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ABSTRACT: In this work we report mid-IR transmission measurements of the protein amide I band in aqueous solution at 
large optical paths. A tunable external-cavity quantum cascade laser (EC-QCL) operated in pulsed mode at room-
temperature allowed applying path length of up to 38 µm, which is four times larger than applicable with conventional FTIR 
spectrometers. To minimize temperature-induced variations caused by background absorption of the 2-vibration of water 
(HOH-bending) overlapping with the amide I region, a highly-stable temperature control unit with relative temperature stabil-

ity within 0.005 °C was developed. An advanced data processing protocol was established to overcome fluctuations in the 
fine structure of the emission curve that are inherent to the employed EC-QCL due to its mechanical instabilities. To allow 
for wavenumber accuracy, a spectral calibration method has been elaborated to reference the acquired IR spectra to the 
absolute positions of the water vapor absorption bands. Employing this setup, characteristic spectral features of five well-
studied proteins exhibiting different secondary structures could be measured at concentrations as low as 2.5 mg ml–1. This 
concentration range could previously only be accessed by IR measurements in D2O. Mathematical evaluation of the spectral 
overlap and comparison of second derivative spectra confirm excellent agreement of the QCL transmission measurements 
with protein spectra acquired by FTIR spectroscopy. This proves the potential of the applied setup to monitor secondary 
structure changes of proteins in aqueous solution at extended optical path lengths, which allow experiments in flow through 
configuration. 

Infrared spectroscopy is a versatile technique for the quan-
titative and qualitative analysis of a wide range of samples. 
After the development of the fast Fourier transform algo-
rithm in the 1960,1 it was feasible to employ the Michel-
son-interferometer for IR spectroscopy. Since then, Fourier 
transform infrared (FTIR) spectrometers have been estab-
lished as standard instrumentation. Thermal emitters such 
as globars are commonly used as light sources that emit a 
broadband but low-power radiation throughout the mid-IR 
region. While these characteristics suffice for a variety of 
applications, the low emission intensity of the light source 
constitutes a limit for the measurement of samples with a 
highly absorbing matrix, e.g. water. In these cases, the 
abundant solvent absorbs a large part of the irradiated 
light, thus attenuating the light intensity which is available 
for interaction with the actual analyte. As a consequence 
the maximum feasible path length for transmission meas-
urements in aqueous solution is limited in the carbohy-
drate region (950-1200 cm–1) to approx. 80 µm and in the 
amide I region of proteins (1600-1700 cm–1) to approx. 
8 µm.2,3 These low path lengths may considerably impair 
the robustness of the method due to clogging of the cell. 

Two decades ago, a new type of mid-IR light source, quan-
tum cascade lasers (QCLs) were introduced.4 QCLs provide 

spectral power densities that are several orders of magni-
tudes higher than globars and even surpass values of syn-
chrotrons.5 QCLs comprise a series of layers of different 
semiconductor materials exhibiting varying band gaps 
with a defined thickness in the nanometer range. Laser 
emission is achieved by inter sub-band transitions of elec-
trons within the semiconductors conduction band. Only 
one type of charge carrier (electrons) is used contrary to 
conventional semiconductor lasers, where electrons and 
holes from the conduction and valence band combine in a 
radiative inter-band transition. In conventional lasers, the 
emission wavelength is determined by the band gap of the 
utilized materials, thus restricting their application to 
UV/Vis and near-IR range. In QCLs, the emission wave-
length is decoupled from the band gap of the semiconduc-
tor material and lasers emitting at a desired wavelength 
region can be engineered by tuning the thicknesses of the 
semiconductor layers.6–8 Initially, QCLs were predominant-
ly used for gas phase analysis.9–12 Distributed feedback 
(DFB) QCLs feature a grating on top of the active semicon-
ductor material for selection of the desired wavenumber. 
Limited tunability across a few wavenumbers is adequate 
for gas phase analysis, where spectra are dominated by 
narrow, well resolved bands. This is not the case for the 
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investigation of liquid samples, where absorption bands 
are much broader and overlapping of spectral components 
may occur, too. Hence, for the analysis of liquids, a broader 
spectral range is essential. Recently, external-cavity QCLs 
(EC-QCLs) became commercially available, that are oper-
ated at room-temperature and combine high spectral pow-
er densities with a large spectral tuning range. Here, an 
external cavity facilitates wavenumber selection by an 
external diffraction grating. Changing the angle of the dif-
fraction grating relative to the QCL chip allows for tuning 
ranges of up to several hundred wavenumbers. This type 
of QCL was applied for analysis of complex mixtures of 
analytes in aqueous solution in online process 
monitoring,13 and for medical applications.2,14–16 High 
emission intensities made possible to employ larger path 
length for liquid transmission measurements and by that 
enhancing the ruggedness of the resulting analysis system 
compared to FTIR spectroscopy. 

