
Abstract Microstructures constructed from SU-8 poly-
mer and produced on CaF2 base plates have been devel-
oped for microchip-based analysis systems used to per-
form FTIR spectroscopic detection using mid-IR synchro-
tron radiation. The high brilliance of the synchrotron source
enables measurements at spot sizes at the diffraction limit
of mid-IR radiation. This corresponds to a spatial resolu-
tion of a few micrometers (5–20 µm). These small mea-
surement spots are useful for lab-on-a-chip devices, since
their sizes are comparable to those of the structures usu-
ally used in these devices. Two different types of micro-
chips are introduced here. The first chip was designed for
time-resolved FTIR investigations of chemical reactions
in solution. The second chip was designed for chip-based
electrophoresis with IR detection on-chip. The results ob-
tained prove the operational functionality of these chips,
and indicate the potential of these new devices for further
applications in (bio)analytical chemistry.
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Introduction

Miniaturization of chemical analysis systems remains a
major driving force in the development of advanced in-
strumentation for analytical chemistry. Frequently, the ul-
timate goal of miniaturization is seen as the development
of self-contained sensor-like analysis systems known as
“lab-on-a-chip” devices or micro total analysis systems.
However, to obtain significant advantages from chip-based
liquid handling, complete miniaturization of the whole
analysis system is not usually required.

Especially when dealing with instrumentally complex
detection systems like mass spectrometry [1], nuclear mag-
netic resonance [2] or vibrational spectroscopic techniques
(infrared and Raman) [3, 4], microchips may be viewed
rather as valuable add-ons to these powerful detectors rather
than as stand-alone micro-systems. In many cases, an ap-
propriate microchip for fluid handling may extend the
problem-solving capabilities of these detectors due to the
added degree of experimental flexibility. An example of
this is the use of microchips for the study of (bio)chemi-
cal reactions with high time resolution and minimum sam-
ple consumption via Fourier transform mid-infrared spec-
trometry [4, 5, 6]. In this case, miniaturization and inte-
gration of micro-mixers in IR transmission cells enables
fast diffusive mixing by the generation of short diffusion
distances inside the mixer. These devices allow complete
diffusive mixing of two solutions in less than 100 ms and
the simultaneous recording of the reaction-induced spectral
changes on-chip. From these changes, details about the re-
action under study may be deduced, and intermediates
characterized. In a similar way, fast mixers have been used
to study chemical reactions via mass spectrometry, although
in this case with substantially lower time resolution since
only off-chip measurements are possible [7].

Within the group of optical techniques based on absorp-
tion measurements, mid-IR detection holds a special posi-
tion; in contrast to absorption measurements at shorter
wavelength (UV-Vis or NIR spectrometry) no loss in sen-
sitivity is incurred upon miniaturization. This is because
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mid-IR detection is already confined to small path-lengths
in normal-sized systems due to strong solvent absorption.
This especially applies for water, as for measurements in
the information-rich fingerprint region the optical path must
be kept in the region of 10 µm. Even shorter paths (<8 µm)
are required if the amide I band from proteins is to be mea-
sured too [8, 9], because this band heavily overlaps with
the bending vibration of the water molecule (1640 cm–1).
An alternative solution would be the use of heavy water,
where the solvent absorption bands are shifted away from
the amide I band, towards lower frequencies [10]. However,
even in this case optical paths must still be kept within the
low-µm region.

