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Mid-infrared chemical sensors based on quantum cascade technology offer a number of properties surpassing
conventional spectrometric techniques. In this work, we combine a tunable quantum cascade laser with a
spectrally tailored in-house fabricated quantum cascade detector (QCD) to realize broadband detection of
aqueous samples for selective sensing of bovine milk proteins. The developed setup enables broadband spec-
troscopy covering more than 260 cm ™! and was employed to record absorbance spectra of the amide I and amide
I bands of p-lactoglobulin, a-lactalbumin and casein. A detailed comparison indicates similar performance of the
laser-based setup with its uncooled QCD as a high-end FTIR spectrometer equipped with a liquid nitrogen cooled
mercury-cadmium-telluride (MCT) detector. Furthermore, we discuss the characteristics and benefits of the
quantum cascade detector for application in laser-based mid-infrared sensor systems and compare its perfor-
mance to other common mid-infrared detector types. In conclusion, the combination of QCDs with EC-QCLs
opens up new possibilities for next-generation MIR liquid-phase chemical sensors featuring low noise and

high dynamic range.

1. Introduction

Mid-infrared (MIR) spectroscopy (4000 — 400 em ' /25-25 pm)
allows for highly selective, sensitive, and non-destructive sample
investigation by probing molecular vibrations. IR spectroscopy tech-
niques are widely used for quantitative and qualitative analysis in a
variety of different fields, including the investigations of proteins [1,2].
Infrared spectra of proteins feature two characteristic absorption bands
predominantly used for structural analysis. The amide I band (1600 —
1700 cm™!) and amide II band (1500 — 1600 cm 1) arise mainly from
C=O0 stretching and N-H bending vibrations, respectively. The charac-
teristic vibrations of these groups provide detailed information about
the patterns of hydrogen bonding stabilizing secondary structures of
proteins (i.e., a-helices, p-sheets, turns, and random structures) [1,2].
Thus, protein analysis by MIR spectroscopy plays an increasingly
important role in medical, biochemical diagnostics, and food industry
[2]. It is in particular an integrated part of the production workflow for
quality assessment in the dairy industry [3]. Bovine milk contains ~32 g
L~! of proteins, 80% of which are caseins. The remaining 20% are whey

* Corresponding authors.

proteins, among which the most abundant is p-lactoglobulin (~3.5 g
L™ 1) and o-lactalbumin (~1.2 g L) [4]. For routine protein analysis,
Fourier transform infrared (FTIR) spectroscopy incorporating thermal
light sources (i.e. Globars) is considered the gold standard. However,
employing this technique makes the analysis of protein samples usually
a cumbersome task because of the strong water absorption band near
1645 cm ™!, overlapping with the amide I band and therefore signifi-
cantly absorbing the radiation of a weak thermal light source
(uW/cm ™). This limits the applicable path lengths for transmission
measurements to typically 5-8 um, thus impairing the robustness of
liquid sample handling and consequently complicating measurements of
complex matrices such as milk [1]. Therefore, in commercial FTIR-based
products, larger path length cells are in use (~35 um), allowing protein
analysis only in the amide II band region and thus limiting information
on the protein secondary structure.

In this context, the significant advances of quantum cascade lasers
(QCLs) [5] have challenged conventional MIR spectroscopy methods by
offering much higher brightness (0.001 — 10 W/cm ™) of MIR radiation,
well suited for chemical sensing in highly absorbing solvents [6,7]. For
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liquid-phase analysis, where molecules feature broad and complex ab-
sorption bands, commonly external cavity (EC-)QCLs are employed,
providing tuning capabilities up to 500 cm ™! [8]. The power spectrum of
EC-QCL sources is dictated by the gain material and thus fixed with
characteristic highest intensities in the center and decreasing power
towards both sides of the gain curve. Consequently, little to no flexibility
exists to adjust the power levels of an EC-QCL across the tuning range. A
number of studies employing EC-QCLs for broadband spectroscopy of
liquids reported an improved detection over conventional FTIR spec-
troscopy for various analytes, including proteins [7,9,10]. High output
powers of QCLs directly contributed to an almost fivefold increase in
transmission path length [11], as required for robust sample handling
and access to the amide I band thus enabling individual quantitation of
bovine milk proteins in complex matrices [12-15], demonstrated
monitoring of dynamic changes in the protein secondary structure
[16-18], and showcased non-conventional ways for protein analysis
exploiting the coherent nature of the QCL sources [19,20].

