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Abstract:

BACKGROUND: High emission powers of external cavity-quantum cascade laser (EC-QCL) light
sources allow to employ significantly larger path lengths for infrared (IR) transmission measurements
compared to conventional Fourier-transform infrared (FTIR) measurements employing thermal

emitters.

OBJECTIVE: An EC-QCL based IR transmission setup is presented as a viable alternative for
analysis of proteins in both, academic protein structure studies as well as in process analytical
applications. Here, the application of EC-QCL based IR transmission spectroscopy is introduced for 1)
monitoring of the protein secondary structure and ii) rapid screening of the thermal history of

commercial milk samples without prior sample preparation.

METHODS: Proteins present in milk were measured by QCL-IR and FTIR spectroscopy and spectra
were compared. Dynamic conformational changes were followed by QCL-IR spectroscopy after
chemical denaturation. Sixteen commercial milk samples were surveyed by QCL-IR spectroscopy and

classified according to the experienced heat load during processing.

RESULTS: The 4-5 times higher applicable transmission path length (38 um for QCL vs. 8 um for
FTIR measurements) allows robust measurements of the protein amide I band in aqueous solutions. It
was shown that IR spectra of the protein amide I band acquired by EC-QCL transmission spectroscopy
are comparable to FTIR spectra and the acquired spectra were employed for the study of
conformational changes in protein standard solutions. Furthermore, a classification analysis of

commercial bovine milk samples based on their thermal history was accomplished.

CONCLUSIONS: The potential application of EC-QCL IR spectroscopy was demonstrated as a tool
for following conformational changes of the secondary protein structure as well as for fast screening

for estimating the heat load applied to commercial milk.
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1. Introduction

The low feasible path lengths for FTIR transmission measurements of proteins in aqueous
solution are a considerable impairment for the robustness of analysis and impede flow-through
measurements and high-throughput applications. This is particularly the case for liquids with high
viscosity and complex matrix composition, such as milk, that features a diverse chemical makeup
involving fat, protein and lactose [1]. When milk is inserted into a liquid cell with low optical paths, it
tends to clog or form air bubbles, thus preventing robust sample handling. This experimental
constraint arises from the combination of two aspects: first, the HOH-bending band of water near 1645
cm ! with a high molar absorption coefficient, which overlaps with the protein amide I band; and
second, the low emission power provided by conventional thermal light sources (globars) that are used
in FTIR spectrometers. As a consequence, most commonly employed path lengths for IR transmission
measurements of proteins in aqueous solutions are below 10 um to avoid total IR absorption in the
region of the HOH-bending vibration [19].

As an alternative light source for mid-IR measurements, quantum cascade lasers (QCLs) have
been introduced two decades ago [20]. They provide spectral power densities several orders of
magnitude higher than thermal light [48], rendering these light sources highly interesting for
measurements of aqueous samples [32,34]. Since then, custom-built setups based on QCLs have
gained numerous implementations in mid-IR spectroscopy in process analytical applications as well as
in biomedical spectroscopy of gaseous and liquid samples [43]. With the wide commercial availability
of external cavity-QCLs (EC-QCLs), that combine a large spectral tuning range with high spectral
power densities, this type of light source has progressively been used for investigations of liquid
samples [11]. Accordingly, the optical path for transmission measurements could be significantly
increased due to the high available emission power [12]. It has been shown that by employing an EC-
QCL-based IR transmission setup, the optical path can be increased to 38 um for IR measurements in
aqueous solutions covering the amide I spectral region [2]. Moreover, also EC-QCL-IR measurements
of proteins and polypeptides in deuterated buffer solution have been accomplished [42]. Recently, an

IR microscope equipped with EC-QCLs became commercially available (Spero, Daylight Solutions),



which refuelled the interest in IR spectroscopy for histopathology. It has been successfully applied for
protein analysis in human colons [7], breast tissue microarrays [6], and dried human serum [28].

