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Abstract: Online detection of product defects using fast spectroscopic measurements is beneficial for
producers in the dairy industry since it allows readjustment of product characteristics or redirection of
product streams during production. Raman spectroscopy has great potential for such application due
to the fast and simple measurement. Its suitability as online sensor for process control was investigated
at typical control points in consumer milk production being raw milk storage, standardization, and heat
treatment. Additionally, the appropriateness of Raman spectroscopy to act as indicator for product
application parameters was investigated using the example of barista foam. To assess the suitability
of a pure online system, the merit of Raman spectra was evaluated by a principal component analysis
(PCA). Thereby, proteolytic spoilage due to the presence of extracellular enzymes of Pseudomonas sp.
was detected and samples based on the applied heat treatment (extended shelf life (ESL) and
ultra-high temperature (UHT)) could be separated. A correlation of the content of free fatty acids and
foam stability with spectra of the respective milk samples was found, allowing a prediction of the
technofunctional quality criterion “Barista” suitability of a UHT milk. The results underlined the
suitability of Raman spectroscopy for the detection of deviations from a defined product standard of
consumer milk.

Keywords: Raman spectroscopy; online sensor; process analytics; consumer milk; foamability; foam
stability; chemometrics; PCA; rapid analysis

1. Introduction

The consistent quality of food products is one major aspect during production. Although,
increasing levels of automation accelerate production processes, the integration of conventional,
time-consuming offline methods for quality control causes problems. Thus, an increasing demand for
on-line sensors with a short response time that can be applied as means of process control is found.
The rapid prediction of technofunctional attributes on the basis of process data in combination with
short response times could increase production efficiency.

Here, the early detection of product defects by simple measurements such as spectroscopy would
be of great value for producers in the food industry. It would allow the adjustment of product
characteristics or the redirection of product streams during production. The process parameters that
have to be controlled vary largely depending on the specific properties of the product. Consumer milk
is one of the most produced food products due to its good availability and high nutritional value [1].
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In this product group, important parameters that require constant control are microbial spoilage in
raw milk, heat-treatment as a means to inactivate microorganisms and enzymes, and to control whey
protein denaturation, as well as the content of major ingredients, such as fat, protein, and lactose.
Nowadays, the new quality parameter “foamability” and “foam stability” became more important
due to the increasing consumption of specialty coffees like cappuccino [2–4]. A lot of studies focus on
avoiding milk foaming during, e.g., packaging, but the growing market of foamed beverages requires
the comprehension and prediction of milk foamability and foam stability for these milk products.

In Germany, the storage time of raw milk at dairy farms after milk collection varies between
1 and 3 days. Further storage of the raw milk in the dairy takes from 24 h up to a maximum of
72 h [5]. During these cold storages, the microbiota shifts towards psychrotolerant microorganisms [6],
Particularly towards Pseudomonas sp. [7], which can outgrow the other bacteria of the raw milk
microbiota. Even though the vegetative cells of Pseudomonas sp. are inactivated by pasteurization [8],
their extracellular peptidases persist UHT-treatments [9] and can therefore still be active in the
final product. These peptidases can cause bitterness, particle formation, creaming/sedimentation,
and gelation and comes into effect especially in UHT milk due to its long shelf-life [10]. In general,
this allows the prediction of UHT milk shelf life, but one major drawback is the time-consuming
prediction on the basis of visual product defects.

The major constituents of cow’s milk are fat, protein, and lactose. The quantity of all constituents
has to be labelled and serves as an important quality characteristic for consumer milk. This applies in
particular for consumer milk, where consumers can choose between a variety of fat contents or for
market innovations like lactose-free milk. Quantification of major milk constituents is performed using
Fourier-transform infrared spectroscopy (FTIR).

Heat treatment of milk is very important in terms of safety and quality. Main aims of this
process step are the reduction of the microbial population, inactivation of enzymes, and the
minimization of chemical reactions and physical changes [11]. Depending on the applied heat
treatment/temperature–time combination, a differentiation between pasteurized, extended shelf life
(ESL), and ultrahigh temperature (UHT) milk is made. The two main proceedings for the production
of ESL milk are higher-heat shorter time (ESL-HHST) and a combination of microfiltration and
pasteurization (ESL-MF). The differentiation between these products can be done, for instance,
by the determination of the whey protein denaturation degree using a time- and material-consuming
high-performance liquid chromatography (HPLC).

The “foamability” and “foam stability” are meanwhile a technofunctional quality criterion of a
UHT-milk used for foamed beverages such as cappuccino. An average milk foam stability of 10–15 min
is generally expected [12]. Foam stability is the ability of foam to retain its volume under specific
conditions over a certain period of time. A foam is defined as the dispersion of gas bubbles in a
liquid [13]. Dairy foams are colloidal systems produced with gas, water, surfactant, i.e., protein [14],
and energy. One reason for unstable whole milk foams is the presence of polar lipids like free fatty
acids (FFA), which are able to displace proteins from the air–liquid interface leading to a weakening
of the elastic film [15]. This leads to coalescence and destabilization of the foam [16]. The prediction
of foam stability could minimize complaints by redirection to product applications independent of
milk foamability.

