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Abstract: Advances in detection technology have been a vital part of the development of microscale chromatographic
techniques. Separation techniques such as microbore liquid chromatography impose severe constraints on the permissible
volume of detector cells. The use of lasers to construct a new generation of chromatographic detectors has satisfied the
need for low volume detection and high sensitivity. The unique properties of laser radiation have been used to advantage
in designing new approaches to the detection of optical absorbance through fluorescence emission and thermal effects.
New approaches to monitoring refractive index changes and optical rotation have also been developed. Together, the
combination of microscale-separation techniques and highly sensitive detection provide a powerful tool for analysing
small quantities of samples. Yet, there are practical limitations arising from the cost and complexity of much of the
instrumentation reported to date, as well as the difficulties of preparing small samples for analysis which have limited the
wide-scale application of these methods to solve practical problems. Recent advances in laser technology such as the

advent of diode lasers may be useful in overcoming some of these limitations.
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The Miniaturization of Separation Techniques
and the Need for New Detectors

The development of microscale-separation
techniques such as microbore liquid chroma-
tography (n.LC) [1] and capillary electrophor-
esis [2] has been a major emphasis in separ-
ation sciences since the mid 1970s. Advances in
these areas have been based on substantial
reductions in the scale of the column or
electrophoresis tube. In pLC the columns are
typically <0.2 mm dia. Capillary electrophor-
esis is typically conducted in tubes <0.1 mm
dia. Separations conducted on this scale can
produce significant advantages over larger
scale separation techniques in terms of ef-
ficiency of separation, resolution and mass
sensitivity. However, reducing the scale of the
separation is not a trivial task. Pumps capable
of accurately metering flow rates in the low pl
min~! range were needed for nLC. Very low
volume sample introduction schemes are also
required for these techmiques. Not surpris-
ingly, when sample introduction volumes are
small, and separation efficiencies are high,
peak elution volumes are correspondingly
small. It is the small peak elution volumes
which present a challenge to detector tech-
nology [3].

In order to preserve the advantages enumer-

ated above for small scale separation tech-
niques, it is important to minimize losses in
separation efficiency arising from post-column
band broadening. As a general rule, detector
volumes needed to avoid excessive dilution of
the sample as it passes through the detection
cell are less than one-tenth of the smallest
volume peak expected in the separation.
Therefore, for pLLC, detection volumes of
much less than 1 pl are required. The difficulty
in adapting conventional optical detection
methods to these requirements is largely that
the sensitivity of such measurements is highly
dependent on the path length of the sample.
The restriction of having to work with very
small volumes generally imposes severe con-
straints on sample path length. Therefore, the
development of microscale-separation tech-
niques has spurred the simultaneous develop-
ment of detection methods suitable for these
systems. Such methods must have high mass
sensitivity to enable detection of small scale
samples, low cell volumes to be compatible
with the separation technique, and should offer
numerous and versatile modes of detection.

Taking Advantage of the Properties of Lasers

Lasers differ from conventional (broad
band) light sources in several important prac-
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tical aspects [4, 5]. Laser emission is generally
highly monochromatic, collimated, coherent,
polarized, and can be of high peak or average
power. Each of these properties is important
for the development of small volume detectors.

Laser beams, like all light beams, can be
thought of as a stream of photons. Certain
aspects of the behaviour of photons can be
described by modelling them as electromag-
netic waves. When all the photons have ident-
ical wavelengths, the beam is said to be
monochromatic. When all the waves are in
phase with each other, the beam is coherent
over time and space. Furthermore, when the
planes containing the sinusoidal waves of each
photon are aligned in parallel, the beam is
polarized. These are properties which are
highly characteristic of laser emission.

Collimation may be considered as the ability
of a laser beam to maintain its diameter while
transversing relatively large distances. This
property is easily visualized if one compares
the shape of a flashlight beam (noticeably
conical) with that of a laser beam (thin and
straight) propagating through a dark room.
Collimation minimizes loss of intensity arising
from beam divergence.

In total, lasers provide the ability to generate
spectrally pure emission, of high power, which
can be easily focused into small volumes. The
key to laser-based detector development, then,
is to utilize spectroscopic techniques which can
capitalize on these properties to provide highly
sensitive detection of a wide variety of analytes
contained in small detector volumes.

