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Abstract

The analytical determination of bovine milk proteins is important in food and non-food industrial
applications and yet, rather labour-intensive wet-chemical, low-throughput methods have been
employed since decades. This work proposes the use of external cavity-quantum cascade laser
(EC-QCL) spectroscopy for the simultaneous quantification of the most abundant bovine milk
proteins and the total protein content based on the chemical information contained in mid-infrared
(IR) spectral features of the amide I band. Mid-IR spectra of protein standard mixtures were used
for building partial least squares (PLS) regression models. Protein concentrations in commercial
bovine milk samples were calculated after chemometric compensation of the matrix contribution
employing science-based calibration (SBC) without sample pre-processing. The use of EC-QCL
spectroscopy together with advanced multivariate data analysis allowed the determination of

casein, a-lactalbumin, B-lactoglobulin and total protein content within several minutes.
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1. Introduction

Milk is considered one of the most nutritionally complete foods available with a recorded
production volume of 700 x 10° tonnes per year, about 84% of which is bovine [1]. Due to its
nutritional value and its unique functional characteristics, milk is an important raw material
in food as well as non-food industry. It is mainly composed of water, lipids, lactose and
proteins, and their relative shares widely vary among species, e.g., the percentage range of
proteins goes from 10 to 200 g L™, with a total protein content of ~32 g L' for bovine milk
[2]. Casein (Cas) proteins represent approximately 80 % of the total protein content in bovine
milk and the remaining 20 % belong to the whey proteins [3,4]. The caseins fraction, with a
protein content of ~25 g L', includes four gene products (ois1-Cas, oso-Cas, B-Cas and k-Cas)
and has many applications in the food and non-food industry [5]. It is the central constituent
in cheese making and it is used as additive to non-dairy based foods due to its favourable
physico-chemical characteristics. Moreover, it is used in non-food applications as coating,
adhesive and surfactant [5,6]. The two most prominent and abundant proteins that represent
the whey protein fraction are B-lactoglobulin (B-LG) and a-lactalbumin (a-LA) with protein
concentrations of ~2.7 and ~1.2 g L', respectively [5]. Nowadays, whey proteins are an
important by-product of cheese and casein manufacturers [7]. Its desirable nutritional and
functional characteristics have made whey proteins ingredients of choice in the formulation
of various foods and beverages. Furthermore, B-LG has been found to have antimicrobial,
anticarcinogenic, antiviral and hypocholesterolemic effects, while a-LA from bovine milk
seems to be ideally suited as an ingredient for infant nutrition due to its high degree of amino
acid homology to human a-LA [8,9]. Whey proteins are also used in the non-food industry
including cosmetics as well as for biodegradable packaging and coatings [5,6].

With the growing technological importance of milk proteins, beyond the dairy industry,
analytical techniques for the qualitative and quantitative assessment of milk components have
gained increasing interest through the years. Due to strict quality regulations, the food
industry is interested in sensitive and accurate characterisation methods, and in addition,
inexpensive and rapid on-line analytical techniques are desirable. For analysis of the total
protein content in milk, the historic Kjeldahl method is still the internationally recognized
reference method for the determination of organic nitrogen in food and beverages, in spite of
being a rather labour-intensive wet-chemical method with low throughput [10]. For
quantification of individual milk proteins, several methods based on chromatographic [11-
15] and electrophoretic [11,16] approaches have been developed, where still time-consuming
and wet-chemical sample preparation needs to be performed. Application of mid-infrared (IR)
spectroscopy has been adopted for the rapid and non-destructive analysis of the quality and

composition of dairy products due to its high-throughput capacity, low cost and simplicity



[17-22]. Moreover, a technique based on IR spectroscopy has been accepted by the
Association of Official Analytical Chemists (AOAC International) for the analysis of liquid
milk [23,24]. Until now, to the best of our knowledge, no mid-IR method for individual
quantification of milk proteins has been reported.

