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ABSTRACT: In this work, we present a setup for mid-IR measurements of the protein amide I and amide II bands in aqueous
solution. Employing a latest generation external cavity-quantum cascade laser (EC-QCL) at room temperature in pulsed operation
mode allowed implementing a high optical path length of 31 um that ensures robust sample handling. By application of a data
processing routine, which removes occasionally deviating EC-QCL scans, the noise level could be lowered by a factor of 4. The
thereby accomplished signal-to-noise ratio is better by a factor of approx. 2 compared to research-grade FT-IR spectrometers at
equal acquisition times. Employing this setup, characteristic spectral features of three representative proteins with different second-
ary structures could be measured at concentrations as low as 1 mg mL". Mathematical evaluation of the spectral overlap confirms
excellent agreement of the QCL-IR transmission measurements with protein spectra acquired by FT-IR spectroscopy. The present-
ed setup combines performance surpassing FT-IR spectroscopy with large applicable optical paths and coverage of the relevant
spectral range for protein analysis. This holds high potential for future EC-QCL based protein studies, including the investigation of

dynamic secondary structure changes and chemometrics-based protein quantification in complex matrices.

Fourier transform infrared (FT-IR) spectroscopy is a well-
established and powerful technique for analysis of the struc-
ture and dynamics of polypeptides and proteins.'” Vibrations
of the polypeptide repeat units of proteins result in nine char-
acteristic group frequencies in the mid-IR region referred to as
amide bands. The differing pattern of hydrogen bonding, di-
pole—dipole interactions and geometric orientations in the a-
helices, B-sheets, turns and random coil structures induce
different frequencies of the C=0 and N-H vibrations that can
be correlated with the respective secondary structural folding.*
The amide I band (17001600 cm ) originating from the C=0
stretching and N-H in-phase bending vibration of the amide
group has been recognised to be most sensitive to secondary
structure.”® Furthermore, also the amide II band (1600—
1500 cm™") arising from N-H bending and C-N stretching
vibrations was shown to be sensitive to protein structure.” It
has been shown that additional and more in-depth information
about protein secondary structure can be gained by collective
analysis of both spectral regions, particularly with chemomet-
ric analysis.*"°

IR transmission measurements are frequently employed for
studies of protein structure in solution. A limitation when
working with proteins in aqueous solution is the strong ab-
sorbance of the HOH bending vibration of water centered at

1645 cm™', that overlaps with the protein amide I band. Thus,
applicable path lengths are restricted to <10 pm to prevent
total IR absorption in this region."' Consequently, high protein
concentrations (>10 mg mL ") are required, as these low path
lengths limit the intensities of the IR bands and the signal-to-
noise ratio (SNR) at a given concentration.” Furthermore,
experimental challenges in cell and sample handling arise due
to the low flow cross section that lead to a large pressure drop
in the cell and vulnerability to cell clogging.

More than two decades ago, first quantum cascade lasers
(QCLs) were introduced as a new light source for the mid-IR
region that provide polarized and coherent light with spectral
power densities several orders of magnitude higher than ther-
mal light."> They are unipolar lasers based on intersubband
transitions of electrons within the semiconductors conduction
band. Due to the limited tuning range of only a few wave-
numbers, distributed feedback (DFB) lasers were predomi-
nantly employed for gas phase analysis."” Ten years ago, a
new type of these mid-IR lasers, external-cavity QCL (EC-
QCLs) became commercially available, which combine high
emission powers with spectral tuning ranges of several hun-
dred wavenumbers. The high available emission powers ena-
bled to employ 4-5 times larger path lengths for transmission
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measurements of glucose'*"'® and proteins'"* than achievable
with conventional FT-IR spectrometers.

Furthermore, EC-QCLs were employed for broadband IR
transmission measurements to study protein dynamics by fast
kinetic experiments at high temporal resolution.”” IR meas-
urements of diverse liquid samples were performed using
waveguides’®”’ and the ATR technique. In addition, a meth-
od was presented for indirect absorbance detection in the form
of an EC-QCL based photothermal phase shift
interferometer.” Apart from absorption measurements, the
polarized nature of the emitted light was utilized for vibration-
al circular dischroism (VCD) measurements.’’>> Further, the
coherence of the emitted QCL light enabled to develop a
Mach—Zehnder interferometer to simultaneously record ab-
sorption and dispersion spectra of liquid samples.”