In general, the detectors discussed in this
review are based on two broadly differing
mechanisms by which the analytes interact with
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a laser beam to produce a detectable signal.
One class of detectors is based on photo-
absorbance. The other broad class of detectors
is based on changes in the refractive index (RI)
within the flow cell arising strictly from the
presence of the analyte.

The photoabsorbance process, and some of
the physical events which can follow it, are
illustrated in Fig. 1. In conventional absorb-
ance spectrophotometry, the absorbance of a
photon is detected by comparing the intensity
of the excitation beam before and after it
interacts with a sample. The magnitude of the
detected signal is directly proportional to the
path length of the cell. Thus, for very small
path lengths, this measurement approach re-
quires that increasingly small differences be-
tween two large signals must be accurately
measured to detect a constant concentration of
the analyte. Clearly, this is a disadvantage for
detection in microscale-separation techniques.
Thus, the most successful approaches have
been those which utilize measurements which
are relatively independent of the sample path
length. The fluorescence, thermal relaxation
and ionization events shown in Fig. 1 are
examples of physical phenomena which can be
used to detect photoabsorbance based on zero
blank measurements. Such measurement pro-
cesses can be performed relatively indepen-
dently of sample path length because the signal
is proportional to excitation power.

In zero-blank measurements, the detected
signal approaches zero as the sample concen-
tration decreases. Compared with conven-
tional absorbance measurements in which one
must determine ever smaller differences be-
tween two large signals (sample and reference
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beams) as the sample concentration decreases,
this is a more favourable measurement situ-
ation.

Laser-induced Fluorescence

As illustrated in Fig. 1, fluorescence is the
rapid emission of a photon which sometimes
occurs as a molecule relaxes from a higher
energy state (which it reached by photoabsorb-
ance) to the ground state. The measurement of
fluorescence emission is based on the detection
of photons emitted from a fluorescing sample.
The intensity of fluorescence is directly propor-
tional to the number of fluorescing species and
the intensity of the excitation source. Hence,
the sensitivity of the measurement can be
increased by increasing the intensity of ex-
citation. Since the intensity of fluorescence is
measured relative to the signal (usually very
small) produced in the absence of any fluor-
escing species, this is a zero-blank measure-
ment. However, in a real measurement, the
background signal is never truly zero. More-
over, the intensity of the background signal is
also proportional to the laser power. There-
fore, simply increasing excitation intensity
does not yield the maximum possible return in
decreasing detection limits achievable with
laser-induced fluorescence (LIF). To minimize
detection limits, contributions to the fluor-
escent blank [6] must be minimized. This is
generally achieved through the use of high
purity solvents and by careful design of flow
cells.

Flow-cell designs in LIF are of primary
importance because the optical properties of
the cell have a significant impact on the level of
background signal contributed by the cell walls
and the interface between cell walls and sample
solvent. The importance of these contributions
in small volume cell technology was recognized
by Diebold and Zare [7] who published an
early report on the application of LIF to
achieve sensitive detection of chromatograph-
ically separated aflotoxins. Their windowless
flow cell design (see Fig. 2) was intended to
eliminate possible noise contributions from the
cell walls, but suffered from the disadvantage
of instability of the optical properties of the
solvent droplet. Other windowless flow cells
have also been applied to LIF detection in
chromatography [8-10]. Many of these cells
have been difficult to utilize in applications for
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Depiction of a hanging droplet, windowless flow cell as
first reported by Diebold and Zare. Adapted with per-
mission from ref. 7 (© American Association for the
Advancement of Science, 1977).

which low column effluent rates are required,
such as in pLC.

Sypaniak and Yeung [11] first reported the
use_of a flow cell incorporating optical fibre
wave guides to reduce the noise contribution
fromeell walls. More recently, the same design
has been utilized by Roach and Harmony [12]
who have reduced the volume of the cell to be
compatible with microscale separations. A
representation of this type of flow cell is shown
in Fig. 2. In principle, the flow cell will
preferentially transmit fluorescence which
originates in the central region of the flow cell
rather than scattering and fluorescence from
the cell walls. In this way, the detector is
optically shielded from contributions to the
fluorescent blank arising from the cell wall, yet
the problems associated with maintaining con-
sistent optical properties in windowless flow
cells are avoided. Attomole detection limits
have been achieved with these cells.

