrimental detector characteristic is the asym-
metry of the two halves of the peak, the desorption curve being normally
broader and lower in amplitude. The degree of asymmetry changes mark-
edly with elution volume, sample load, flow rate, temperature, and cell
design. The output is not simply a derivative chromatogram, and integra-
tion yields a curve with drastic distortion and baseline shifts. Scott"®® has
presented a theoretical study of the influence of many parameters on the
peak shape. Using the plate theory and a minimum of assumptions, he
has arrived at a theoretical response function which includes the influence
of the thermodynamic properties of the cell, adsorbant, and mobile phase,
as well as flow rate, cell geometry, and adsorbant capacity factor.

Mismatch between the plate height of the sensor cell and the column
was blamed for most of the distortion. Only if the sensor cell and column
are identical in packing geometry will the temperature profile approach
the first derivative of concentration. One possibility is to place the sensor
at the very bottom of the column itself, rather than in an external cell.
Although this would eliminate column/detector mismatch, Scott shows that
distortion would still arise from the convection of heat into the detection
zone from the region above, unless perfect radial heat loss is achieved or
the capacity factor is low. He concludes, “Bearing in mind other limitations
of the detector, such as its inability to cope with gradient elution and
temperature program methods, and that the adsorbent has to be changed
from time to time, the practical difficulties of construction make the heat
of adsorption detector not a viable system for detection in LC.” "%

Since this resounding assertion, the popularity of this detector, which
was scarcely ever encouraging, has become virtually nil. The only com-
mercial unit, sold by Varian, is no longer available. Because of the difficulty
of interpretation of closely spaced peaks, the need to match carefully each
cell to a specific column, the facile saturation of the adsorbant, and the
very stringent thermostatting requirements, only a very few have ever
reported application of the microadsorption detector to an actual detection
problem."%1"” Although excellent temperature resolution was demon-
strated by McNair and Stafford,"” suggesting that this mode can be made
very sensitive, even these most recent workers appear to concede that the
host of other experimental problems make the prospect for improvement
and widespread acceptance very remote.
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5.3. Radioactivity Detector

On-line monitoring of radiolabeled compounds in the effluent of an
LC is quite attractive. Progress in biochemistry and related fields of study
is heavily dependent on the ability to follow a labeled compound through
a series of metabolic changes. In tracing the course of a tagged drug, for
example, the simultaneous separation and measurement of radioactive
metabolites would be extremely valuable in assessing the compound’s bioa-
vailability. Radiochemical detection would appear to be potentially useful
as a general-purpose LC detector. Many classes of compounds could be
made detectable through the use of radiolabeled derivatives, while a high
degree of specificity could be maintained by the selection of the proper
derivatizing agent.

Although a number of radiochemical detectors for LC have been
designed, none are entirely satisfactory. This is due in part to the incom-
patibility of flow systems with counting techniques. The precision of a
radiochemical measurement is dependent on the number of counts de-
tected and is determined by the counting time. The precision of the method
is proportional to the square root of the number of counts. In a batch
mode, measurement of low activities with satisfactory precision is accom-
plished by appropriately increasing the counting time. In LC the counting
time cannot be freely adjusted without adversely affecting the resolution.
In a flow-through detector the counting time is increased by increasing the
cell volume, and thereby the sample residence time in the cell. Large cell
volumes may cause significant band broadening. Therefore one has a
trade-off between counting precision and resolution. A mathematical treat-
ment of the important parameters in radiochemical flow detectors is pre-
sented by Sieswerda.®"

One of the earlier LC/radiochemical systems was constructed by plac-
ing a scintillation counting cell in the flow stream of an amino acid ana-
lyzer.""® A cylindrical quartz cell packed with a solid anthracene fluoro-
phore was constructed to fit in the chamber of a scintillation counter. Using
this approach, counting. efficiencies of 38% for “C and 0.9% for tritium
were obtained. Labeled amino acids with activities of about 3000 dpm
could be measured with 1-3% precision. The counting cell had a dead
volume of over 1 ml. Although adequate for use with classical resins, the
large dead volume would be disastrous when used with modern high-
efficiency columns.

One of the most recent cell designs was developed by de Belleroce et
al.*™ The 3-mm ID path of the cell is packed with 100-um plastic phos-
phor beads. Using this design a counting efficiency of 30% was obtained
for *C. The authors do not present a detailed characterization of the cell,
so it is difficult to assess its performance in detail. Nevertheless, it proved
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to be satisfactory for study of the metabolism of the neurotransmitter
dopamine in tissue extracts. An 8-um polystyrene-based ion-exchange resin
was used to resolve a number of amino acids, dopamine, and dopamine
metabolites. The effluent from the column was simultaneously monitored
by UV, o-phthalaldehyde/fluorescence, and by scintillation counting. Peak
broadening due to the radiochemical cell was obvious, although this was of
no consequence in the study.

6. Appendix 1

A derivation of the output of a low-pass filter for a peak input is given
below. A Gaussian function is assumed to adequately represent an undis-
torted chromatographic peak arriving from an ideal detector. A simplified
electrical equivalent of a filter is an RC network, shown in Figure 51A.
This may be thought to represent the over-all time constant of the ampli-
fication electronics, such as the simple active filter in Figure 51B.

A v(t) j
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E(t) c =~ P(t)
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Figure 51. (A) RC circuit model for instrumental time constant. (B) Typical amplifier
circuit for a current source transducer. The operational amplifier is considered free of
phase shift and uniform in gain at the frequencies of interest.
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Figure 52. Distortion of a Gaussian peak due to a single time constant 7, shown for
several values of § = o/.

The voltage V across the resistor in Figure 51A can be expressed from
Ohm’s law as

V() = i()R 17)

The time-dependent current across the capacitor can also be expressed in

terms of the instantaneous voltage P(?) as

dP(t)
dt

i(t)y=0C (18)

The total potential impressed across the RC network is divided between
the two components such that

E(t)=V()+ P(t)=i(t)R + P(1) (19)
Therefore

dP(t)

E(t)=17 + P(t) (20)
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where 7= RC and P(t) is a generalized response function. Equation (12)
is the fundamental restraining relationship of an RC network. It dictates
that any response function P(¢) must be a solution to this linear, first-order
differential equation. The appropriate conditions are that

P(t)=0,t1<0 (21)
P(t) > E(t),t>

The input function F(¢)is Gaussian in the present analysis. To simplify
the symbology, we choose to center the peak at the origin ¢ = 0 rather
than at ¢ = ,, its retention time. Rearranging equation (20) and substituting
the appropriate functional expression gives

2

dP(t) | \py = f:-exp [_% (i) ] 22)

dt o
where A is a constant. Multiplying all terms by an integrating factor,
exp(f7! dt) = exp(#/7), gives

‘“;5’) exp(t/7) + 77V exp(t/7)P(t) = -éeXP [—% (c—tr) ] exp(t/7)

(23)

Using a familiar property of derivatives of products in reverse on the left-
hand side, we have

2

% [P(t) exp(1/7)] = i:—exp [—% (é) ] exp(1/7) (24)

The response function is now readily found by integration of both sides.
the lower limit of integration is t = —#,, since the peak must have begun
at the injection point. Since the detection is accomplished far removed
from the starting point relative to the peak width, no error is accrued by
extending the limit to —. Using primes to denote the dummy variables,
then integrating and rearranging, we have

A n [ 1/7\*
= — —_— —_— — + — 4
P(1) . exp ( 7) J;w exp [ 5 (0) T] dt (25)
Nowlet T= t/o,and S = o/7,hence TS = t/7, so
T 1
P(T) = ASexp(— TS) f exp(— 3 T'*+ 1'S)dT (26)

The function described by equation (26) is an exact solution for equa-
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tion (20), but it may be arranged to a more useful form by completing the
square in the exponential term, regrouping, and substituting

X=(T-S)/\2

2

P(T)=V2ZAS exp (S? - TS) f exp(— X'2) dX’ 27)

This result is easily couched in terms of the well-known normalized error
function erf(X), using the fact that

f exp(— X'?)dX' = _\/ZE [1+ erf(X)] (28)

Substituting (28) into (27) gives a readily computed solution

V27 S2
P(T) =~ AS exp (7 - TS) [1+ erf(X)] (29)

This is equivalent to the equation given by McWilliam and Bolton.®® Equa-
tion (29) is plotted in Figure 52 for several values of S, along with the
undistorted parent Gaussian. Note that the peak width, shape, and maxi-
mum value are altered by the filter, and that the position of the maximum
shifts to longer times.

Returning to equation (25), the exponential term may be moved inside
the integral, since it does not involve 7, to give

P(t) = —éf exp [— % (—:—;—) ] exp (t—; - ‘—tr> dar' (30)

Calling H(t) = 1/7exp (— t/T), this becomes

P(t) = f " E()H( - 1')dr = ExH 31)

Equation (31) is in the form of a very important mathematical operation
called the convolution integral.*”® The generality of this form is such that
we could have written it directly by recognizing that H(t) is the time
response of an RC network to an infinitely-short-duration, infinitely-high-
amplitude impulse of unit area [the 8(#) function].

In more physical terms, equation (31) describes the process of decom-
posing the excitation function into infinitely many segments of width d?',
assessing the network response to each segment individually, then summing
the results together to obtain the net response function. This decomposi-
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tion/reconstitution process is valid only when the system concerned is linear;
this, in essence, defines the criterion of linearity. Proper amplifier design’
strives to maintain linearity, but possible sources of nonlinear behavior
exist, notably amplifier saturation and chart-recorder slewing.

Integrating equation (20) gives

ft E(t')dt' = 7P(t) + f P(t') dr (32)

The total area under the response function is then

t t
P(t')dt =lim | E(t')dt — 7lim P(z) (33)
t— Jo t—x

lim
t—w Jo
From equation (29) or (21), P(¢) may be seen to approach zero at large .
We have, then, the rather unsurprising result that convoluting a peak with
an exponential does not affect the total area. This may also be considered
a natural consequence of the law of conservation of matter, since capaci-
tances and dead volumes can only redistribute, not consume or produce.

Equation (20) is the key to another interesting property of this con-
volution operation. Rearrangement gives

dp(r) 1 B _
T T[E(t) P(1)] =0 (34)

at the output peak maximum. Thus the output reaches its maximum value
as it crosses the trace of the input peak, since P(t) = E(t) at that point.

Locating the position of the peak maximum requires differentiation
of equation (29) to give

ﬁexp(— X?) - S[1 +terf(X)]=0 (35)

Each value of S leads to a value of X which is a solution of equation
(28), and hence a unique Tyax. Once T is found, the peak height is
readily computed from equation (34). There is no analytical solution to
equation (35), but a successive approximation computer algorithm quickly
yields the desired results, which are plotted in Figure 2. The width at half-
maximum is often used to characterize a chromatographic peak. Since the
maximum amplitude has been found, the half-width can be computed by
a searching algorithm.

The peak moments have been proposed as a more appropriate, al-
though less accessible, means of characterization."”® The defining expres-
sion for the nth moment M, is given in Appendix 2, equation (48). For
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the functions under consideration, the first and second moments are

M[E(t)] = t. (= 0 in the above) (36)
M[H@)] =7 (37)
M[E(t — t.)] = o (38)
M[H(t—7)] =1 (39)
M[Pu) =t + 171 (40)
M,[P(1)] = o* + 7° 1)

The last two relations above suggest a means for extracting o and 7
from the moments. A more reliable method has been proposed.®

7. Appendix 2

The concept of convolution introduced in Appendix 1 is here applied
to show the effect of a finite detection zone on a Gaussian concentration
profile. The result is shown to apply without modification to the case of an
injected plug of finite width introduced into an idealized column.

Although the detector observes the column effluent passing across a
region of space, it is more convenient to consider the time width 7 of this
zone as given by

T=VF 42)

where V = volume of detection zone; and F = volume flow rate of mobile
phase. 7is the transit time of an analyte molecule across the detection zone,
or, alternately, the time the injected zone takes to enter the column. The
situation from the point of view of the detector is considered first.

The response of any linear system to any input may be determined
from its response to a normalized impulse input 8(¢). Such an “infinitely
sharp” peak entering the detection zone will cause an instantaneous jump
in output. Ti.e output remains constant for 7seconds as the impulse travels
across the zone, vanishing instantaneously. The over-all output describes
a rectangle function, given in origin-centered form as

1, —12<t<7/2
H(t) = (43)

0, elsewhere

The response to a Gaussian input is then given by the convolution
integral (equation 31, Appendix 1). Substituting the functional expression
of a Gaussian in the time domain and expressing H(t) by adjustment of
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the integration limits gives

1 t+7/2 1 tl 2
=- —~ (%) | ar 44
T

Let z' = t'/\/20, thus

V2o [(H»rm/\/ft; \
P(t) = Pl Ny exp(— z'?) dz (45)
RV V3 V3
P(t)——Z'—SI:erf(Z'i']'—;) —erf(z——‘é)] (46)

where § = o/7 and P(f) is normalized to unit amplitude. A plot of this
function for several § values is shown in Figure 53. The width of the
detection zone corresponding to S is depicted by a rectangle wave tangent
to the maximum of each curve.

Differentiation of equation (46) leads to the simple result that the peak
maximum always occurs at ¢ = Z = 0. Thus the maximum amplitude is

2w V2 V2
Prsa(8) =5 8 [erf (E) - erf (— 2?)] @)

This equation is used to generate the § values in Table 1. Note that
to achieve reproduction faithful to better than 1% in amplitude, the de-
tector zone should be less than half the true peak standard deviation. -

There is no simple way to compensate for increased peak variance. It
may be shown“"® that a peak derived from the convolution of two functions
will have a second moment equal to the sum of the second moments of the
two component functions, provided these moments exist. The nth moment
of a time function is defined by

M,LA(1)] = f  fr)dt / | 7w ar (48)
When

2

m=ewl-3(5) | M=o

the variance about the mean. In the present case

M,[H(t)] = Jm t2dt/ " dt = 1 (l 13

—7/2 —1/2 7\3

712 T2
)—12—03 49)
—7/2

From equation (3) it follows that the relative error in peak variance
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Figure 53. Symmetric broadening of a unit amplitude, unit standard deviation Gaussian
due to a finite detection or injection zone width. The rectangle function tangent to each
trace depicts the width of the zone convoluted with the parent to obtain that result.

due to the detector zone width is
2 2
CLA s JO T <_) (50)

This equation supplies the rest of the § values in Table 1. Note that since
the error in variance is inversely proportional to the square of the undis-
torted variance, sharp peaks will be severely flattened.
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An important property of the convolution integral is commutativity
t t
f E(t')H(t — t')dt =I E(t— ¢ )H(t')dt' (51)

or, in simplified notation,
E+H = H+E (52)

Hence it is valid to assume a rectangle function as the input from a
loop injector and the impulse response of an ideal column as a true
Gaussian. The operation and results of convoluting a finite-width injected
zone with an idealized column response is mathematically identical to the
above, except that 7 is taken as the time required for the plug to penetrate
the top of the column. Sternberg®® has carried out the same calculations
for this and other probable injection functions.
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The Radioimmunoassay of Enzymes

J- Landon, J. A. Carney, and D. ]. Langley

1. Introduction

Many sensitive and elegant assays are available which determine enzyme
levels in terms of their catalytic activity. The application of these assays to
the measurement, in biological fluids, of a wide range of enzymes has
proved of immense clinical value. It is appropriate, therefore, that clinical
enzymology and its exponents now occupy a valued role in most large
pathology departments. Nonetheless, the time may have come to question
the present emphasis on the measurement of enzymes by means of their
catalytic effects. The continued acceptance of such assays may reflect their
relative simplicity rather than excluding the possibility that other analytical
techniques may provide equally relevant clinical information.

The large majority of serum enzymes routinely measured in clinical
chemistry do not normally affect their biological role in the serum and are
in fact derived from the various tissues. As such they can be considered
waste products en route for removal from the body. The purpose of
assaying each of these enzymes is to monitor the condition of the tissues
of origin, e.g., serum creatine kinase increases dramatically at the time of
myocardial infarction. Enzymes are actually proteins which possess readily
measured biological activity. However, their biological activity is not nec-
essarily directly proportional to the concentration of that protein. For
instance, proteases such as trypsin are partially inactivated in serum by the
presence of specific circulating inhibitors.

Most of the normally assayed enzymes are tissue markers. As in the
case of proteins measured in monitoring tumors or fetoplacental function,

J. Landon e Department of Chemical Pathology, St. Bartholomew’s Hospital, London,
EC 1, England J. A. Carney and D. ]. Langley ® Technicon Methods and Standards
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it is possibly more important to know the concentration of serum enzymes
rather than their catalytic capacity. The advantages and disadvantages of
radioimmunoassay (RIA) of enzymes are summarized in Table 1.