Infrared spectroscopy is a well-established experimental 
technique for the secondary structure analysis of 
proteins.17 The most prominent absorption bands of pro-
teins in the IR spectrum are caused by vibrations of the 
peptide group and are referred to as amide bands. Among 
these characteristic bands in the mid-IR region, the amide I 
band (1600-1700 cm–1) which is mainly composed of C=O 
stretching vibrations is most commonly used for analysis 
of the secondary structure.18 The differing pattern of hy-
drogen bonding, dipole-dipole interactions and geometric 
orientations in the -helices, -sheets, turns and random 
coil structures induce different frequencies of the C=O 
vibrations that can be correlated with the respective sec-
ondary structural folding.19 Quantitative estimation of 
protein secondary structure has often been performed by 
curve fitting of the amide I band. This approach, however, 
often lacks in accuracy and its applicability is limited as it 
requires a series of subjective decisions18,20 and has a ten-
dency to over- or underestimate secondary structure com-
ponents.21,22 Transmission measurements are most fre-
quently used for recording solution spectra of proteins, 
while the attenuated total reflectance (ATR) method is 
employed for adsorption studies or investigation of thin 
films.  

The most important difficulty of IR investigations of pro-
teins in aqueous solution is the strong absorbance of the 
HOH-bending band near 1645 cm–1 that overlaps with the 
amide I band. Consequently, suitable path lengths are re-
stricted to approx. 8 µm to prevent total IR absorption in 
the region of the HOH-bending band, as outlined above. 
Thus, high protein concentrations (>10 mg mL-1) are re-
quired as the intensities of the IR bands and the signal-to-
noise ratio at a given concentration is limited.18 Cell and 
sample handling under these conditions is rather laborious 
as thin spacers are extremely susceptible to electrostatic 
charging making the assembly of a tight flow cell difficult. 
Further, highly concentrated protein solutions are viscous 
leading to the formation of air bubbles when filling the 
cell.3 In this context, a further experimental challenge for 
obtaining appropriate protein spectra is to ensure experi-
mental conditions that are identical for the background 
and sample measurement. Since changing temperatures 
cause variations in the HOH-bending band, temperatures 
of the aqueous buffer and sample solution should match 

within at least 0.1 °C in order to avoid artifacts caused by 
temperature differences.  

Alternatively, D2O is widely used as solvent for protein 
measurements. The DOD-bending band is located at 
~1200 cm−1, thus creating a region of relatively low sol-
vent absorbance between 1500 and 1800 cm−1. This allows 
for larger path length (~50 µm) and lower protein concen-
trations (~1 mg mL–1). Solvent exchange (H2O→D2O) leads 
to a shift of the amide I band to lower wavenumbers due to 
the replacement of hydrogen atoms in the protein back-
bone by heavier deuterium atoms.18,23 Despite the experi-
mental advantages offered by D2O, it is still preferable to 
use H2O when studying the protein structure, as it provides 
the native environment.3,24,25 The effect on H-D exchange 
on protein structure is not fully resolved but it has been 
reported that exposure of proteins to D2O may alter the 
strength and length of hydrogen bonds and leads to chang-
es in structure and protein dynamics26 as well as protein 
denaturation.27,28 