Fluorescence is a highly selective process.
Only a small number of compounds which
undergo photoabsorbance can fluoresce. This
can be of advantage in detecting a fluorescent
analyte contained in a complex matrix of non-
fluorescent compounds. In order to increase
the selectivity of the fluorescence process,
some researchers have utilized two-photon
excited fluorescence as a detection scheme [13,
14]. This approach is only practical when a
high-powered laser is used as the excitation
source because the probability of a multi-
photon absorption event occurring is much
lower than the probability of absorption of a
single photon. In addition to providing added
selectivity to fluorescence detection, this
approach also provides a means of lowering the
fluorescent blank. The excitation wavelengths
used by Pfiffer and Yeung [14] were in the
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visible region of the spectrum, yet, because the
energies of the multiple-absorbed photons are
additive, the emission from their analytes was
in the UV region. Therefore, scattering and
Stokes-shifted fluorescence was easily rejected
from the background signal. A detection limit
in the femtogram range was achieved for aryl
substituted oxadiazoles.

From a slightly different perspective, the
high selectivity of fluorescence detection can
be a disadvantage when the compound of
interest is not fluorescent. This problem is
exacerbated by the relatively small number of
wavelengths accessible with most lasers. For
example, although tryptophan-containing pep-
tides and proteins can be detected by fluor-
escence when broad band excitation sources
are used, many lasers cannot produce wave-
lengths suitable for excitation of the trypto-
phan residues. Therefore, chemical derivatiz-
ation is often needed before peptides can be
detected by LIF. The derivatization is com-
monly performed pre-column {12], but post-
column derivatization with o-phthaldehyde
for the analysis of amino acids via open-tubular
chromatography has been reported [15] with
femtogram detection limits.

Thermal Lensing Techniques

The selectivity of fluorescence arises because
many compounds which undergo photo-
absorbance do not relax by emission of light.
As illustrated in Fig. 1, the most common
alternative to fluorescence is thermal relax-
ation. The net result of this event is an increase
in the temperature of the solution surrounding
an excited-state molecule. A change in the
temperature of a solution is associated with a
change in the RI of that solution. Detection of
this change in RI of the solution forms the basis
of thermal lens techniques.

Most of the lasers commonly employed in
chromatographic detection can be tuned so
that the laser beam will have a Gaussian-
intensity profile. This is illustrated in Fig. 3
which shows the relationship between intensity
and distance from the centre of a Gaussian
beam. The RI of a solution through which the
laser beam is allowed to pass is dependent on
the excitation energy. Since the excitation
energy is spatially dependent on the distance
from the centre of the laser beam, the RI
changes resulting from heat produced by inter-
action with the laser beam will also depend on
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the distance from the centre of the beam
Fig. 3).

The net result of the heating and RI changes
described above is the formation of a lens
within the flow cell. Because the RI will be
lower in the centre of the lens, a diverging lens
system is established (Fig. 4). The simplest
means of detecting this phenomenon is to
monitor the divergence of a laser beam as it
passes through a sample [16]. To perform this
measurement on a chromatographic time scale,
a modulated laser beam can be used with lock-
in detection [17]. However, superior detection
limits are most commonly obtained with a dual
beam, pump-probe arrangement [18, 19]. In
this approach, two laser beams are used; one to
form the thermal lens and the other to detect
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Figure 3

Laser intensity (a) and refractive index of a sample
solution (b) as a function of distance from the centre of a
Gaussian laser beam.

4
Illustration of the optical properties of a diverging, thermal
lens.
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it. As in fluorescence spectroscopy, flow-cell
design is critical. Excessive turbulence in the
flow cell and pulsations from the chromato-
graphic pumps can cause degradation of the
thermal lens, thereby lowering the signal-to-
noise (S/N) ratio.

Although thermal lens techniques do not
provide detection limits as low as those attain-
able with fluorescence, this is a more sensitive
detection scheme compared with conventional
absorbance spectrophotometry. A dual beam
apparatus was used by Yang et al. [18] to detect
absorbances as low as 107> in an 8 mm flow
cell for LC detection. Nolan and Dovichi [19]
have reported a dual-beam apparatus for pLC
detection. They were able to achieve femto-
gram detection limits for derivatized amino
acids.

