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Abstract

We report the first successful hyphenation of a Fal@mpPguantum cascade (QC) laser to a capillary electrophoresis system. This involved
use of a dedicated IR-transparent flow cell, made of Cefnstructed by means of SU-8 based lithography and low temperature wafer
bonding techniques. Adenosine, guanosine, xanthosine and adenesinadphosphate were separated in a borate-containing separation
electrolyte (10 mM, pH 9.3). Functional group (carbohydrate) detection was accomplished by use of the “£08M@sion line of the
available QC-laser. The assessable optical path length could be increased, from the normally availahlenli6-QE-FTIR analyses, to
60m using this powerful mid-infrared laser and aqueous solutions.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction In the mid-infrared region almost all organic compounds
exhibit characteristic vibrational patterns, thus providing a
Rapidly growing interest in chemical separation research sensitive means of fingerprint identification and quantifica-
is focused on micro-scale techniques such as capillary liquid tion. However, nearly all compounds absorb in the mid-IR
chromatography (LC) and capillary electrophoresis (CE). region, which may be disadvantageous when working with
The popularity of CE arises from its ability to separate complex mixtures. Thus, hyphenation with a separation sys-
a wide range of substance, including compounds with tem prior to mid-IR detection is often necessary for the
similar functional groups, efficiently and rapidly. CE is an determination of specific organic compounds in mixtures.
electrically driven separation process generally performed in Hyphenation may be performed either off-line, employing
fused silica capillaries (i.d. in the range 20-108) using sophisticated solvent elimination approaches, or on-line, util-
aqueous buffers. CE has been adapted for the separatiofising short optical path lengtfi2,3]. A frequently cited short-
of an immense range of compounds, including small inor- coming of on-line hyphenation is that a shorter optical path
ganic ions and large proteins and peptides. Laser-inducedlength will inevitably lead to lower sensitivity according to
fluorescence (LIF) spectroscopy is currently the most Lambert—Beer’s law. When applying mid-IR light with aque-
sensitive technique for detecting CE-separated compoundsous, biologically interesting compounds the intense water
[1], although UV detection systems are most commonly absorption may hamper its use, predominantly due to the
used. strong absorption arising from the O—H bending vibration of
water around 1640 crt. With respect to these shortcomings,
guantum cascade (QC) laser technology offers significant
* Corresponding author. Tel.: +46 8164316; fax: +46 8156391. improvements. QC-lasers are powerful, mid-IR light sources,
E-mail addressbo.karlberg@anchem.su.se (B. Karlberg). providing the ability to increase the optical path length,
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and hence improve sensitivify,5]. In QC-lasers photon  2.1. Quantum cascade laser system
emission occurs within the conducting band via intersub-
band transitions, in contrast to normal semi-conducting diode A Fabry Ferot QC-Laser (S1839a2l1, Alpes Lasers,
lasers where photon emission is due to the recombinationNeuclatel, Switzerland) with an emission maximum at
of electrons and holes in p—n junctions. These intersubband1080 cnt! was used throughout the experiments. The laser
transitions can be controlled by careful bandstructure engi- was placed in a dedicated laser housing (Alpes Lasers)
neering at monomolecular resolution, thereby forming an equipped with an air- or water-cooled Peltier element. Before
artificial semi-conducting crystal with a heterostructure of it was sealed, the laser housing was filled with dry nitrogen
alternating “well” and “barrier” layers, grown by molecular gas and silica gel pads. A temperature controller (TC51,
beam epitaxy (MBE) techniques. Faist et al. presented the firstAlpes Lasers) was included to allow precise monitoring of the
quantum cascade laser[B]. The intersubband nature of the laser’'s temperature. The laser operation was controlled by a
optical transitions has several key advantages. First, the lasespecially fabricated laser driver (QUANTA-BP, Laser Com-
emission wavelength is primarily a function of the thickness ponents GmbH, Olching, Germany), triggered by a function