These manifold examples demonstrate that the unique proper-
ties of EC-QCLs led to the implementation of novel experi-
mental approaches and applications in different fields.*
However so far, their basic advantage of the provided high
emission power could not effectively be translated to signifi-
cantly higher signal-to-noise ratios than in FT-IR spectroscopy
in the case of broadband transmission spectroscopy. FT-IR
spectroscopy is currently considered as the gold standard due
to its broad spectral range covering the entire mid-IR region,
excellent SNR and, finally, the absolute wavenumber accura-
cy, originating from the precise interferometer control by the
HeNe laser interferogram. This wavenumber accuracy facili-
tates scan averaging in order to achieve the notoriously low
noise levels. In FT-IR spectroscopy, the final signal noise is
determined by the detector noise, due to the low noise levels
of the low power thermal light sources. The detected signal
contains both the optical signal and the noise, which has its
own frequency spectrum, and consequently the noise power is
distributed over the complete spectral range by the Fourier
transformation.”

A pronounced drawback for 1% generation EC-QCL light
sources are the mechanical imperfections of the external cavi-
ty. Triggering inaccuracies and imprecisions throughout the
motion of the grating introduce a constant and variable spec-
tral mismatch in the fine structure of consecutive scans in the
time (i.e. wavenumber) axis of the emitted spectrum. This
small deviation of only approx. 0.5 cm™ in the single beam
spectrum (1) prevents efficient scan averaging for noise reduc-
tion and (ii) introduces significant noise in the corresponding
absorbance spectrum. Consequently, processing routines of the
measured raw data were implemented to reduce the effects of
this spectral mismatch. Initially, shifting of the recorded scans
along the time axis was used to achieve maximum alignment,
followed by considerable filtering.’ Later, a routine for noise
reduction was devised based on correlation optimized warping
of successive scans to correct for non-constant shifts in the
fine structure throughout the spectrum.'” A further impediment
for accomplishing similar signal-to-noise ratios as with FT-IR
spectrometers within reasonable time was the limited sweep
velocity in the range of 100 cm™ s in early commercially
available EC-QCLs. Using latest generation EC-QCLs, tuning
rates of
up to 25000 cm™ s (LaserTune, Block Engineering) and
5000 cm™ s' (MIRcat-QT, Daylight Solutions) can been
reached. Furthermore, scanning speeds of up to 600000 cm™ s
" have been published employing a resonantly driven micro-

opto-electro-mechanical systems (MOEMS) grating.”**

In this work, we present IR transmission measurements of
proteins in aqueous solutions in the amide I and amide II re-
gion, employing a latest generation EC-QCL. A data-
processing routine is presented for noise reduction, which
discards occasional EC-QCL scans that are shifted in the
wavenumber axis. The performance of the setup regarding
SNR was compared to research-grade FT-IR spectrometers at
equal acquisition times. The shape of the obtained IR spectra
of proteins with different secondary structures were contrasted
to FT-IR spectra and showed excellent comparability.

EXPERIMENTAL SECTION

Reagents and Samples. Sodium phosphate monobasic dihy-
drate p.a. (NaH,PO,*2H,0) was purchased from Fluka (Buchs,
Switzerland),  sodium  phosphate  dibasic  dihydrate
(Na,HPO,*2H,0) BioUltra, for molecular biology, and sodium
hydroxide solution 50% in water, were obtained from Sigma-
Aldrich (Steinheim, Germany). B-Lactoglobulin from bovine
milk (>85%), bovine serum albumin (>98%) and lysozyme
from chicken egg white (>90%) were obtained by Sigma-
Aldrich (Steinheim, Germany) and used as purchased. Appro-
priate amount of lyophilized protein powder was dissolved in
16.0 mmol L' phosphate buffer pH 7.0. Ultrapure water
(18 MQ) was used for preparation of all solutions, obtained
with a Milli-Q water purification system from Millipore (Bed-
ford, USA).