Therefore, a reduction in the detection volume for on-
chip mid-IR detection can only be realized by reducing
the beam diameter. The use of an economical beam-con-
densor already allows a parallel beam taken from an FTIR
spectrometer to be focused to a spot diameter of about 
1 mm, resulting in a probed volume of ~8 nl when consid-
ering an optical path of 10 µm. Such a detection volume is
rather big for chip-based analysis systems, but appropriate
for the time-resolved analysis of a chemical reaction in
solution using a microchip device operated in the stopped-
flow mode [4, 5]. Such a detection volume has also proven
to be adequate for successful on-line FTIR detection in
capillary zone electrophoresis [11] and micellar electroki-
netic chromatography [12]. For these applications, a dedi-
cated IR transparent chip for detection has been connected
to conventional capillaries (i.d. 75 µm). However on-chip
injection and detection using a chip for infrared detection
has not yet been demonstrated. If the beam-condensor is
replaced by an IR microscope attached to an FTIR spec-
trometer, the spot size may be reduced to ~100 µm with-
out facing degradation in the signal-to-noise ratio due to
reduced optical throughput. In this case, again assuming
an optical path of 10 µm, the probed volume can be re-
duced to 80 pl. Such a configuration can already be used
to probe different positions on a chip device [6]. This
opens up the possibility of studying chemical reactions in
solution with better time resolution than stopped flow tech-
nique, using continuous flow experiments instead. In such
experiments the time resolution is defined by the distance
between the mixing point and the sample spot, as well as
by the flow rate applied. A further reduction in spot size
can be achieved (while still maintaining a high signal-to-
noise ratio) if the light source of the FTIR spectrometer
(globar) is replaced by a synchrotron radiation source [13,
14]. Although the number of photons emitted per second
in the mid-IR spectral region by the globar is comparable
to the number emitted by the synchrotron source, the syn-
chrotron has a distinct advantage over the globar source in
that it naturally produces a highly collimated beam of small
diameter. Therefore, the brilliance of a synchrotron source,
in terms of photons emitted per second and per solid an-
gle, is significantly higher than that of a globar – although
the throughput advantage of the synchrotron source over a
globar obviously only applies if measurements are to be
performed on a small spot size [14]. Using an FTIR mi-
croscope and synchrotron radiation, high quality measure-

ments at spot sizes close to the diffraction limit of a given
wavelength are possible. For mid-IR detection in a 10 µm-
thick micro-channel with a spot size of 10 µm, we can
achieve a probed volume of only 0.8 pl. The realization of
this very small volume for mid-IR detection is highly-ap-
plicable to chip-based separation and detection systems,
as well as to time-resolved experiments with high time
resolution and low sample consumption.

It was the aim of this study to produce microchips con-
taining small channels and test them at the new IR beam-
line of the synchrotron radiation source ANKA in Karls-
ruhe (Forschungszentrum Karlsruhe, Germany). For this
purpose, two different chip designs, one designed for time-
resolved FTIR spectroscopy and the other for on-chip cap-
illary electrophoresis, have been produced. In this paper, the
first experimental results obtained from them are reported.

Experimental

Microchip fabrication and packaging

Two different microchip geometries have been produced on 4 inch-
wide × 1 mm-thick CaF2 wafers. Because standard materials for mi-
crochip fabrication, such as silicon, glass or polymer materials, are
not transparent in the mid-IR spectral region, CaF2 must be used
instead. Due to its insolubility in water, CaF2 is an appropriate ma-
terial for producing IR chips [4, 5, 11, 12].

By applying SU-8 technology, structures have been realized on
the wafers, and the wafers have been bonded. The geometries of
the structures produced are shown in Fig. 1. Design A was intended
for time-resolved FTIR spectroscopy in the continuous flow mode,
and design B was made for on-chip electrophoresis. For the latter
application it was considered important to produce channels made
out of one type of material. Therefore, prior to producing the SU-8
structures on the CaF2 wafers, they were coated with a 0.5 µm thick
SU-8 layer, and exposed to oxygen plasma for two minutes to make
them hydrophilic so that another layer of SU-8 could be deposited
(Fig. 2a). Due to the thin nature of the SU-8 layer, the throughput
for mid-IR measurements was not impaired despite the fact that the
SU-8 characteristic bands were clearly visible in the recorded single
beam spectra.
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Fig. 1 Schematic drawing of the structures made on CaF2 wafers.
Design A was made for time-resolved FTIR spectroscopy of chem-
ical reactions in solution. The reagents are introduced at the inlets
1, 2 and 3. Design B was made for electrophoretic separations with
on-chip IR detection. The device is loaded by introducing the sam-
ple via hydrodynamic pumping from port S to waste (W)