In this work we introduce a rugged setup based on an EC-
QCL for mid-IR transmission measurements of aqueous 
protein solutions in the amide I region. The high emission 
intensity of the tunable QCLs enabled increasing the path 
length up to 38 µm. A custom-built temperature control 
unit was designed that provides a relative temperature 
accuracy of the measurement cell in the order of 0.005 °C 
to minimize temperature-induced variations of the HOH-
bending band in the spectrum. The focus of this paper is to 
demonstrate the feasibility of this setup to elucidate the 
spectral features of different protein secondary structures. 
For this purpose, spectra of five proteins with well-known 
secondary structures were recorded with a QCL-based 
transmission setup and contrasted with FTIR spectra. 
Evaluation by second-derivative spectra confirmed excel-
lent comparability of the acquired spectra. 

 Sodium phosphate monobasic 
dihydrate p.a. (NaH2PO4•2H2O) was purchased from Fluka 
(Buchs, Switzerland), sodium phosphate dibasic dihydrate 
(Na2HPO4•2H2O) BioUltra, for molecular biology, and sodi-
um hydroxide solution 50% in water, were obtained from 
Sigma-Aldrich (Steinheim, Germany). β-Lactoglobulin from 
bovine milk (≥85%), hemoglobin from bovine blood, bo-
vine serum albumin (≥98.0%), lysozyme from chicken egg 
white (>90%) and α-chymotrypsin from bovine pancreas 
(≥85%) were obtained by Sigma-Aldrich (Steinheim, Ger-
many) and used as purchased. Appropriate amount of 
lyophilized protein powder was dissolved in 16.0 mmol L–1 
phosphate buffer pH 7.0. Ultrapure water (18 M) was 
used for preparation of all solutions, obtained with a Milli-
Q water purification system from Millipore (Bedford, USA). 

 FTIR absorption measurements 
were performed using a Bruker 80v FTIR spectrometer 
(Ettlingen, Germany) equipped with a liquid nitrogen 
cooled HgCdTe (Mercury cadmium Telluride) detector 
(D*= 4 × 1010 cm Hz0.5 W–1 at 9.2 µm). The samples were 
placed between two CaF2 windows separated by an 8 µm-
thick spacer. During measurements, the spectrometer was 
flushed with dry air for at least 10 minutes prior to spec-
trum acquisition.  
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Figure 1. Representation of the experimental QCL-based 
setup for mid-IR transmission measurements. 

Spectra were acquired with a spectral resolution of 2 cm–1 
in double-sided acquisition mode. A total of 32 scans were 
averaged per spectrum (acquisition time: 6.7 s), which was 
calculated using a Blackman-Harris 3-term apodization 
function and a zero filling factor of 2. All spectra were 
acquired at 25 °C. Spectra were analyzed using the soft-
ware package OPUS 7.2 (Bruker, Ettlingen, Germany). If 
necessary, absorption bands of water vapor in the atmos-
phere were subtracted.

 The exper-
imental setup is shown in Figure 1. For the measurements 
a thermoelectrically cooled external-cavity quantum cas-
cade laser (Daylight Solutions Inc., San Diego, USA) was 
used operating at a repetition rate of 100 kHz and a pulse 
width of 500 ns. The manufacturer states laser power 
variations of <2% RMS and an operating temperature 
range of 15-35 °C. The laser head temperature was set to 
18 °C for all measurements. All spectra were recorded in 
the spectral tuning range located between 1729.30–
1565.06 cm–1, covering the amide I region of proteins. The 
relation between the spectral tuning time and the corre-
sponding emission wavenumber was determined through 
characterization of laser tuning using the step scan capa-
bility of the employed FTIR spectrometer.15 The MIR light 
was focused on the detector element by a gold plated off-
axis parabolic mirror with a focal length of 43 mm. A ther-
moelectrically cooled MCT detector operating at -60 °C 
(Infrared Associates Inc., USA; MCT-7-TE3) with a 
1 × 1 mm element size and a detectivity of 
D* = 4 × 109 cm Hz0.5 W–1 at 9.2 µm was used as IR detector.  