Mid-IR spectroscopy detects the fundamental vibrations of covalent bonds in molecules and
provides qualitative and quantitative information of the constituents that absorb mid-IR
radiation. For protein analysis using mid-IR spectroscopy, the most prominent absorption
features are the amide I (1600-1700 cm™) and amide II bands (1500-1600 cm™), being the
amide I band particularly sensitive to secondary protein structure [25]. For quantitative
analysis of total protein content of aqueous solutions, most commonly the amide II band is
employed at path length of ~50 pm for transmission measurements, usually in combination
with multivariate calibration techniques [18,21,23,26]. Discrimination among/between
proteins based on secondary structure is preferentially performed by evaluation of the amide
I band. However, the development of FTIR-based applications in the 1600-1700 cm™ spectral
region is troublesome, due to the low emission powers of thermal light sources in
conventional FTIR spectrometers and the strong absorbance of H,O centred at 1645 cm™.
Consequently applicable path lengths for transmission measurements in this region are
restricted to <10 um, which compromises sensitivity levels necessary for the study of
biologically relevant concentrations and considerably impair the ruggedness of the
application. Particularly for basic research, the use of D,0O is employed replacing H,O as a
solvent, which dramatically restricts the number of applications [25]. Alternatively, the use
of an external cavity-quantum cascade laser (EC-QCL) light source with significantly higher
emission intensities enables to increase the optical path length to 38 um for mid-IR
measurements in aqueous solutions covering the amide I spectral region. Most recently, EC-
QCL-based IR transmission measurements have been successfully accomplished for the
analysis of protein secondary structure [27-29].

The aim of the present study is to prove the capability of the EC-QCL setup to simultaneously
quantify Cas, o-LA and B-LG contents as well as the total protein content in protein standard
mixtures by evaluation of the amide I band using partial least squares (PLS) modelling.
Furthermore, the feasibility of protein determinations in commercial bovine milk samples
after a chemometric compensation of the matrix signal is demonstrated without the need of

sample pre-processing.



2. Material & Methods

2.1 Standards and reagents

Ethanol (96 % v/v, EtOH), sodium hydroxide solution 50 % in water (NaOH), hydrochloric
acid 37 % (HCI1) ACS reagent, a-lactose monohydrate (> 99 %, a-Lac), lyophilized powder
of a-LA (= 85 %), B-LG (= 90 %) and Cas sodium salt, all from bovine milk, were obtained
from Sigma-Aldrich (Steinheim, Germany) and used as purchased. Sodium phosphate
monobasic dihydrate p.a. (NaH,PO4:2H,0) was obtained from Fluka (Buchs, Switzerland).
Ultrapure water was generated by a Milli-Q water purification system from Merck Millipore
(Darmstadt, Germany). Pasteurized and homogenized commercial extended shelf life bovine

milk was obtained from a local grocery store.

2.2 Preparation of solutions and samples

Individual stock solutions of Cas, a-LA and f-LG at concentrations of 40, 30 and 30 g L1,
respectively, were prepared on each measurement day (i.e. days 1, 2 and 3) by direct weighing
and dissolving of the corresponding amount of lyophilized protein in 5 mL of 45 mmol L™
phosphate buffer at pH 6.6. 10 standard solutions containing binary (Cas and B-LG) or tertiary
protein mixtures (Cas, a-LA and B-LG) were prepared by dilution of the corresponding stock
solutions in 45 mmol L™ phosphate buffer at pH 6.6, reaching concentrations ranging
between 1-35 g L™ for Cas and 1-15 g L' for 0-LA and B-LG. For repeatability assessment,
bovine milk samples and fortified bovine milk samples were prepared and measured on two
different days. Fortified milk samples were prepared by weighing of the corresponding
amount of lyophilized proteins and dissolution in bovine milk covering spiked concentrations
of Cas between 1 and 20 g L' and a-LA and B-LG between 3 and 8 g L' a-Lac solutions
were prepared along with the fortified milk samples on measurement days 1 and 3 at a
concentration of 48 g L' by weighing and dissolution of the appropriate amount of the

monohydrate in 45 mmol L' phosphate buffer at pH 6.6.