A detector optimized to the employed light source is another crucial
part in a spectrometer or an optical sensor deciding on its final capa-
bilities and performance. Nowadays, for MIR spectroscopy in classic
FTIR spectrometers as well as in laser-based instruments, the two pre-
dominant types of employed detectors are either thermal or photonic
[21]. The most common thermal detectors are based on the pyroelectric
effect and consist of deuterated triglycine sulfate (DTGS). This type of-
fers room-temperature operation, thus low maintenance, linear
response, low price, but slow response times (kHz range), and is often
employed for routine applications. The most widespread type of highly
sensitive and fast MIR detectors and used in demanding applications are
photonic detectors based on ternary semiconductor alloys made of
mercury, cadmium and telluride, so called MCT detectors. They offer
relatively fast response times (MHz range), broad responsivity regions
and high sensitivity, but they require cooling to cryogenic temperatures
by either liquid nitrogen or thermoelectric cooling to cut thermal noise.
A downside of these otherwise powerful detectors is their rather limited
dynamic range, which is of special relevance when mid-IR radiation of
strongly varying intensities need to be detected and processed. This is
the case when employing EC-QCLs for measurements of aqueous solu-
tions in a spectral range that includes the strong bending vibration of
water centered at 1645 cm ™. In such a situation the water background
will strongly limit throughput, dictating the use of a short pathlength.
On the contrary, the short path lengths result in high intensities in
neighboring regions. In order to stay within the limited dynamic range
of the previously mentioned detectors during a full spectral scan of the
employed EC-QCL, additional optical components had to be incorpo-
rated in laser-based spectrometers dedicated for protein analysis to
attenuate the laser beam before impinging the detector to avoid its
saturation [9,22]. These actions negate the high-power advantage of
QCLs, complicate the setup, and reduce its versatility and range of
applications.

In this context, accompanied by the developments in QCLs, there has
been also progress in quantum engineering-based detectors, which offer
properties much better suited to combine with QCLs, allowing to evoke
the full potential of these sources for challenging spectroscopic
applications.

Quantum cascade detectors (QCDs) [23] are intersubband photode-
tectors operated in the zero-bias (photovoltaic) or low bias mode by
design, enabling fast detection (GHz regime) at room temperature,
limited only by the thermal Johnson-Nyquist noise [24-27]. Analogous
to QCLs, QCDs use the same materials (typically InGaAs/InAlAs/InP),
design, and fabrication processes (e.g. molecular beam epitaxy, MBE).
So far, applications of QCDs for spectroscopic detection in the MIR are
predominantly focused on gas-phase analysis. Here, monolithic inte-
gration for miniaturized gas-sensing devices was demonstrated [6,
28-32]. For liquid-phase analysis, the reports are limited to single
wavelength detection in conjunction with distributed feedback QCLs as
light sources [31]. A single attempt toward the use of QCDs for
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wideband detection was reported using a spectrally broad QCD in
combination with a Globar to characterize the transmission of a sapphire
wafer [33].

An advantage of QCDs particularly profitable for laser-based spec-
troscopy of liquids is the detection across a wide power range of the
incident radiation without saturation effects [34]. This high dynamic
range is beneficial when broadband, high-power QCLs are employed for
measuring spectra covering regions with high intensity (low solvent
absorption) and low intensity (high solvent absorption), as is the case for
IR protein analysis in aqueous solutions. Hence, no attenuating optical
components are needed to remain in the linear regime of the detector as
is necessary when using MCT detectors.

In this work, we combine a widely tunable EC-QCL with a spectrally
tailored in-house developed QCD to record broadband infrared spectra
of synthetic milk protein samples to demonstrate the possibilities for
laser-based transmission spectroscopy presented by the combination of
these two components. To our best knowledge, this is the first report on
the use of a QCD in an EC-QCL-based system for broadband investigation
of a liquid media in such a wide spectral range (>260 cm ™). First, we
demonstrate the characteristics of the developed QCD and compare
them to established MIR detector types. Next, we present broadband IR
transmission spectra of bovine milk proteins, i.e. casein, p-lactoglobulin
and a-lactoglobulin recorded by the novel EC-QCL-QCD setup and
conduct qualitative and quantitative analysis. We compare the perfor-
mance of the custom-made sensor system to FTIR spectroscopy. More-
over, to exploit the benefits of the large available spectral region and to
show a more practical application, we apply chemometric tools to
investigate ternary milk protein mixtures.