Photoionization Detectors

The detection schemes discussed thus far
have been based on detecting the photoabsorb-
ance by observing how the excited molecule
returns to the ground state. As illustrated in
Fig. 1, another possible approach is to intro-
duce enough energy into the system to ionize
the analyte and then detect this relatively long
lived excited state species. Typical ionization
energies for organic molecules in the liquid
phase range from 6 to 8 eV. To achieve this
excitation energy, absorption of two photons is
required. Therefore, the high intensity of laser
emission is very helpful in achieving a sig-
nificant analytical signal from this process. The
use of photoionization as a detector for LC
analysis was first reported by Voigtman and
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Winefordner [20] who used pulsed N, and
XeCl eximer lasers as an excitation source. The
approach was found to be applicable to the
analysis of many polynuclear aromatic hydro-
carbons and a wide variety of drugs. However,
the detection limits achieved in this study were
no better than those attainable with conven-
tional UV absorbance detectors. In later
studies, flow-cell volumes had to be scaled
down to allow application to pL.C, and detec-
tion limits have been enhanced to be compar-
able and occasionally superior to detection by
conventional UV absorbance [21, 22]. For
example, a detection limit of 8 fmol was
obtained for pyrene by photoionization, which
compares favourably with the UV detection
limit of 31 fmol observed under the same
chromatographic conditions [22]. Comparative
chromatograms for the two detection tech-
niques are presented in Fig. 5.

The detection limits attainable with photo-
ionization are limited primarily by background
contributions from the solvent. The ionization
potential of water is approximately 6 eV in the
condensed phase. Because this is very close to
the ionization potential of many analytes of
interest, the solvent contributes a high level of
background signal in reversed-phase separ-
ations. Less polar solvents, which have higher
ionization potentials, also tend to allow re-
combination of ions before they can reach the
detector electrode. Vapour-phase detection
would seem to be advantageous based on these
physical limitations, however, vaporization of
the mobile phase followed by ionization
and collection of ions is technically difficult
[23]. '
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Figure 5

Comparative chromatograms demonstrating photoionization (a) and UV (b) detection of pyrene after separation on a

microbore column. Taken with permission from ref. 22.
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Detectors Based on Refractive-index Changes

In addition to the approaches discussed
above for the detection of the photoabsorption
event, many attempts have been made to
develop more sensitive detectors for RI
changes based on lasers. In contrast to
methods based on photoabsorption, RI
measurement does not require that the wave-
length of the laser be matched to an absorption
band of the analyte. Since the presence of
virtually any solute will cause a change in RI,
detection of these changes is a much less
selective measurement process than any of the
measurements based on photoabsorption.

The primary advantage of using lasers as
light sources in RI detection is a reduction of
the flow-cell volume. Detection limits achiev-
able with laser-based RI detectors are roughly
equivalent to those attainable with commer-
cially available RI detectors when the com-
parison is based on ARI. Either approach can
measure ARI in the region of RI = 107’
[24-27]. The primary limitation to achieving
superior detection limits with RI measure-
ments is fluctuations in the RI of the sample
due to temperature changes and pressure
changes arising from pump pulses and other
sources.

Refractive-index detectors have been made
small enough to use with capillary column LC.
Dovichi and co-workers [26] have reported the
detection of nanogram quantities of sugars
using this technique. Taking this as represen-
tative of the state of the art, it is apparent that
RI detection is still at least six orders of
magnitude less sensitive than fluorescence.

Recalling the earlier discussion of thermal
lens phenomena, it can be hypothesized that
the sensitivity of these measurements could be
greatly enhanced by using a pump-laser beam
to excite analytes as they pass through the flow
cell, thereby causing a thermally induced
change in RI. Indeed, many of the reports of
RI detectors include just such an approach to
measuring photoabsorbance [24, 27]. Absorb-
ances of approximately 107° can be detected in
this manner, which is comparable to the
detection limits achieved with thermal lensing.