The present paper reviews the recent introduction of RIA for the
measurement of enzyme levels in terms of their concentration (Table 2).
It argues that while catalytic assays will continue to occupy the predominant
role in some situations and that a combination of the two will provide new
information in others, measurement of concentration may gradually re-
place conventional assays for some enzymes in biological fluids. Although
the technique of measuring enzymes by RIA is new, the immunochemistry
of many enzymes has been investigated in detail (viz., reviews by Cinader®”
and Arnon).®Indeed, an antiserum to amylase was raised more than 50

years ago.”

2. Categories of Analytical Techniques

All analytical procedures can be subdivided into one of three categories
(Figure 1). The complexity of enzyme molecules precludes their assay by
chemical or physical techniques, which are based on specific structural
characteristics of the compounds to be assayed. Measurement of the cata-
lytic activity of an enzyme is a biological assay, based on determining the
rate at which it converts a substrate to its reaction products. Such an assay

Table 1. Relative Advantages and Disadvantages of RIA and Activity Assay of
Enzymes

Advantages of RIA

1. Parameter measured—The absolute amount of an enzyme present in serum is
measured by RIA, whereas activity measurements quantitate the catalytic activity of
the enzyme as expressed in serum.

2. Independence of circulating inhibitors—Certain enzymes are partially inactivated in
serum by the presence of inhibiting proteins, e.g., trypsin, antitrypsin. Measurements
made by RIA are independent of the presence of such specific inhibitors.

3. Practicability—Far fewer factors influence measurements made by RIA (e.g., tem-
perature, presence of cofactors, metal ions).

4. Sensitivity—For enzymes with a low turnover number, an RIA will be more sensitive.

5. Specificity—Unlike most activity assays, RIA can allow measurements to be made of
specific isoenzymes.

Disadvantages of RIA

1. Practicability—Radioimmunoassays can require long periods of incubation, especially
where second antibody precipitation is employed.

2. Specificity—It may be difficult or impossible to obtain an antiserum specific for one
particular isoenzyme. Furthermore the enzyme used as immunogen, standard, and
label must be of human origin and is therefore not readily available.
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Table 2. Some Available Radioimmunoassays for Enzymes

Enzyme Species Reference
Plasminogen, plasmin Human 56
Trypsin, trypsinogen, chymotrypsin chy- Bovine, porcine, rat, 28,29, 38-41
motrypsinogen, carboxypeptidase A, human
amylase, lipase
Cl esterase Human 42, 43
Carbonic anhydrase I and 11 Human, monkey 52, 53
Pepsinogen Human 54
Fructose-1,6-diphosphatase Rabbit 15, 21, 26
A-chymotrypsin Bovine 55
Group 1 pepsinogens Human 31, 44
Collagenase Human, rat 56, 57
Placental alkaline phosphatase Human 58, 59, 60
Dopamine B-hydroxylase Bovine, human 45-47, 61-63
Erythrocyte catalase Human 64
Elastase Canine 14, 30
Creatine kinase Human 35
Carboxypeptidase B Human 33
Prostatic acid phosphatase Human 65, 66
Pancreatic amylase Porcine 13, 48
Hexosaminidases Human 20
Prolyl hydroxylases Human, chick 49

assesses the functional integrity of the active site of the enzyme which, in
turn, depends on the conformation (tertiary structure) of the appropriate
part of the molecule and may require the presence of activators, such as
divalent metals. Bioassays are usually unaffected by the presence of proen-
zymes or the products of enzyme degradation. However, they will usually
determine isoenzymes from other tissues, the equivalent enzyme from
other species and, indeed, related enzymes which may differ considerably
in part of their primary structure.

Radioimmunoassays, which are the subject of this review, are examples
of binding assays used to measure the concentration of a ligand (in this
instance an enzyme). They employ a specific antibody, as the binding
protein, and isotopically labeled enzyme, as a tracer, to assess the distri-
bution of total enzyme between the antibody-bound and free fractions. It
is the antibody which determines, in large part, both the sensitivity and
specificity of the assay, with the latter depending upon the antigenic de-
terminant—a sequence of some three to five amino acids in the enzyme
molecule to which the antibody binds. RIA will usually determine levels of
proenzymes and enzyme breakdown products containing this antigenic
determinant as well as the enzyme. They are usually unaffected by isoen-
zymes, functionally related enzymes, or the equivalent enzyme from other
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Figure 1. Categories of analytical techniques currently employed in clinical chemistry.

species. The results of a bioassay may correlate with those obtained by
RIA; however, this is not always the case, and the finding of different
values by a structural (binding assay) and a functional (bioassay) technique
does not invalidate either.

Certain additional points require note. First, each antiserum is unique
with regard to its titer, affinity, and antigenic determinant(s). Second,
immunoassays can be used to determine the rate at which an enzyme is
either degrading its substrate or producing a reaction product (Table 3).
Such assays determine biological activity, and RIA is used only for endpoint
detection. Finally, enzymes have frequently been the subject of immunol-
ogical studies because they possess catalytic activity which can be, and often
is, altered by their combination with antibodies.

Specific antisera frequently inhibit enzyme activity probably because
the enzyme-antibody combination sterically hinders access of the substrate
to the active site. Thus the larger the substrate, the more likely is such
inhibition, although its degree must also depend on the position of the
epitope relative to the active site. McGeachin and Reynolds® noted a 93%
inhibition of hog pancreatic a-amylase caused by its antiserum at 1/20
dilution, whereas a later study on the human enzyme observed the same
effect at a 1/5000 dilution of antiserum.® The antibodies in the latter case
would appear to have been directed at a determinant more closely related
to the active site, although the relative size of the substrates employed may
also have affected the results.

Such inhibition studies have recently been found to be diagnostically
useful in the measurement of the creatine kinase isoenzyme MB, which is
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released into the circulation only during myocardial infarction. Jockers-
Wretou and Pfleiderer® have raised antibodies to the brain-specific BB
isozyme, as well as the muscle-specific MM isoenzyme and used them in
enzyme inhibition assays of the heart-specific MB.

Antibody-induced enzyme inhibition allows studies to be made on
molecular evolution. The relationship between phylogenically homologous
enzymes involves chemical and functional similarity and also conforma-
tional homology. Immunological cross-reaction of the antisera is corrobor-
ating evidence in this area, as evidenced, for example, by studies with
trypsin® and amylase.®

In certain cases enzymes can be activated by their combination with
antiserum, while the antisera raised to enzymes such as penicillinase have
been found to contain populations of both inhibiting and stimulating an-
tibodies.®

3. Requirements for an Enzyme Radioimmunoassay

3.1. Antigen

A few milligrams of highly purified enzyme are required for use as
the standard, for labeling, and for immunization. Purification seldom oc-
casions difficulties because of the rigid conformation and relatively high
concentration of most enzymes in certain tissues, as well as the applicability
of affinity chromatography. Whereas some enzymes, such as amylase,
maintain their catalytic activity during isolation, others, such as the brain
isoenzyme of creatine kinase (CK), are partially inactivated."” This does
not preclude their use as immunogens, although, by preference, one should
attempt to maintain enzymic activity and thereby guarantee the integrity
of the total tertiary structure. Globular proteins, which include enzymes,
possess mostly conformational antigenic determinants.” This has been well
demonstrated by Maron and his colleagues,"” using fragments of egg-
white lysozyme. The complete unwinding of the polypeptide chain of

Table 3. Use of RIA in Biological Assays for Enzymes

Determine rate of production of a reaction product

for plasma renin: based on RIA of angiotensin I or angiotensin I1

for tissue prostaglandin synthetase: based on RIA of PGE produced from arachidonic

acid(zd)

Determine rate of degradation of a substrate

for plasma angiotensinase: based on RIA of angiotension 1%

for plasma vasopressinase: based on RIA of vasopressin (Rosenbloom et al., 1975)
Combine problems of biological assays and of the RIA used for endpoint detection
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ribonuclease is also accompanied by a complete loss of both enzymic activity
and the ability to cross-react with antibodies to the native enzyme."” None-
theless, in most cases the state of the active site is probably unimportant
when immunizing because: (1) The active-site antigenic determinant(s)
constitutes only a small proportion of the many potential immunogenic
sites within the protein molecule. (2) The active site is seldom exposed on
the surface of the molecule in the native protein. (3) Conservation of
catalytic activity throughout evolution may require the conservation of the
structure of the active site of any enzyme, thereby making it a poor
immunogen.

The enzyme must be of appropriate origin with regard to both tissue
and species, and there is presently a paucity of pure human enzymes.
Endocrinologists brought up on the dictate that “one must compare like
with like” are bemused by the many species and sites of origin of the
enzyme preparations currently used for standardization, which can greatly
affect the results obtained. For example, studies in this laboratory have
shown that antisera to human pancreatic a-amylase do not cross-react with
the corresponding commercially available hog enzyme.® This finding is
supported by the evidence of Ryan and his colleagues,”® using an antis-
erum to the hog amylase. Furthermore, Carballo and Troiano®® have
demonstrated almost complete lack of cross-reactivity between hog and
human elastase.

3.2. Antiserum

As emphasized above, the most important requirement is a high-titer,
high-affinity antiserum which is specific to the enzyme being assayed.
There is seldom difficulty in producing such antisera, since enzymes are
very immunogenic as a result of their rigid conformation, large molecular
weight, and the structural differences which exist with similar enzymes in
the animals being immunized. Thus, all four rabbits immunized with
human pancreatic a-amylase produced antisera of acceptable titer and
affinity within a few weeks (Figure 2). However, large numbers of animals
may be required to obtain one antiserum specific for a single isoenzyme.

3.3. Labeled Antigen.

Isotopically labeled enzyme is essential for use as the tracer. Most
groups have attempted to radioiodinate with I using the chloramine-T
method and have experienced difficulties in obtaining a high-specific-ac-
tivity product with some enzymes. In this laboratory it was found that
porcine pancreatic a-amylase readily accepted an '#I label but that there
was a very poor incorporation of iodine into the corresponding human
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Figure 2. Inhibition of serum amylases by four antisera raised against human pancreatic

isoamylases.

enzyme. However, we have found relatively high concentrations of circu-
lating human serum amylase in normal subjects (650 = 150 ng/ml) which
increase to as high as 35 ug/ml in acute pancreatitis. For this reason large
amounts of labeled amylase could be employed, and its low specific activity
did not adversely affect the sensitivity of clinical measurements.
Radioiodination is often accompanied by a rapid loss of catalytic activ-
ity."® Taniguchi and his colleagues”® found that the chloramine-T pro-
cedures for human carbonic anhydrase 8 gave rise to a complete loss of
antigenicity. However, this difficulty was overcome by obtaining a mono-
specific antiserum and labeling the antibodies. This method would be of use
in any assay where iodination damaged the enzyme either antigenically or
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catalytically. In our experience either chloramine-T or lactoperoxidase
labeling of brain CK totally destroys enzymic activity, probably by the
oxidation of thiol groups necessary for the maintenance of the tertiary
structure.

3.4. Separation Procedure

It is necessary to employ a suitable method to separate the antibody
bound and free fractions. In many RIAs the antigen measured has a much
lower molecular weight than its antibody, e.g., T,, ACTH, and steroids. In
such cases the antibody-antigen complex is a much larger molecule than
the free antigen, and a wide range of techniques can be employed for
separation of free and bound fractions. These techniques include chro-
matoelectrophoresis, gel filtration, charcoal adsorption, as well as precipi-
tation with neutral salts or organic solvents."” However, enzymes, being
proteins, have relatively large molecular weights, and the above methods
may not be able to completely differentiate between the free and antibody-
bound protein. For example, the use of sodium sulfate to separate free
and bound fructose-1,6-diphosphatase resulted in the nonspecific precipi-
tation of about 20% of free enzyme."®

The only two methods which are universally applicable in the RIA of
enzymes are: (1) fractional precipitation by use of a second antibody and
(2) use of antibodies immobilized on a solid phase.

4. Differences in the Use of Enzyme Assays in Biochemistry and
Clinical Chemistry

The biochemist has applied enzyme assays predominantly to tissue
homogenates in studies of metabolic pathways, rate-limiting steps, and
enzyme kinetics. It is essential, in such situations, to determine biological
activity. When biochemists moved into the field of clinical chemistry, they
continued to employ the same analytical approach. There is, however, a
fundamental difference in that the assays were being applied predomi-
nantly to blood (and urine) rather than tissue homogenates (Table 4). Such
an approach was appropriate for those enzymes that effect their role in
the biological fluid being assayed—for example, in assays of circulating
renin or the enzymes involved in clotting. It was not essential, however,
for those enzymes which do not effect their role in the biological fluid, and
more than 99% of the enzyme assays performed in most routine clinical
chemistry departments fall into this category. In these situations the enzyme
is being employed as a tissue marker, and it is irrelevant whether or not it
is biologically active.
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Table 4. Applications of Enzyme Assays

Biochemistry: predominantly applied to tissue homogenates to study metabolic pathways,
rate-limiting steps, enzyme kinetics, etc.
Clinical chemistry: predominantly applied to biological fluids and can be further subdi-
vided into:
Enzymes that effect their role in the biological fluid (i.e., renin, enzymes involved in
clotting)
Enzymes that do not effect their role in the biological fluid (i.e., all enzymes determined
in urine and most in blood)

Additional information may be obtained if an immunoassay is em-
ployed to determine enzyme concentration as well as a bioassay to measure
catalytic activity. Thus in plasma the ratio of active plasmin to the inactive
plasminogen is about 1:50. Plasmin activity can be affected directly by
circulating levels of agents such as vitamin E“® actually inhibiting the enzyme
or by agents altering the rate of conversion of plasminogen to plasmin. RIA
for both precursor and enzyme would produce much more evidence in
situations such as the increased fibrinolysis observed following venous oc-
clusion. In a disease associated with the genetic absence of activity of a
particular enzyme, this combination would enable differentiation between
(1) failure to synthesize the enzyme, or (2) synthesis of an abnormal form
of the enzyme which lacks catalytic activity. For instance in the Lesch—Nyhan
syndrome, immunoreactive hypoxanthinylguanine phosphoribosyl trans-
ferase is present in the tissues of affected individuals, but its enzymic activity
is totally lacking.® For the determination of the majority of enzymes which
are being used as tissue markers (including, for example, CK in the diag-
nosis of myocardial infarction or acid phosphatase in a patient
with a prostatic neoplasm), either an immunoassay or bioassay could be
employed once the relationship between serum concentration and activity
has been established.

5. Advantages of Enzyme Measurement by Concentration Rather
Than by Catalytic Activity

Once it is appreciated that the majority of enzyme determinations
performed in clinical chemistry are employing the enzyme as a tissue
marker and that, therefore, either type of analytical technique may be
appropriate, it remains to determine which is preferable. This decision
should be based on such standard criteria as sensitivity, specificity, preci-
sion, practicability, and diagnostic performance. Thus, while RIAs are
extremely sensitive and specific, they may take longer to perform and seem
more complex than many conventional enzyme assays.
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5.1. Sensitivity

RIA is more sensitive than bioassay for those enzymes which have a
low catalytic number. Examples are given in Table 5. This is of practical
importance with regard to the assay of hexoaminidases A and B in the
diagnosis of Tay-Sachs disease.?” Thus the improved sensitivity of the
RIA enables diagnosis at the time of amniocentesis rather than having to
culture the amniotic fluid cells for some weeks in order to attain levels that
can be assayed by the conventional technique.

5.2. Specificity

Kolb and Grodsky®" showed that their RIA for fructose diphospha-
tase was much more specific than bioassay, both with regard to the tissue
and species of origin or the enzyme. This is not always the case since, in
our experience, an assay for human pancreatic a-amylase also determined
human salivary amylase® and pancreatic amylase from several other spe-
cies, although not that of porcine origin, which is the standard usually
employed in clinical chemistry.®® Each antiserum is unique, and Table 6,
based on the data of Ryan and his colleagues,"® shows that their particular
antiserum could differentiate porcine pancreatic a-amylase from salivary
and other amylases—as demonstrated by the undetectable levels found
following pancreatectomy. However, it is unlikely that one could differ-
entiate between all human amylases because, although there are at least
two genetic loci for amylase expression, there is only one gene product.?
The differences seen in circulating isoenzymes result from modifications
of the carbohydrate moiety which occur after the protein has been synthe-
sized.

Table 7 summarizes examples from the literature where RIA has been
employed to differentiate various isoenzymes. Many of the isoenzymes can

Table 5. Examples of Enzymes for Which RIA is More Sensitive than Bioassay

Author Enzyme Comment

Rabiner et al. Plasminogen Requires activation prior to
bioassay

Temler and Felber®® Trypsin, chymotrypsin 100,000X more sensitive

Bauer et al.®® Human skin collagenase 200—400% more sensitive

Eisen et al.®? Rat skin collagenase 1000 more sensitive

Tuderman et al.“4® Prolyl hydroxylases

Geiger et al.®® Hexosaminidases A and B Improved sensitivity of

great value in diagnosis
of Tay—Sachs disease
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Table 6. Effect of Pancreatectomy on Serum
Pancreatic Amylase Levels in the Pig"®

Serum amylase

RIA Bioassay
Day (ug/ml) (units/100 ml)
0 2.4 3100
1 1.5 1680
2 0 1253
3 0 1204
4 0 1210
5 0 1214
6 0 1222
7 0 1212

also be differentiated by conventional techniques, but this involves an initial
and time-consuming separation step, the assay of samples with and without
prior heating, or the use of special substrates, etc. There are now grounds
to suggest that RIA may prove more specific and, in some circumstances,
simpler than the currently employed procedures.