2. Experimental section

2.1. Experimental setup for broadband QCL-based IR spectroscopy using
QCD

A schematic of the experimental setup for broadband absorption
spectroscopy of liquid-phase samples employing an EC-QCL and a QCD
is depicted in Fig. 1. In principle, the setup measures the attenuation of
light transmitted through a liquid sample at different frequencies
(wavenumbers) induced by absorption to identify and quantify proteins
present in the sample. For this purpose, a thermoelectrically (TE) cooled
external-cavity quantum cascade laser (Hedgehog, Daylight Solutions
Inc., San Diego, CA), tunable from 1830 to 1470 cm™ L, was operated in
pulsed mode at a modulation frequency of 1 MHz, duty cycle of 20% and
a laser current of 700 mA, corresponding to a pulsed average power of
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Fig. 1. Experimental setup employing an EC-QCL and a ridge QCD for broad-
band sensing of bovine milk proteins in transmission configuration.



A. Dabrowska et al.

approx. 240 mW at 1590 cm . The laser operation parameters were
selected to maximize optical power output and the amount of light
available for the light-sample interaction and hence the applicable path
length for transmission measurements. The p-polarized laser beam was
directed into a custom-made temperature-stabilized (23.0 °C, 296 K) by
a thermoelectrical cooler (TEC, Meerstetter Engineering) transmission
flow cell with a 12.5 um PTFE spacer between 25 x 15 x 1 mm thick
CaF, wedged windows. The transmission path length was optimized to
achieve the highest signal-to-noise (SNR) ratio for protein measure-
ments in the presented system (Fig. S1). The transmitted beam was
focused by a parabolic gold mirror (Thorlabs MPD229MO1) on the facet
of the QCD and butt-coupled to its active region. The detector chip (15
x 25 mm) with an integrated printed circuit board (PCB, top contact)
was attached to a copper plate (bottom contact). The QCD was operated
at room temperature (298 K). The detector signal output (photovoltage)
was connected via a coaxial cable directly to a low-noise voltage input of
a MFLI lock-in amplifier (MFLI, Zurich Instruments AG, Zurich,
Switzerland) to measure the detector response at the reference fre-
quency corresponding to the laser modulation frequency supplied by a
laser driver via a TTL signal and thus improve the SNR of the whole
detection scheme. The lock-in amplifier was equipped with an extended
cut-off range of 5 MHz. The experimental setup was operated at ambient
conditions (pressure of 101.325 kPa, temperature of 298 K) at low
relative humidity (RH) level of ~5%. The optical setup was housed and
purged with dry air prior and during measurements to minimize adverse
effects of water vapor bands in the investigated spectral region.

2.2. QCD device

The QCD used in the experimental setup was designed, grown, and
processed in-house. The device is based on an Ing53Gag 47As/Alg 4gl-
Ny 52As active region (AR), grown lattice matched on a low-doped InP
substrate (n~110"7 cm ™) by molecular beam epitaxy (MBE) in our in-
house cleanroom facilities. It is optimized for detection around 6.5 pm
wavelength, targeting the spectral region of the previously mentioned
two most prominent absorption bands of proteins (amide I and amide II).

Similar to QCLs, the target wavelength is achieved by careful
balancing the optical intersubband transition through so-called band-
structure engineering of the highly complex quantum structure. This
means, that the sequence of quantum wells in the AR is modified by
changing their geometry (i.e., the thickness of mainly the InGaAs wells
and to a lesser extent the AlInAs barriers) in such a way, that the energy
separation between upper and lower lasing level in the quantum wells
corresponds to the wanted wavelength. This enables addressing various
wavelengths throughout the MIR spectral range by simply changing the
geometry of the AR [5], while still using the very same material system.

To increase the spectral overlap with the absorbed photons, in total
35 periods of the InGaAs/InAlAs AR sequence (each 75.5 nm thick, total
AR thickness: 2.64 ym) are implemented in our design. They are sand-
wiched between two Ing 53Gag 47As separate confinement layers (doped:
n~5.10'° cm’3, thickness: 550 nm (bottom) and 400 nm (top)). On top
of this structure, the upper cladding is grown, consisting of ~2 um of
Al 4gIng 50As followed by 360 nm of Ings3Gag 47As. To mitigate the
negative effects of free carrier absorption in the MIR [35], while still
allowing good ohmic contacts, the doping is gradually increased
throughout the cladding layer starting at a low value of n~1+10'7 cm™
close to the AR and ending at n~1+10%° cm™ for the last 10 nm of the
top-most InGaAs contact layer. More details on the active region design
can be found elsewhere [6,34].