It is well known that optically active com-
pounds retard left circularly polarized light
differently than they retard right circularly
polarized light, thereby giving rise to optical
rotation (OR) of plane polarized light. Yeung
et al. have reported the development of a laser-
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based OR detector for use with HPLC [28].
This detector has been miniaturized to allow
application in wLC [29], and detection limits
are comparable to those attainable with RI
detection. A representative chromatogram
from this work is reproduced in Fig. 6. The
ability to determine optical purity by coupling
this detector with chromatographic analysis
can be expected to be particularly important to
analytical chemists working in the pharma-
ceutical industry.

5 min

Figure 6

Separation of chiral components by HPLC with optical
activity detection. Component F = fructose, component
R = raffinose. Taken with permission from ref. 28.

Future Prospects

As stated in the introduction to this review,
the driving force behind the development of
laser-based detectors for chromatographic
analysis has been the need to provide a new
generation of detectors with properties suitable
for use with microscale separation techniques.
Researchers in the field have been quite
successful in achieving this goal. Why then has
the application of these techniques been
limited to a few laboratories that specialize in
the use of lasers for chemical analysis?

One reason may be the cost and complexity
of the instrumentation used in these detectors.
Helium-cadmium lasers are relatively in-
expensive (comparable in cost to a xenon arc
lamp with housing and power supply) but offer
very limited wavelengths (325 and 442 nm) and
low powers, and suffer from high maintenance
costs. Another class of lasers which is very
simple to operate and relatively inexpensive is
the diode laser [30]. Unger and Patonay [31]
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have reported the development of an absorb-
ance detector in which the sample cell forms
part of the laser cavity, thereby allowing a very
sensitive intracavity absorbance measurement.
The simplicity of the instrument design is
apparent by inspection of Fig. 7. Detection of
10~ absorbance units was reported, making
this approach competitive with the more elab-
orate instruments discussed earlier in this
review. Ishibashi and co-workers have re-
ported a small volume flow cell suitable for
application to pLC with diode LIF detection
[32). They were able to detect femtogram
quantities of fluorescent dyes, which is com-
parable to the detection limits attained with
other LIF instruments. The practical limitation
to the use of diode lasers at the present time is
the very limited wavelength range available.
Very few analytes have significant absorbance
or fluorescence when exposed to 700—800 nm
light. Expanded applications of this technology
are likely to be dependent on the availability of
diode lasers with shorter wavelengths of
emission or the development of suitable
derivatizing reagents. Nonetheless, this is an
excellent example of the development of
simple and inexpensive instruments that can
broaden the applications of laser-based de-

tectors.
] "

GRIN [
Schematic of a laser diode intracavity absorbance detector.

Figure 7

LD = laser diode, GRIN = gradient refractive index lens,
CU = cuvette, M = mirror. Taken with permission from
ref. 31.

LD Ccu

In addition to considering the complexity
and cost of laser-based instruments, one must
also consider the need for such instruments.
While the mass sensitivity offered by pLC with
laser-based detectors is quite impressive, these
detection limits do not always translate to
outstanding concentration sensitivity. The
mass sensitivity is due in large part to the
extremely small sample volumes injected on
column in pLC and capillary electrophoresis.
Thus, the instruments discussed in this review
are most likely to be of use in situations where
analyte is in very limited supply, but concen-
tration can be maintained at high levels in
small volumes. In the pharmaceutical industry,
this situation is often encountered in the
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development of synthetic peptides and proteins
produced by recombinant technology. The
analysis of very small volumes of such samples
is an area of growing interest [33, 34]. The cost
of laser-based instruments pales in comparison
with the cost of these compounds, so that any
savings in compound which can be realized by
the use of instruments with high mass sensi-
tivity can quickly compensate for the high
initial cost of the instrumentation. However,
achieving these savings in the amount of
compound required per analysis may not be as
straightforward as it appears because the use of
instruments with high mass sensitivity may not
provide the optimum reduction in sample
usage unless it is carefully coupled with micro-
scale sample preparation and handling tech-
niques, thereby yielding a high degree of mass
utilization throughout the analytical measure-
ment procedure.

The 1980s were years in which tremendous
efforts were directed toward development of
novel laser-based detection systems. This work
was very successful in providing tools for highly
mass sensitive analysis. The publications from
this phase of research emphasized the develop-
ment and testing of the detectors themselves,
with only a minor emphasis on the application
of these techniques to solve real problems. It is
anticipated that the 1990s will be a decade in
which the most successful of these approaches
will be applied to a variety of analytical
problems, with a variety of publications
appearing in which laser-based detectors are
used as a tool to achieve an end.