2.3 EC-QCL setup

The custom-made EC-QCL setup has been described in detail earlier [27]. 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* W' at 9.2 pm; Infrared Associates Inc., 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 measured signal

was processed by a two-channel boxcar integrator and digitized by a NI DAQ 9239 24-bit
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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 [30].

Each single beam spectrum consisting of 24 000 data points was recorded during the tuning
time of 1.5s. A total of 100 scans (total measurement time: ~500 s) were recorded for
background and sample single beam spectra. For IR measurements of milk, deionised water
was used as a reference, whereas 45 mmol L' phosphate buffer was used as reference for
protein standard solutions. The flow cell was cleaned with 2 mL of EtOH, diluted NaOH and
HCI and distilled water by the end of each experiment. All solutions were manually injected

into the flow cell using a 1 mL disposable syringe.

2.4 Data processing
Data processing was performed in MATLAB 2013b (Mathworks Inc., Nattick, USA) using
built-in and in-house written routines. PLS Toolbox 8.0 (Eigenvector Research Inc.,

Wenatchee, USA) was used for data analysis.

2.4.1 EC-QCL data pre-processing

The performed pre-processing routine for EC-QCL raw data has been described in detail
elsewhere [27]. The principal item of this procedure is the correlation optimized warping
(COW) algorithm that is employed to correct the spectral mismatch of successive scans,
caused by irregular shifts in the fine structure of the EC-QCL light source due to mechanical
imperfections and triggering issues. COW is a widely used method employed to correct
spectral (nuclear magnetic resonance, IR, or Raman) or chromatographic shifts [31-33]. Here,
this strategy was applied for the alignment of consecutive scans of each measurement before
averaging and to align the background with the sample single beam spectrum before obtaining
the corresponding absorbance spectrum. It has been demonstrated that this alignment
procedure does neither distort the amplitude nor the wavenumber position of the final
absorbance spectrum [34]. Using the aforementioned data processing procedure, the noise

level has been significantly reduced for absorbance spectra of proteins [27].

2.4.2  Background correction of commercial bovine milk spectra employing science-based
calibration (SBC)

The SBC method is a multivariate technique that combines the prediction accuracy of the

inverse approach with the ease of interpretability of classical models by estimating the

spectral signal in a physical way and the spectral noise in a statistical way. SBC is a powerful
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tool for quantitative analysis with strongly overlapping signals [35-42]. Essentially, this
method can be briefly explained as follows: each measured spectrum, x', is described as:
xXT=y-gT+x! (1)

where y and g' are the abundance and the response spectrum of the matrix signal,
respectively. The superscript T denotes a transpose. The noise vector, x,', comprises the
instrumental noise and signals of other interfering compounds. For a matrix X (MXK),
containing M spectra registered at K variables (i.e. wavenumbers), the signal can be
described by the mean spectrum j-g" and the root-mean-square expressed as o,g', being o,
the standard deviation of y. Likewise, the spectral noise is described by a mean value X[ and
a covariance matrix X (KxK). At constant concentration, differences between spectra in the
matrix X are given as result of the noise. Under these conditions, after mean-centring, the
matrix X only contains information about the spectral noise. Accordingly, the covariance

matrix is calculated as:

>

XT
2@

X
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[
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where the tilde indicates that the matrix is mean-centred.

After obtaining the spectral signal of the matrix and calculating the spectral noise, it is
possible to determine the optimum regression vector, bep, as follows, on the assumption that
0,” tends to oo:

Itg
bopt = o5, ()

wherein the superscript * denotes the pseudo-inverse. For quantitative analysis, the vector
bop: 1s used to predict the abundance y,,.s of the matrix in new samples based on the spectral
information in Xpred'-
Yprea =V + (Xprea =) *bope  (4)

being y the mean value of y and X the mean spectrum of the noise spectra in X (M xK).
Here, prior to the quantification of Cas, a-LA and B-LG in whole milk, an initial subtraction
of the spectral contribution of the milk matrix from the overall IR signal was performed.
Accordingly, SBC was employed to achieve a reliable estimation of matrix proportion in
milk sample spectra reflected in variations in the absorbance intensity of the H,O band at
1645 cm™ due to the displacement of water caused by milk matrix compounds relative to the
H:O background spectra. In this work, an a-Lac spectrum was used as response spectrum of
the matrix signal and a set of 10 synthetic tertiary protein standard mixtures with a constant
concentration of the matrix signal of zero was used as noise matrix for the calculation of the

spectral noise.