In contrast to previous publications of this active region design,
where MESA-type of geometries for out-off-plane outcoupling through
the sample surface were used (e.g. [6,34]), the QCDs for the experiments
in this paper were fabricated into ridge waveguides (see Fig. 2). This
configuration was selected for several reasons: first of all, it best matches
the outcoupled mode-profile from the used EC-QCL, which, together
with the relatively wide facets of 10 — 20 um, allows the most efficient
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Fig. 2. Scanning Electron Microscope (SEM) image of a typical 10 um ridge
waveguide QCD used in this study. The opening in the center on top of the ridge
in the passivation layer can be identified as well as the “shiny” metallization
layer covering the whole device. The thin black passivation layer prevents the
electrical current from by-passing the active region and directly flowing into the
(dark grey) substrate. (Inset): View on the front facet of a 10 pm ridge wave-
guide. The InGaAs/InAlAs active region can be identified as slightly lighter
layer on the front facet as compared to the surrounding InP top cladding
(above) and substrate (below).

free-space coupling of the QCL beam to the QCD, by using a standard
parabolic gold mirror (see experimental setup in Fig. 1) and simply
butt-coupling the light perpendicular to the QCD facet. Second, directing
the light perpendicular to the growth direction of the device allows
direct coupling of the light, without the need for complex grating
coupling structures, as needed for surface coupling to adapt for the TM
polarization of the transition (originating from the quantum mechanical
selection rules of intersubband transitions) [36]. And third, in future
developments it allows to directly integrate the whole setup into a
monolithic geometry with laser, interaction section and detector on the
same chip, as shown in a proof-of-concept study [31], using a similar
ridge geometry as we do in this work.

2.3. Data acquisition and processing

Broadband absorbance spectra of proteins in aqueous solution were
recorded in the spectral region between 1470 and 1730 cm ™! allowing
to investigate the full span of the amide I and amide II bands. A spectrum
was acquired by continuous tuning of the grating of the EC-QCL
selecting subsequent emission wavenumbers across the spectral range
with a tuning speed of 3600 cm ! s™! and a spectral resolution of
0.4 cm™! enabled by the small laser linewidth (<0.5 cm ! at FWHM).
The varying intensity across the tuning range was recorded by the QCD.
Three hundred scans were averaged per spectrum, with a total acqui-
sition time of 45 s. A small fraction (1-3%) of scans deviating from the
rest due to acquisition errors were eliminated with a similarity index
below 0.84 [22]. The spectra were wavenumber-calibrated using the
absorption bands of water vapor to reduce wavenumber deviations
caused by inaccuracies introduced by the EC-QCL and delays in data
acquisition [11]. The recorded IR spectra were filtered using a fast
Fourier transform (FFT) filter with a cut-off frequency of 1500 Hz,
yielding a spectral resolution of 2.6 cm ™. The absorbance spectra were
derived by calculating the negative decadic logarithm of the sample
signal Is divided by the solvent signal Igg, A = — log;,(Is/Ipg). Data
acquisition was performed using an in-house developed Python script
(Python 3.7) to access the MFLI API. Data processing was performed
with an in-house developed MATLAB 2020a script and spectral evalu-
ation was conducted in OPUS 8.1 (Bruker Corp., Ettlingen, Germany).
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2.4. Reference FTIR measurements

FTIR absorption spectra were recorded on a Vertex 80v FTIR spec-
trometer (Bruker Corp., Ettlingen, Germany) equipped with a Globar
(MIR source, 12V, dedicated to Vertex 80v FTIR spectrometer, Bruker
Corp., Ettlingen, Germany) and a liquid nitrogen (LN3) cooled MCT
detector (D* = 4.0+10'° cm Hz'/?/W at 9.2 um) and a Bruker Tensor 37
FTIR spectrometer equipped with a DLaTGS detector (D* = 6.0.10%
cm Hz'/2/W at 9.2 um). Samples were measured at 25 °C in a trans-
mission cell equipped with two 2-mm-thick CaF; windows and an 8 ym
PTFE spacer. A total of 262 (Vertex 80v, scanner speed 80 kHz) and 36
(Tensor 37, scanner speed 10 kHz) scans were averaged per spectrum,
corresponding to an overall acquisition time of ~45s. Spectra were
recorded with a resolution of 2.6 cm™! and were calculated using a
Blackman-Harris 3-term apodization function and zero filling factor of 2.
The sample compartment of the FTIR instruments was purged with dry
air prior to and during spectrum acquisition and in case of using the
Vertex 80v FTIR spectrometer the remaining part of the spectrometer
was also evacuated (2.88 hPa). Spectra were analyzed with the OPUS 8.1
software package (Bruker Corp., Ettlingen, Germany).