References

[1] M. Novotny, Anal. Chem. 60, 500A-510A (1988).

[2] A.G. Ewing, R.A. Wallingford and T.M. Olefiro-
wicz, Anal. Chem. 61, 292A-303A (1989).

[3] 3.H. Knox and M.T. Gilbert, J. Chromatogr. 186,
405-418 (1979).

[4] 3.C. Wright and M.J. Wirth, Anal. Chem. 52,
1087A-1095A (1980).

[5] 3.C. Wright and M.J. Wirth, Anal. Chem. 52,
988A-996A (1980).

[6] A.G. Mathews and F.E. Lytle, Anal. Chem. 51,
583-585 (1979).

[N (G.J . ]))iebold and R.N. Zare, Science 196, 1439-1491
1977).

[8] S. Folestad, B. Galle and B. Josefsson, J. Chro-
matogr. Sci. 23, 273-378 (1985).

[9] S. Folestad, L. Johnson, B. Josefsson and B. Galle,
Anal. Chem. 54, 925-929 (1982).

[10] L.W. Harshberger, J.B. Callis and G.D. Christian,
Anal. Chem. 51, 1444-1446 (1979).
[11] M.J. Sypaniak and E.S. Yeung, J. Chromatogr. 190,

377-383 (1980).



476

[12] M.C. Roach and M.D. Harmony, Anal. Chem. 59,
411-415 (1987).

[13] M.J. Sypaniak and E.S. Yeung, Anal. Chem. 49,
1554-1556 (1977).

[14] W.D. Pfiffer and E.S. Yeung, Anal. Chem. 58,
2103-2105 (1986).

[15] H.P.M. Van Vleit, G.J.M. Bruin, J.C. Kraak and H.
Poppe, J. Chromatogr. 363, 187-189 (1986).

[16] M.E. Long, R.L. Swofford and A.C. Albrecht,
Science 191, 183-185 (1976).

[17] T.K.J. Pang and M.D. Morris, Anal. Chem. 56,
1467-1469 (1984).

[18] Y. Yang, S.C. Hall and M.S. De La Cruz, Anal.
Chem. 58, 758-761 (1986).

[19] T.G. Nolan and N.J. Dovichi, Anal. Chem. 59,
28032805 (1987).

[20] E. Voigtman and J.D. Winefordner, Anal. Chem. 54,
1834-1839 (1982).

[21] A. Berthod, T. Mellone, E. Voigtman and J.D.
Winefordner, Anal. Sci. 3, 405-411 (1987).

[22] H. Kawazumi, T. Matsumoto, N. Sato, S. Yamada
and T. Ogawa, Anal. Sci. 4, 191-194 (1988).

[23] 1.S. DeWit and J.W. Jorgenson, J. Chromatogr. 411,
201-212 (1987).

THOMAS M. ROSSI

[24] S.D. Woodruf and E.S. Yeung, Anal. Chem. 54,
1174-1178 (1982).

[25] R.E. Synovec, Anal. Chem. 59, 2877-2884 (1987).

[26] D.J. Bornhop, T.G. Nolan and N.J. Dovichi, J.
Chromatogr. 384, 181-187 (1987).

{27] D.J. Bornhop and N.J. Dovichi, Anal. Chem. 59,
1632-1636 (1987).

[28] E.S. Yeung, L.E. Steenhoek, S.D. Woodruff and
J.C. Kuo, Anal. Chem. 52, 1399-1402 (1980).

[29] D.R. Bobbitt and E.S. Yeung, Anal. Chem. 56,
1577-1581 (1984).

[30] T. Imasaka and N. Ishibashi, Anal. Chem. 62,
363A-371A (1990).

[31] E. Unger and G. Patonay, Anal. Chem. 61, 1425~
1427 (1989).

[32] Y. Kawabata, T. Imasaka and N. Ishibashi, Talanta
33, 281-283 (1986).

[33] R.L. Bowman and G.G. Vurek, Anal. Chem. 56,
391A~405A (1984).

[34] J.W. Jorgenson, D.J. Rose and R.T. Kennedy,
Amer. Lab. 32-41 (1988).

[Received for publication 11 July 1990]