Not all isoenzymes could be resolved immunologically. Although im-
munological differentiation has been demonstrated for the isoenzymes of
CK, alkaline phosphatase, and GOT, the same cannot be said of serum
LDH; for this reason one might not choose to set up an RIA for the
measurement of serum LDH. The five isoenzymes are different tetrameric
associations of two basic subunits, and the degree of cross-reactivity of these
isozymes with antisera to each of the subunits is demonstrated for chicken
in Table 8. In the case of LDH there already exists a rapid and specific
enzymic method for measuring the heart-specific isoenzyme (H,),*® al-
though this to some extent also measures M;Hj.

Table 7. Examples of Use of RIA for Isoenzymes

Author Isoenzymes

Headings and Tashian®® Carbonic anhydrase I or II
Samloff“® Group I pepsinogens

Jacoby and Bagshawe®®; Iino et al.*® Placental alkaline phosphatase
Nicholson and O’Sullivan®® MM isoenzyme of CPK

Cooper and Foti®®® Prostatic acid phosphatase

Geokas et al.®® Pancreatic carboxypeptidase B type 11

Geiger et al.?® Hexosaminidase A or B
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Table 8. Precipitation of Various
Forms of Chicken H LDH with a
Limiting Amount of Antibody

Precipitation (%)

Anti-M Anti-H

M, 100 0
M;H, 65 17
M.H, 32 58
M, H, 8 95
H, 0 100

5.3. Practicality

Many factors (Table 9) influence measurement of catalytic concentra-
tions of enzymes. Very different amounts of substrate are reacted at 25°,
as compared with 30° or 37° (which comprise some of the recommended
temperatures). Indeed, an instrument which fluctuates from its preset
temperature by one degree may lead to an error of some 7.5%. Other
variables include the identity and concentration of the substrate, coenzymes
(such as NAD and pyridoxal phosphate), and activators (such as the diva-
lent metals, magnesium and zinc). The hydrogen ion concentration and
ionic strength of the reaction mixture markedly influence results, as may
the presence of enzyme inhibitors in the sample (drugs, anticoagulant,
urea, oxalate, specific inhibitors), in reagents including water, on the glass-
ware, or in the reaction mixture (for example, the products of the reaction).
The concentration of enzymes employed in indicator and/or auxillary re-
actions for coupled systems must be optimal. Finally the assay should be
based on the initial linear first-order reaction rate (which necessitates so-
phisticated equipment to enable continuous or multipoint monitoring), and
care must be taken with choice of cuvettes or the use of hemolyzed,
pigment-containing or lipemic samples which may affect endpoint detec-

Table 9. Factors Influencing Measurement of the Catalytic Activity of Enzymes

Standard

Temperature

Hydrogen ion concentration and ionic strength of reaction mixture

Identity and concentration of substrate, coenzymes, activators, and inhibitors

Concentration of enzymes employed in indicator and/or auxillary reactions when coupled
systems are employed

Factors (such as hemolysis or lipemia) effecting endpoint detection

Equipment
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tion. It is hardly surprising, therefore, that difficulties are experienced in
ensuring reproducibility of results “within” and “between” laboratories and
in recommending internationally accepted methods.

Antibody-antigen reactions appear to be more robust than enzyme-
substrate interactions. Thus acid-denatured bovine liver esterase reacts
equally with antiserum to the native enzyme,®® while antibodies to acetyl-
cholinesterase not only protect it from heat denaturation but also, by
combining with the previously heat-denatured enzyme, can reactivate its
catalytic capability.® Kolb®® found that fructose-1,6-diphosphatase den-
atured by urea or guanidine hydrochloride had zero enzymic activity but
measured by RIA gave standard curves identical with the native enzyme.

Immunoassays appear able to determine enzyme levels in the presence
of inhibitors. Thus, while it has been stated that “naturally occurring
inhibitors in serum do not seem to be present in concentrations high
enough to have a significant influence on the in vitro assay of enzymes,” *”
there is now sufficient evidence in the literature to refute this statement.

Among the most elegant demonstrations of the effects of inhibitors
are those by Temler and Felber.?® In one study (Table 10) they obtained
similar porcine trypsin levels in buffer, using the two analytical techniques,
whereas there was a complete loss of biological activity only following the
addition of plasma. Temler and Felber® also showed (Figure 3) that
addition of Trasylol or DFP impaired the catalytic activity of trypsin without
significantly affecting its immunological activity. A further example of such
a dissociation was provided by Carballo and his colleagues,®® who dem-
onstrated that the induction of acute pancreatitis in dogs resulted in a
rapid and marked rise in plasma elastase levels, as determined by RIA, but
an immediate fall, as determined by bioassay. They concluded that this
discrepancy was probably due to activation or augmentation of circulating
enzyme inhibitors. Indeed, one use of a combination of bioassay and
immunoassay is to accurately determine the levels of some inhibitors and,
thereby, assess whether they play a role in disease.

Table 10. Porcine Trypsin Activity and
Concentration Measured in Both Buffer and

Plasma®®
In 1/5 dilution
In buffer of plasma
RIA RIA
(ug/ml) Bioassay (ug/ml) Bioassay

20 20 20 0
10 10 10 0
5 5 5 0
2 2 2 0
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0 = Trypsin
® = Trypsin + Trasylol
* = Trypsin + DFP
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Figure 3. Comparison of bioassay and RIA of trypsin in the presence of enzyme inhibi-
tors: (A) bioassay; (B) RIA.

In contrast, a direct linear relationship has been demonstrated, in our
laboratory, between serum amylase concentration and activity, even during
an attack of acute pancreatitis (Figure 4). This suggests the absence of any
inhibitors or inactive enzyme fragments, and measurement of serum am-
ylase activity provides, therefore, a direct assessment of concentration.
Nonetheless, in view of the unreliable nature of many of the activity assays
in routine clinical use for amylase, it is possible that RIA may become the
method of choice for this determination also.

6. Examples of the Advantages of Enzyme Measurement by
Concentration

6.1. Serum Levels of Proteolytic Enzymes

Untl recently it was uncertain whether the apparent absence of certain
proteolytic enzymes (e.g., pancreatic trypsin) in serum samples reflected
their failure to enter the circulation or the presence of inhibitors which
prevented their determination by catalytic assays. It is now known that the
latter is correct, and the development of RIA to determine serum levels of
such enzymes opens up new and exciting possibilities in, for example,
gastroenterology.
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This is illustrated by the work of Samloff and Liebman,®” who de-
veloped and applied a specific RIA for the group I pepsinogens. These
are limited to the chief and mucus neck cells in the oxyntic-gland mucosa
of the stomach, while group II pepsinogens are also present in the pyloric
gland area and in Brunner’s glands. Thus serum levels of the former
would be expected to correlate more closely with oxyntic gland function,®?
and this assay enabled excellent differentiation between control subjects
and those with pernicious anemia or following total gastrectomy on the
one hand and patients with Zollinger—Ellison syndrome on the other. More
recently it has been found that pepsinogen 1 levels are elevated in patients
with unoperated duodenal ulcer. There is a positive correlation between
serum concentration and gastric peak acid output, and both are elevated
in patients with a tendency to recurrent ulceration.®® All of these findings
may have diagnostic significance. A radioimmunoassay for human pan-
creatic carboxypeptidase B, by Geokas and his colleagues,®® differentiated
between patients with acute pancreatitis and control subjects. Of more
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Figure 4. Correlation of activity and concentration for human serum amylase. (From
reference 5.)
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importance, the assay could be employed as the basis of a dynamic test of
pancreatic function (Figure 5) to determine the serum carboxypeptidase
response to the injection of secretin.

For obvious reasons most proteases (e.g., pepsin, trypsin, chymotryp-
sin, carboxypeptidase, thrombin, and plasmin) circulate or are stored
mainly in the inactive proenzyme or zymogen state. Conversion to the
active state involves cleavage of peptide bonds. Activity measurements of
proteases produce no information on the amount of zymogen present.
The ability of RIA to distinguish between precursor and enzyme appears
to depend to a large extent on the size of peptide removed in the activation
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Figure 5. Serum carboxypeptidase B levels following secretin injection in two patients
with acute recurring pancreatitis. (After Geokas et al., reference 33.)
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Table 11. Degree of Immunological Cross-reactivity between
Proteases and Their Proenzymes Compared with Amount of
Proenzyme Removed during Activation®

Cross-reaction Zymogen
of antiserum removed during
to enzyme activation
Enzyme with zymogen (%)
Trypsin +++ 3
Chymotrypsin +++ 8
Plasmin +++ 16
Pepsin - 21
Thombin - 46
Carboxypeptidase B - 50
Carboxypeptidase A - 63

¢ Adapted from Aron, reference 2.

process. Thus antibodies against carboxypeptidase A do not appear to
cross-react with procarboxypeptidase A of which the enzyme itself is only
a small fraction. It is much more difficult to differentiate immunologically
between trypsin and trypsinogen, where the activation stage involves merely
the removal of a hexapeptide. Immunological relationships between some
proteases and their zymogens are shown in Table 11.

6.2. Enzyme Determinations for the Diagnosis of Myocardial Infarction

The determination of serum levels of aspartate aminotransferase
(AST), lactic dehydrogenase (LDH), and creatine phosphokinase (CK) has
proved of value in the diagnosis of myocardial infarction. Later develop-
ments have included the assay of the LDH isoenzymes 1 and 2 employing,
for example, 2-oxobutyrate as substrate, and the assay of the MB fraction
of CK by procedures which usually involve initial separation of the MB
and MM fractions by column chromatography. A recent report has indi-
cated that an even more specific diagnosis of myocardial infarction may be
made by measurement of serum enolase and pyruvate kinase.®®

It can be argued that the continued use of catalytic assays in the above
and in related situations illustrates the general maxim that “thought is
dominated by existing methodology rather than existing methodology by
thought.” Since these enzymes are being employed as tissue markers, it is
more appropriate to first assess the criteria for a suitable marker (Table
12). Early diagnosis is greatly facilitated if the marker is not normally
detectable in the circulation and an extremely sensitive and precise analyt-
ical technique is employed.

Release of the marker should be specific to the tissue being assessed
and also to the type of lesion. Thus it should not be present in tissues other
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Table 12. Biochemical Investigation of Suspected Myocardial Infarction—Criteria for
Suitable Marker”

Normally undetectable in circulation

Specific for myocardial destruction; not being released due to increased permeability; not
present in other tissues

Circulating levels related directly to size of infarction and reflecting further progression;
clearance from the circulation should be unaffected by renal, hepatic, or other disorders

Availability of an extremely sensitive, precise analytical technique

?To establish with certainty whether the patient has had an infarction, its extent, and evidence of
further infarction.

than the heart, nor should it be released as a result of increased membrane
permeability, but only if cellular destruction has occurred.

Assays based on the catalytic activity of enzymes have, to date, failed
to meet these criteria and also fail to determine the presence of proen-
zymes, enzyme subunits, or enzyme fragments, despite the fact that these
would be equally effective markers.

An RIA has been developed for the MM isoenzyme of CK, but it does
not differentiate between skeletal muscle damage and myocardial damage
because this isoenzyme is common to both tissues.®® The cross-reactivity
between the MB isoenzyme and antisera raised against the MM and BB
isoenzymes, which has been demonstrated by Jockers-Wretou and Pflei-
derer,® would suggest that it may prove extremely difficult to produce an
antiserum totally specific for MB. Hence, the RIA for MB, as produced by
Roberts et al.,®® involves the use of an antiserum raised against BB which
cross-reacts with the cardiac hybrid isozyme but not the MM form. Meas-
urements made in this assay assume all B subunits are derived from the
MB isozyme. However, earlier beliefs that BB was virtually absent from
the circulation have recently been challenged.®” While RIA may resolve
this issue, the presence of basal BB levels in samples might complicate
interpretation. Another approach would be to establish an RIA specific for
the AST isoenzyme of the mitochondria (Mito-GOT) as opposed to that
found in cytoplasm (Cyto-GOT), to avoid the problem of increased mem-
brane permeability.

Such approaches, however, reflect the natural tendency to continue
along established pathways. Since a catalytically active enzyme is no longer
required for the analysis, one can employ RIA for a chosen specific my-
ocardial protein, not necessarily an enzyme or an enzyme subunit. This
would be analogous to the RIAs being developed for specific fetal or
placental proteins for the assessment of fetoplacental well-being or for
tumor-associated proteins. A concerted effort to establish immunoassays
for specific myocardial, renal, hepatic, and other tissue proteins (in pref-
erence to enzyme assays) could well yield dividends in clinical chemistry.
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7. Conclusions

The present paper first emphasized the difference between catalytic
assays for enzymes, which assess function, and immunoassays, which assess
structure. More than 40 papers relating to the determination of enzyme
levels by their concentration had been published by the end of 1975 and
these have been reviewed. Based on this data a case has been advanced:

1. That bioassays will remain the technique of choice, in clinical chem-
istry, for those enzymes such as plasmin which effect their phy-
siological role in the biological fluid in which they are being deter-
mined

2. That the combination of bioassay and immunoassay may prove of
value in many basic biochemical studies

3. That immunoassays may partially and gradually replace catalytic
enzyme assays for the many enzymes which do not effect their
physiological role in the biological fluid in which they are being
determined

Such assays will have particular relevance for isoenzymes and for those
enzymes for which circulating inhibitors exist. Finally, it is possible that this
approach will enable the development of assays for tissue markers other
than enzymes.
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Clinical Liquid Chromatography

L. R. Snyder, B. L. Karger, and R. W. Giese

1. Introduction

Liquid chromatography (LC) has undergone considerable development
during the past decade, both in column design and in instrumentation.
Although further advances in performance are to be expected, current
methodology is already far enough advanced to ensure a place for LC in
the clinical laboratory. Consider, for example, just a few of its present
capabilities: (1) assay rates for clinical determinations of 5-10/h (with fur-
ther increases in assay rate expected); (2) good separations of compounds
of interest from the complex mixtures that constitute serum, urine, and
other body fluids; and (3) detection limits in favorable cases at the picogram
level.

Present applications of LC in the clinical laboratory have been made
possible by using (1) highly efficient columns packed with small (5 to 10-
um) particles, (2) high-pressure, precise pumps for fast and reproducible
separation, (3) sample valves for easy and precise injection of sample, and
(4) a variety of detection modules and techniques that offer high sensitivity
and minimal extra-column band broadening. In the present chapter we
will review not only the applications of LC in the clinical laboratory, but
the technique itself from the standpoint of the special needs of clinical
analysis. The more general aspects of LC have been discussed in a number
of basic texts (e.g., references 1a-d). Detectors for LC and especially clinical
LC are discussed in detail in Chapter 3 of this volume.
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1.1. Present Importance of Clinical LC

We anticipate that modern LC will have an important over-all impact
on the practice of clinical chemistry. This is largely because LC offers a
reasonably simple, inexpensive, and rugged capability to satisfy many of
the current needs of clinical analysis, including (1) reagent characterization,
(2) research, (3) reference samples, (4) reference methodology, (5) genetic
screening, (6) pediatric chemistry, (7) specialty testing, and (8) routine
analysis. Some indication of this has begun to appear in the large and
exponentially growing literature in this field. Nearly twice as many articles
on LC were published in the journal Clinical Chemistry in 1977 as in the
previous year. Review chapters®® and a book® on clinical LC have also
been published.

In this chapter we will examine the potential impact of LC on clinical
chemistry in some detail. This review will include general considerations,
such as which equipment and techniques will become most useful for
clinical analysis, and a discussion of applications from the recent literature
(mainly since January 1976, in order to minimize overlap with previous
reviews). We will be selective, rather than comprehensive, and attempt to
indicate areas of greatest current interest and future potential. Of the
general areas of clinical chemistry, specialty testing and routine analysis will
receive major emphasis.

1.2. Comparison and Competition of LC with Alternate
Techniques

Special challenges exist in clinical chemistry for the introduction of any
new technique. Many previous procedures have failed, either because they
provided too much information, or because there was a significant differ-
ence in their performance in the hands of experts vs. their use in actual
practice. Isoelectric focusing is a good example of a methodology failing
to gain general acceptance in clinical chemistry laboratories for both of
these reasons. These considerations should not limit modern LC, however,
because it is easy to use and its conditions are readily altered over wide
limits to give the specific information desired.