2.5. Reagents and samples

Lyophilized powders of casein sodium salt (Cas, >70%), o-lactal-
bumin (a-LA, >85%) and p-lactoglobulin (B-LG, >85%) from bovine
milk were purchased from Sigma-Aldrich (Steinheim, Germany). Indi-
vidual stock solutions of respective proteins were prepared in
16 mmol L} sodium phosphate buffer (pH 7.5; + 0.1 M NaCl) and
diluted to eight concentrations ranging from 0.25 to 15 mg mL ™. For
multivariate analysis, a calibration sample set consisting of 15 samples
of ternary protein mixtures (a-LA, B-LG, Cas) was prepared and diluted
in a buffer, reaching concentrations of individual and total protein of
1-10 mg mL™! and 5.5-21 mg mL~?}, respectively. Ultrapure water
(18 MQ) from a Milli-Q water purification system (Millipore, Bedford,
USA) was used for the preparation of all solutions.

3. Results and discussion
3.1. QCD characterization and parameter comparison

After fabrication, the QCD device was characterized. The broadband
ridge detector photo-signal spectrum was measured at room tempera-
ture with a Globar [34]. Spectral FTIR characterization revealed a wide
usable spectral range of the detector response spanning
1100-2100 cm ™! (threshold defined at 15% of the maximum signal
value) (Fig. S2). Hence, the emission profile of the used EC-QCL
(1470 cm™! - 1830 cm™!) stays within the given detection range of
the QCD (Fig. 3A). The room-temperature spectral responsivity R(A) was
measured using the EC-QCL (Eq. (1)). The peak responsivity Rp was
found to be 143 mA/W at 1540 cm™? (6.49 um), without additional
amplification (Fig. 3B):

i |A
R(1) = P, {W} . (€))
where P; is the incident radiation power and I, the photocurrent. For
the calculation, the laser power was normalized to the ridge geometry,
as only the light entering through the ridge facet is coupled to the QCD.
The specific detectivity D* measured at room temperature (298 K) is
2.44 x 10° cm+/(Hz)/W:

D= %x/AAf [%} @

where i, is the root mean square noise current, A is detector area and Af
is the measurement bandwidth.
The parameters of the employed detector significantly influence the
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Fig. 3. (A) EC-QCL emission spectrum (left scale) and QCD photocurrent
spectrum (right scale). (B) QCD spectral responsivity measured at room tem-
perature with an EC-QCL.

performance of the overall sensor system. To put the advantages of the
newly introduced QCD into perspective, its parameters were compared
to other detector types, which are routinely combined with EC-QCLs for
MIR spectroscopy, namely TE-cooled MCTs and pyroelectric detectors
[9-16,19,20]. An overview of the most important features and proper-
ties of these detector types are summarized in Table 1.

To assess the linearity and response characteristics of the discussed
detectors (Fig. 4), their response was measured at 1590 em tin pulsed
mode (modulation frequency: 1 MHz, pulse width 200 ns) for QCD and
TE-cooled MCT detector (PVI-4TE-10.6, Vigo S.A, Poland). The pyro-
detector response was measured in CW laser mode with a mechanical
chopper providing 40 Hz modulation frequency with a time constant of
61 ms. A mesh was used to attenuate the laser beam to avoid pyro-
electric detector saturation.

Even though they are not directly in this comparison, a further kind
of IR detectors that should be mentioned are the LNy-cooled MCTs. They
are typically employed for high-end FTIR spectroscopy in laboratory
settings. Liquid nitrogen provides cooling down to 80 K, which is needed
to provide low noise levels at the low light intensities emitted by thermal
light sources. However, the dewars holding the coolant are bulky and
require frequent refilling. These parameters prevent miniaturization and

Table 1
Characteristics of detectors for laser-based IR spectrometers.

QCD TE-cooled Pyroelectric
MCT
Device active area’ 2.64 x 10 um? 1 x 1 mm? 2 x 2 mm?
Cooling / Operation optional” / room yes / 202K no / room

temperature temp. temp.