The flow channel was formed by two lines of epoxy-based
photoresist SU-8 (Microchem Corp. Newton, MA), each of them
60 µm wide. The distance between two lines, and therefore the
width of the channel formed, was 15 and 100 µm for designs A and
B respectively. The height of the SU-8 lines were about 10 µm,
equivalent to the desired optical path. One of the CaF2 wafers al-
ready carrying the 0.5 µm thick SU-8 layer was spin-coated with
SU-8 and softbaked (90 °C, 30 min). After UV-exposure for 30 s
using a SUSS MJB3 mask aligner (Suss Microtech, Munich, Ger-
many) and an appropriate photomask, the resist was post-expo-
sure-baked at 90 °C for 10 min (see Fig. 2b and c). A metal layer 
(1 µm Ag) was deposited by evaporation on this wafer (Fig. 2d).
This layer was patterned by wet etching (Fig. 2e). The areas where
unexposed SU-8 was necessary for bonding were surrounded by
narrow lines of exposed (hard) SU-8 and covered by metal. After
development of the SU-8 with propylene glycol monomethyl ether
acetate (PGMEA), the metal layer was removed (Fig. 2f and g).
The unexposed and therefore not crosslinked areas of SU-8 were
dissolved during the development process. The reason for covering
some areas with the metal is to prevent them from getting exposed
and to keep them soft, and also to make sure that they are not re-
moved during the development process. The two wafers, with one
carrying the structure, were aligned in an EVG AL6 mask aligner
(EV group, Schärding, Austria) and the wafer stack was inserted
into an EVG 501 wafer bonder (EV group). Bonding was accom-
plished by applying a contact force of 1000 N while the tempera-
ture was increased up to 180 °C with a ramp of 3 °C/min, and left
for 1 h. Finally the temperature was decreased to room temperature
with a ramp of 2 °C/min and the contact force was removed. This
procedure is necessary to induce a complete crosslinking of SU-8
and to develop full mechanical strength and chemical resistance.
The soft parts of SU-8 were used to fill small gaps caused by non-
uniform layer thickness, meaning that less contact force is neces-
sary when the gaps are filled and so the structures are not deformed
and their correct height and shape is maintained during the bond-
ing process. The resulting microchips were placed in dedicated sup-
ports made out of PMMA, to facilitate the supply of the chips with
reagents and the electrodes as required for the experiments. The con-
nections to the support were all standard flow injection threaded fit-
tings for simple liquid handling. The openings of the chips were
sealed to the support with commercially-available O-rings (Zorzi,
Vienna, Austria) to ensure tightness. This arrangement made it pos-
sible to exchange the microchips easily. The supports carrying the
microchips were screwed onto a metal plate that fitted the xy-stage
of the IR-microscope attached to the synchrotron source.

FT-IR spectrometer and synchrotron source

The IR light used in this study was generated by a synchrotron light
source (ANKA, Karlsruhe, Germany), a particle accelerator pro-
viding a high-brilliance beam of photons covering a broad spectral

range. The synchrotron radiation is emitted when electrons moving
at relativistic speed interact with a magnetic field due to quantum
mechanical effects. The radiation covers a spectral range from the
hard X-ray to the terahertz range. The infrared beamline is set up
where one of the magnets interacts with the electrons and the IR
light is guided through a diamond window and a dedicated system
of filters and mirrors to the IR spectrometer. A conventional Bruker
66v FT-IR spectrometer (Bruker Optik, Germany) was used through-
out all of the experiments. The IR beam was coupled to an IR mi-
croscope (Bruker IRscope II) using two parabolic mirrors. The scan-
ner of the spectrometer was operated at a HeNe laser modulation
frequency of 100 kHz. Fifty spectra were coadded for each spec-
trum, with a spectral resolution of 8 cm–1.

Reference spectra of myoglobin were recorded using a diamond
ATR (attenuated total reflection) unit from SensIR (Danbury, CT)
attached to a Bruker IR-cube spectrometer.