An obvious barrier to the future acceptance of clinical LC is the
tendency to use and retain methodology that “works,” even when more
reliable techniques become available. There are good reasons for this. A
less-reliable procedure may be preferred because it is simpler, faster, and/
or less expensive. Also, considerable effort is often involved in any change-
over to a new procedure, including troubleshooting, correlation of old vs.
new methods, and rechecking of normal ranges.
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Under these circumstances, one must at present look for applications
where current methodology such as colorimetry, electrophoresis, immu-
noassay, and other forms of chromatography have obvious shortcomings
which LC might overcome. As it turns out, there are many such potential
applications of LC. The section on applications will provide greater detail;
however, a few general comments are in order. Consider that: (1) colori-
metric procedures generally are widely susceptible to interferences; (2)
electrophoresis has remained a demanding and semiquantitative technique;
(3) immunoassays can be expensive and are limited in their ability to
distinguish within certain groups of drugs, drug metabolites, isoenzymes,
and alternate or closely related forms of many of the hormones; (4) gas
chromatography (including GC-mass spectrometry) is limited to the anal-
ysis of thermally nonlabile, nonionic, relatively low-molecular-weight ma-
terials (with derivatization offering only a partial relaxation of these re-
quirements); and (5) tedious, classical chromatographic procedures, such
as thin-layer chromatography and classical LC, are widely employed in
clinical chemistry, but are slower, less efficient, and less quantitative than
modern LC. Thus, major opportunities for clinical LC do exist.

Besides its potential as an analytical tool per se, LC also can be used
at present as a cleanup procedure prior to application of some other
analytical technique. For example, cross-reactivity and/or inhibition in com-
petitive-binding assays can be decreased by a preliminary LC separation of
the sample, e.g., 17a-hydroxyprogesterone in plasma by competitive pro-
tein binding® and melatonin in urine by RIA,® each after reverse-phase
LC.

1.3. Advantages and Limitations of LC

The following list abbreviates (and therefore oversimplifies) the ad-
vantages of LC, but gives a general idea of the reasons for its broadly
established and rapidly increasing popularity. LC

offers rapid, high-sensitivity, quantitative analysis

can analyze for several substances in the same run

can utilize the advantages of internal standards

usually separates interferences, but at a minimum can reveal their

presence in almost all cases

5. overcomes the fundamental sample limitations (molecular size,
charge, thermal stability) of GC

6. often avoids the derivatization requirements of GC

7. utilizes a mobile phase (liquid) which is active in the separation and

whose properties can be changed, thus allowing much more sepa-

ration capability than in GC where the mobile phase (gas) is inert

L S\ e
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8. interfaces smoothly with on-line chemical steps before and after
the column to facilitate automation of pretreatment and detection
steps

9. readily incorporates valving arrangements such as parallel columns
to multiply sample throughput and chromatographic capability

On the other hand, no technique is without limitations. LC

1. can only do one sample at a time

2. often requires the pre-column cleanup of clinical specimens

3. has less detection capability overall than GC

4. requires further improvement in the reproducibility and stability
of commercial columns

2. General Considerations

In this section we will provide a brief discussion of the general tech-
nique of liquid chromatography, particularly with reference to factors that
play an important role in clinical applications. This includes a discussion of
LC columns and equipment and various peripheral techniques or concerns
of special interest in clinical analysis. Further discussion of some of these
areas is interwoven into the following section on clinical applications of LC.

2.1. Columns

The principles governing separation by LC are now well established
and have been described in detail elsewhere (e.g., reference 1a). However,
a brief summary of some important points is appropriate, especially as these
relate to clinical analysis. In particular, clinical analysis often requires rapid
sample turnaround and the ability to process large numbers of assays in a
cost-effective manner. Therefore, the minimization of separation time in
clinical LC is of prime importance.

The relative separation or resolution of two adjacent chromatographic
bands can be defined by the function R;, which is in turn related to the
conditions of separation:

R, = 21K/ + K)IN"(a ~ 1)

@ @Gy (m)

R; should equal at least 1.0 for quantitation by peak-height measurements,
and in general it is best if R, is at least 1.25. R; can be adjusted for adequate

separation by varying the three factors (i-iii) in turn. Term (i) is usually
controlled by varying the strength of the mobile phase through changes in

0y
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its composition. For every separation there is an optimum value of the
capacity factor k', which is usually between 2 and 5. Term (ii) can be
maximized by attention to the column plate number N, a measure of how
effidiently the column separates samples in general. For very fast analysis
rates, as in clinical LC, it is essential to generate N values of 500-3000
while holding separation time to a few minutes. Term (iii) is determined
by the separation factor a or the selectivity of the LC system. Values of a
are varied by changing the composition of the mobile phase or (less fre-
quently) the stationary phase or temperature. Here we will focus on the
role of the column in providing adequate resolution for clinical separations.

2.2. Phase Systems

At present there are a variety of phase systems available for high-
performance LC. At first glance, the selection of mobile and stationary
phase conditions for a given separation may appear complex. Fortunately,
there is a present trend toward the use of a single stationary-phase type—
chemically bonded n-alkyl reverse-phase packings”— for the majority of
clinical chemistry applications. Variation of the mobile phase in turn per-
mits a very broad range of substances to be chromatographed. The use of
a single stationary phase for most applications offers simplicity and con-
venience. In this section we will discuss the most commonly used phase
systems and explore the well-earned populatiry of the reverse-phase pack-
ings.

2.3. Adsorbents

The polar adsorbents silica and alumina were among the earliest
stationary phases employed in LC."® Both of these adsorbents are available
from several commercial suppliers, in either packed columns or as the free
packing. The small-particle supports (5-10 um in diameter) are available
either as irregular or spherical particles. Both particle types appear to give
similar column performance; however, spherical particles generally result
in somewhat higher permeability (i.e., lower pressure drop) and may pro-
vide more stable columns.

The retention mechanism and the structural selectivities possible with
polar adsorbents are now well understood.® These adsorbents work best
for nonpolar or moderately polar substances. Ionic compounds are gen-
erally difficult to chromatograph (however, see reference 9). Polar adsor-
bents can resolve substances based on differences in the positions of atoms
or groups within the molecule. Thus, these packings are particularly useful
in the separation of isomeric compounds (e.g., ortho, meta, para isomers).®
In addition, functional-group selectivity can also be achieved.



204 L. R. Snyder, B. L. Karger, and R. W. Giese

For several reasons, polar adsorbents are becoming less popular rela-
tive to the bonded packings for reverse-phase LC. First, control of the
mobile phase for separations on silica and alumina is more critical; traces
of polar solvents (e.g., water) can greatly affect retention.®® This is less true
of the bonded reverse-phase packings. Second, the time necessary for a
solvent change can be excessive, due to slow equilibration of mobile phase
and adsorbent. This can increase the time required to carry out gradient
elution, or to change from one mobile phase to another. Finally, and most
importantly, polar and ionic impurities elute very slowly from adsorbent
columns, in contrast to their rapid elution from reverse-phase columns. As
a result these impurities tend to accumulate on adsorbent columns, grad-
ually degrading their performance.

2.4. Bonded Reverse-Phase Packings

A variety of chemically-bonded reverse-phase packings are commer-
cially available. Their synthesis involves the reaction of activated silica with
reagents such as alkyldimethylchlorosilanes:

O CH3 O CH3
AN | N\ |
—Si—OH + R—Si—Cl -» —Si—O—Si—R
/ | / |

CH, CH,

R is most often C-18 (octadecyl) but also can be C-2, C4, or C-8. A
hydrophilic surface (silica) is thereby converted to a hydrophobic one.
Substances elute in a general order of decreasing polarity, and mobile-
phase strength increases with decreasing polarity (e.g., tetrahydrofuran is
a stronger mobile-phase solvent than water). This is the “reverse” of the
situation in adsorption chromatography. Mobile phases typically used in
reverse-phase chromatography consist of miscible water/organic solvent
mixtures.”

We should distinguish between monomeric (bristle) phases, as illus-
trated by the above alkyldimethyl surfaces, and polymeric phases formed
when di- or trichlorosilanes (or alkoxysilanes) react in the presence of
water.” Monomeric phases are preferred for their faster mass-transfer
kinetics (i.e., higher performance columns)."?

An important aspect of bonded-phase packings is the accessibility of
remaining silanol groups on the silica surface. For steric reasons, it is
impossible for all of these silanols to react initially, and new silanol groups
can be formed by hydrolysis of chloro groups when di- or trichlorosilanes
are used for bonding. These silanols, if accessible to molecules of mobile
phase or sample, can adversely affect both the performance and stability
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of the packing. Thus they may cause nonreproducible retention (from
packing to packing), and they may also accelerate the removal of the
bonded-phase layer by mobile phase especially in aqueous salt solutions of
higher pH.“? Therefore, maximum column lifetime (an important consid-
eration in clinical LC) is favored by a minimization of accessible silanol
groups—or by maximization of the coverage of the silica surface by bonded
phase.*1~1¥ Depending on the chain length of the alkyl group, surface
coverages of 3—4 umol/m? represent maximum values.’? Following the
initial synthesis of a bonded-phase packing, a second silanization is often
performed, in order to reduce further the number of exposed silanol
groups.

Retention and selectivity in reverse-phase LC are now under intense
study. Much empirical data is available from early work in paper chro-
matography (e.g., reference 14), and especially from more recent work on
columns (e.g., reference 15). Since water is almost always a component of
the mobile phase, and since its presence dominates the solvent properties
of the mobile phase, hydrophobic interactions (e.g., references 16, 17) are
quite important. Compounds of increasing polarity or increasing molecular
weight generally elute later.

The variation of mobile-phase selectivity (for change in a values) in
reverse-phase LC was for a long time believed to be rather limited. How-
ever, recent studies (e.g., references 18, 19) have shown that binary and
especially ternary solvents as mobile phase can provide a wide variation in
sample « values. Figure 1 illustrates the shift in relative retention that can
be achieved by change of mobile phase in reverse-phase LC.

Reverse-phase chromatography can also be a powerful tool for the
separation of ionic or ionizable substances, and it competes strongly with
ion-exchange chromatography. Generally, in the reverse-phase mode, ionic
substances elute more rapidly than corresponding neutral species. For
weak acids and bases, this means that pH can be a useful parameter in the
separation of these substances. As an example, Figure 2 shows the change
in capacity factor (k') as a function of pH for biogenic amines and their
acid metabolites (reverse-phase LC). The acids are seen to elute more
rapidly in basic media, whereas the bases elute more rapidly in acidic
media. Ionization control is limited, however, as the bonded phases must
be used between pH 2 and 8. Higher pH’s attack the silica matrix, whereas
lower pH’s cause hydrolysis of the bonded phase.

For those substances that are strong acids or bases (i.e., maintain their
ionic character throughout the pH range), as well as those substances which
can be made ionic through pH control, an alternative means of separation
is possible based on reverse-phase ion-pair chromatography.®®?" A coun-
terion of charge opposite to the ionic sample molecule is added to the
mobile phase in order to retard the ionic species. The ion-pair process can
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Figure 1. Reversed-phase separation of selected Cs compounds. Column, 30 cm X 4.5
mm ID uBondapak C;s; Temperature, 25°% velocity, 0.33 cm/s; 1 = cyclopentanone, 2 =
3-pentanol, 3 = 2-pentanol, 4 = 3-methyl-1-butanol, 5 = methyl butyrate, 6 = n-pentanol.
Detection, differential refractometer at 8X. (A) Mobile phase: n-propanol-water (15:85,

v/v). (B) Mobile phase: acetonitrile-water (16: 84, v/v). (Reprinted from reference 17 with
permission.)

be written as shown in the equation below:
Ada + B2 = (A%, B o (2)

where A, represents the ionic sample species to be retarded in the mixed
aqueous mobile phase, and B, is the counterion added to this phase. For
a given bonded phase, the extent of retention will be a function of the
counterion structure and concentration, the composition and ionic strength
of the mobile phase, and the pH of the mobile phase. N-Hexyl sulfonate
and tetrabutylammonium have been typical anionic and cationic counter-
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ions, respectively. Ion-pair reverse-phase chromatography has become pop-
ular for the separation of ionic substances, since good efficiency is possible
with reasonable control over retention.

As an extension of ion-pair chromatography, Knox has recently intro-
duced soap chromatography, in which the counterion is a detergent mol-
ecule. Examples are cetyltrimethylammonium® and 1-dodecylsulfonate
counterions.?? In the reverse-phase mode, Knox has shown that there is
a significant hydrophobic adsorption of the counterion onto the bonded
phase, giving essentially a noncovalent ion exchanger. As seen in Figure
3 in the separation of catecholamine standards and derivatives, remarkably
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Figure 2. Effect of pH on (A) the retention of acidic metabolites and (B) the retention of
biogenic amines. Column: Partsil 1025 ODS; eluent, 0.1 mol/liter phosphate buffers; flow
rate, 1 ml/min; inlet pressure, 1500 psi (100 atm); temperature, 25°C. (A) DOPAC, 3,4-
dihydroxyphenylacetic acid; HVA, homovanillic acid; VMA, vanilmandelic acid. (B) E,
epinephrine; MDA, 3-O-methyl-dopamine; MN, metanephrine; NE, norepinephrine; PN,
paranephrine; TA, tyramine. (Reprinted from reference 81 with permission.)
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Figure 3. Soap chromatography of catecholamines and derivatives. Packing, ODS/TMS
silica; detection, 280 nm, 0.01 absorption units full scale; eluent, water-acetonitrile-
sodium lauryl sulfate-sulfuric acid, 70:30:0.02:0.04 (v/v/w/v). The peaks are MD (a-
methyl dopa), MA (metadrenaline), DA (dopamine), NMA (normetadrenaline), A (ad-
renaline), LD (L-dopa), and NA (noradrenaline). The quantity of NA injected was around
20 ng. (Reprinted from reference 22 with permission.)

good separations can be achieved. Soap chromatography expands the scope
of the reverse-phase packing to highly polar and ionic species that are
ordinarily difficult to chromatograph with high efficiency. The detergent
can be readily removed from the bonded phase, thereby returning the
column to its original state for use in conventional reverse-phase LC.

Present reverse-phase LC applications are largely confined to the use
of the bonded-phase packings. However, these packings are somewhat
restricted by the narrow pH range (2-8) over which they can be used.
Furthermore, there are other disadvantages of these materials. As an
alternative, Guiochon and co-workers®~*’ are currently exploring the
possibility of using graphitized carbon and silica particles as reverse-phase
packings. While these materials have not yet been developed to the point
where they offer comparable performance to the bonded-phase packings,
eventually they might provide a much more stable substitute that can be
used at both low and high pH’s.
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2.5. Polar Bonded Phases
Some other groups that have been bonded to the silica surface include:

=Si(CH,);NH, =Si(CH,);OCH,CH(OH)CH,OH
=Si(CH,);CN =Si(CH,);OCH,CH(OH)CH,NH,

These bonded phases provide a polarity which is intermediate between the
alkyl-bonded phases for reverse-phase LC, and the polar silica surface for
adsorption LC. The polar-bonded phases can be used in either a normal-
phase (adsorption) mode or in a reverse-phase mode with water-organic
solvent mixtures as mobile phase. In the normal-phase mode these packings
resemble silica, but give weaker retention. The reverse-phase mode is of
special interest, since polar, water-soluble compounds such as sugars and
antibiotics can be separated.®®

2.6. Ion-Exchange Packings

Ion-exchange resins based on porous polystyrene beads have found
significant application in the clinical laboratory. These packings are still
used in amino acid analyzers for the measurement of peptides and amino
acids in physiologic fluids, such as urine, and for the high-resolution sep-
aration of other constituents of urine. However, these separations generally
require several hours and are therefore not widely used. The older ion-
exchange resins give relatively poor column efficiencies, and they are being
superceded by bonded-phase ion exchangers of various types:

=SiCH, SO;Na*

=SiCH, *NR,CI

e

=Si(CH,),;NH,'CI"

Unfortunately, these materials have low exchange capacity (e.g., less than
1 meq/g vs. 5 or more meq/g on the resins) and poor stability, and so far
they have not been very popular. Workers in clinical analysis will generally
prefer one of the bonded-phase packings discussed above (non-ion-ex-
change alkyl or polar) for the separation of ionic species.
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2.7. Liquid-Liquid Chromatography

In the late 60s and early 70s, many workers used pellicular packings
coated with immiscible liquid phases for modern LC. These applications
of liquid-liquid chromatography have now largely been superceded by the
small-particle bonded-phase packings described above. Nevertheless, the
liquid-coated packings still retain several advantages: (1) easy preparation
of reproducible stationary phases, (2) easy replacement of the liquid phase
for column regeneration or change in stationary phase, and (3) higher
sample loadings in some cases.

Columns for liquid-liquid chromatography can be used in either nor-
mal-phase or reverse-phase modes. For normal-phase separations, silica
packings of the same type used as adsorbents are employed, and the
stationary phase is a polar liquid. For reverse-phase LC, silanized silica
packings are employed, and the stationary phase consists of a relatively
nonpolar liquid. The liquid stationary phase can be coated in one of two
ways: by addition to the packing before filling the column, or by in situ
coating of an already packed column (e.g., reference la). In addition,
either heavily-loaded®® or lightly-loaded®® packings can be used.