Speed / Cut-off DC - GHz regime DC - MHz DC - Hz
frequency range regime regime
Spectral range NIR - THz MIR UV - THz

Spectral range of asingle  narrow (matched medium (few broad

unit to QCL) pm)
Linearity high poor high
Saturation threshold very high low (few mW)  low (few mW)
Noise density” [uV/ 0.001 0.75 57

\/ Hz]
Detectivity® [cm+y/Hz/ 2.44.10° 9.2.108 4.00.10®

w]

# values stated for particular detector units used for comparison;

b cooling can be applied to achieve higher detectivity.
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Fig. 4. Comparison of the dynamic response of the 3 compared MIR detectors.

applications as envisioned for laser-based sensor systems.

In contrast, TE-cooled MCTs feature greater compactness and typi-
cally provide cooling to 202 K which is required for increased detec-
tivity. They were successfully used for many laser-based applications
due to their high sensitivity, bandwidth (MHz regime), flexibility, and
broad spectral detection range (few um). Their bandwidth allows to
record spectra at high pulse frequencies, which also enables measure-
ment at high laser sweeping rates [37]. However, their well-known flaws
are a nonlinear response and low saturation thresholds, as shown in
Fig. 4. Consequently, reliable quantitative measurements require careful
consideration and optimization of the light intensities at the detector
across the measured spectral region. Strongly absorbing solvents such as
water lead to uneven spectral power densities across the protein amide I
and II region and thus require the introduction of carefully selected in-
tensity filters [9,22]. This approach consequently limits the use only to a
strictly defined application (i.e., solvent system), thus affecting the
versatility of the instrument. Furthermore, these additional optical ele-
ments often introduce disruptive fringes into the system negatively
affecting the detected signal [9].

Pyroelectric detectors, although less popular than MCTs, have also
been used in combination with EC-QCLs for sensing in liquids [20]. This
technology is characterized by a high-linearity, modest-sensitivity,
room-temperature operation, small sizes, and a broad spectral response
(i.e., homogeneous absorption of radiation from UV to THz). Due to the
slow response times (milliseconds), this detector type is usually
employed to record laser-based spectra in the step-and-measure mode
[7,20].

In turn, QCDs maintain excellent linearity for much higher radiation
power than the other two detector types, as depicted in Fig. 4. This
means that the full extent of QCL beam intensity is available for spec-
troscopy with a linear response that allows for quantitative analysis. In
addition to the high saturation threshold, QCDs also offer high sensi-
tivity at low intensities in case of cooling to cryogenic temperatures,
which can enable path length extensions for measurements in trans-
mission. Employing the room-temperature operated QCD, as presented
in this study, optical path lengths up to 18.5 um could be used for pro-
tein measurements in transmission within the given concentration
range, without a significant increase in noise caused by the signal loss.
However, the highest SNR was achieved at the optical path length of
12.5 ym and hence this length was selected for further measurements
with the presented system (see Fig. S1 in Appendix A). The achievable
noise level is theoretically only limited by Johnson-Nyquist noise,
mainly due to its unbiased operating conditions. Consequently, a wide
dynamic range is applicable. No additional optical components, e.g.,
filters, need to be employed for spectroscopically complex solvent-
analyte combinations, thus increasing the setup’s simplicity and versa-
tility and reducing its costs.
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3.2. Broadband MIR spectra of proteins recorded with the EC-QCL-QCD
setup

An experimental EC-QCL-QCD sensor system was used to record MIR
spectra of the most abundant bovine milk proteins featuring different
secondary structures at varying concentrations. Broadband tuning ca-
pabilities of the employed EC-QCL combined with a spectrally matched
QCD allowed to record the full spectral range covering the amide I and
amide II bands. Fig. 5A-C presents the acquired absorbance spectra of
B-LG, a-LA and Cas. B-LG is mainly composed of p-sheet secondary
structure which gives rise to a broad amide I band maximum at
~1632 cm ™! with a sideband at 1680 cm™! and an amide IT band with a
maximum at 1550 cm ™! [38]. a-LA predominantly composed of a-heli-
cal structures shows a distinct amide I band maximum at 1653 cm ™! and
an amide II band maximum at 1550 cm~ ! [39]. Casein features an
irregular a-helix and p-sheet structure, which results in band maxima at
1651 cm ™! and 1550 cm ™! in the amide I and amide II bands, respec-
tively [40,41]. Furthermore, EC-QCL-QCD spectra were compared with
FTIR absorbance spectra (Fig. 5D-F). Evaluation of the band shape and
peak position corresponding to secondary structures show an excellent
agreement between the custom-made (EC-QCL-QCD) sensor system and
the reference instrument (FTIR). In this regard, the degree of spectral
overlap (s12) was calculated between EC-QCL-QCD (s;) and FTIR spectra
(s2) and it was found to be > 0.997 (see Appendix A) [42]. Small arti-
facts on EC-QCL-QCD spectra were due to the presence of residual water
vapor in the experimental system. Quantitative evaluation of the height
of the band maxima in the amide I region was performed. Calibration
curves (Fig. S3) show high linearity (R? >0.998) in the measured con-
centration range from 15 mg mL~! down to 0.25 mg mL~!. The ob-
tained results show the good performance of the custom-made setup for
qualitative as well as quantitative protein analysis.