3. Results & Discussion

3.1 Protein spectra

Figure 1 shows EC-QCL-IR spectra of individual standard solutions of Cas, a-LA and B-LG
at concentration levels ranging between 2.5 and 20 g L', where differences in spectral
profiles of the studied compounds can clearly be observed. It is worth noting that the position
and the shape of the amide I band change in dependence of the secondary protein structure.
The IR spectrum of Cas contains a broad band with an absorbance maximum at 1650 cm™
that has been attributed to an irregular and extended a-helical secondary structure [43-45]. a-
LA is predominantly composed by a-helical structures and shows a band maximum at
1653 cm™ [46,47], whereas B-LG has maximum absorbance at 1632 cm™ with a shoulder
located at approximately 1660 cm™ [48]. Figure 1 clearly illustrates that in spite of the spectral
differences observed, there is a strong overlap between protein spectra in the IR region. The
large degree of spectral overlap evidences the need for a multivariate approach for protein

quantification in a multicomponent system.

3.2 Bovine milk spectra

Figure 2 shows an EC-QCL-IR absorbance spectrum of commercial bovine whole milk using
ultrapure water as background. Milk samples were directly introduced into the flow cell
without any sample treatment. In IR spectra obtained from milk, distorted spectral features
were observed in the amide I region compared to protein standard solutions (see Figure 1).
For instance, absorbance band maximum positions in aqueous standard solutions do not
match the observed values in blank and spiked whole milk samples.

The chemical complexity of biological fluids, such as milk, is reflected in the IR spectra by
the presence of multiple absorbing components, including sugar, proteins and fats, among
others. Moreover, the content of these components modifies the relative water content of the
samples as compared to the background spectrum, which has a strong effect on the IR spectra
in the amide I region due to the aforementioned overlap with the HOH-bending band of water
[49]. Therefore, in order to quantify protein contents in milk samples, an initial subtraction of
the matrix background contribution was necessary. Here, background correction was a
particular challenge because of the limited spectral region accessible with the EC-QCL setup.
On the other hand, bovine milk is a complex natural product that cannot be truly simulated in
the laboratory by mixing its individual components. Hence, in this work the milk matrix was
simplified by an aqueous a-Lac solution that represented the changes in IR signal shapes, in
the 1600 to 1700 cm™ region, caused by varying H,O contents of milk samples (see Figure
2).

In the present work, SBC was employed to estimate the matrix contribution to the IR spectrum

in the amide I region in order to correct the spectra prior to quantitative protein analysis. For
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applying this procedure, two inputs were required: (i) the noise matrix, built from the
measurement of a set of standard protein mixtures, containing the spectral information about
instrumental noise as well as on components with overlapping spectral features, in this case
Cas, a-LA and B-LG and (ii) the a-Lac spectrum, which was used as matrix signal to model
the phenomenon observed in the IR spectra of milk, due to the variations in the matrix
composition. Figure 2 depicts the a-Lac spectrum in the selected region, showing a negative
absorbance signal with a minimum located at 1640 cm™ when phosphate buffer is used as
background, due to the fact that a-Lac partially replaces H>O.