The measured signal was processed by a two channel box-
car integrator digitized by a NI DAQ 9239 24-bit ADC (Na-
tional Instruments Corp., Austin, USA). Each single beam 
spectrum consisting of 24000 data points was recorded 
during the tuning time of 1.5 s. A total of 50 scans were 
recorded for background and sample single beam spectra. 
An AD7760 24-bit ADC (Analog Devices, Norwood, USA) 
was employed to investigate the relative wavenumber 
shifting. 

The spectral resolution of the EC-QCL setup was deter-
mined by evaluation of the band width of water vapor 
spectra and  
 

 

Figure 2. Sequence of processing steps for EC-QCL IR trans-
mission spectra. 

comparison with FTIR spectra acquired at different resolu-
tions. After applying scan-to-scan alignment and back-
ground-sample alignment (see next section), the resolution 
of EC-QCL spectra was determined to be 0.2 cm-1 and 
1.2 cm-1 for non-filtered and filtered spectra, respectively. 

All measurements were carried out using a custom-made, 
temperature-controlled flow cell equipped with two MIR 
transparent CaF2 windows and 38 µm-thick spacer, at 
approx. 24.6 °C with relative temperature stability within 

0.005 °C. The temperature cell consists of nine thermoelec-
tric cooling (TEC) elements, stabilized by liquid water 
cooling and can be operated from 0-80 °C. A sensor is lo-
cated near the CaF2 windows to provide constant monitor-
ing of the temperature. The cell is equipped with a mean-
der (1565 mm) to provide temperature stabilization for 
flow through measurements. To reduce the influence of 
water vapor, the setup was placed in a housing of polyeth-
ylene foil and constantly flushed with dry air. Automatic 
sampling was done by a flow injection system, consisting 
of a 14–way valve (Valco Instruments Co. Inc, Schenkon, 
Switzerland), a 2.5 mL syringe pump (Cavro XP3000 Tecan 
Systems Inc., Männedorf, Switzerland) and PTFE tubings in 
several dimensions. The whole setup was controlled by a 
LabView-based GUI (National Instruments Corp., Austin, 
USA) with server–client program structure.29 The dimen-
sions of the setup including electronic parts are 
58 cm x 47 cm x 77 cm (L x W x H).

 The performed preprocessing 
steps are schematically depicted in Figure 2. First, the 
number of data points in the single beam was reduced by 
factor 4 using cubic spline interpolation followed by Sa-
vitzky-Golay smoothing to reduce instrumental noise. To 
correct the spectral mismatch of successive scans (see 
discussion for details), Correlation Optimized Warping 
(COW) was applied to align consecutive scans of one 
measurement prior to averaging as well as to align the 
background with the sample single beam spectrum. Scan-
to-scan alignment was performed to 50 single beam spec 
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Figure 3. IR absorbance spectra of 10 (green solid line), 5 (green dashed line) and 2.5 mg mL–1 (green dotted line) protein 
solutions acquired by the EC-QCL setup (A-E) and 20 mg mL–1 (brown solid line) protein solutions acquired by FTIR spec-
troscopy (F-J). Grey dashed lines highlight the high congruence of the spectral features between the IR spectra acquired by 
EC-QCL and FTIR spectroscopy. Grey double-headed arrows indicate the absorbance of 10 mAU. 

 

tra, taking the middle spectrum as reference. After align-
ment, the spectra were averaged. Background (I0)-
sample (I) alignment was applied taking the background-
spectrum as reference. COW is a widely used method to 
correct spectral (NMR, IR or Raman) or chromatographic 
shifts. Two parameters have to be set, the segment size r 
and a slack size l. Considering two spectra, one is chosen as 
the reference. The second spectrum is subdivided into 
sections of length r which are iteratively stretched and 
compressed for maximally l data points via interpolation 
so as to maximize the correlation between the spectra. 
This kind of alignment does neither distort the amplitude 
nor the wavenumber position of the final absorbance spec-
trum.30 In this work, r was kept constant at 20 data points 
(corresponding 0.45 cm-1) and selected considering the 
length of mode-hops structure and l was selected and op-
timized within the range of 2-5 data points for each sam-
ple.  