IR-chip manifolds

To supply the IR chip for the time-resolved experiments (Fig. 1,
design A) with reagent, a precise low flow pump (Novodirect,
Kehl, Germany) equipped with three 0.5 ml syringes was used. The
capillary electrophoresis system was built in-house, and consisted
of a high-voltage power supply (Spellman, New York, USA) and
two platinum electrodes inserted into standard FIA fittings. The
electrodes were attached to the chip by screwing the corresponding
fittings into the support such that the electrodes touched the run-
ning buffer.

Chemicals

HPLC-grade water, heavy water, myoglobulin, and borax, all of
analytical grade (Fluka, Buchs, Switzerland) were used as received.
A 20 mM borax buffer in D2O (pD=9.2), and a 2 g/L myoglobin
standard in this buffer were prepared. Prior to experiments, the so-
lutions were filtered through a 0.2 µm filter to prevent clogging of
the microchip channels.

Results and discussion

At the start of the measurement campaign at ANKA, the
microchip designed for time-resolved FTIR spectroscopic
investigation was used. The dimensions of the experimental
set-up permitted the use of the 15× objective at the IR-mi-
croscope. With this arrangement, a focus spot of 20 µm can
be achieved. Spectra of normal and heavy water with
clearly-distinct positions of the corresponding absorption
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Fig. 2 Schematic of the pro-
duction of micro-devices on
CaF2 wafers using SU-8 struc-
turing technology. For details
see text



bands could be obtained from a volume of 3 pl, as defined
by the 15 µm-wide and 10 µm-high fluid channel (Fig. 3a).
In an attempt to follow a chemical reaction in these di-
mensions, heavy water was fed into the microchip via in-
lets 1 and 3 (see Fig. 1), whereas normal water was intro-
duced via the central channel (inlet 2). The flow rate for
each streamline was set to 10 µL/h. FTIR measurements
probing a total volume of approximately 3 pl at a distance
of 4 mm after the mixing point were carried out. Taking
into account the cross-section of the channel and the flow
rates applied, the measured volume corresponded to a re-
action time of 0.072 s. Therefore, due to the short diffu-
sion distance between the laminated streamlines (5 µm)
inside the 15 µm-broad channel, and the diffusion coeffi-
cients of normal and heavy water (H2O: 2.3×105 cm2s–1,
D2O: 1.9×105 cm2s–1 measured at 25 °C [15]), it may be
concluded that complete mixing of the three solutions had

occurred prior reaching the place of measurement. The flow
was stopped and subsequent spectra were recorded over
the next 8 min and ratioed against the first one. These spec-
tra are given in Fig. 3 and show the formation of HOD
molecules (characteristic bending formation at 1450 cm–1)
from heavy and normal water. In addition to this charac-
teristic spectral feature, an increase in the O–H stretch re-
gion (3450 cm–1) was recorded too. A full interpretation of
the recorded spectral changes must be considered prema-
ture at this point, because the spectra of water, despite be-
ing a simple molecule, is very complex [16]. This experi-
ment, however, clearly proves the ability of the microchip
to follow chemical reactions in aqueous solution within
picoliter volumes by FTIR spectroscopy. During measure-
ment, the position of the actual focus spot produced by the
optical set-up shifted slightly due to instabilities in the syn-
chrotron source. As a consequence, the full capabilities of
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Fig. 3 a Single beam spectra
of normal and heavy water as
measured in a 15 µm-broad
and 10 µm-high channel (sam-
ple volume 3 pl). b Spectra
recorded in the stopped flow
mode when feeding the mi-
crochip with normal and heavy
water. The background was
taken at 72 ms reaction time.
The spectra display the spectral
changes recorded over an 
8 min reaction time. The band
at 1450 cm–1 indicates the for-
mation of the HOD molecule



the microchip intended for the investigation of chemical
reactions could not be fully explored.