3.3. Performance comparison of the EC-QCL-QCD setup to FTIR
spectroscopy

The EC-QCL-QCD sensor system was benchmarked against a routine
FTIR instrument using a Globar equipped with a pyroelectric (DLaTGS)
detector operated at room temperature and a high-end FTIR instrument
with a LNs-cooled MCT detector. For noise level evaluation, 100%
transmission lines were recorded at similar acquisition times (~45 s)
and spectral resolution (2.6 cm ™) by every instrument. The root-mean-
square (RMS) noise of the 100% lines of water was calculated in the
spectral region between 1700 and 1600 cm ', Furthermore, the limit of
detection (LOD) was assessed by taking into account the RMS noise level
and the slope of the calibration curve of individual proteins, as follows:

3enoisegys

LOD 3

"~ slope of the calibration curve

Characteristic instrument parameters and the results of the com-
parison are in Table 2. With the noise level of 6.7 x 10~> AU achieved
by the EC-QCL-QCD setup, the LODs of 0.088, 0.079, 0.095 mg mL!
were determined for -LG, a-LA and Cas, respectively. When comparing
the laser-based-QCD setup with the routine FTIR spectrometer operated
at room temperature, an LOD and noise better by a factor of 5-6 was
accomplished. Here, a contributing factor to the lower noise level of the
EC-QCL-QCD setup is the higher number of scans in the same time
period enabled by the high laser sweep rate (i.e., 3600 cm™1/s).

The noise level and LOD achieved by EC-QCL-QCD setup best com-
pares to high-end FTIR spectrometer. Here, the noise levels and LODs are
within the same range, indicating excellent performance of the custom-
made sensor system and ensuring its capability for high-quality mea-
surements. Even though the detectivity of the employed QCD is much
lower (~16 000 times) than the one of the LN5-cooled MCT, its com-
bination with the high-power laser (~10* higher W/cm ™! than Globar)
leads to comparable performance of the EC-QCL-QCD setup to the high-
end FTIR spectrometer. The combination of EC-QCL with uncooled QCD
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Fig. 5. (A-C) MIR absorbance spectra of bovine milk proteins with concentrations of 0.5, 2.5, 5, 7.5 and 15 mg mL~! acquired by the EC-QCL-QCD based setup. (D-F)
Reference FTIR absorbance spectra of 15 mg mL~! bovine milk proteins recorded by a high-end FTIR instrument. Vertical gray dashed lines indicate an excellent
overlap of spectral features (i.e. peak positions) between the MIR spectra acquired by laser-based setup and FTIR instrument.

Table 2
Comparison of EC-QCL and QCD-based setup with conventional FTIR spectroscopy.
Detector / Temp. / Cooling RMS-Noise 10> / AU Lop® /gLt Path length / pm Measuring time / scans Spectral range
EC-QCL - QCD ridge QCD / 298 K / — 6.7 0.088 12.5 45 / 300 1700-1500
Routine FTIR DLaTGS / 298 K / — 26.7 0.494 8 45/ 36 4000-1000
High-end FTIR MCT / 80 K / LN, 2.3 0.041 8 45 / 262 4000-1000

? Defined for p-LG.

also allowed to extend the optimum transmission path length for the
experiment, thus improving the robustness of liquid handling and
facilitating the analysis of samples with complex matrix. This is due to
the fact that the pressure drop encountered in the cell inversely scales
with the third power of the used path length (assuming constant,
laminar flow through a flat rectangular channel) and even small
extension in path length lead to significant reduction of the encountered
pressure drop in the cell [43]. In this context, it must be noted that the
detectivity of a QCD can be easily increased up to several orders of
magnitude by device cooling [24,33,34], leaving much room for future
improvements.

The spectral accessibility was also compared. In contrast to the more
versatile and broadband FTIR instruments, the accessible region of the
QCL-QCD device is restricted not only by the emission gain of the laser
but also the detector’s spectral coverage. Therefore, these two compo-
nents need to be matched so that their emission and detection profiles
overlap to target specific areas of application.