After alignment of the sample and background spectrum, a 
low-pass Fourier filter based on 4-term Blackman-Harris 
apodization (Fast Fourier Transformation-FFT) was ap-
plied to single beam spectra I and I0. The final absorption 
spectrum was obtained using  

A = −log⁡(
𝐼

𝐼0
) (1) 

In order to quantitatively evaluate the comparability of the 
protein IR spectra acquired by EC-QCL and FTIR spectros-
copy by the degree of spectral overlap (s12) between FTIR 
(s1) and EC-QCL (s2), the following expression was em-
ployed:31 

This evaluation was performed for absorbance spectra as 
well as second derivative spectra. The value of s12 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., Natick, MA, 2014). The COW routine is available 
online at http://models.kvl.dk/DTW_COW.  

Mid-IR 
transmission spectra were recorded of aqueous solutions 
of five proteins at different concentrations to assess the 
capabilities of the EC-QCL setup for monitoring protein 
secondary structure (see Figure 3A-F). The broad tuning 
range of the applied EC-QCL allows to record spectra 
across the amide I range, thus enabling quantitative as well 
as qualitative evaluation of the protein spectra. The inves-
tigated proteins exhibit characteristic spectral features of 
different secondary structures. The spectra of bovine se-
rum albumin (BSA) and hemoglobin (Hemo), two well-
studied proteins consisting primarily of -helical struc-
tures,32,33 show the -helix characteristic band at 1656 cm–

1.17 -Chymotrypsin (ACT) and -lactoglobulin (BLG) are 
mainly composed of -sheet secondary structure with a 
characteristic band maximum at approx. 1635 cm–1 and a 
side band at 1680 cm–1.32,34 Lysozyme (Lys) features both, 
-helices and -sheets, resulting in a band maximum at 
1656 cm–1 with shoulders at ~1640 cm–1 and ~1675 cm–

1.32,35 Spectral features of the diverse secondary structures 
could be identified at a concentration as low as 2.5 mg ml–1. 
This could be achieved by employing a high intensity EC-
QCL enabling the increased optical length of 38 µm con-
joined with a sophisticated data processing routine. 

 
𝑠12 =

‖𝐬1
T⁡𝐬2‖

‖𝐬1‖‖𝐬2‖
 (2) 
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Figure 4. Inverted second derivative spectra of sample proteins acquired by the EC-QCL setup (A-E) and FTIR spectroscopy (F-J). 
Grey dashed lines highlight the high overlap of the spectral features between the IR spectra acquired by EC-QCL and FTIR spec-
troscopy.  

 

Band areas were evaluated for proteins solutions with five 
concentrations of every sample. The calibration curves in 
Figure S-1 show straight lines and demonstrate linearity 
down to a concentration of 1 mg mL–1. The validity of the 
Lambert Beer law is significant for prospective applica-
tions of this setup for quantitative analysis. 

In EC-QCLs, spectral tuning 
across the wavenumber range is achieved by a quasi-
continuous rotation of the EC grating. The resulting emis-
sion curve features a fine structure originating from the 
mode-hops of the laser chip and external cavity.36 Mechan-
ical imperfections as well as triggering issues lead to a 
spectral mismatch in the fine structure of consecutive 
scans (as shown in Figure S-2A). The fluctuations appear 
small in the single beam spectra but cause considerable 
noise in the corresponding absorbance spectrum.37 Since 
these fluctuations are not random, averaging of a high 
number of scans is not an option to decrease its disturb-
ance. It had been attempted to reduce the effect of the 
fluctuations on the absorbance spectrum by shifting the 
recorded scans along the wavenumber axis to achieve 
maximum alignment.37 However, since the shift is not con-
stant during one scan, even after applying this procedure, 
extensive use of Fourier Filtering was necessary to obtain 
optimal spectrum quality. Fourier filtering tends to intro-
duce distortions in the line shape, thus affecting the infor-
mation contained in the amide I band.38 To keep usage of 
Fourier Filtering to a minimum, an advanced spectral 
alignment routine was elaborated (as depicted in Figure 
2). The key element of this sequence is the COW algorithm 
applied here to align scans prior to averaging as well as to 
align the background with the sample spectrum. This 
method utilizes the EC-QCL inherent mode-hop fine struc-
ture for alignment. It not only shifts the spectra in the 
wavenumber axis but also performs a rubberband type 
alignment. This part turned out to be crucial since the 