In the second study, the microchip designed for elec-
trophoresis and on-chip IR detection was investigated. So
far, the use of channels made of SU-8 for electrophoretic
separations has not been reported. Before use, the whole
chip was flushed with the running buffer. This was accom-
plished by introducing buffer at the inlets of the separation
channel and the sample port by means of a three-channel
syringe pump. For sample (myoglobin) loading, the two

exits of the separation channel were blocked and the sam-
ple was introduced using the syringe pump. In this way,
the sample double tee (Fig. 1) was filled. After loading of
the sample, a potential of 3 kV was applied, correspond-
ing to a potential gradient of 680 V/cm. Figure 4a shows a
characteristic electropherogram obtained with the passage
of the sample through the detection window of the chip.
The FTIR spectra corresponding to the peak maximum was
extracted from the dataset and is compared with the refer-
ence spectra taken of the analyte using an ATR unit. A
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Fig. 4 a 3-D plot of the record-
ing obtained upon loading the
CE-IR-chip (design B) with
2g/l myoglobin followed by
electrophoretic movement of
the analyte through the detec-
tion window (~450 s). b Com-
parison of FTIR spectra of 
the analyte (dashed line), as
recorded during the experiment
shown in Fig. 4a, with refer-
ence spectra (solid line)



characteristic peak at 1648 cm-1, the C=O stretch vibration
of the protein, can be clearly seen in both spectra. In pro-
tein analysis this peak is usually called the amide I band,
and is the most important peak as it contains direct infor-
mation about the secondary structure of the protein [8, 17].
Band positions around 1650 cm-1 indicate helical struc-
ture, while band positions around 1630 cm-1 are indicative
of beta-sheet structure. Band positions in-between show a
partial random coil character of the protein. The so-called
amide II (out-of-phase N–H bend combined with C–N
stretching) can normally be found at 1550 cm-1, but as
D2O was used in this study a proton exchange can be ob-
served and the amide II′ is shifted downwards to 1450 cm-1.
This peak is less important in protein analysis, as it is 
not influenced directly by the secondary structure. It is
mainly used to calculate proton exchange ratios in order
to determine the accessibility of the protons to D2O. The
band position of the amide I as recorded on-chip confirms
the predominantly helical structure of myoglobulin, which
is also consistent with X-ray crystallography data. In the
spectrum obtained from the electrophoretic run, the amide
II band has HDO heavily superimposed on it, which is
due to traces of H2O that have entered the system at the
electrolyte reservoir and probably also during sample in-
jection. Even after the analyte has passed the area, the
HDO band is still apparent due to the continued presence
of this impurity.

Conclusions

The study detailed in this paper describes, (to the authors’
knowledge) the first successful use of micro-chips for re-
action and separation monitoring using an IR synchrotron
light source. The developed technology for IR-chip fabri-
cation based on the combination of CaF2 and SU-8 struc-
turing technology has proven to be a versatile and effec-
tive means to produce devices for use with an IR synchro-
tron radiation source. The results obtained show that a
chemical reaction (HD exchange in water) can be moni-
tored in a volume of only 3 pl. Furthermore, using the chip
designed for capillary electrophoresis, a protein was suc-
cessfully injected and recorded as it passed the detector
window. From the FTIR spectra recorded, the identity of
the analyte could be confirmed by comparison with refer-
ence spectra. In addition, the exact position of the amide I
band, as recorded on-chip, could be used to determine the
secondary structure of the protein.

It is expected that the chip designs developed for sepa-
ration and reaction monitoring using IR synchrotron de-
tection will be useful for a great many applications, once
the stability of the IR focus spot produced by the synchro-
tron source is improved. In the field of chemical reaction
monitoring in particular, including protein folding and bio-
ligand interaction studies, the low sample amount required
for prolonged experiments is seen as a significant advan-
tage over conventional larger systems. In the case of on-
chip electrophoresis, the attractiveness of mid-IR detection
is seen in its molecular specific information content and
especially in its capability to discern the folding state, as
well as the secondary structures of proteins in solution.
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