Mid-IR spectroscopy is a well-established analytical technique routinely employed to study the
structure of polypeptides and proteins in a label free manner [5]. Vibrations of the polypeptide
repeating units of proteins result in nine characteristic group frequencies in the mid-IR region referred
to as amide bands. For investigation of the protein secondary structure, the amide I band (1600-1700
cm') is most commonly used, which originates from the C=0O stretching and N-H in-phase bending
vibration of the amide group [19]. The sensitivity to individual secondary structure elements originates
in differing patterns of hydrogen bonding, dipole-dipole interactions and geometric orientations in the
a-helices, B-sheets, turns and random coil structures that induce different frequencies of the C=0
vibrations [4]. It has been shown that based on the analysis of the amide I band, quantitation of
individual proteins in a protein mixture can be performed [47].

For analysis of milk, mid-IR spectroscopy has been adopted for the rapid and non-destructive
evaluation of different parameters due to its high-throughput capacity, low cost and simplicity
[1,18,24]. However, because of the above-discussed restrictions of the optical path, the protein amide I
region has not been accessible for FTIR transmission measurements. For quantitative analysis of total
protein content in milk, the amide II band is most commonly employed at a path length of ~50 um for
transmission measurements, usually in combination with multivariate calibration [1,37]. Milk is
mainly composed of water, lipids, lactose and proteins, with a total protein content of ~32 g L' for
bovine milk [25]. Casein proteins represent approximately 80 % of the total protein content in bovine
milk, and the remaining 20 % belong to whey proteins, of which the most abundant one is B-
lactoglobulin (B-LG) with concentrations of approx. 3.8 g L' [23,26]. For quantitation of individual
milk proteins, methods based on chromatographic [10,39,44] and electrophoretic [44] approaches are
employed, that involve time-consuming, wet-chemical sample preparation steps. During commercial
milk production, different types of milk are exposed to diverse processing conditions. The most
widespread commercially available milk types are pasteurized milk (low heat load), extended shelf life
(ESL)-filtered milk (low heat load), ESL-high temperature short time (ESL-HTST) milk (high heat

load) as well as ultra-high-temperature (UHT) milk (high heat load), that undergo different thermal



treatments resulting in varying shelf life and that are accompanied by flavour and nutrient degradation
[27]. It has been found that the concentration of specific proteins, e.g., B-LG, and other species provide
information about the thermal history of milk samples [9]. Most recently, the feasibility of
quantitation of individual proteins in commercial bovine milk samples by QCL-IR spectroscopy
without any prior sample preparation has been demonstrated in combination with the evaluation of the
amide [ band using partial least squares (PLS) modelling [33].

In this work, we present the potential of EC-QCL based IR transmission measurements as
excellent alternative to FTIR spectroscopy for analysis of proteins in both, scientifically-driven protein
structure studies as well as for process analytical applications. We show QCL-IR spectra of dynamic
protein secondary structure changes induced by chemical denaturation as well as an applied

implementation for estimation of the heat load applied to commercial bovine milk samples.

2. Methods
2.1. Standards and reagents

Sodium phosphate monobasic dihydrate p.a. (NaH,PO4.2H>O) was purchased from Fluka
(Buchs, Switzerland); sodium phosphate dibasic dihydrate (Na,HPO4.2H»0O) BioUltra, for molecular
biology, hydrochloric acid 37 % (HCl) ACS reagent, sodium hydroxide solution 50% in water and
2,2, 2-trifluoroethanol ReagentPlus >99 % (TFE), were obtained from Sigma-Aldrich (Steinheim,
Germany). Lyophilized powder of a-lactalbumin (>85.0%, a-LA), o-chymotrypsin from bovine
pancreas (>85 %, a-CT) as well as B-LG (= 90%) and casein sodium salt (Cas), both from bovine
milk, were obtained from Sigma-Aldrich (Steinheim, Germany). An appropriate amount of lyophilized
protein powder was dissolved in 16.0 mmol L™! phosphate buffer pH 7.0.