mismatch of the fine structure is not constant throughout 
the spectrum. A comparison between the shift- and COW-
based alignment is shown in Figure S-2B. Noise reduction 
by shift alignment was insufficient for protein spectra. 
With this method, spectral features of the respective sec-
ondary structures could be recognised for protein concen-
trations of 10 mg mL-1. By introducing the COW procedure, 
the identification of characteristic spectral features of 
diverse secondary structures could be accomplished for 
concentrations as low as 2.5 mg mL–1. This improvement is 
mainly credited to the significantly improved reduction of 
noise. In consequence merely minor Fourier filtering is 
required, with a cutoff frequency of 50 Hz.

The accu-
racy of the wavenumber scale in IR spectra has been the 
topic of discussion for spectroscopic instruments,39 and in 
particular for QCL setups.37 Deviations in the wavenumber 
scale may occur from inaccuracies in the light source, data 
acquisition as well as data processing. In EC-QCLs, one 
sweep of the grating in a continuous motion results in the 
wavenumber scan. The calibration of the wavenumber axis 
with tuning time for the employed EC-QCL is performed 
through characterization with a time-resolved (step-scan) 
FTIR measurement.15 Regarding data acquisition, it was 
found that the type of ADC has a considerable effect on the 
resulting IR spectrum, due to different time lags owing to 
triggering inaccuracies and internal data processing rou-
tines. As outlined above, the temporal axis directly corre-
sponds to the wavenumber axis, thus time lags introduced 
in data acquisition translate into wavenumber deviations.  

In order to correct the deviations in the wavenumber scale, 
the EC-QCL setup has been calibrated to the absorption 
lines of water vapor. Previously, a method for frequency 
calibration of EC-QCLs has been proposed that utilizes the 
inherent fine-structure superimposed to the laser emission 
curve.37 Here, high resolution FTIR spectra of the EC-QC 
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laser emission are recorded at fixed grating positions, thus 
the FTIR spectrometer serves as absolute wavelength 
reference. A notable advantage of the calibration method 
employing the absorption bands of the ubiquitous water 
vapor as a reference is the independence from external 
equipment. Frequency calibration to gas-phase absorption 
bands has been widely applied for different kinds of spec-
trometers and reference data for various gases is available 
from the HITRAN database.39,40 Using the EC-QCL setup, IR 
spectra of water vapor have been recorded and the ab-
sorption lines were compared to reference data. Figure S-
3A shows the shift of water vapor bands acquired with two 
available ADCs relative to the position of vapor bands 
taken from the reference database. The results indicate 
that the ADCs introduce a characteristic and non-constant 
shift to the wavenumber scale. For the AD7760, the devia-
tion is about +3 cm–1 across the observed wavenumber 
region, with a small slope (k = -0.0083), while for the NI 
ADC, the aberration is generally smaller (-1 cm–1 – +3 cm–

1), but with a larger change across the observed wave-
number region (k = 0.0408). This behavior resulted un-
changing for repeated measurements. Due to a lower noise 
level (RMSAD7760 = 0.54 mAU, RMSNI = 0.37 mAU), the NI 
ADC was used for protein measurements. The relation 
between the recorded and the reference wavenumber 
scale obtained by the water vapor spectrum was used to 
calibrate the protein spectra. Figure S-3B shows the effi-
ciency of the wavenumber calibration for a water vapor 
band. This frequency calibration accounts for all deviations 
introduced in the experimental setup (EC-QCL, data acqui-
sition). The remaining wavenumber deviation introduced 
by shifting and warping of the COW processing routine 
was found to be lower than 0.1 cm–1 which is negligible for 
liquid phase IR measurements.  