of the quantum well (QW) layers. Hence, the wavelength can generator (Model 33120A, Agilent Technologies, Palo Alto,
be tailored over a wide spectral region, essentially the entire California, USA). The laser was operated-aB0°C with
mid-IR and into the far-IR, using the same semi-conducting a pulse current of 4.5V, a pulse frequency of 20kHz and a
material, in contrast to normal lasers, where the chemical pulse duration of 50 ns. With the selected operating condi-
characteristics of the active material determine the emissiontions and according to the specification of Alpes Lasers, a
wavelength. Secondly, the multistage cascade nature of thepeak power of 1 W is obtained which results in an emitted
QW permits electrons to be recycled as they remain inside average power of 1 mW. A home-made software package
the conducting band, contributing in every cycle to the gain (Sagittarius v. 3.0)16] was developed enabling, in combina-
and photon emissions. Consequently, each injected electrortion with a computer interface, control of the pulse duration
above the laser threshold value can, in principle, generateand amplitude as well as the A/D conversion of the laser
np photons, wherey is the number of active regions in the  signal.
laser. This leads to very high quantum efficiencies and optical
power, both of which are proportional ty. Rapid progress ~ 2.2. Data acquisition system
in heterostructure semi-conducting research soon led to the
development of QC-lasers that can function in continuing  The light from the laser was collimated and focused by
mode (cw) at cryogenic temperatures as well as at room tem-means of two gold-coated parabolic mirrors (focal length:
perature in pulsed mode, covering the mid- to far-IR region 43 mm) onto the developed IR-transparent flow cell (see
[7,8]. The research focus then shifted to the development of Fig. 1). Subsequently, using the same type of mirrors,
new laser waveguide designs allowing cw-operation at room the remaining light was collimated and focused onto a
temperatureg[9,10] and different heterostructure materials photovoltaic mercury cadmium telluride (MCT) detector
providing shorter wavelengths and multiple cascade oper-element (KMPV12-0.1-J1/100 MHZ Kolmar Technologies,
ation[11,12] Within a decade of their invention QC-lasers Newburyport, MA, USA). The detector signal was processed
started to become commercially availafl8]. using a Boxcar Averager (SR250, Stanford Research Sys-
QC-lasers have primarily been adapted for use as chemicakems, Sunnyvale, California, USA). Ten thousand pulses,
gas sensors for detecting and monitoring toxic and dangeroudriggered by the function generator, were averaged within
compounds, including various pollutants and exhaust emis-a 10 ns gate window in the laser pulse. Using this system a
sions[14]. Their potential utility as powerful light sources new value could be recorded and stored every second.
in the condensed phase has only recently been demonstrated
[5,15]. 2.3. Capillary electrophoresis system
In this study the on-line hyphenation of a QC-laser to a
CE separation system is presented for the first time. Func- The CE system was constructed in-house, consisting of
tional group detection of carbohydrate-containing analytes, untreated fused-silica capillaries (i.d. pfh, o0.d. 375um,
dissolved in the separation electrolyte solution, was achievedPolymicro Technologies, Phoenix, Arizona, USA), a high
utilizing a custom-built IR-transparent flow cell, with an opti- voltage power supply (Brandenburg, Thornton Heath, UK)
cal path length of 6p.m, and a Fabry &ot QC-laser emitting  and two platinum electrodes. The total capillary length was
light at 1080 cn. 51 cm, with the IR detection cell 30 cm from the injection
end. The applied voltage at the injection end of the capil-
lary was +16 kV, resulting in currents of aroundpA. The
2. Experimental surface of new capillaries was activated by rinsing with 1 M
NaOH, 0.1 M NaOH, distilled water (each for 5 min) and elec-
The entire experimental set-up, including the QC-laser trolyte solution (10 min). The capillary was washed between
system, the data acquisition system and the CE system areuns, when necessary, using 0.1 M NaOH, distilled water and
schematically illustrated ifig. 1 electrolyte solution (each for 3 min). Hydrodynamic sample
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Fig. 1. Schematic view of the experimental set-up including the optical, separation and data acquisition systems.