FT-IR Measurements. FT-IR absorption measurements were
performed using a Bruker Vertex 80v FT-IR spectrometer
(Ettlingen, Germany) equipped with a liquid nitrogen cooled
HgCdTe (mercury cadmium telluride) detector (D*= 4 x 10"
em HZ” W' at 9.2 pum) and a Bruker Tensor 30 FT-IR spec-
trometer equipped with a DLaTGS (deuterated lanthanum o-
alanine doped triglycine sulfate) detector
(D*=6x10°ecm HZ" W' at 9.2 um). The samples were
placed between two CaF, windows separated by an 8 pm-thick
spacer. During measurements, the spectrometer was flushed
with dry air for at least 5 minutes prior to spectrum acquisi-
tion. Spectra were acquired with a spectral resolution of 2 cm™'
in double-sided acquisition mode. A total of 81 (Vertex oper-
ated at 80 kHz scanner velocity) and 21 (Tensor operated at
20 kHz scanner velocity) scans were averaged per spectrum
(acquisition time: 53 s), which was calculated using a Black-
man-Harris 3-term apodization function and a zero filling
factor of 2. All spectra were acquired at 25 °C. Spectra were
analyzed using the software package OPUS 7.2 (Bruker, Et-
tlingen, Germany). If necessary, absorption bands of water
vapor in the atmosphere were subtracted.

Experimental Setup for QCL Measurements. The experi-
mental setup is shown in Figure 1. For the measurements, a
water-cooled external-cavity quantum cascade laser (Hedge-
hog, Daylight Solutions Inc., San Diego, USA) was used oper-
ating at a repetition rate of 100 kHz and a pulse width of
5000 ns, resulting in a duty cycle of 50%. The manufacturer
states laser power variations of <3% RMS and an operating
temperature range of 15-35 °C. The laser head temperature
was set to 19 °C for all measurements. All spectra were rec-
orded in the spectral tuning range between 17301470 cm™,
covering the amide I and amide II region of proteins, at a scan
speed of 1200 cm™'s”. A mesh was employed to attenuate the
laser intensity and a wedged sapphire window (2.5 mm thick-
ness) was used to selectively reduce the laser intensity in the
amide II region. The MIR light was focused on the detector
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element by a gold plated off-axis parabolic mirror with a focal
length of 43 mm. A thermoelectrically-cooled MCT detector
operating at -78 °C (PCI-10.6, Vigo Systems S.A., Poland)
with a 0.5 x 0.5 mm element size and a detectivity of D* = 8 x
10° cm Hz*® W™ at 6 um at 10 MHz was used as IR detector.
To reduce the influence of water vapor, the setup was placed
in a housing of polyethylene foil and constantly flushed with
dry air.

The measured signal was processed by a lock-in amplifier
(Stanford Research Systems, CA, USA) and digitized by a NI
DAQ 9239 24-bit ADC (National Instruments Corp., Austin,
USA). Each single beam spectrum consisting of 6000 data
points was recorded during the tuning time for one scan of
approx. 250 ps. A total of 100 scans were recorded for back-
ground and sample single beam spectra at a total acquisition
time of 53 s. The spectral resolution of the EC-QCL setup was
determined by evaluation of the band width of water vapor
spectra and comparison with FT-IR spectra acquired at differ-
ent resolutions and was determined to be 0.2 cm™” and 2 cm™
for non-filtered and filtered spectra, respectively.

All measurements were carried out using a custom-built, tem-
perature-controlled flow cell equipped with two MIR transpar-
ent CaF, windows and 31 um-thick spacer, at 20 °C.

Deviations in the wavenumber scale of the recorded data in-
troduced by the EC-QCL or data acquisition were corrected by
calibration of the setup to the absorption lines of water vapor.

The laser was controlled by Daylight Solution driver software;
data acquisition and temperature control was performed using
a custom-made LabView-based GUI (National Instruments
Corp., Austin, USA).
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Figure 1. Schematic of the experimental QCL-based setup for
mid-IR transmission measurements.