The 

2-vibration of water (HOH-bending) with a maximum 
near 1645 cm–1 overlaps with the amide I band of pro-
teins.41 The position of the bending band is rather sensitive 
to changes of the temperature, as it depends on the 
strength of the hydrogen bonds. Upon temperature in-
crease, the hydrogen bonds become weaker, leading to a 
shift of the bending vibration to lower wavenumbers ac-
companied with narrowing of the band and an increase of 
intensity.42 This behavior results in a rather complex 
change of the solvent spectrum.43 The impact is particular-
ly strong due to the high abundance of water as a solvent 
and its high molar absorptivity in this region.41 Further, it 
has been reported, that altering temperatures also affect 
the effective path length of the transmission cell due to the 
thermal expansion of the spacer material.44 Thermal ex-
pansion of a 38 µm Teflon spacer (linear expansion coeffi-
cient  = 0.00012 K-1)45 at a temperature change of 1 K 
leads to an increase of the path length of 0.005 µm, result-
ing in a change of absorbance of 0.57 mAU for the HOH 
bending band (c = 55.56 mol L–1,  = 22.3086 L mol–1 cm–1 
at 1645 cm–1). The combination of these effects leads to a 
change of shape and intensity in the resulting absorbance 
spectrum, in case the background and sample single beam 
spectra are recorded at different temperatures. Since for 
the qualitative assessment of spectral features attributed 
to protein secondary structure the band shape and relative 
intensities are important, measurements performed at 
constant temperatures are essential. To achieve this, a 

highly constant temperature cell has been designed. The 
temperature stability of the employed cell lies within 
0.005 °C across a time period of 30 min.  

Figure S-4 shows 
the 100% lines of water for the EC-QCL setup and the FTIR 
instrument at acquisition parameters used for protein 
measurements. 100% lines are employed for evaluation of 
the noise level of a spectrometer setup and are obtained by 
calculation the absorbance spectrum of two subsequent 
single beam spectra of the same sample under identical 
conditions. Under ideal conditions, the result would be a 
flat line at 100% transmittance, corresponding to zero 
absorbance.15 The RMS (root mean square) of the 100% 
line at path lengths employed for protein measurements is 
0.05 mAU for the FTIR setup and 0.37 mAU for the EC-QCL 
setup. When considering the approx. four times larger 
absorbance values gained by utilizing a cell with 38 µm 
path length for the EC-QCL setup compared to 8 µm in the 
FTIR spectrometer, the resultant signal to noise ratios 
(SNR) are in the same order of magnitude (e.g. SNRFTIR 
~820 and SNREC-QCL ~550 for 20 mg mL-1 protein solu-
tions). Moreover, for assessing the noise level of a meas-
urement, all contributors need to be considered. Regarding 
the light source, the noise level introduced by low intensity 
thermal light sources in FTIR spectrometers can usually be 
neglected. High intensity laser sources, however, contrib-
ute to the overall measurement noise, particularly when 
operated in pulsed mode. Referring to the detector, the 
detectivity of the LN2 cooled MCT-detector in the FTIR 
spectrometer is ten times higher than the peltier-cooled 
MCT-detector applied in the QCL setup. An important point 
to consider for a transmission setup is the employed path 
length. Generally, when sufficient light is passing through 
the sample and reaching the detector (i.e. low path length) 
the noise level will essentially remain constant. However, 
when increasing the path length up until a range where 
most of the light intensity is absorbed by the sample, the 
measurement noise will begin to increase disproportion-
ately,2 as demonstrated by the 100% line of water record-
ed by the FTIR spectrometer utilizing the cell with a path 
length of 38 µm (RMS = 99.94 mAU), as demonstrated in 
Figure S-4. Accordingly, the increase of the path length 
accompanied with the gain in ruggedness of the analysis 
system is exclusive to the EC-QCL setup while featuring a 
comparable SNR to FTIR spectroscopy.  