For calibration standards, ten solutions containing protein mixtures were prepared in
45 mmol L' phosphate buffer at pH 6.6, reaching concentrations ranging between 0 and 30 g L' for
Cas, and 0 and 15 g L' for B-LG. Total protein concentrations resulted from the sum of individual
protein concentrations and ranged between 19 and 36 g L' [33]. Sixteen homogenized, commercial

bovine milk samples (four different brands of pasteurized, ESL filtered, ESL HTST and UHT type



each) were obtained from local grocery stores. Ultrapure water (18 MQ) was used for the preparation

of all solutions, obtained from a Milli-Q water purification system from Millipore (Bedford, USA).

2.2. EC-QCL setup

The custom-made EC-QCL setup has been described in detail elsewhere [2]. Briefly, the setup
is equipped with an EC-QCL (spectral tuning range = 1729.30-1565.06 cm™!; Daylight Solutions Inc.,
San Diego, USA), a temperature-controlled 38 um path length flow cell and a thermoelectrically
cooled (-60 °C) HgCdTe (mercury cadmium telluride) detector (MCT-7-TE3; D* = 4 x 10° cm Hz%3
W at 9.2 um; Infrared Associates Inc., CITY, USA). The laser was thermoelectrically cooled (head
temperature = 18 °C) and operated in pulsed mode at a repetition rate of 100 kHz and a pulse width of
500 ns. A gold plated off-axis parabolic mirror (focal length: 43 mm) was used to focus the mid-IR
light on the detector. The experimental set-up is depicted in Figure 1. The measured signal was
processed by a two-channel boxcar integrator and digitized by a NI DAQ 9239 24-bit analogue-to-
digital converter (National Instruments Corp., Austin, USA) at a sampling rate of 16 kHz. To reduce
the influence of water vapour, the setup was placed in a housing of polyethylene foil and constantly
flushed with dry air. The entire setup was controlled by a LabView-based graphical user interface (Lab

View 11.0, National Instruments Corp., Austin, USA) with server—client program structure [46].
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Fig. 1. Laser-based IR transmission setup employing an EC-QCL as light source.



Each single beam spectrum consisting of 24 000 data points was recorded during a tuning time of 1.5
s. A total of 100 scans (total measurement time: ~500 s) were recorded for background and sample
single beam spectra. Data processing steps included data point reduction in the single beam spectra by
a factor of 4 using cubic spline interpolation followed by Savitzky-Golay smoothing to reduce
instrumental noise. This data point density allowed for subsequent correction of the spectral mismatch
between successive scans by Correlation Optimized Warping (COW) on the basis of the mode hop
fine structure of the laser emission characteristics [29]. First, consecutive scans of one measurement
were aligned prior to averaging. In the next step, background (Ip)-sample (I) alignment was applied.
After this alignment step, low-pass Fourier filtering was applied to single beam spectra I and 10. The

final absorption spectrum was obtained using

A = —log (é) 1
The resolution of EC-QCL spectra was determined to be 0.2 cm™ and 1.2 cm™ for non-filtered
and filtered spectra, respectively [2]. Data processing and analysis was performed in MATLAB
R2014b (MathWorks, Inc., Natick, MA, 2014). OPUS 7.2 (Bruker Optik GmbH, Ettlingen, Germany,

2012) was used for spectral evaluation.

2.3 FTIR measurements

FT-IR absorption measurements were performed using a Bruker 80v FT-IR spectrometer
(Ettlingen, Germany) equipped with a liquid nitrogen cooled HgCdTe (Mercury cadmium Telluride)
detector (D* =4 x 10' cm Hz%> W at 9.2 um). The samples were placed between two CaF, windows
separated by an 8 pum-thick spacer. During measurements, the spectrometer was flushed with dry air
for at least 10 min prior to spectrum acquisition. Spectra were acquired with a spectral resolution of 2
cm! 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 analysed using the software
package OPUS 7.2 (Bruker, Ettlingen, Germany). If necessary, absorption bands of water vapour in

the atmosphere were subtracted.