Separations by liquid-liquid chromatography are based on solubility
differences in the two-phase system. In addition, ion-pair chromatography
is readily achieved both in normal-phase and reverse-phase modes. Both
approaches are being used at the present time for trace analysis of drugs
in physiological fluids (e.g., reference 30).

2.8. How Column N Values are Varied for a Given Application

The column plays a central role in any LC separation, determining
both the separations that are possible and the speed at which a given assay
can be carried out. As discussed above, separation and resolution R; is
determined by k', @, and N. The mobile phase is used mainly to control
k' and a, while N is largely determined by the column and the available
separation time t. The theory of column efficiency as a function of different
experimental variables is now well understood (e.g., references 31-36 and
review of reverence la), and experimental results for “good” columns are
generally in close agreement with this theory. Therefore, a good under-
standing now exists on how N varies with experimental conditions. Here
we will largely omit the various details of this relationship and instead
concentrate on certain practical conclusions of interest to clinical analysis
by LC.

Two general aspects of column efficiency will be considered. First, we
will examine how the efficiency of a given column or column packing
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changes as we vary different experimental conditions. This will allow us to
optimize the performance of a given column or column packing for a
particular application. Second, we will look briefly at how N changes with
the type of packing, and what limiting values of N are possible for a given
separation time ? and column pressure P.

Given a particular mobile phase and column type, we are usually faced
with the problem of achieving some adequate final resolution of critical
compounds in the sample. This means that we must be able to vary N in
a predictable manner. There are basically three ways in which N can be
increased:

1. Decrease the pressure drop P across the column (or decrease the
mobile phase flow rate F, which is equivalent), while holding col-
umn length L constant.

2. Maintain P constant, while increasing L (e.g., add additional col-
umn lengths in series).

3. Increase L and P together, while holding separation time ¢ con-
stant.

The relative increase in N for a given change in L, P, or t as above is
predictable, if we specify our initial experimental conditions (see discussion
of reference 37). For purposes of illustration, we will assume a represent-
ative set of conditions (reverse-phase separation at 25°, 25-cm column of
10-um particles, £, = 100 s). If our starting value of N is Nj, let the value
be N, after some change in conditions. Table 1 illustrates the dependence
of N;/N, on P (L constant), L (P constant), or L and P (¢ constant).

For the case of varying P with L constant, which involves only a
change in pump flow rate, an increase in N by a factor of 3 is seen to

Table 1. Dependence of N;/N, on P, L, or L and P

Py/P, L,/L, L,/L,
N,/N, (L const.) (P const.) (¢t const.)
0.2 7 0.4 0.1
0.5 2.5 0.7 0.3
1.0 1.0 1.0 1.0
1.5 0.5 1.3 4
2 0.3 1.5 ~50
3 0.1 2.0 —
5 — 2.7 —
10 — 5 _a

2 No conditions yield this increase in N,.
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require a decrease in P by a factor of about 10. This means that the
separation time # will be increased tenfold. Increases in N by more than
threefold cannot be achieved by simple decrease in P (for this particular
set of initial separation conditons).

For the case of varying L with P constant, column length Lis increased
by adding further lengths of column while flow rate F is reduced in
proportion to the increase in L (for constant P). The separation time f will
increase as (L,/L,)?. Thus, for a threefold increase in N, L must be in-
creased by a factor of 2.0 (see table), and the time ? increases by 2% =
fourfold. Note that the increase in separation time is much less for an
increase in L (fourfold) than a decrease in P (tenfold), for the same
increase in N. Normally, any required increase in N is possible by an
increase in L in this fashion, although very large changes in N may involve
a prohibitive increase in separation time (e.g., 5> = 25-fold for increase in
N by tenfold). :

Our third option for increased N is to increase L and P together,
while holding ¢ constant. In this case, P increases as L% Thus, for a 1.5-fold
increase in N, L must be increased fourfold (see table), which requires an
increase in P by 16-fold. Not only are large increases in N in this way
prohibitive in terms of the pressure required, but as seen above, a more
than two-fold increase in N is not even possible. Therefore this option for
increased N is not often used.

Column efficiency can also be varied by changing the viscosity of the
mobile phase. Generally, a decrease in mobile-phase viscosity results in
higher values of N; thus, an increase in separation temperature (which
results in lower mobile-phase viscosity) generally increases N. As a corollary
to the above discussion, for a given packing (of given type and particular
size) column efficiency N will be largest for a given separation time ¢ when
a maximum pressure P is used, and column length L is then adjusted to
give the required value of . Alternatively, a required value of N can be
achieved in the shortest time ¢ by again operating at maximum column
pressure, and adjusting L to give the required value of N.

2.9. Maximum Attainable N Values in LC

The N value of a column packing varies with particle size d,, with
porous vs. pellicular packings, and with the nature of the stationary
phase.“® Small-particle porous packings are now used almost exclusively
for clinical LC separations, as these provide the fastest and most efficient
separations. For well-prepared packing materials, there is usually little
difference in column efficiency between packings that use different sta-
tionary phases. This leaves particle size as the major variable that deter-
mines N values as a function of P and ¢ A treatment summarized in
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Table 2. Column N Values for Representative Conditions and
Different Values of Particle, Size and Separation Time

N for different values of ¢

dp

(pm) 10s 1.5 min 15 min 25h
1 4700 12,000 17,000 18,000
2 3300 15,000 41,000 64,000
5 1200 7,500 39,000 150,000
10 400 3,200 21,000 110,000
20 100 1,100 8,700 58,000

reference la yields the column N values shown in Table 2 for represen-
tative conditions (reverse-phase separation at 70°) and different values of
particle size d, and separation time ¢, assuming a maximum column pres-
sure of 5000 psi. In each case L is varied to give the required value of ¢
(assumed equal to 10 % or k' = 9).

The above data—which are based on theoretical calculations—are in-
teresting in several respects. First, we see that very rapid LC separations
are possible (e.g., 10 s total), yet with fairly high N values (e.g., about 5000
plates). Second, we see that for any given separation time and pressure,
there exists an optimum particle size for which N is maximum. For sepa-
ration times of about 1.5 min, this optimum value of d, is about 2 um.
Generally, the optimum value of d, increases with separation time, varying
from 1 um for very fast separations to about 5 um for relatively slow
separations. Third, very large values of N are favored by larger values of
d,, but in this case long separations are involved. Thus, the maximum N
possible with 1 um particles and 5000 psi pressure is about 18,000 plates,
increasing to about 8 million plates for d, = 20 um (not shown, ¢ > 2.5 h).

So far it has not been found possible to routinely pack columns with
d, < 5 pm so as to yield the above performance values. Thus, the values
in the above table that fall above the dashed line (d, < 5 um) are at present
somewhat speculative. The data above assume sample molecules with mo-
lecular weights in the 200-500 range. Generally lower N values will be
found for larger molecules. In principal, however, similar N values can be
obtained for large molecules as for small, if the particle size used for large
sample molecules is reduced two- to threefold for each tenfold increase in
molecular weight.®

If particles smaller than 5 um ultimately prove popular in clinical LC,
the very narrow bands leaving the column will require specially designed
equipment to prevent serious extra-column band broadening and loss in
over-all N. Detector flowcells will require a decrease in size to perhaps 0.5-
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1 ul total volume, fast-response data-handling devices will be necessary
(e.g., 0.1 s full-scale), and sample injection techniques will require careful
optimization.

While the above discussion has emphasized the possibilities of small-
particle separations (d, < 5 wm), it should be stressed that present columns
of 5-um particles appear quite adequate for most clinical LC applications.
Thus from the preceding table, we see that 5-um particles allow 1200-
7500 plates for separation times of 10 s to 1.5 min. Most present applica-
tions of clinical LC require no more than 1500-3000 plates, which means
that such separations can be carried out at rates of 120-300/h if all con-
ditions are optimized. So far actual separations have generally fallen short
of this potential, so that typical separation times are 5-10 min, i.e., about
a factor of 10 slower than expected. However, a narrowing of the gap
between theory and practice during the next few years seems inevitable.

2.10. Column Handling and Lifetime

Long-term column stability is obviously desired for high-volume clin-
ical analysis. Column replacement at frequent intervals is expensive ($200-
300/column) and may require reoptimization of separation conditions for
new columns. Experience has shown that column lifetime can be signifi-
cantly increased by attention to some simple preventive measures.

First, columns should be subjected to as little unnecessary stress as
possible, since this tends to cause settling of the packing and creation of a
void space at the top of the column—with a resulting disastrous drop in
column efficiency. While this phenomenon is less serious with well-packed
columns, the following guidelines are applicable to all columns:

1. Avoid dropping, banging, or otherwise “shocking” the column.

2. Avoid rapid pressure changes in use, e.g., do not change the mobile
phase flow rate by more than 1 ml/min.

3. Consult the supplier’s recommendations for other precautions con-
cerning the handling of the column.

Another area of possible degradation is the accumulation at the top
of the column of particles from the sample or mobile phase. Such accu-
mulation will result in a significant increase in column-pressure drop and
a decrease in performance. A thin screen or mesh should be placed at the
top of the column to prevent particles from entering the column. If the
pressure rises, the screen should be replaced. It is also good practice to
prevent particles from reaching the top of the column. Samples, especially
biological specimens, should be filtered prior to injection into the liquid
chromatograph. Moreover, as bacterial growth can occur in an aqueous
mobile phase, filtering of aqueous mobile phases is also recommended. A
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0.5-pm filter can also be placed downstream from the pump, just prior to
the injector.

Aside from particulate matter (including bacterial growth), organic
impurities in the water used for reverse-phase separations can be retained
at the column inlet. This leads to a gradual decrease in both retention
times and column efficiency. Alternatively, if gradient elution is employed,
these same impurities may elute during the separation and cause instability
of the detector baseline. The water used in reverse-phase LC separations,
particularly for typical clinical assays at the trace level, must be exceptionally
pure. The deionized water commonly used in clinical laboratories may
contain excessive organic impurities and require further treatment before
use. Filtration of the water through either carbon or XAD-2 resin is one
approach, depending upon the LC application and the quality of the water
prior to pretreatment. The Milli-Q system sold by the Millipore Corp. (for
about $1000) is also finding increased use for preparing LC-quality water.

Solvents other than water for use as LC mobile phases should also be
of high purity. Several firms (e.g., Burdick & Jackson) now sell special
solvents for use in LC. Just as solvent impurities can accumulate on an LC
column, so can impurities from injected samples. In some cases these
solvent and/or sample impurities can be removed from the column period-
ically, by “column regeneration”: the washing of the column by a very
strong mobile phase (e.g., isopropanol or THF for reverse-phase columns).

Finally, clinical samples such as serum, urine, or saliva almost always
require some pretreatment or cleanup prior to their injection. The various
techniques used have already been discussed in Chapter 3 (see also refer-
ence la). With attention to the above recommendations, thousands of
clinical samples can be analyzed on a given column before it requires
replacement.

2.11. Equipment

The basic components of a high-performance liquid chromatograph
consist of (1) solvent reservoir, (2) pump, (3) injection device, (4) column,
(5) detector, and (6) data-handling device. For each component there are
a wide variety of choices, depending on the uses to which the equipment
will be put. In this section we will briefly examine the various LC compo-
nents currently available, paying particular attention to the special require-
ments of the clinical laboratory (e.g., simplicity, reliability, precision). More
detailed information is given elsewhere (e.g., references 1 and 38).

2.11.1. Solvent Reservoir

The function of this module is to (1) degas the mobile phase and (2)
hold its composition constant during the emptying of the reservoir. De-
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gassing of the mobile phase is often unnecessary, and if degassing is
employed, then care should be taken to avoid any evaporation of the
mobile phase (which would change composition, in the case of mobile-
phase mixtures). A better approach® is the continuous sparging of the
mobile phase during its use by means of a small flow of helium. This
results in the removal of gases such as nitrogen and oxygen, and their
replacement by smaller concentrations of less-soluble helium. For various
reasons, this can significantly stabilize the detector baseline, allowing lower
detection levels. Removal of oxygen from the mobile phase also increases
column life for polar bonded-phase packings. Note also that removal of
oxygen is important when using fluorescence detection.

Since a 1% change in mobile phase composition in reverse-phase
separations (e.g., from 40 to 41% volume) yields a 5-10% change in
retention times,“**? it is obviously important to keep the composition of
the mobile phase unchanged. The solvent reservoir achieves this by suitable
design which prevents any evaporation.

2.11.2. Pumps

First, consider the maximum operating pressure of the pump. As
previously discussed, column performance (i.e., separation speed) is max-
imized by operating at the maximum pressure drop and adjusting column
length for the required number of theoretical plates N. From this point of
view, the higher the maximum operating pressure of the pump, the better.
On the other hand, the advantage of, for example, a 10,000-psi pump over
a 5000-psi pump is somewhat marginal, while the practical problems of
working at higher pressures mount rapidly as pressure increases above
10,000 psi. For these reasons, a reasonable maximum pump pressure for
clinical LC appears to be about 5000 psi, and many commercial pumps
with ratings of 5000+ psi are available.

Second, pulsations within the pumping system affect the noise level of
the detector, thereby raising detection limits in trace assays. While ther-
mostatting the column effluent before it enters the detector,“? or using
tapered flowcells,? can reduce the impact of pump pulsations, pulse-free
pumps are generally desirable.

Finally, it is essential in high-throughput analysis that the pump main-
tain constant operating conditions. Run-to-run reproducibility, as reflected
in the retention time, can often be better than 0.5% with commercial
pumps.“®## Day-to-day reproducibility (which may involve pump reset-
ting) can be of the order of ~1%, depending on the pump selected. These
values are adequate for clinical assay, if they can be maintained over long
periods of time. However, it is important in the selection of a pump to pay
attention to flow constancy and resettability.
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We can classify pumping systems into two types: constant pressure
and constant volume (e.g., reference 1a). In the constant-pressure mode,
a change in the condition of the column, frit blockage, or mobile-phase
viscosity will change the flow rate. On the other hand, constant-volume
pumps maintain a constant flow rate regardless of such conditions. For
clinical applications, constant-flow-rate pumps are clearly better for repro-
ducible retention and quantitation.

There are two main types of constant-pressure pumps#: gas displace-
ment and pressure amplifier. Because these pumps are of quite limited
interest for clinical application, we will not discuss them further. There are
likewise two main kinds of constant-volume pumps: syringe-type and re-
ciprocating-type. In the syringe-type pump a large piston is mechanically
or electronically driven through a large-volume chamber (250-500 ml),
with the flow rate being controlled by the rate of movement of the piston.
When the piston chamber has emptied, the piston is recycled and the
volume is filled with mobile phase. These pumps can be reasonably precise
devices, are pulseless (especially under isocratic operation), and can operate
at high pressures. However, a change in mobile phase (for another assay)
is relatively inconvenient, and these pumps suffer from other disadvantages
unless special precautions are taken (e.g., references 45 and 46).

At present it appears that the reciprocating-type pumps are best suited
for clinical application, particularly those giving relatively pulse-free flow.
The mobile phase is pumped by one or more diaphragms or pistons. In
the early days of LC,"® a single reciprocating piston emptied and filled a
small-volume piston chamber on 180° cycles. This approach obviously led
to very large pump pulsations which could significantly affect detector noise
unless significant pulse dampening was applied. In recent times, dual
reciprocating piston pumps have largely replaced the single piston arrange-
ment. Here, two pistons are operated in an asymmetric manner in order
to compensate for the different speeds of emptying the piston chambers.
By this approach, and the use of small-volume pistons and/or flow-feedback
control, pulsation can be reduced to quite low levels.

Instrument suppliers are moving increasingly toward the use of mi-
croprocessor-controlled pumps, which include many of the above fea-
tures.“” Such systems seem particularly applicable to the needs of clinical
LC systems, which will also benefit from full automation (see below).

2.11.3. Injectors

These are discussed in some detail in Chapter 3 (as well as in reference
1a), and we will avoid repetition as much as possible. The sample-injection
device of choice for clinical LC is the conventional six-port sample valve,
used either manually or with automatic injection. These sample valves
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allow precisely controlled injection volumes and are therefore favored for
quantitative clinical analysis.

While the injection of sample dissolved in the mobile phase is favored
for many reasons (see discussion of Chapter 3), there are exceptions to
this. If the solvent containing the sample is weaker than the mobile phase
used in the separation (e.g., an aqueous sample solution in reverse-phase
LC), larger injection volumes (with increased detection sensitivity) are pos-
sible.*®4? The reason is that the sample components of interest will be
strongly adsorbed to the packing at the column inlet and thereby concen-
trated into a smaller volume. In favorable cases, several milliliters of sample
solution can be injected in this fashion, without excessively broadening the
final chromatographic bands.