3.4. Multivariate quantification of milk protein mixtures

In order to test the capabilities of the developed setup for quantifi-
cation of complex analyte mixtures, multivariate quantitation of ternary
milk protein samples was performed using partial least squares (PLS)
regression models (multiple PLS1 models). PLS is a multivariate statis-
tical approach capable of calculating linear regression models from
highly correlated variables usually found in spectroscopic data. Hence,
the algorithm is routinely used for simultaneous quantitation of multiple
proteins based on their MIR absorption spectra [13,15,44]. Spectral
decomposition is performed by the evaluation of spectral profiles in the
wavenumber regions featuring the highest specificity for individual
proteins. Although, theoretically, chemometric analysis can be applied
to very narrow, single-point regions, collective analysis of broader
spectral regions, i.e. both amide I + II bands, can provide more robust
and accurate prediction models for selective protein quantitation [45,

46]. In this context, 15 synthetic solutions containing ternary mixtures
of bovine milk proteins at relevant concentrations were prepared as
calibration set. The corresponding spectra recorded by the EC-QCL-QCD
setup (Fig. S4) were evaluated by PLS modelling (PLS Toolbox 8.8.1,
Eigenvectors Research Inc). Detailed information about the nominal and
predicted milk protein concentrations for a calibration set is given in
Table S1 and Fig. S5 (see Appendix A). Table 3 summarizes the PLS
parameters and calibration results for each model. Spectral ranges for
the analysis were restricted based on the selectivity ratio [47,48].
Spectra were preprocessed using mean centering and derivative trans-
formation. The optimal number of latent variables was determined by
leave-one-out cross validation. As shown in Table 3, the obtained figures
of merit show high coefficients of determination (R?) of calibration
(>0.98) and satisfactory root-mean-square errors of calibration
(RMSEC) and cross-validation (RMSECV), indicating very good model

Table 3
PLS calibration parameters and internal figures of merit.
B-LG a-LA Cas Total
protein
Concentration range /  1.0-10.0 1.0-10.0 1.0-10.0 5.5-21.0
mg mL~?
Spectral region / 1597-1652 1547-1654 1505-1720 1520-1561
cm™
Preprocessing MC, 1st Der MC, 1st Der MC, 1st Der MC
LVs 3 3 4 2
Exp. Var. / % 99.20 99.30 99.24 98.12
RMSEC / mg mL~! 0.226 0.220 0.231 0.653
RMSECV / mg mL 1 0.309 0.302 0.426 0.765
R2 Cal 0.992 0.993 0.992 0.981
RZCV 0.985 0.987 0.976 0.974

MC: mean centering; 1st Der: first derivative calculated using Savitzky-Golay
filter (order: 2, window 15 points/0.5 cm™Y); LVs: latent variable(s); RMSEC:
root-mean-square error of calibration; RMSECV: root-mean-square error of
cross-validation; R coefficient of determination; Cal: calibration; CV: cross-
validation.
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performance. The overall results showcase the ability of the
EC-QCL-QCD setup to adequately quantify complex protein mixtures
with different secondary structures.

4. Conclusion and outlook

In this study, we demonstrated the first use of a QCD in combination
with an EC-QCL for broadband MIR spectroscopy of liquid-phase sam-
ples. We presented the successful application of this detector type
operated at room temperature for detection and analysis of synthetic
milk protein samples by recording broadband absorbance spectra of the
amide I and amide II bands in transmission. We further demonstrated
that our EC-QCL-QCD sensor system has equal performance for protein
analysis as high-end FTIR spectroscopy, while maintaining much greater
compactness and simplicity.

The QCD technology, although developed over 20 years, is still in its
infancy in the field of spectrometric applications, particularly for
detection in liquid phase. We showcased that a detection band of a QCD
is wide enough to be paired with a broadly tunable EC-QCL in a free-
space setup that performs well enough to study complex analytical
problems. In this context, it was found that QCDs can be considered as a
well-performing and reliable detector unit compared to TE- or LNs-
cooled MCTs, and pyroelectric detectors, used in broadband laser-based
spectrometers. They offer the advantage of room-temperature opera-
tion, low power consumption, excellent linearity, low noise, high
bandwidth, high speed, and high saturation thresholds. In conclusion,
QCDs paired with EC-QCLs can be considered as well-matched building
blocks for the next-generation MIR liquid-phase chemical sensors
delivering high-quality information within broader spectral ranges.
Their high potential for integration ensured by ongoing progress in
semiconductor technology paves the way for the development of mini-
aturized and portable sensors in on-chip configurations.
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