Processing of QCL Data. The performed preprocessing steps
are schematically depicted in Figure 2. First, the measured
data were treated by Savitzky-Golay smoothing to reduce
instrumental noise. In order to sort out scans that are shifted
more than 0.1 cm™, the similarity index of each scan was
obtained by calculating the product of correlation coefficients
between all individual scans. For a given scan x,, the similarity
index, ranging from 0 to 1, is calculated by the following
expression

100
Similarity index = le(xt, x)| )]

i=1

in which r (x,, x;) is the correlation coefficient between the
target scan and each of the remaining 99 scans. This approach
has been used to evaluate the similarity in chromatographic
data.”® Here, approx. 3% scans with a similarity index lower
than 0.995 were sorted out employing this method.

A low-pass Fourier filter based on 4-term Blackman-Harris
apodization (Fast Fourier Transformation-FFT) with a cutoff
frequency of 150-200 was applied to single beam spectra I and
Iy. The final absorption spectrum was obtained using

A = —log <é> 2)

In order to quantitatively evaluate the comparability of the
protein IR spectra acquired by EC-QCL and FT-IR spectros-
copy by the degree of spectral overlap (s;;) between FT-IR (s;)
and EC-QCL (s), the following expression was employed:*’

L IsTsl
12 = s e 1
s, s

)

This evaluation was performed for the presented absorbance
spectra. The value of s, ranges from 0 to 1, corresponding to
no overlapping and complete overlapping, respectively.

Data processing and analysis was performed with in-house
code developed in MatLab R2014b® (MathWorks, Inc., Na-
tick, MA, 2014).
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Figure 2. Sequence of processing steps for EC-QCL IR
transmission spectra.
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Mid-IR Spectra recorded with the EC-QCL Setup. IR
spectra of proteins at different concentrations were recorded
by using the custom-made laser-based IR transmission setup

Bovine Serum Albumin

Lysozyme

employing a transmission path length of 31 um (Fig. 1). The
broad tuning range of the applied EC-QCL allows to record
spectra across the amide I and amide II range, thus enabling

B-Lactoglobulin

100-03

Absorbance / AU

dild

1650 1600 1550 1650

1550 1650 1600 1550

Wavenumber / cm™

Figure 3. IR absorbance spectra of 5 (red solid line), 2.5 (red dashed line) and 1 mg mL™" (red dotted line) protein solutions ac-
quired by the EC-QCL setup (A-C) and 20 mg mL ™" (blue solid line) protein solutions acquired by FT-IR spectroscopy (D-F). Grey
dashed lines highlight the high congruence of the spectral features between the IR spectra acquired by EC-QCL and FT-IR spec-
troscopy. Grey double-headed arrows indicate the absorbance of 5 mAU.

quantitative as well as qualitative evaluation of the protein
spectra. The investigated model proteins exhibit characteristic
spectral features of different secondary structures. (Fig. 3A-C).
Bovine serum albumin (BSA) is a well-studied protein consist-
ing primarily of a-helical structures,”** and shows the a-helix
characteristic band at 1656 cm ' in the amide I region,' as well
as a narrow band at approx. 1545cm™ in the amide II
region.”” B-lactoglobulin (B-LG) is mainly composed of B-
sheet secondary structure and displays a distinctive IR band
maximum at 1633 cm™' and a shoulder at 1680 cm™' in the
amide I region,* and a broad band at approx. 1550 cm™ in the
amide II region.” Lysozyme (Lys) contains both a-helices and
B-sheets resulting in a band maximum at 1656 cm™' with
shoulders at ~1640 cm ' and ~1675 cm ' in the amide I region
and a narrow band at 1545 cm™ in the amide IT region.*"
Characteristic spectral features of the individual secondary
structures could be identified at protein concentrations as low
as 1 mg mL™" in aqueous solution. For reference, FT-IR spec-
tra of the protein solutions were recorded (Fig. 3D-F). Com-
parison analysis between spectra reveals excellent agreement
of the protein spectra recorded by using the EC-QCL-based
setup with the spectra.