On the other hand, small volumes (up to 25 ul) of stronger solvents
can be injected without adverse effect. For example, 25-ul samples in n-
hexane as solvent have been successfully injected in reverse-phase separa-
tions.®® This approach can be useful in clinical LC separations, for at least
two reasons: (1) where the pretreatment scheme yields the final sample in
an organic solvent-extract solution (e.g., chloroform solvent, to be injected
on a reverse-phase column); and (2) in order to achieve better solubility of
the sample in the injection solvent.

2.11.4. Detectors

A discussion of LC detectors, with emphasis on applications of clinical
interest, has been treated exhaustively in Chapter 3.

2.12. Procedures and Techniques
2.12.1. General Considerations

Clinical samples for analysis by LC normally contain a large number
of components, with those compounds present at lower concentrations
being of primary interest. This places a considerable burden on the over-
all separation/detection scheme, in order to avoid interference by one
compound in the measurement of another. Previous workers who have
reported various clinical assays by LC have been well aware of this problem,
and potential interferences should be carefully checked out for each new
procedure. Therefore, an important aspect of any clinical LC scheme is its
over-all specificity or ability to discriminate among the myriad compounds
present in the sample.

An over-all analytical scheme for clinical LC may involve a series of
separation steps followed by detection of the components at the levels
desired. Specificity can play an important role in each of these steps. For
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purposes of discussion, we can define five types of discrimination possible
in an LC clinical analysis: physical, chemical, chromatographic, mechanical,
and detector.

In physical discrimination we take advantage of physical separation
processes during sample pretreatment. Thus, we can effect an initial sepa-
ration or elimination of potential interferences by such procedures as
liquid-liquid extraction, with or without pH adjustment to eliminate acids,
bases, or neutral compounds. For a general discussion of this area, see
Chapter 3 as well as reference la.

In chemical discrimination we convert either interferences or the com-
pounds to be assayed into derivatives which alter the separation or detection
properties of the compounds. This kind of specificity for change in chrom-
ogenic properties of compounds of interest in fact forms the basis of
classical clinical analysis (e.g., determination of glucose by neocuproine
reaction). Numerous examples are provided in Chapter 3.

In chromatographic discrimination we try to make use of differences in
chromatographic distribution to achieve separation. Here we frequently
take advantage of the chemical properties of the substances, e.g., differ-
ences in ionization equilibria, differences in charge-transfer complexation
ability, etc. The selection of phase systems (see previous section) is often
based on these chemical differences.

Mechanical discrimination can be a powerful tool when used in chro-
matography. Here, particular interferences are simply switched out of the
system prior to their reaching the detector. As an example of how this
might be used, consider the chromatogram in Figure 4A. We wish to
determine the minor or trace components in the presence of the major
component. Unfortunately the minor component elutes on the tail of the
major component. A solution to this problem is illustrated in Figure 4B,

A Switch
Cno.l Cno.2
B I —{ I-——-lDetecﬂﬂ
Waste
j i
C

Figure 4. Removal of frontal interference by column switching.
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in which two columns are coupled in series with a switching valve between
them. In operation, the valve would be open to waste while the major
component is eluting from the first column. At the time indicated in Figure
4A, the valve is switched for flow through the second column. In this way
we drastically change the concentration ratio of interference to component,
so that analysis as shown in Figure 4C can be achieved. The use of switching
valves in this manner to enhance separation can be useful.®**~*¥ Moreover,
it is easily automated and could therefore be used in a clinical LC system.
See also the discussion of Figure 1 of Chapter 3.

Finally, detector discrimination can be a powerful means of solving
particular clinical problems. The more selective the detector, the less de-
mand is placed on the chromatography®? (a sufficiently specific detector
would not need chromatography at all).

The selectivity of the detector can also be used in a second manner
for determining whether interferences are present under particular chro-
matographic bands. A simple, yet powerful, technique is peak ratioing, in
which the absorbance of a band is read at two wavelengths. If a single
compound is under the band, then the absorbance ratio should equal that
of the standard substance itself.®® By scanning the entire chromatographic
band, and confirming that the absorbance ratio is identical across the band,
this technique can be extended to rule out even minor concentrations of
interferences with fairly similar spectral properties.

2.12.2. Derivatization

In the early days of modern liquid chromatography it was often stated
that substances requiring derivatization for GC analysis (e.g., highly polar
or ionic species) could be chromatographed directly in a convenient man-
ner by LC. While this characteristic of LC still remains true, it is now
recognized that derivatization can be an important tool, particularly for
more difficult separation or detection problems.®® Derivatization already
plays a significant role in clinical LC.

Derivatization (i.e., chemical modification of either the sample com-
ponents or interferences) can enhance the power of LC in a variety of
ways: (1) convert a component to a UV or fluorescent-active product; (2)
simplify the cleanup steps; and (3) less frequently, change the chemical
and therefore chromatographic properties of the substance (e.g., polarity
decrease of highly polar substance).

Depending on the particular problem, either pre- or post-column
derivatization (with reaction detectors) may be used. Pre-column derivati-
zation allows considerable freedom in the selection of conditions and de-
rivatizing agent, as reaction time need not be a determining factor. The
disadvantages of the pre-column approach are (1) the possible formation
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of side products which can interfere with the chromatographic analysis
and (2) the conversion of solutes into more similar forms which therefore
are more difficult to separate. Post-column derivatization overcomes most
of the disadvantages of the pre-column approach. The solvent and back-
ground remain constant from run to run, side products are less likely to
interfere or even to occur, and the separation is first achieved on the
original components. However, the use of reaction detectors places limits
on the time available for the reaction before band dispersion becomes
significant. In addition, the reagent selected must obviously not be detected
under the conditions used for the analysis of the derivative. Thus, both
pre- and post-column derivatization complement each other, and the par-
ticular approach selected will obviously be a function of the problem.

Pre-column derivitization is normally carried out off-line, using con-
ventional reactions that are reviewed in Chapter 3 and reference 55. In
post-column derivitization, a reaction detector provides for the controlled
addition of reagents to a column effluent in a continuous manner, with
provision for on-line mixing for some time # at temperature 7. An example
of reaction detection already familiar to many clinical laboratories is the
use of ninhydrin reaction in conjunction with automated amino acid ana-
lyzers for physiologic fluids. Here, the colorless amino acids leaving the
column are converted into strongly absorbing products that can be pho-
tometrically measured at either 440 or 570 nm. For a discussion of the
kinds of reactions previously used in reaction detectors, see reference 55.

A major objective in the design of all reaction detectors for high-
performance L.C is to maintain minimum spreading after the bands leave
the column. For fast reactions that require incubation times of 30 s or less
(e.g., Fluram reaction with amines to form fluorescent product), this can
be achieved by simply combining column effluent and reagent after the
column, and then passing the mixture sequentially through a multiturn
coil of small inside-diameter tubing and into the detector. In this manner
the reaction mixture is properly mixed prior to measurement in the de-
tector, which is usually a photometer or fluorometer, but can in principle
be any kind of detection system. For examples and further discussion of
this approach, see references 56 and 57.

A second approach, for reaction times of up to 3 min or so, is to use
a small column packed with glass beads following the effluent-reagent tee.
The hold-up time of this secondary column is equal to the desired incu-
bation time 7. The particle size of the beads in the secondary column must
be small—again for minimal extra-column band broadening, which creates
a need for higher pressures in pumping reagents into the system. An
example of an LC separation based on this approach is shown in Figure
5A, for the separation of the creatine kinase (CK) isoenzymes. In this case
the reagent mixture consists of the substrates and indicating enzymes used
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Figure 5. (A) Separation of CPK isoenzymes using a post-column enzyme detector. Col-
umn, 250 X 4 mm ID stainless steel; packing, DEAE-Glycophase/CPG (250-A pore di-
ameter, 5- to 10-um particle size); temperature, 25°. Solvents: (A) 0.05 M Tris, 0.05 M
NaCl, 107 M mercaptoethanol, pH 7.5; (B) 0.05 M Tris, 0.03 M NaCl, 1073 m mercapto-
ethanol, pH 7.5; flow rate, 4 mm/s (3 ml/min); pressure, 2500 psi; a = CPKj; b = CPK,;
¢ = CPK,. (B) Separation of LDH isoenzymes using a post-column enzyme detector.
Column, 250 X 4 mm ID stainless steel; packing, DEAE-Glycophase/CPG (250-A pore
diameter, 5- to 10-um particle size), temperature, 25°. Solvents: (A) 0.025 m Tris, pH 8.0,
(B) 0.025 M Tris, 0.2 M NaCl, pH 8.0; flow rate, 4 mm/s (3 ml/min); pressure, 2500 psi;
a = LDH;; b = LDH,; ¢ = LDHj; d = LDH,; e = LDH,. (Reprinted from reference 206
with permission.)

in the Rosalki CK determination (creatine phosphate, ADP, glucose, hex-
okinase, etc.). CK isoenzyme activity is then indicated by the formation of
NADH which absorbs at 340 nm. For further examples and discussion of
this approach, see references 58 and 59.

A final approach to reaction detectors makes use of air segmentation,
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e.g., autoanalyzer systems. Column effluent is segmented by air bubbles as
it leaves the column and is then combined with reagents in a tee. The
segmented mixture is then passed through a length of incubation tubing,
and finally to a debubbler (if necessary) and detector. Reaction times of as
much as 20 min can be accommodated with this approach, if the entire
LC/reaction-detector system is carefully designed. An example of a contin-
uous-flow reaction detector is provided in Figure 6, for the detection of
separated polyamines via the ninhydrin reaction. For additional examples
and discussion of continuous flow reaction detectors, see references 60 and
61.

For some LC applications, reaction detectors appear to be virtually
indispensable. The above example of the detection of separated enzymes
or isoenzymes in the presence of other sample constituents is a case in
point. Here it would be almost impossible to separate the enzymes of
interest from all other sample components, and the low concentrations of
these enzymes would preclude their detection by direct photometric means.
Reaction detectors in this case take advantage of the specific catalytic
properties of the enzyme.

2.12.3. Analytical Aspects

HPLC has been shown to be a precise tool for quantitative analysis.
With proper precautions, peak height or peak area can be measured with
relative standard deviations of 0.5 to 1.0%.“***%® These values indicate
that the precision of an LC clinical assay will usually be controlled by the
sample cleanup steps (e.g., extraction). Thus, Rocco et al. ®® found relative
deviations of peak height of 2-3% for the analysis of procainamide and
N-acetylprocainamide from serum using an internal standard. In a sepa-
rate study of the same substances without internal standards, Shukur et
al.®® found errors of 8-10%. However, even deviations of 10% are ac-
ceptable for many clinical assays by LC.

A frequent question is whether to use peak-height or peak-area meas-
urements in the quantitativé analysis of clinical samples. Each technique
has its separate advantages (see references 1 and 65). In most cases it
appears that greater precision is possible with peak-area measurements.
However, peak-height determinations are less subject to possible interfer-
ences. On balance, typical clinical assays by LC probably place more em-
phasis on accuracy than precision.

Retention reproducibility has already been mentioned in our discus-
sion of solvent reservoirs and pumps. To reiterate, retention can often be
as precise as 0.5% relative standard deviation from run to run. However,
the resetting of separation conditions from day to day can lead to 1% or
greater variation in retention from such factors as pump resettability,
temperature control of the column, and mobile-phase composition. Special
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care should be taken to reproduce the makeup of the mobile phase, as
retention in reverse-phase separation is particularly sensitive to this variable.

A more serious concern is the reproducibility of commercial reverse-
phase columns. In our experience,®” retention reproducibility of columns
from the same manufacturer is usually no better than 10-15%; at times
more serious variations occur. Thus, each new column must be checked
carefully and calibrated, where appropriate. Variations from manufacturer
to manufacturer with supposedly the same packing material (e.g., bonded
reverse-phase Cyg) can be very large (up to 30%), not only in absolute
retention but also in relative retention.®® While variations in retention may
partly be attributed to differing surface areas of the silica particles, the
differences in relative retention also represent variable bonded-phase char-
acteristics. One must expect different separation conditions from column
to column, when different commercial sources are selected. It is hoped
that in the future manufacturers will define the specifications of their
columns more carefully.

As we have already noted, Chapter 3 of this volume covers the topic
of trace LC analysis. This is obviously an important subject in clinical
analysis, and the reader is advised to see that chapter for details.

2.12.4. Gradient Elution and Related Techniques

Most clinical assays by LC have involved the determination of a single
compound or group of similar compounds whose retention times fall
within a narrow range of values. In these cases, the compound or com-
pounds of interest generally elute at the end of the chromatogram with
values that fall in the range 1 < &’ < 10. Such assays are best carried out
by isocratic elution, where the conditions of separation are maintained the
same throughout the analysis. In other cases, we may want to determine
several compounds of widely different elution properties, or the compound
of interest may be followed by late-eluting bands. Here isocratic elution is
not advantageous, for reasons that are well known to chromatographers:
excessive separation time, broadening of late-eluting bands to the point of
nondetectability, etc.

Gradient elution or solvent programing has been been used occasion-
ally in clinical LC to solve problems of the above type. An example is seen
in Figure 5 for the separation of the creatine kinase and lactate dehydro-
genase isoenzymes. Here the k' values of the various isoenzymes differ
greatly, so that isocratic separation is not feasible. Although gradient elution
is a powerful technique for problems of this type, or for rapid purging of
late-eluting sample constituents when the compound of interest has an
intermediate k' value, the technique has its disadvantages for clinical ap-
plication. First, gradient elution and its necessary equipment is generally
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complex and/or expensive, adversely affecting system reliability and cost.
Second, quantitation via peak-height measurements is less precise. Finally,
column regeneration is generally required «fter each gradient elution sep-
aration—and this adds to total analysis time.

One alternative to gradient elution that seems particularly suited to
clinical LC is “coupled-column” operation®"*%% which is another example
of the previously discussed column-switching technique. The use of cou-
pled columns essentially substitutes stationary-phase programing for the
mobile-phase programing used in gradient elution. In the simplest arrange-
ment of valve and columns, shown in Figure 7, column 1 might consist of
a short n-alkyl chain length (e.g., C;) bonded-phase column and column
2 would then be a long chain-length (e.g., Cys) column. Sample retention
is considerably reduced on column 1 vs. column 2.

In normal operation of the system of Figure 7, the valve is first set to
connect column 1 to column 2. Sample is then injected, and compounds
with low k' values are allowed to elute from column 1 and enter column
2. The valve is then switched to allow direct elution of remaining sample
components from column 1 into the detector. In this manner, strongly
retained compounds are quickly eluted from column 1 into the detector.
Weakly retained sample components that were allowed to pass into column
2 are more strongly retained in that column, for good resolution with the
single mobile phase used in coupled-column LC. Therefore, following
elution of all compounds from column 1 into the detector, the valve is
again switched for the subsequent elution of remaining compounds from
column 2. In this way all compounds are separated in an optimum Kk’
range (e.g., 2-5) from their respective columns.

The advantages of coupled-column LC over gradient elution include
the following: (1) very simple and inexpensive equipment that is easily
automated; (2) a relatively stable system, inasmuch as solvent composition
is not changed during the assay; (3) better quantitation by peak height;
and (4) no need for column regeneration.

3-way valve
Pump = e -+ Detector
]
Sample Column no.|
Injector
Column no.2

Figure 7. Coupled-column arrangement.
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While the technique of coupled columns has so far seen limited ap-
plication, the necessary column packings and switching valves have only
now become readily available. It is anticipated that some clinical assays will
benefit from the application of this technique.

2.12.5. Automation

Maximum precision and the avoidance of sample misidentification are
greatly favored by automation in clinical analysis. Also, the automation of
high-volume tests generally leads to a reduction in cost-per-sample and
more efficient utilization of laboratory personnel. For a number of clinical
applications of LG, it is clear that the necessary sample volume to justify
full automation already exists in the larger laboratories.

The necessary components for a totally automated system for clinical
LC are shown in modular form in Figure 8. This scheme provides for six
separate steps between introduction of samples and reporting out of final
results. While a given LC assay might dispense with one or more of these
individual steps, many present methods involve each of the functions
shown. Figure 8 assumes that the six modules are directly interfaced for
completely automated operation, but this need not always be true. For
example, sample pretreatment (step 2) might be done off-line, with the
treated samples then introduced into an automated system which does not
include this step. The following discussion considers each of the six steps
of Figure 8 in turn, with attention to the interfacing of adjacent modules
into a fully automated system.

Sampling. This step needs no further discussion, since it is basic to
other automated clinical assays. Commercial sampler/injection systems
(steps 1 and 3) for use in LC are available from several instrument com-
panies. Samplers designed for interfacing to sample-pretreatment modules

SAMPLE SAMPLE
SAMPLER PRETREATMENT "1 INJECTOR
DATA — PUMP/
OUTPUT [* DETECTOR COLUMN

Figure 8. Totally automated LC system.
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based on continuous flow analysis (see below) are already used in the
clinical laboratory.