FTIR spectra of the protein solutions were recorded as a 
reference to demonstrate the equality of the protein IR 
spectra acquired by EC-QCL with IR spectra recorded by 
well-established FTIR spectroscopy. Figure 3F-J show the 
IR spectra of 20 mg ml–1 protein solutions recorded with a 
path length of 8 µm. Figure 3 shows that the shape and 
position of the absorption bands recorded by the EC-QCL 
setup correspond well with the conventional method. In 
order to quantify the congruence between the (normal-
ized) spectra, the degree of spectral overlap was comput-
ed. Using eq. 2, the s12 values obtained for BSA, Hemo, ACT, 
BLG and Lys were 0.99569, 0.99668, 0.99959, 0.99853, 
and 0.99783, respectively. These figures allow us to con-
clude that the spectra acquired with the EC-QCL setup 
contain equivalent information as the FTIR spectra. For 
further evaluation, second-derivative spectra are shown in 
Figure 4. This band narrowing technique is commonly 
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employed to resolve overlapping bands in complex spec-
tral regions.3,18 Second-derivative spectra of protein sam-
ples acquired by EC-QCL (Figure 3A-E) show similar spec-
tral features as the ones recorded by FTIR spectroscopy 
(Figure 3F-J). Also here the mathematical evaluation 
method to quantify the spectral overlap was applied. s12 

values of 0.99006, 0.97120, 0.98534, 0.96762 and 0.98588 
for BSA, Hemo, ACT, BLG and Lys, respectively, indicate 
high spectral overlap, considering the enhanced sensitivity 
of the second-derivative spectra. 

A robust setup employing a broadly tunable EC-QCL was 
introduced for IR transmission measurements of protein 
solutions. Characteristic spectral features of five proteins 
with different secondary structures have been successfully 
measured at concentrations as low as 2.5 mg mL-1. Mathe-
matical evaluation of the spectral overlap and comparison 
of second derivative spectra confirm excellent match of the 
QCL transmission measurements with protein spectra 
acquired by FTIR spectroscopy. The validity of Lambert-
Beer law has been demonstrated for protein concentra-
tions between 1-20 mg mL-1. To allow for accuracy in the 
wavenumber scale employing the EC-QCL setup, a calibra-
tion method has been elaborated to reference the acquired 
IR spectra to the absolute positions of the water vapor 
absorption bands. An advanced data processing routine 
has been devised to diminish intensity variations inherent 
to the emission spectra EC-QCLs. In future, arrays of DFB-
QCLs that provide broadband wavelength tunability with-
out featuring moving parts may represent an important 
step to overcome the experimental difficulties encountered 
with EC-QCLs. The high optical power provided by the QCL 
allowed using significantly higher optical paths (38 µm) 
than applicable with conventional FTIR spectrometers. 
This increase of accessible optical path length opens a 
wide range of new experimental possibilities in a spectral 
region that has been limited due to the high absorbance of 
water. The larger flow cross section results in a greatly 
reduced pressure drop in the cell and allows experiments 
in flow through configuration. That signifies a major step 
forward for IR investigations of proteins, which mostly 
have been conducted in D2O, accompanied with more labo-
rious sample preparation and ambiguities regarding the 
non-native environment. In future, the introduced setup 
will be employed to monitor changes of protein secondary 
structure in aqueous solution induced by heat and chemi-
cal denaturation.  

 

Figure S-1: Calibration curves for proteins. Figure S-2: Illustra-
tion of processing steps for single beam spectra. Figure S-3: 
Shift of the water vapor absorption bands recorded with the 
EC-QCL setup compared to the reference positions taken from 
database. Figure S-4: 100% lines for EC-QCL setup and FTIR 
instrument. This material is available free of charge via the 
Internet at http://pubs.acs.org. 
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