injection was accomplished by manually elevating the inlet introduction into the CE system, all solutions were degassed

side of the capillary 23 cm for 20 s. for 15 min in an ultrasonic bath.
2.4. The flow cell unit 2.6. Reference measurements
The production of the IR-transparent Géfow cells has Reference FTIR spectra of all analytes dissolved in the

been described in detail elsewh§t@], butanumberof mod-  separation electrolyte were obtained by a Bruker IFS 88
ifications to the published procedure were introduced, and arespectrometer (Bruker Optik GmbH, Germany) equipped with
briefly described here. The flow channel was formed by two a MCT detector (J-15D16 Judson, Montgomeryville, PA,
streaks (10@m wide and~30pm thick) of epoxy-based  USA) and a commercially available Caflow cell based
SU-8 photoresist (Microchem Corp., Newton, MA, USA) on  on transmission with a 44m optical path length. The spec-
each Cak disc, producing a 15@m wide channel with an  tra were recorded, with the separation electrolyte serving as
optical path length of 6Qm. Aluminium foil was glued to  background, between 4000 and 700 ¢t 8 cnt ! spectral
the top-surface of the flow cell, providing an optical aper- resolution, with 500 co-additions and applying a Blackman-
ture. The fused silica capillary was carefully cut to ensure Harris 3-Term apodization function.
that the terminus of the capillary was perpendicular to its ~ The emission wavelength of the QC-laser was experi-
axis and that the surrounding polymer was not frayed. The mentally verified. For this purpose the black body radiation
flow cell was placed in a cell-holder and commercially avail- source of a Bruker Equinox 55 spectrometer (Bruker Opt|k
able o-rings (1.10 mnx 0.5mmx 0.30 mm, Rudolf Flume  GmbH, Germany) was substituted for the QC-laser. The
Technik GmbH, Essen, Germany) were used to ensure atightspectra were recorded between 1400 and 900C‘cwith
connection between the flow cell and the cut capillary ends. g spectral resolution of 2cm using an MCT detector
Fig. 2shows a microscopic view of the cell in the cell-holder. (KMPV11-1-LJ2/239 Kolmar Technologies, Newburyport,
MA, USA). One hundred twenty-eight scans were co-added
2.5. Chemicals and a Blackman-Harris 3-Term apodization function was
applied.

Adenosine (>99%), guanosine (>98%,) and adenosine-5 An Ultimate fiber optic UV-Detector (Dionex, Sunnyvale,
monophosphate disodium salt (>99%) were purchased fromCalifornia, USA) set at 210 nm and an ELDS Pro 1.0 labora-
Fluka (Buchs, Switzerland) and xanthosine (>99%) from tory data system (Chromatography Data systems, Kuiggsh
Sigma—Aldrich (St. Louis, MO, USA). The separation elec- Sweden) were used to register the UV electropherograms.
trolyte consisted of 10 mM borate (pH 9.3) dissolved in 0.2- On-line UV detection was achieved by removing the poly-
pm filtered HPLC water (Fluka, Buchs, Switzerland). Five imide coating from a short segment of the fused silica cap-
millimolar stock-solutions of the individual analytes were illary and placing it in the optical path of the UV detector.
prepared and dissolved in the separation electrolyte. BeforeThe UV reference measurements were performed under the
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Fig. 2. Microscopic view of the custom-built IR-transparent flow cell and cell-holder.

same experimental conditions as those used when the QCa QC-laser as a light source for mid-IR detection. The

laser provided the light source.