Sample Pretreatment. Present LC methods for clinical analysis normally
require some form of pretreatment prior to injection. This pretreatment
can include one or more of the following operations: dilution, extraction,
evaporation to dryness, redissolution of evaporated samples, deproteini-
zation, pH adjustment, derivative formation, filtration, preseparation by
gel filtration, etc. The partial automation of many of these operations is
well known in the literature, and various such devices are commercially
available. However, complete automation of any one or more of these
steps, with the capability of interfacing the over-all pretreatment module
to both the sampler and to the injection module, can at present be achieved
only with continuous-flow (e.g., autoanalyzer) systems. Fortunately such
systems are already well known to the clinical chemist. Further discussion
here of sample pretreatment will therefore focus on the continuous-flow
approach. For a general discussion of autoanalyzers and continuous-flow
analysis, see references 67 and 68. For a specific discussion of the use of
autoanalyzer components with LC, see references 50, 69, and 69a.

The dilution and/or extraction of serum or urine can be achieved by
continuous flow analysis, as discussed in reference 70. The major problem
encountered is the final separation of the organic extract phase from the
original sample phase, since emulsions often result particularly in the case
of serum or urine. However, this problem can be minimized by attention
to the design and construction material of the phase separator (see refer-
ence 70). Other operations, such as filtration, derivative formation, etc.,
can also be carried out with autoanalyzer components.

Injection. Pretreated sample leaves the autoanalyzer pretreatment
module as an air-segmented stream. This stream can be debubbled in the
conventional manner and fed to an automatic six-port sample injection
valve, operated by a timing mechanism that is coordinated with the sam-
pler. Several companies now supply such automated sampling valves for
high-pressure LC.

LC System and Detector. The equipment for the LC system (pump,
column, etc.) has already been discussed. A general discussion of LC de-
tectors is provided in Chapter 3.

Data Reporting. In a clinical LC system, this can be as simple as the
recorder chart of the analog chromatogram. Alternatively, the latter analog
signal can be further processed by a microprocessor in the LC system, or
interfaced into a laboratory computer system. The extent of data processing
can vary from simple calculations of concentration (based on peak height
or area) to confirmation of peak identity and absence of interferences via
an analysis of the peak shape and its exact retention time.
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3. Applications

The possible applications of LC which impact on the clinical laboratory
fall either directly or indirectly into several areas:

reagent characterization
research

reference samples
reference methodology
genetic screening
pediatric chemistry
specialty testing

routine analysis

PN TR o=

We have chosen in this chapter to emphasize only the last two tepics:
specialty testing and routine analysis. Further, primary attention generally
will be given to those LC applications which may be important in the
immediate future, i.e., the next 2-5 years. Before examining these appli-
cations, however, some general comments on areas 1-6 are appropriate.

Many reagents used in routine clinical analysis are in an inadequately
characterized form. LC offers a unique tool for the analysis of both content
and purity of such compounds as coenzymes, dyes, and surfactants, both
as nominally pure materials and in mixture with other reagents. One
example, the characterization of the reduced form of nicotinamide adenine
dinucleotide (NADH), an important coenzyme, suffices to establish the
utility of LC in this area (e.g., references 71 and 72).

There is a great need for more research involving clinical chemistry.
Basic studies are needed to define further the clinical biochemistry of
various disease processes, in order to improve diagnosis, prognosis, and
treatment. The clinical chemistry laboratory plays an important role in
these efforts, and LC is a useful tool for some of these studies.

LC can provide reference methodology. For example, ion-exchange LC
involving detection at 254 nm and confirmation by GC/MS has been shown
to provide a specific assay for creatinine body fluids.™ This method is
discussed further below. Similarly, LC separation followed by specific elec-
trochemical detection constitutes a potential reference method for uric acid
in serum.”® Preparative LC should help to provide reference samples for
the clinical laboratory.

Genetic screening involves testing for inherited diseases and includes
prenatal diagnosis. The most widely employed tests emphasize detection
of biochemical abnormalties prior to the onset of symptoms. For example,
statewide testing programs exist for the detection of phenylketonuria in
newborns based on elevated urinary levels of phenylalanine. Similarly,
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decreased levels of thyroxine in cord blood signal the likelihood of cretin-
ism. The complications from each of these conditions are preventable, if
therapy is begun early. This is the major justification for early diagnosis.
Unfortunately, many more genetic diseases are diagnosed only after symp-
toms arise. Therefore, it is desirable to improve diagnostic and therapeutic
procedures to the point where presymptom testing for more of these
conditions becomes practical. :

Genetic screening is a very large field, particularly when it is realized
that abnormalities of the metabolism of amino acids, carbohydrates, lipids,
nucdleic acids, porphyrins, hormones, and vitamins are included. Generally,
these abnormalities arise as a consequence of mutant enzymes. However,
mutations of nonenzymatic proteins are also important, leading to addi-
tional genetic diseases, e.g., sickle-cell anemia, which involves an abnormal
hemoglobin. As pointed out in a recent review, almost 2000 genetic dis-
orders are known, many of which are harmful.™ There are many oppor-
tunities for LC in this field, and some important analyses already have
been achieved, e.g., those for porphyrins, amino and urinary acids, and
lipids. Porphyrin analysis is discussed later in this chapter. Amino acid
analyzers are widely used for confirmation and monitoring of aminoaci-
durias. The new generation of these analyzers involving small-particle
columns and elevated pressure is another example of modern LC. The use
of reverse-phase LC has allowed much more rapid separation of urinary
acids”® than was previously achieved by ion-exchange LC. For lipid anal-
ysis, developments are currently confined to resedarch laboratories. How-
ever, the ability of LC to detect Farber’s disease and homozygotes and
heterozygotes of type A Niemann-Pick disease has been demonstrated. -’

For screening of large populations, high throughput with low cost is
essential. For evaluation of high-risk groups or individuals already beset
with symptoms, and for monitoring of treatment, the need for high
throughput is much reduced, since far fewer analyses are required.

Pediatric chemistry places special emphasis on the small sample size
that is available from infants. Thus microanalytical procedures are favored,
especially those featuring reliability, accuracy, and precision (because of the
reduced opportunity to repeat procedures by the same or confirmatory
methods). Since microscale verisons of many tests are not adequately sen-
sitive or reliable for pediatric work, alternate methodologies often are
desirable. Because high sensitivity, reliability, microscale sample capability,
and broad scope are its basic strengths, LC is well suited to tackle some of
the analysis problems in this area. A book™ and a review®” covering the
special needs of the pediatric laboratory are available.

Specialty testing and routine analysis by LC are the main topics of the
present chapter. While major emphasis is placed on system requirements
for large-volume automated LC applications, the flexibility and versatility
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of LC should not be overlooked for application to specialty tests that involve
only a few samples per week. The cost of developing a new assay by LC
is usually small (in contrast to methods based on immunoassay), and many
different assays can be carried out on the same equipment and columns.
The following sections provide detailed reviews of (1) biogenic amines, (2)
drugs, (3) hemoglobin Alc, (4) hormones, (5) isoenzymes, (6) lipids, (7)
porphyrins, (8) vitamins, (9) organic acids, (10) ubiquinone and (11) nu-
cleotides, nucleosides, and bases. A note added in proof covering these
topics is presented at the end of the chapter.

3.1. Biogenic Amines
3.1.1. Catecholamines

It clinical practice, “catecholamines” includes mainly three substances:
dopamine, norepinephrine, and epinephrine. Each has a catechol nucleus
(a benzene ring with two adjacent hydroxyl groups) and an amine function
(see below). Important sites of production or action include the brain, the
postganglionic sympathetic nerves, and the adrenal medulla. The major
metabolite of dopamine is homovanillic acid (HVA), and the major meta-
bolite of epinephrine/norepinephrine is vanillylmandelic acid (VMA), each
of which occur in the urine (both conjugated and free). Various interme-
diate metabolites such as normetanephrine and metanephrine also are
encountered. '

OH OH OH
OH OH KK/OH
O
CHOH CIHOH Cle
CH,NHCH, CH,NH, CH,NH,
Epinephrine Norepinephrine Dopamine
OH OH
OCH;, OCH,
C‘HOH C’H2
COH CO,H
Vanillylmandelic acid Homovanillic acid

(VMA) (HVA)
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Measurement of the catecholamines and their metabolites provides an
indication of tumors of the tissues involved in catecholamine production,
for example, the tumors pheochromocytoma, neuroblastoma, and gan-
glioma. In these conditions, the catecholamines and their metabolites tend
to be greatly elevated in both the serum and urine. Although assay for
total levels of these compounds is diagnostically useful, additional clinical
information ean be obtained from measurements of the specific amines
and metabolites,

Of all the biogenic amines, the catecholamines and their major metab-
olites vanillic acid and homovanillic acid have been most investigated by
LC. The ability of LC to rapidly separate synthetic mixtures of the cate-
cholamines has been amply demonstrated (e.g., references 81-83). This
discussion will be mostly confined to analyses of actual samples. As a
generalization, the early popularity of ion-exchange chromatography for
these analyses has given way to improved procedures utilizing reverse-
phase LC.

In one of the earliest papers describing the LC analysis of catechola-
mines in urine, Kissinger reported quantitation of norepinephrine, L-dopa,
epinephrine, and dopamine within 10 min on a bonded-phase cation-
exchange resin, using electrochemical detection.®® More recently, Kissin-
ger has reported an improved methodology based on the use of a micro-
particulate reverse-phase column modified by an anionic detergent.®® A
chromatogram is shown in Figure 9. The cleanup procedure includes an
adsorptive extraction of the catecholamines with alumina.

NE
SnA
DA
EPI

Figure 9. Chromatogram of norepinephrine (NE), epineph-
rine (E), and dopamine (DA) isolated from human urine by
X2 XIlo ion exchange followed by alumina. Column: 30 cm C,s Per-
___L,w maphase; mobile phase: sodium octylsulfate in citrate/phos-
x| ’ phate buffer; detection: thin-layer amperometry operated at
6 42 "‘ é é +0.720 V vs. an Ag/AgCl reference electrode. Concentrations

in the urine were NE: 60 ug/liter, E: 22 ug/liter, DA: 510 ug/
MIN liter. (Reprinted from reference 85 with permission.)



Clinical Liquid Chromatography 233

Vanillylmandelic acid (VMA) has been quantitated in urine using an
initial sodium periodate oxidation to vanillin.®® Extracted vanillin is then
quantitated by electrochemical detection after elution from a C,s reverse-
phase column.

An LC assay for urinary homovanillic acid, the principle metabolite of
L-dopa and dopamine, has been reported.®” A sequence involving solvent
extraction, TLC, and then LC with electrochemical detection was used. The
related metabolite, 3,4-dihydroxylphenylacetic acid, has been quantitated
similarly.®®

An LC procedure employing a packing of porous styrene—divinylben-
zene for both vanillylmandelic acid and homovanillic acid in urine has also
been reported, using detection at 280 nm.®**” The disadvantages of the
procedure were that gradient elution was required, the separation time
was long (50 min), and an interference with HVA was encountered after
coffee ingestion. However, only a simple organic extraction of acidified
urine was used to prepare the sample for LC analysis.

Mell and Gustafson® extracted catecholamines from 150-250 ml of
urine with alumina and then analyzed a dilute acetic acid eluate by reverse-
phase LC using 280 nm detection. Significant peaks from a normal serum
were seen for norepinephrine, dopamine, normetanephrine, and meta-
nephrine. Less efficient chromatography was used here than in the work
cited earlier for some of these analytes,® and the metabolite dihydroxy-
phenethyl glycol may be present under the peak for norepinephrine.®?

Urinary normetanephrine, metanephrine, and 3-methoxytryamine
have been quantitated by reverse-phase LC with amperometric detection.®®
Potentially interfering catecholamines were eliminated by complexation
with borate in the cleanup procedure. A low-pH mobile phase rather than
an ion-pair mode was used to avoid peak tailing.

LC procedures for catecholamines involving derivatization before the
column (for fluorescence detection) also have been reported; either a
fluorescamine®® or dansyl®>*® group was introduced. In the latter case,
determination down to 50 pg was cited. For the homovanillic acid analysis
cited previously, the electrochemical detection limit was 100 pg.®” It there-
fore would appear that both fluorescence and electrochemical detection
have the potential to allow the LC analysis of catecholamines in plasma
samples.

Because of the complexity of most urine samples, including the large
number of possible catecholamines and/or related compounds present in
urine, it is especially important to look for possible interferences in these
assays. Thus, one study®® showed a well-separated peak in urine (soap
chromatography) at the position where epinephrine was expected. Further
analysis of this peak, however, established that it was in fact some other
compound.
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Thus, there has been much work in this area. Urine has been the only
physiological sample which has been analyzed in practical terms by LC, but
reasonable detection capability for plasma samples is in hand. (An analysis
of 1-dopa and dopamine in serum by LC is not an exception because
therapeutic rather than endogenous concentrations were involved.®®) In
regard to the analysis of plasma samples, it is interesting that no practical
immunoassays for the catecholamines such as epinephrine in this fluid
have appeared. The probable reason is that these substances are too small
as haptenic groups. This void has been filled, however, by a radioenzymatic
procedure (e.g., reference 97), in which individual catecholamines are
quantitated with a sensitivity of 5-10 pg by a procedure in which
[*Hlmethyl groups are enzymatically transferred to the catecholamines
followed by a TLC separation step and scintillation counting. A review
emphasizing derivatization of biogenic amines (including catecholamines)
to facilitate chromatographic analysis has recently appeared.®®

3.1.2. 5-Hydroxyindoles

Serotonin (5-hydroxytryptamine) is a vasoconstrictor and smooth-mus-
cle stimulant. It is the active component of a series of 5-hydroxyindoles, all
of which are either precursors or metabolites of serotonin. The diagnostic
significance of the 5-hydroxyindoles is that their excessive production and
excretion is a biochemical indication of malignant carcinoid tumors, a type
of neoplasm particularly associated with the gastrointestinal tract. In these
cases, more than 99% of the total 5-hydroxyindoles excreted into the urine
are normally in the form of 5-hydroxyindole acetic aicd (5-HIAA), the final
metabolic product of serotonin. The major part of 5-HIAA is excreted free,
with some conjugated to sulfate. In other cases, the total urinary 5-hy-
droxyindoles are comprised of significant fractions of compounds other than
5-HIAA.

The quantitation of 5-HIAA in urine using low-pressure, cation-ex-
change separation (approx. 18 min) followed by an on-line reaction with
o-phthalaldehyde for fluorescence detection was reported several years
ago.®® Six indoles (including three 5-hydroxyindoles) have been isocrati-
cally separated by reverse-phase LC and detected by fluorescence without
derivatization in less than 20 min.“*” LC analysis with fluorescent detection
of 5-HIAA in actual samples of urine"®® and both urine and cerebrospinal
fluid also has been reported,*®® as has the analysis of four indoles in
cerebrospinal fluid."®® In the latter work, detection limits of 12-70 pg were
reported. '



Clinical Liquid Chromatography 235

3.1.3. Polyamines

There is increasing interest in the clinical assay of polyamines in urine
and serum, in connection with the management of cancer patients. The
chemical structures of the polyamines and their normal ranges in serum
and urine are shown in Table 3. It was initially reported"% that the total
concentrations of polyamines in urine are elevated for most cancer patients,
which led to the hope that the assay for polyamines in urine or serum
might have screening value for the detection of occult cancer. Apparently,
cancer cells are rich in the polyamines, and the death of these cells as a
result of normal body processes leads to elevated concentrations of these
substances in serum and urine. Although subsequent studies (e.g., refer-
ence 103) did not support screening analyses for cancer detection, more
recent work (e.g., references 104 and 105) suggests that polyamine meas-
urement can be used to monitor the effectiveness of chemotherapy for
cancer, much as carcinoembryonic antigen (CEA) assays are used in con-
junction with various types of cancer treatment. Following initial therapy,
polyamine levels in serum and urine normally show a distinct elevation as
a result of cancer-cell death. The polyamines then tend to return to normal
levels when treatment is successful.

Polyamines have been measured by electrophoresis, gas chromatog-
raphy, and LC. Electrophoresis is less sensitive than LC or GC, and the
sample derivatization required in GC is time-consuming and inconvenient.
Thus, LC is now the procedure of choice (e.g., references 103, 104, and
106-109). These assays to date all involve ion-exchange chromatography,
following sample pretreatment. Usually, a hydrolysis step is included to
deconjugate the polyamines. In these studies, several factors have made
the assays fairly slow (e.g., 40 min to 2 h per sample): (1) relatively poor
column efficiencies, (2) the need to separate small amounts of polyamines
from large amounts of amino acids, and (3) the use of reaction detection
(ninhydrin or fluorescamine).