The EC-QCL-IR spectrum of the commercial bovine whole milk sample after correction of
the matrix contribution by SBC is also depicted in Figure 2. Using the spectra of standard
solutions depicted in Figure 1 as noise matrix, the contribution of the milk matrix could be
considerably reduced. After spectral correction, the absorbance band maximum value is
located at 1652 cm™ matching with that observed in aqueous standard solutions of proteins
(see Figure 1). Besides, the negative baseline offset at 1700 cm™ could be greatly reduced
from -0.047 to -0.014 AU in comparison to the offset of 0.001440.0015 AU found in spectra
of standard mixtures shown in Figure 1. Furthermore, the correlation coefficient calculated
between protein standard solutions from Figure 1 and milk spectra in Figure 2 was
quantitatively improved from 85 % to 99 % after background correction. In summary, the
presented data corroborate the need for correcting the matrix contribution to the overall IR
spectra from milk samples for enabling accurate protein determinations. SBC proved to be a
powerful and straightforward tool to achieve a high degree of background compensation even

when the accessible spectral range is limited.

3.3 Quantitative protein analysis employing PLS regression

As can be seen in Figure 1, there is a high degree of overlap in the amide I region in mid-IR
spectra of Cas, a-LA and B-LG. Hence, direct quantification of each protein contribution by
measuring band height or area is not feasible. To tackle protein quantification in a
multicomponent system, multivariate PLS regression models were optimized for each
analyte, as well as for the total protein content defined as the sum of Cas, a-LA and B-LG,
which are the most abundant proteins found in bovine milk.

Three calibration data sets from protein standard mixtures were acquired on different
experimental days and used for model optimization and cross-validation. The PLS calibration
parameters and internal figures of merit are summarized in Table 1. For Cas, B-LG and total
protein models, mean centring was selected as spectral pre-processing. For the determination
of a-LA, second derivative spectra in combination with mean centring yielded optimum
results. The selection of this additional pre-processing step is justified by the high overlapping

between Cas and a-LA bands. For all PLS regression models, between 2 and 6 latent variables
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(LVs) were employed. Minor differences in the number of LVs for the same protein on
different measurement days are attributed to the different concentration ranges employed in
each calibration experiment. Coefficients of determination (R?) of calibration and leave-one-
out cross-validation were in all cases >0.95 and >0.8, respectively, proving the goodness of
fit for the calibration data set. Root-mean-square error of calibration (RMSEC) and cross-
validation (RMSECV) ranged between 0.03 and 0.7 g L' and 0.2 and 1.4 g L™, respectively,
while the CV bias as a measure of accuracy ranged between -0.3 and 0.2 g L.

Furthermore, intra- and inter-day recovery values for protein standard solutions at three
concentration levels (low, medium and high) were calculated yielding highly accurate and
precise results with recoveries ranging between 90 and 105 % and relative standard deviations
(RSD) below 16 % for the lowest concentration level. The obtained accuracy and precision
levels stayed within the boundaries established in the guidelines of bioanalytical method
validation by the US Food and Drug Administration (FDA) [50]. Nominal against predicted
protein concentrations obtained from PLS regression models on three different days are
represented in Figure 3, illustrating the high correlation between both parameters.

In addition to protein standard mixtures, spectra from blank and fortified bovine milk samples
were acquired employing the EC-QCL setup on measurement days 1 and 3. After SBC
background correction, concentrations of Cas, a-LA, B-LG and total proteins in milk samples
as well as recoveries in spiked milk samples were determined by using the PLS model
developed from standard spectra acquired on the same measurement day. Table 3 shows
protein concentration values found in commercial bovine whole milk samples and the
recovery values obtained for fortified bovine whole milk samples. Nominal against predicted
protein concentrations of blank and fortified bovine milk samples are depicted in Figure 3.
All the accuracy and precision levels obtained stayed within the US FDA acceptance criteria

for bioanalytical method validation [50].