3. Results and discussion

3.1. CE-QCL recordings

Fig. 3 shows a typical electropherogram illustrating the
on-line, real-time registration from a CE separation utilizing
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analytes separated were adenosine, guanosine, xanthosine
and adenosine“snonophosphate (AMP), each with a
concentration of 5 mM. The signal from the bulk sample, i.e.
the electroosmotic flow, is easily detected as a sharp negative
peak in the electropherogram. Also included in this figure

is the electropherogram from a CE separation, recorded
under similar separation conditions, but with the QC-laser
exchanged for a UV detection light source. Both detectors
give comparable electrophoretic peak shapes, although the
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Fig. 3. On-line CE-QCL electropherogram (solid line) and a CE-UV electropherogram (dotted line), recorded under similar conditions, of (&g a®nosi
guanosine (3) xanthosine and (4) AMP each with a concentration of 5 mM separated with CE. Applied voltage, 31pa4pitiary inner diameter, 5am;
length to the detection point, 30 cm; separation electrolyte, 10 mM borate buffer at pH 9.3; hydrodynamic injection by manual elevation.
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Fig. 4. (a) FTIR reference spectrum (1800-700¢jrof adenosine (solid line), guanosine (dashed-dotted line), xanthosine (dotted line) and AMP (dashed line),
each at a concentration of 5mM with the separation electrolyte serving as background. Spectral resolutidn568@mo-additions. (b) QC-laser emission
spectrum recorded between 1400 and 900twmith a spectral resolution of 2 cm; 128 co-additions and applying a Blackman-Harris 3-Term apodization
function.

QC-laser and UV-detector provide transmission peaks andthe naturally large, condensed-phase absorption peaks. Con-

absorption peaks, respectively. sequently, a specific functional group (the carbohydrate) of
the carbohydrate-containing analytes separated by the CE
3.2. Functional group detection system can be detected using the available QC-laser.

Fig. 4a presents reference FTIR spectra of the analytes3.3. Estimation of the signal-to-noise ratio
in the region between 1800 and 700t All four ana-
lytes contain a furanose ring-structure, absorbing in both the  The signals from the four CE-separated analytes were
UV and IR regions, as well as a carbohydrate group that investigated with respect to their signal-to-noise (S/N) ratios,
only absorbs in the IR. The absorptivities differ, but all ana- calculated from the baseline noise and their respective peak
lytes absorb light at around 1080 th primarily due to the heights. The results are presentedrable 1 For compari-
C-0O-H motions of the carbohydrate group. In addition to son, the same concentration of the individual analytes was
the carbohydrate, the AMP also contains a phosphate groupmeasured in a FTIR spectrometer using a commercial flow
absorbing at around 980 crh Fig. 4b shows the emission  cell with an optical path length of 44m. The analytes were
spectrum of the QC-laser. The QC-laser emission has a broadlissolved in the electrolyte solution and the background spec-
peak between 1055 and 1127thihence it is suitable for  trum was obtained from the electrolyte solution. The highest
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Tablel _ separation system are presented. The on-line hyphenation
Signal-to-noise estimates maintains the spatial profile acquired in the CE separations.
Analyte QCL FTIR The poor signal-to-noise ratio obtained is primarily a result
Adenosine 2.4 % of electrical noise arising in the laser housing. When the
Guanosine 4.4 6 connection between the QC-laser and the electrical contact
ﬁi‘ﬂ”;hosme 6168 17:2 is improved by the manufacturers we are convinced that the

S/N will increase sharply. Nevertheless, the results achieved
indicate the potential utility of QC-lasers, as tuneable,
tailored mid-IR light sources, providing new detection
opportunities in capillary electrophoresis. When production

Table 2
Linear regression data

1 2 -

Analyte Slope (mAUmM?) Intercept (MAVY) 1 costs are reduced the scope for deploying arrays of QC-lasers
Adenosine 0.342 0.475 0.96  or QC-lasers with multiple cascade operation will further
S::{;%Z:;Z 8 '27;: 8 '12?8 g'gf boost interest in this field and the authors are convinced that
AMP 0.931 1126 099 research into and the application of QC-lasers will continue
r2 = regression coefficient, number of calibration points = 5. apace.