Band areas of the amide I and amide II regions were evaluated
for the protein solutions in six concentrations. Calibration
curves in Figure S1 show that the data fitted well to a linear
regression line (r* >0.99), with linearity down to a concentra-
tion of 0.5 mg mL ", This demonstrated validity of the Lam-
bert Beer law is significant for prospective applications of this
setup for quantitative analysis.

Optimization of Laser Power and Transmission Path
Length. Prior to incorporating the employed, latest generation

EC-QCL light source into the transmission setup, its emission
characteristics were thoroughly examined. The maximum
power is emitted at approx. 1600 cm™ and decreases in both
spectral directions, as depicted in Figure S2A. Water in the
transmission cell absorbs a large part of the irradiated light
around the center of the HOH-bending band at 1645 cm™.
Consequently, in this spectral region (i.e. amide I region) the
energy reaching the detector is significantly lower than in
regions without water absorption (i.e. amide II region). This
high difference between maximum and minimum intensity at
the detector exceeds its dynamic range. Figure S2B shows the
recorded single beam spectrum at a path length of 31 pm at the
highest laser current setting, resulting in the absorbance spec-
trum shown in Figure S2C. The high intensity in the amide II
region leads to detector saturation. For EC-QCLs, the emission
power cannot simply be diminished by reducing the laser
current, as then also the wavelength emission range is restrict-
ed. Optimization of the laser intensity with the sapphire win-
dow and mesh is a tradeoff between accomplishable
transmission path length and accessible spectral range. In the
present situation, selective attenuation in the amide II region is
desired in order to match the strong solvent absorption in the
amide I region. For this purpose, a wedged sapphire window
was employed that acts as a short-wave pass filter with a cut-
off at approx. 1650 cm™. A mesh was used to further reduce
the laser intensity across the entire spectral region. By employ-
ing these measures, single beam spectra could be achieved that
are in accordance with the dynamic range of the detector (Fig-
ure S2B) and absorbance spectra can be obtained across the
entire amide I and amide II regions (Figure S2C).

Laser Performance and Data Processing. The laser perfor-
mance of the latest generation EC-QCL employed in the here-
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in presented setup was compared to emission characteristics of
a first generation EC-QCL that was used in an earlier setup.'’
A particular focus was on the reproducibility of wavelength
tuning. In first generation EC-QCLs, mechanical imperfec-
tions and triggering issues lead to spectral mismatch in the fine

structure of consecutive scans. The introduced deviations
seemed small in the single beam spectra but prevented scan
accumulation and introduced considerable noise in the absorb-
ance spectrum. For comparison of the noise levels, 100% lines
of water
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Figure 4. (A) Close-up of 100 single beam scans recorded by the EC-QCL setup. The red spectra were rejected during data pro-
cessing. (B) Unfiltered 100% lines of water (blue) with and (red) without similarity index evaluation. (C) Filtered 100% lines of

water (blue) with and (red) without similarity index evaluation.

were employed that are obtained by calculating the absorbance
spectra of two subsequent single beam spectra of the same
sample under the same conditions. Under ideal conditions, the
result is a flat line at 100% transmittance, corresponding to
zero absorbance.” The RMS noise was calculated between
1700-1600 cm™. Figure 4A shows a close-up of 100 single
beam scans, acquired with the presented EC-QCL setup. Most
of the scans are highly overlapping, whereas two are clearly
separated and shifted by approx. 0.5 em Comparison with
the single beam scans emitted by a first generation EC-QCL
reveals that the reproducibility of the wavelength tuning is
substantially more precise when using a latest generation EC-
QCL. This may be the result of optimized motion mechanics
and triggering routines of the external cavity. As depicted in
Figure S3A, the individual scans of the first generation laser
were randomly distributed across a wavenumber range of
0.5cm™. This shift was successfully corrected by COW, a
rubberband type alignment approach, which allowed to reduce
the noise level of the absorbance spectra by a factor of approx.
8 and RMS-noise of 26.4 x 10° AU could be achieved (see
Figure S3D).