3. Results and Discussion
3.1 Comparison of QCL-IR protein spectra with FTIR spectroscopy

Mid-IR transmission spectra were recorded of aqueous solutions of the three main proteins
present in bovine milk. Protein spectra at different concentrations were recorded by QCL-IR
spectroscopy and compared to the spectra obtained by FTIR spectroscopy (Figure 2). The studied
proteins exhibit characteristic spectral features of different secondary structures. The spectrum of o-
LA, a well-studied protein consisting primarily of a-helical structures [15,30], shows the a-helix
characteristic band at 1654 ¢cm™! [5]. Cas features an irregular secondary structure with extended a-
helices that results in a broad IR absorbance band with a maximum at approx. 1650 cm™ [21]. B-LG is
mainly composed of B-sheet secondary structure with a characteristic band maximum at approximately
1635 cm™! and a sideband at 1680 cm™' [35,40]. Spectral features of the diverse secondary structure

elements could be identified at concentrations as low as 2.5 mg mL™!. Comparison of IR spectra shows
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Fig. 2. IR absorbance spectra of 10 mg mL ™! (green solid line), 5 mg mL™! (green dashed line), and
2.5 mg mL™! (green dotted line) protein solutions acquired by the EC-QCL setup (upper panels) and
20 mg mL™! (brown solid line) protein solutions acquired by FTIR spectroscopy (lower panels). Grey
dashed lines highlight the high congruence of the spectral features between the IR spectra acquired by

EC-QCL and FTIR spectroscopy.



excellent agreement of the QCL-IR transmission measurements with protein spectra acquired by FTIR
spectroscopy. This could be achieved by employing the high optical path length of 38 um enabled by

the high emission power of the EC-QCL conjoined with a sophisticated data processing routine [2].

3.2 Monitoring dynamic protein conformational changes employing EC-QCL spectroscopy

The EC-QCL IR transmission setup was further employed to monitor dynamic changes of
protein secondary structure. Alteration of external conditions such as pH, temperature or co-solvents
leads to a change of secondary structure in most proteins, often accompanied by protein denaturation.
In order to showcase the ability of the setup to follow dynamic protein conformation changes, protein
denaturation of o-CT in presence of the co-solvent TFE was monitored. It has been shown that
exposure of B-sheet rich proteins to TFE leads to rapid formation of non-native a-helical structures
[38], followed by slower -sheet aggregation. This helix-inducing effect of TFE has been attributed to
its low dielectric constant (one third of water for pure solvent) that weakens solvophobic interactions
stabilizing the native structure of proteins, and simultaneously strengthens electrostatic interactions,
such as intermolecular hydrogen bonds, thereby stabilizing local secondary structures, particularly the
a-helix [13,45].
The QCL-IR absorbance spectrum of native a-CT shows a band maximum at 1638 cm™' and a broad
shoulder at 1680 cm™!, characteristic for the low- and high-frequency components in B-sheet secondary
structure [16], respectively (Fig. 3). In order to induce denaturation of a-CT, the protein was dissolved
in 50 % TFE/buffer solution. The initial TFE-induced transition from native B-sheet secondary
structure to a-helix occurs in the milliseconds time range [36] and is not directly observable with the
QCL-IR setup. This a-helical structure is not stable over time [17], and the subsequent gradual
conformational change of the protein was monitored with the QCL-IR setup throughout a time period
of 240 min. As depicted in Figure 3, the intensity of the TFE-induced a-helical band at 1654 cm™
decreases as the bands at 1623 and 1697 cm™' emerge. This arising spectral pattern is commonly
attributed to intermolecular antiparallel [(-sheet aggregates, frequently occurring in thermally
denatured proteins [22,41]. The effect of different pH values and protein concentration on the kinetics

of B-sheets aggregation has been investigated employing QCL-IR spectroscopy [3].
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Fig. 3. Time-dependent QCL-IR absorbance spectra of 20.0 mg mL' a-CT in 50 % TFE/buffer
solution, pH 7.8, 25 °C (solid lines). The spectra were recorded at time periods between 2 and 240
minutes after dissolving the protein in TFE/buffer. Blue solid line represents the spectrum of o-CT
with TFE-induced o-helical structure. Orange solid lines indicate the spectra of the protein after
gradual formation of intermolecular B-sheets. The grey dashed line shows the spectrum of native a-CT
in non-denaturant aqueous buffer. Black arrows illustrate directions of absorbance changes as a

function of time.