eakin the region between 995 and 1150 ¢nie. the region
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where the laser emission occurs, was compared to a refer-
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generate a significant amount of electronic noise and, con-
sequently, the operating conditions for the QC-laser were not
entirely satisfactory. However, modifications allowing 50-
fold improvements in S/N ratios h_ave been reported recently [1] T. Li, RT. Kennedy, Trends Anal. Chem. 17 (1998) 484.

for the detection of phosphaftg] using a home-made andno 2] pR. Griffiths, S.L. Pentoney, A. Giorgetti, K.H. Shafer, Anal. Chem.
longer available set-up, and the authors see no reason why 58 (1986) 1349A.

similar improvements should not be possible for determining [3] M. Kélhed, B. Lendl, B. Karlberg, Analyst 128 (2003) 2.

the analytes determined here when the commercially avail- [4] M- Kolhed, M. Haberkorn, V. Pustogov, B. Mizaikoff, J. Frank, B.

able electronic systems become more stable Karlberg, B. Lend, Vib. Spectrosc. 29 (2002) 283.
y ' [5] B. Lendl, J. Frank, R. Schindler, A. Muller, M. Beck, J. Faist, Anal.

o Chem. 72 (2000) 1645.
3.4. Quantification [6] J. Faist, F. Capasso, D.L. Sivco, C. Sirtori, A.L. Hutchinson, A.Y.
Cho, Science 264 (1994) 553.

To obtain figures of merit for the calibration of the pre- [7] F- Capasso, C. Gmachl, D.L. Sivco, A.Y. Cho, Phys. Today 55 (2002)
sented method the concentration of thg injected sample was [8] C. Sirtori, J. Nagle, Comptes Rendus Physique 4 (2003) 639.
varied between 2 and 5 mM for adenosine (0.53-1.329 L [9] D. Hofstetter, M. Beck, T. Aellen, J. Faist, Appl. Phys. Lett. 78
guanosine (0.57-1.42 gt), xanthosine (0.57-1.42 g 1) (2001) 396.
and AMP (0_69_1_74gt1)_ Exceeding these upper concen- [10] M. Beck, D. Hofstetter, T. Aellen, S. Blaser, J. Faist, U. Oesterle,
tration regions resulted in overload in the CE system. The ___E: Gini, J. Cryst. Growth 251 (2003) 697.
resulting transmission peaks were recorded as functions of{ll] C. Sirtori, P. Kruck, S. Barbieri, P. Collot, J. Nagle, M. Beck, J.
, 9 510N p ( _ Faist, U. Oesterle, Appl. Phys. Lett. 73 (1998) 3486.
time. After conversion into absorbance units, the peak heights15] c. Gmachl, D.L. Sivco, J.N. Baillargeon, A.L. Hutchinson, F.
were measured and the linearity of their relationship with the Capasso, A.Y. Cho, Appl. Phys. Lett. 79 (2001) 572.

concentration of the corresponding analytes was calculated13] L. Mechold, J. Kunsch, Laser Focus World 40 (2004) 88.
by regression analysis [14] A.A. Kosterev, F.K. Tittel, IEEE J. Quantum Electron. 38 (2002)

582.
The results are presented‘liable 2 [15] A. Edelmann, C. Ruzicka, J. Frank, B. Lendl, W. Schrenk, E. Gornik,
G. Strasser, J. Chromatogr. A 934 (2001) 123.
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. — . - Anal. Chem. 74 (2002) 3843.
The first preliminary results obtained utilizing a Fabry [18] S. Schaden, M. Haberkorn, J. Frank, J.R. Baena, B. Lendl, Appl.

Perot QC-laser as a powerful, mid-IR light source in a CE Spectrosc. 58 (2004) 667.
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