Compared to that, with the newly developed setup even lower
RMS noise (22.8 x 10° AU) could be achieved without any
further data processing (see Figure 4). By application of the
COW routine, this value could be lowered by 40% (see Figure
S4D). However, better noise values were expected for this
setup configuration employing modulated laser emission and
lock-in amplification. For this reason, a new approach for data
processing was conceived, as outlined in Figure 2. It is based
on calculation of the similarity index, which is the product of
the correlation coefficients between all individual spectra. For
every spectrum, a value is obtained between 1 and 0, corre-
sponding to high and low similarity, respectively. This evalua-
tion step is performed for the background and sample single
channel spectra prior to scan averaging. Figure S5A shows a
representative plot of the similarity index evaluation of 100
scans. Obviously, two scans considerably deviate from the

remaining ones, indicated by a low similarity index (marked
red in Figure SSA). Prior to further processing, deviating scans
with a similarity index lower than 0.995 are removed. After
scan averaging, minor Fourier filtering is applied, with a cut-
off frequency of 200 Hz.

Finally, the similarity index was also employed for the quanti-
fication of the initially mentioned tuning precision of the laser
emission wavelength, and comparison of the two laser genera-
tions. For the first generation laser, a similarity index of 0.510
with pronounced scattering was reached on average for 100
scans. By application of the COW alignment routine, this
value could be increased to 0.977. In contrast, the similarity
index obtained for the latest generation laser is above 0.995
even before data processing.

Comparison of mid-IR Spectra recorded with the EC-QCL
Setup and FT-IR Spectroscopy. FT-IR measurements of
protein solutions were performed in order to compare results
with the spectra recorded with the presented EC-QCL setup.
Figure 3D-F show the IR spectra of 20 mg mL™" protein solu-
tions acquired at a path length of 8 um. Evaluation of band
positions and shape of the IR absorption spectra illustrates the
high comparability between QCL-IR spectra and conventional
FT-IR spectroscopy. For quantification of the congruence
between the (normalized) data sets, the degree of spectral
overlap was computed. Employing eq 3, the s;, values ob-
tained for BSA, B-LG and Lys were 0.99175, 0.99444 and
0.99585, respectively, indicating excellent comparability be-
tween QCL-IR and FT-IR spectra.
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Figure 5. Comparison of recorded 100% lines of water ob-
tained by two different types of EC-QCL setups and FT-IR
spectrometers.

as a routine FT-IR instrument with a pyroelectric detector
were used as a reference. The acquisition times of water 100%
lines were equal to the ones used for the EC-QCL IR transmis-
sion setup. For FT-IR measurements, a path length of 8 um
was employed. The noise level obtained with the high-end FT-
IR spectrometer was approx. 2.3 times lower than with the
laser-based setup. For a complete assessment of the noise level
of a measurement, all contributors need to be considered.
Referring to the light source, the noise level introduced by low
intensity thermal light sources in FT-IR spectrometers can
usually be neglected. High intensity laser sources, however,
contribute to the overall measurement noise, particularly when
operated in pulsed mode due to pulse-to-pulse intensity fluctu-
ations.”*** Figure S6 shows Allan deviation plots recorded
with the presented setup, indicating that the noise is limited by
the EC-QCL light source. Regarding the detector, the detectiv-
ity of the LN, cooled MCT detector employed in the FT-IR
spectrometer is 5 times higher than the Peltier-cooled MCT
detector applied in the EC-QCL setup. Due to the difference of
the employed detectors, the same data acquisition time as well
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Table 1: Characteristic parameters and relevant results for comparing the performance of EC-QCL based IR transmission setups

and conventional FT-IR spectroscopy.

Meas. time RME -Noise Path length SNR® Spectral_ 1range Detector type / temp.
[s] / scans 107 [AU] [pm] [cm™] [°C] / cooling
QCL setup 1* gen. 250/100 37 38 515 1700-1600 MCT /-60/TE
QCL setup latest gen. 53 /100 6.2 31 2425 1700-1500 MCT /-78 / TE
High-end FT-IR 53/81 2.7 8 1481 4000-600 MCT /-196 / LN,
Routine FT-IR 53/21 12.1 8 329 4000-600 DLaTGS /25 /---

" Evaluated for 20 mg mL™" protein solution.