3.3 Estimation of the heat load applied to commercial bovine milk

With its peculiar properties, such as high viscosity and complex composition, milk poses an
intriguing problem for analysis by IR spectroscopy. With high applicable transmission path lengths in
the amide I region, QCL-IR spectroscopy offers advantages to conventional FTIR spectroscopy for
protein analysis in milk [31]. QCL-IR spectroscopy without prior sample preparation particularly
provides advantages in terms of analysis speed for screening applications in comparison to currently
employed wet chemical analysis (Kjehldahl) in combination with chromatographic approaches that
still need wet chemical sample preparation steps [8].

Here, the recently introduced method for quantitation of different proteins in milk based on
QCL-IR spectroscopy and partial least squares (PLS) regression analysis [33] is performed and

applied for the determination of B-LG in different types of commercial bovine milk. PLS regression
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models were built based on synthetic protein standard mixtures. Data processing involved baseline
correction, calculation of the second derivative spectra as well as mean centering prior to PLS model
calculation, which employed 1 latent variable. Coefficients of determination (R?) of calibration and
leave-one-out cross validation are a measure of the goodness of fit for the calibration data set and were
0.96 and 0.93, respectively. Root-mean square error of calibration (RMSEC) and cross-validation
(RMSECV) were 1.0 g L' as and 1.3 g L™!, respectively, while the CV bias as a measure of accuracy
was 0.06 g L.

The samples were selected to contain milk types having experienced low (pasteurized, ESL-
filtered) and high heat loads (ESL-HTST, UHT) throughout their production process [8,39]. B-LG
denatures during prolonged heating above 60°C and this protein has been recognised as relevant
indictor for the heat load of milk. Its concentrations inversely correlate with the heat load applied to
the milk sample [8,14]. The descripted PLS model was employed for quantitation of B-LG in different
types of bovine milk samples. For pasteurized and ESL filtered milk, B-LG concentrations of
37£0.6gL ! and 3.5+ 0.2 gL' were found respectively, whereas ESL-HTST and UHT samples
contained 1.8 £ 0.7 gL' and 2.2+ 0.3 g L™". Figure 4A depicts representative QCL-IR spectra of milk
that received low (green) and high (red) heat load. The IR spectrum of the low heat-load milk sample
features higher absorbance at approx. 1630 cm!, attributed to B-sheet secondary structure present in f3-
LG, as illustrated in Figure 2. Figure 4B shows the 3-LG levels found for the examined milk samples.
Classification according to the applied heat load during processing could be performed after
construction of a receiver operator curve (ROC) that showed an area under the curve of 1 (95%
confidence interval 1-1). This indicates highly significant differences between the milk samples with a
threshold at 2.7 g L' B-LG enabling classification of bovine milk samples, which received low vs.

high heat load.
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Fig. 4. (A) Normalized QCL-IR spectra of milk that received low (green) and high (red) heat load
during production. (B) Boxplots of commercial bovine milk samples after processing involving low
(left/green) and high (right/red) heat load. Red dashed line indicates the threshold of 2.7 g L' B-LG

obtained as computed by the receiver operator curve.

4. Conclusions

This work demonstrates the versatility of an EC-QCL based IR transmission setup for protein
analysis. Successful usage was presented for protein structure analysis studies as well as for a process
analytical application. It was shown that the characteristic features of QCL-IR spectra in the protein
amide I region are equivalent to FTIR spectra. Dynamic conformational change of o-CT induced by
chemical denaturation by TFE was successfully monitored. Furthermore, with the high applicable path
length, it is possible to analyse the protein amide I region in complex solutions. The QCL-IR setup
was applied for assessing the thermal process parameters of commercial milk and discrimination of
low- and high heat load milk samples could be accomplished. In view of the obtained results, this fast

measurement approach might potentially be applied as a screening tool in milk industry.
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