4. Conclusions

The presented results demonstrate for the first time the capability of an EC-QCL setup for the
quantitative determination of different proteins in aqueous solutions by using mid-IR spectra
in the amide I region. Furthermore, in combination with SBC-based background correction,
an accurate and precise quantification of Cas, a-LA, B-LG and total proteins contained in
commercial bovine whole milk samples was achieved within a considerable short time

without requiring any sample processing.
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Figure 1. Mid-IR absorbance spectra of Cas, a-LA, B-LG standards covering concentrations
between 2.5 and 20 g L' and standard mixtures at different proportions ranging between 3
and 30 gL', 3 and 10 gL and 3 and 15 g L' for Cas, o-LA and B-LG, respectively, using a
phosphate buffer spectrum as background. Black lines: major Cas content; dark grey line:
major a-LA content; light grey lines: major B-LG content; dashed lines located at 1653 cm™
(magenta), 1650 cm™ (cyan) and 1632 cm™' (blue) reflect the band maximum positions in mid-

IR spectra of a-LA, Cas and B-LG, respectively.
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Figure 2. Mid-IR absorbance spectra of whole milk before (black dotted line) and after (black
solid line) background correction and a-Lac (grey solid line). Dashed lines located at
1653 cm™ (magenta), 1650 cm™ (cyan) and 1632 cm™ (blue) reflect the band maximum
positions in mid-IR spectra of a-LA, Cas and B-LG, respectively.
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Figure 3. Nominal vs. predicted concentrations of Cas, a-LA, B-LG and total proteins in
standards (STDs) and milk samples on different measurement days (Day 1, 2 and 3) by
employing the described PLS models.
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Table 1. PLS calibration parameters and internal figures of merit.

Parameter Day 1 Day 2 Day 3

Cas a-LA B-LG  Total Cas B-LG  Total Cas a-LA B-LG Total

Preprocessing MC 2" Der. + MC MC MC MC MC MC MC 2YDer.+MC MC MC

LVs 4 2 6 4 2 2 4 4 5 6 4

R? cal 0.998 0.95 0.9999  0.996 0.997 099  0.996 0.997 0.998 0.9997 0.998
R>CV 0.99 0.8 0.994 0.97 0.993  0.96 0.98 0.991 0.99 0.998 0.997

RMSEC [g L] 0.5 0.7 0.03 0.4 0.5 0.5 0.5 0.6 0.4 0.09 0.2

RMSECYV [g L] 1.3 1.3 0.2 1.3 0.8 0.8 1.2 1 1.4 0.2 0.3
CV bias [g L] -0.2 0.0005 -0.000014 -0.3 0.003  0.07 0.2 -0.1 0.06 0.05 -0.002

Note: MC = mean centering; 2nd Der. = second derivative calculated using the Savitzky-Golay filter (order: 3, window: 15 points); LV = latent variable; R* =
coefficient of determination; cal = calibration, CV = cross validation; RMSEC = root mean square error of calibration given in g L'; RMSE =

J %le(cnom — Cpred)?; RMSECV = root mean square error of cross validation.

Table 2. Recoveries values obtained for protein standard mixtures.

Protein _ Intra-Day Recovery [%] =+ sd (protein concentration g L) Inter-Day Recovery [%] + sd (protein concentration g L)
low medium high low medium high
Cas 92+£11(3) 100 + 3 (15) 101 £2 (30) 93+16 (3) 99 +2 (15) 99 +3 (30)
a-LA 98 £5(3) 99 £9(5) 99 £ 2 (10) 90+ 12 (3) 105£9(5) 93 +9 (10)
B-LG 100£2 (3) 100.0 1.3 (7) 100.1 £ 0.4 (15) 96 £ 6 (3) 1024 (7) 100.1 £ 0.4 (15)
Total 99.02 + 0.15 (23) 100.25+0.10 (32) 100.0 + 0.2 (36) 100.0 + 1.2 (23) 100.7 £ 0.5 (32) 100.3 + 0.4 (36)
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Table 3. Protein concentrations found in blank bovine milk samples and recovery values obtained from fortified bovine milk
samples.

Protein Concentration [g L''] £ sd Intra-Day Recovery [%] £ sd Inter-Day Recovery [%] + sd

Cas 27+3 109.1+1.2 102+ 10
a-LA 2.0£0.5 88 £ 6 84+£6
B-LG 2.0+0.3 93+8 100 £ 10
Total 29.1+1.1 101.3 +0.8 97+£6
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