Furthermore, the noise performance of the developed laser-
based setup was evaluated and compared to a custom-built IR
transmission setup employing a first generation EC-QCL'” as
well as with commercially available FT-IR spectrometers.
Characteristic parameters and evaluated results are summa-
rized in Table 1. For evaluation of the noise performance, the
RMS (root-mean-square) noise of the 100% lines of water in
the region of 1700-1600 cm™ were calculated. When compar-
ing the two EC-QCL based setups, with the latest generation
laser, lower noise levels by a factor of ~6 were achieved em-
ploying approx. one fifth of the measurement time. Faster
acquisition times for recording the same number of scans
across doubled wavenumber range could be achieved due to
the much higher sweep rates of the employed EC-QCL. Low
noise levels were obtained because of the increased wave-
number reproducibility of consecutive scans in the initially
recorded raw spectra and the developed processing routine to
eliminate single deviating scans, as outlined in detail above.
The slightly lower achievable path length with the latest gen-
eration EC-QCL setup results from the tradeoff between the
path length and the dynamic range of the detector at the wide
spectral emission range. Finally, with the IR transmission
setup presented here, a SNR better by a factor of ~5 could be
accomplished than with the first generation EC-QCL setup.

The newly developed EC-QCL based IR transmission setup
was also benchmarked against FT-IR spectroscopy. For this
comparison, a high-end FT-IR spectrometer with a fast inter-
ferometer and a liquid nitrogen cooled MCT detector as well

as the same spectral resolution were chosen for the measure-
ments of the 100% lines in order to compare the performance
of the instrument configurations. Although the measured noise
levels were lower with the high-end FTIR spectrometer, due to
the higher applicable path length, with the laser-based setup a
SNR better by a factor of approx. 2 can be reached compared
to the high-end FT-IR spectrometer. Comparison with the
routine FT-IR spectrometer reveals a SNR better by a factor of
approx. 7 for the EC-QCL setup. Finally, for FT-IR spectros-
copy the advantage of total spectral coverage of the mid-IR
region should be noted.

CONCLUSIONS AND OUTLOOK

An IR transmission setup based on a latest generation EC-
QCL was presented for protein analysis in the amide I and
amide II regions. Characteristic spectral features of multiple
proteins with different secondary structure were successfully
measured at concentrations as low as 1 mg mL". Usage of a
latest generation EC-QCL facilitated high wavelength repeata-
bility between scans and fast sweep rates. Application of a
data processing routine accomplished SNR values higher than
reached for FT-IR spectroscopy, the gold standard for broad-
band IR transmission spectroscopy, at similar measurement
times. In this context, the presented work marks a further
example of QCL-based setups performing beyond FT-IR
instruments. In the field of IR imaging even higher gains in the
SNR (>100) at similar measurement times could be obtained
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by application of QCLs. Here, another feature of EC-QCLs is
utilized, which is the possibility to sequentially measure at
individual wavenumbers without the need of recording the
entire spectrum. With this concept of discrete frequency imag-
ing, where imaging data is measured at a reduced set of wave-
numbers that provide the relevant information, the
measurement time could be significantly lowered."” ™

For the herein presented EC-QCL based IR transmission
measurements, further noise reduction employing the laser-
based setup is envisioned by implementing a balanced detec-
tion scheme. Even though there is the limitation of the spectral
coverage compared to FT-IR spectroscopy due to the restricted
emission range of EC-QCLs, a pronounced advantage of the
presented setup is the accessibility of the amide I region at
robust and conveniently manageable optical paths. The large
optical paths can be used for directly measuring IR absorbance
spectra of water-based solutions such as body fluids (e.g.
blood, serum, mother’s milk), foodstuff (e.g. commercial
milk) or process analytical solutions. These liquids feature a
complex matrix composition with increased viscosity and H-D
exchange for D,O based IR analysis is not possible or not
achievable in a timely manner to provide the results in an
acceptable time-frame. Compared to the earlier laser-based IR
transmission setup, the expanded spectral coverage, including
the most prominent protein IR bands, provides advantages for
qualitative and quantitative protein studies. In the future, the
presented setup will be employed to investigate dynamic sec-
ondary structure changes and chemometrics-based protein
quantification in complex matrices.
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