More recently, this general procedure has been improved.*? First, a
pre-separation of the sample amino acids and polyamines is effected on a

Table 3. Polyamines in Body Fluids

Normal range®

Urine Serum

Polyamine Structure (mg/24 h) (nmol/ml)
Putrescine NHz—(CH2)4—NH2 1-4 0
Spermidine ~ NHy;—(CH,)s—NH—(CH,),—NH, 2-3 0.2-0.5

Spermine NH;—(CH;);s—NH—(CH,;)s—NH—(CH:);—NH, 0-1 0
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pre-column or loadable cartridge. This is done off-line, prior to leading
the cartridges-plus-samples onto an automatic amino acid analyzer. Second,
a salt-gradient solvent program is utilized for optimum resolution and
spacing of the polyamines. Third, a two-column system is used, with re-
generation of one column occurring during separation of sample on the
alternate column. This effectively reduces assay time by half. Finally, the
reaction detector uses air segmentation for minimal extra-column band
broadening; this allows an analysis rate of approximately 6 samples/h.
Chromatograms from various polyamine samples by this techinque are
shown in Figure 6. Further increase in assay rate should be possible, as by
using bonded-phase small-particle packings in place of the present porous
resins. A review on assay procedures, including LC, for polyamines in urine,
serum, and cerebrospinal fluid has appeared. 1%

3.1.4. Creatinine

This compound is a common metabolic waste product produced at a
relatively constant rate in the body. It is measured in urine to assess the
completeness of 24-h collections and to provide a better guide to the
excretion rate of other substances than is provided by urine volume. Meas-
urement in serum, when accompanied by urine values, allows calculation
of the creatinine clearance rate, which is a sensitive and highly regarded
indicator of glomerular filtration rate. Serum creatinine levels alone also
are useful, since they are elevated in moderate to severe renal disease
(because of reduced excretion).

The Jaffe reaction, in which alkaline picrate reacts with creatinine to
form a yellow color, is widely used to measure creatinine in both serum
and urine. However, the procedure is relatively nonspecific. Although less
convenient, two assays for creatinine in urine and serum by LC have been
reported to date, both of which offer greater (if not total) specificity. The
first involves an ion-exchange LC separation of creatinine prior to an on-
line Jaffe reaction! In the second assay, the sample is first cleaned up by
adsorption and cation exchange. The creatinine fraction is then injected
onto a small-particle C,s column. Detection at 254 nm shows a well-resolved
peak for creatinine from both serum and urine samples.™ The isolation
procedure is quantitative and the detection limit for creatinine is 10 ug.
The peak for this substance can also be collected, trifluoroacetylated, and
further confirmed by gas chromatography-mass spectrometry, which con-
stitutes a potential reference method.

3.2. Drugs

Clinical drug analysis can be organized into four major and several
minor categories, as shown in Figure 10. The major categories are thera-
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CLINICAL DRUG ANALYSIS

| 1

THERAPEUTIC
MONITORING OVERDOSE ABUSE COMPLIANCE

GENERAL  SPECIFIC
EMERGENCY ROUTINE  gCREENING SCREENING

MILD
OVERDOS AUTOPSY

Figure 10. Categories of clinical drug analysis.

peutic monitoring, overdose, abuse, and compliance testing. This particular
scheme is based on the reasons for doing the tests. It is useful to be aware
of this point of view, because the purpose of a determination is related to
the preferred assay methodology.

Therapeutic monitoring is becoming the most common reason for clin-
ical drug analysis. Although the number of different drugs involved is
much smaller than in the other categories of Figure 10, the frequency of
requests is significantly greater and is growing steadily in regard to both
current and new analyses.

The purpose of this testing is to permit therapy to be based on
concentrations of the drug or its metabolites in a physiological sample from
the patient, usually serum, rather than on less dependable or less desirable
parameters such as dosage or toxicity symptoms. For most drugs, the
relationship between the amount given and the concentration in blood and
tissues varies greatly from one patient to another. This relationship is
influenced by completeness of absorption, distribution and binding pro-
cesses, body size and composition, and rates of metabolism and excretion.
All these factors show much individual and temporal variation due to
genetic and environmental factors, consequences of disease, and coadmin-
istration of other drugs. However, the therapeutic and toxic effects of
many drugs correlate with their levels in serum.

Overdose testing may be requested for either emergency or routine
cases. For emergency analysis the emphasis is on rapid identification or
confirmation (qualitative analysis) of the drug(s), rather than on quantita-
tion. For more routine analysis, however, such as a patient with nonthrea-
tening symptoms, or a patient under therapeutic control, the emphasis
shifts to confirmation analysis and quantitation. Various factors including
clinical symptoms often suggest at least the type of offending agent, and,
in the more severe cases, general treatment cannot wait for toxicological
analysis. The diagnostic role of the laboratory therefore is not as great as
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might be anticipated. Nevertheless, specific treatment depends critically on
the type of drug in many cases,"'® and clinical symptoms have been
claimed to be unreliable for diagnosis in a large percentage of overdose
cases."® Thus, toxicological data are important, but largely for reasons
such as confirmation, identification of the specific agent, assessing severity,
and following the progress of the patient.*'*

Abuse analysis emphasizes addiction but also includes isolated in-
stances of drug ingestion. If the physician suspects or knows a specific
drug or drug class is being abused, then the analysis request to the labo-
ratory can reflect this by an indication for quantitative analysis. When less
is known about the drug, then general qualitative testing is more appro-
priate. A book on this subject is available,"*® as well as a related review on
urine analysis."'®

Compliance testing seeks to determine whether the patient is taking
a drug as prescribed, if at all. In other words, the question is whether the
patient is following the directions of the physician. Drug testing, particularly
in more accessible fluids, such as urine or saliva, obviously is one approach.
The extent of this problem and various ways to deal with it have been
reviewed."*” It has been estimated that about 30% of low results in mon-
itoring of anticonvulsant therapy were due to noncompliance in one
study.“"a’

3.2.1. Methodology

Several techniques other than LC are widely used for clinical drug
analysis: spectrophotometry, fluorometry, TLC, GC (including GC/MS),
and immunoassays (for example, EMIT® and RIA). We will next examine
the strengths and weaknesses of these methods vs. LC.

Spectrophotometry (including calorimetry) and fluorescence may be
considered together because of various similarities. These methods have
certain specificity limitations. However, their lack of sophistication and
complexity is often an advantage for commonly encountered drugs, be-
cause it means that the assays are rugged and satisfactorily performed by
routine personnel. Also, these analyses often are used to confirm results
from other, more qualitative techniques such as TLC. Nevertheless, many
drug analyses are beyond the capability of these methods because of limi-
tations of specificity or sensitivity.

TLC for drug analysis offers important advantages, particularly: (1)
simultaneous analysis of many samples on the same plate, (2) rugged
conditions for separating most of the drugs in the classes encountered
commonly, and (3) low cost. For general or specific screening purposes,
this technique probably is the method of choice whenever sensitivity is
adequate and only semiquantitative information is sought. TLC therefore
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is well-suited for drug abuse and overdose screening. However, for ther-
apeutic monitoring, where quantitative information (often at low levels) is
required, TLC is not useful. Also, interfering spots can be encountered on
TLC plates, because of the limited resolution and specificity available, so
that a confirmatory test such as spectrophotometry or GC is often used
(this also quantitates the answer). Although some workers and companies
have claimed that TLC with extra steps such as alternate mobile phases
can confirm results on its own, in practice this procedure is not often used.

Gas chromatography and GC/MS are widely used in more sophisti-
cated laboratories for drug analysis. Neither method is inherently a rapid
technique. This is because of time for instrument warm-up, limitation to
one analysis at a time, and return of the oven to starting conditions when-
ever temperature programing is employed. Frequent claims in the litera-
ture that these are rapid techniques refer to an instrument that is warmed
up and ready for the next injection. The main advantages of GC are its
high sensitivity and its ability to quantitate several drugs in a single run.
When the detector is a mass spectrometer, the analysis now usually becomes
qualitative rather than quantitative for clinical drug analyses, but the ability
to identify instantly a large number of possible drugs is achieved because
the mass spectrum usually is fed automatically into a computer library
containing a large number of spectra (e.g., 1000 or more) for identification
by matching. Thus, GC/MS is an important tool for emergency testing in
which uncommon agents are present or whenever other techniques, for
various reasons, are unsuccessful. Some laboratories have used GC/MS for
primary screening of all emergency samples and have found that certain
drugs are involved most of the time. It has been profitable to carry out
simpler and less costly procedures such as TLC or GC with simple detection
(e.g., flame ionization) whenever possible; thus, GC/MS is being used more
for severe emergency or problem samples. Its utility for overdose drug
analysis has been reviewed.*'®

A general disadvantage that is often cited for GC is its inability to
analyze ionic, thermally labile, or high-molecular-weight substances. How-
ever, the vast majority of drugs are volatile, stable, low-molecular-weight
materials, so that GC and GC/MS have broad applicability. Even the fairly
polar drugs can be analyzed directly. However, peak tailing and adsorption
losses of polar drugs tend to make such analyses less reliable than analysis
after derivatization (e.g., acetylation, methylation) to form less polar pro-
ducts. On-column derivatization suffers from column deterioration and
therefore is not a general answer to some of these problems, as has been
pointed out.*!? Also, conjugated drug metabolites (e.g., drug~glucuronate,
drug sulfate) require acidic or enzymatic hydrolysis prior to GC analysis.
These problems, along with (1) the need for skilled personnel, (2) a sig-
nificant initial investment, (3) sample cleanup and frequent derivatization
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requirements, (4) excessive analysis times in some cases, (5) occasional
problems with column life and reproducibility, and (6) requirement for
column change-over for some analyses, have all limited the use of GC and
GC/MS for drug analysis. However, GC and GC/MS play and will continue
to play a major role in this field.

Immunoassays such as EMIT and RIA enjoy wide and increasing use
in all types of drug analysis. Their advantages and disadvantages relative
to each other and versus other techniques such as GC and LC for drug
testing have been discussed previously.?*12 Both techniques involve anal-
ysis by competitive binding and thus are indirect. The readout is enzymatic
activity for EMIT, whereas it is radioactivity (either 8 or vy counting) for
RIA. Both procedures offer elimination of extraction and cleanup steps
(although predilution of samples may be required for some RIA analyses)
and high sensitivity (especially for RIA). EMIT is exceedingly rapid for
drugs in the milligram per liter range, such as the commonly tested anti-
convulsants and theophylline in serum, offering sample turnaround times
of about 3 min.

A general disadvantage of both EMIT and RIA is their susceptibility
to specific and nonspecific interférences. As an example of a specific in-
terference, p-hydroxyphenobarbital, a major metabolite of phenobarbital,
interfered in a radioimmunoassay of the latter in both serum and urine,
unless the phenobarbital was selectively extracted into chloroform.???

3.2.2. Therapeutic Monitoring: General

Most applications of drug analysis by LC have involved therapeutic
monitoring, particularly for anticonvulsants, antiarrhythmics, and theophyl-
line. Aside from the extensive need for monitoring of these particular
drugs, LC analyses for them have been particularly effective because these
drugs are good UV absorbers and have therapeutic levels in the microgram
per milliliter range. Thus, these drugs represent a relatively easy analysis
for LC. Development of LC assays for other drugs which are therapeuti-
cally effective at lower levels (e.g., nanogram per milliliter level), or which
are less UV-active, obviously will be more challenging. Specific drugs and
references are included in Table 4. (For background discussions, see ref-
erences 123, 124, and 124a.) Apart from the assay of these drugs in serum,
other assays of drugs in physiologic fluids at the present time are for the
most part on a research rather than clinical basis. Assays of drug metabolites
in urine are often reported, but these are mainly of interest in connection
with pharmacokinetic or bioavailability studies. Although extensive work
already has been carried out to establish therapeutic ranges for total drugs,
some interest has been expressed in determining the concentration of the
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Table 4. Current and Potential Therapeutic Drug Monitoring by LC”
Thera-
peutic
range
Drug function Drug (ng/ml) References
Anticonvulsants Phenytoin 10-20 117a, 124,
128, 130,
134, 135,
138, 141,
141a
Phenobarbital 2040 124, 130,
135, 139-
141, 262
Ethosuximide 40-100 128, 130,
135
Carbamazepine 6-10 128, 130,
132, 135,
137, 140,
142, 143,
262
Primidone 8-12 128, 130,
135, 141
Valproic acid 50-100 176, 262
Mephenytoin 5-16 176, 181-
183, 262
Benzodiazepines 144, 262
Trimethadione 20 262, 266a
Paramethadione 266a
Methsuximide 0.1-1.4 262, 266a
Ethotoin 266a
Phenacemide 262
Antiarrhythmics Procainamide 4-8 145-149
Lidocaine 1-6 145
Quinidine 4-8 150
Propranolol 150a,b
Diisopyramide 151
Acebutolol 151a
Bronchodilator Theophylline 10-20 129, 131,
152-158
Dyphylline 179, 180
Antisclerotic p-Aminobenzoic acid and 166, 167
metabolites
Clofibrate 167a
Antiarthritic Phenylbutazone and metabolites 168
Antiuricemic Allopurinol and metabolites 169
Antiintraocular tension Acetazolamide 170
Antithrombotic Sulphinpyrazone 171
Anticarcinogenic 5-Fluorouracil, methotrexate 172, 288

(Continued)
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Table 4. (Continued)

Thera-
peutic
range
Drug function Drug (ug/ml) References
Antiinflammatory Diftalone and metabolites 173
Analgesic Carprofen 173a
Phenacetin 174, 174a
Acetaminophen 174a, 175,
175a
Antibiotics Gentamicin 176, 176a,b
Tobramycin
Mefruside 176c
Cephalosporins 176d
Chemotherapeutics Adriamycin 177, 177a,b
Daunorubicin
Amikacin
Antifibrinolytic €-Amino caproic acid 178
Diuretics/antihypertensives Hydrochlorothiazide 159-161
Antiparkinsonism L-Dopa (and dopamine) 162
Antipsychotics Perphenazine 163, 176
Fluphenazine
Chlorpromazine
Antidepressants Amitriptyline 164, 164a,b,c
Nortriptyline
Chlorimipramine 165
Imipramine
Antimalarials Mefloquine 165a
Anesthetics Flunitrazepam 165b

¢ This list mostly presents drugs for which LC assays have been established in serum or urine. A few
of the references simply give basic information about the drugs. (See Note Added in Proof.)

drug which is free in serum, as opposed to the sum of free plus protein-
bound drug. Probably, as has been suggested (e.g., references 125 and
125a), free drug concentrations are a more reliable index of patient status.
Whether or not assays for free drugs will be generally adopted remains to
be seen; they should probably be determined whenever the therapeutic
status of the patient is markedly inconsistent with the total serum level of
the drug.

Measurement of drugs in saliva rather than serum does offer a non-
invasive approach. A drawback is that the pH of the saliva varies consid-
erably (5.8-7.8), and the salivary epithelium is impermeable to the ionized
forms of drugs.*?® Thus, salivary concentrations of drugs with pK, values
in this range will depend on the pH of the saliva at the time of sampling.
Nevertheless, the salivary levels of the anticonvulsants recently have been
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shown to offer an approach to their monitoring.*” Included in this report
was a method to correct for the effect of salivary pH on the concentration
of phenobarbital (pK, of 7.2), since, as expected, salivary phenobarbital
concentrations varied widely as a function of salivary pH.

Because most drugs are nonpolar, or can be rendered so by pH
adjustment, they generally can be extracted from serum with an organic
solvent such as chloroform or ethyl acetate. This step separates the drug
from some of the interfering substances (including proteins) in the sample.
The organic extract usually is evaporated to dryness and then redissolved
in a smaller volume of some solvent that is compatible with the subsequent
LC separation, e.g., methanol/water for a reverse-phase column. Other
approaches to LC sample pretreatment have included charcoal extraction
of the drug (e.g., reference 128), precipitation of serum proteins by ace-
tonitrile or methanol, followed by direct injection (which is particularly
attractive wherever possible, e.g., references 129 and 130), and ultrafiltra-
tion (e.g., reference 131). A few workers have chosen to inject serum
samples directly onto the column; however, frequent injections of large-
volume samples (e.g., 10 ul or greater) tend to shorten the life of most
columns now used in clinical LC, apparently because of protein (and lipid?)
accumulation on the column. Analyses placing relatively little protein on
the column (per injection) allow more assays per column than analyses
involving injections containing greater amounts of proteins.

Columns used in therapeutic drug assays have included reverse-phase
(usually Cys-silica), silica, and ion-exchange packings, with either pellicular
or porous particles of 5-40 um diameter. However, most recent assays,
and particularly the faster ones, have used 5- to 10-um reverse-phase
packings. Several authors (e.g., references 128, 129, 131, and 132) have
commented that with suitable precautions it is possible to use the same
column for 300-600 assays without noticeable column degradation. Some
workers have found that a simple deproteinization of the sample is ade-
quate (e.g., references 129 and 130) although most use a more involved
extraction scheme. A good pre-LC cleanup of serum samples is, in any
case, recommended.

Alternatively (or in addition to sample cleanup), guard columns can
be used to protect the main analytical column from sample contamination
and to extend column life. Guard columns are typically 5-cm lengths of
the same inside diameter as the main column, packed with a 30- to 40-um
pellicular packing of the same type used in the main column (e.g., pellicular
Cis). The guard column is connected between the sample injection