Major advantages of Raman spectroscopy for safety and quality analysis are the fast and
nondestructive measurements and the elimination of time- and material-consuming sample
preparations, e.g., in Dumas method, HPLC, or enzymatic methods. The advantage of Raman
spectroscopy over, e.g., infrared (IR) spectroscopy is savings of time and material, i.e., rinsing solutions.
Additionally, Raman spectroscopy offers the advantage of a weak O-H stretching vibration, thus a low
interference of the water signal allowing a sensitive analysis [17–20]. Water strongly absorbs infrared
light, which can interfere with peaks for the quantification of trace amounts. This low interference of the
water signal in Raman spectroscopy enables the detection of milk adulteration with several adulterants,
e.g., melamine or urea [19,21–24]. Additionally, the quantification of fat [25,26], protein content [27],
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and level of fat unsaturation in milk [28] as well as the detection of various pathogens [29–32] was
successfully shown.

The aim of this work is to investigate whether Raman spectroscopy can be used as on-line sensor
at typical control points in consumer milk production for process control and the early detection of
product defects. Measurements in this work were carried out offline in order to assess the general
feasibility of using Raman spectroscopy to detect product defects, future experiments should then
apply the sensor on-line during processing of cow’s milk. In addition, the suitability of Raman
spectroscopy to act as indicator for product application parameters is investigated using the example
of milk foam stability.

2. Materials and Methods

2.1. Samples

In this study, commercially available milk samples were purchased at a local grocery store. Samples
with different fat content (0.1, 1.5, and 3.8%) and lactose content were purchased (<0.1 and 4.5 g/L),
as well as products with different heat treatments (past, ESL, and UHT) were bought. To investigate
whether Raman spectroscopy can be applied to detect product defects, only one milk property was
varied at a time. Products from varying dairies were selected to ensure (statistical) representation.
The manufacturers of purchased samples are listed in Table 1.

Table 1. Manufacturer of commercial milk samples in alphabetical order.

Manufacturers of Milk Samples

Arla Foods A.m.b.A., Viby, Denmark
FrieslandCampina, Amersfoort, The Netherlands
Hohenloher Molkerei eG, Schwäbisch Hall, Germany
Molkerei Weihenstephan GmbH & Co. KG, Freising, Germany
OMIRA GmbH, Ravensburg, Germany

Pasteurized milk (3.5% fat) for storage tests (see Section 2.4) was produced at the Dairy for
Research and Training at University of Hohenheim (Stuttgart, Germany) with raw milk from the
Meiereihof of the University. In addition, Figure 1 depicts the general production scheme of consumer
milk. Control points at which Raman measurements were performed to evaluate the possibility of
controlling product properties and the early detection of specific product defects are marked.

2.2. Raman Spectroscopic Measurements

Raman measurements were carried out using an inno spec Raman 785 Spectrometer (inno-spec
GmbH, Nuremberg, Germany) with a laser excitation wavelength of 784.98 nm. Samples were
placed 6 mm underneath the temperature-stabilized laser to ensure proper focusing on the sample.
The signal was collected on a thermoelectric cooled back-thinned charge-coupled device (CCD) detector.
All Raman spectra consisted of three accumulated scans at 1 cm−1 resolution across the spectral range
of 65–3290 cm−1. For all samples, an integration time (IT) of 10,000 ms was applied resulting in a total
measurement time of 30 s.

For spectra acquisition, 50 mL of milk was transferred into a petri dish. Spectra were taken at
different positions to consider sample inhomogeneity. For one product, three spectra of three samples
were taken resulting in nine spectra. All measurements were conducted at room temperature.
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2.3. Inoculation with Pseudomonas sp. and Storage Test

For the evaluation of Pseudomonas sp. peptidase activity via Raman spectroscopy, pasteurized
whole milk (3.5% fat) was inoculated with strain W15a. The strain was kindly provided by
the Technology and Food Science Unit of the Institute for Agricultural and Fisheries Research
(Melle, Belgium). Preparation of the inoculum was carried out as described in [32]. In brief,
pellets obtained from cell suspensions of incubated tryptic soy broth (Carl Roth®, Karlsruhe, Germany)
were resuspended in UHT milk and stored at 6 ◦C for 24 h to allow the bacteria to adapt to the milk
medium and cold storage conditions. After 24 h, pasteurized milk was inoculated with Pseudomonas sp.
To a cell count of approximately 105 cfu mL−1. The cell count of pasteurized milk 5 days after
inoculation was determined. The quantitative number of bacterial cells in 1 mL inoculated milk
was determined using tryptic soy agar (Carl-Roth®, Karlsruhe, Germany) and 1

4 Ringer solution
(Merck, Darmstadt, Germany).

To imitate storage of raw milk before processing, inoculated pasteurized milk (3.5% fat) was
stored at 6 ◦C for 11 days. Raman measurements were performed after 4, 5, 6, and 11 days.

2.4. Preparation and Analysis of Milk Foam

An average milk foam stability of 10–15 min is generally expected [12]. Briefly, 100 mL of
whole milk (3.5% fat) was tempered at 7 ◦C until temperature equilibration. The tempered milk was
foamed up to a total volume of approximately 200 mL using a coffee machine (Jura Impressa XS95;
Jura Elektroapparate AG, Niederbuchsiten, Switzerland). Foam stability was investigated for 15 min
and determined as follows: the total volume (milk + foam) after 15 min (V15) was compared to milk
foam volume at time t0 (V0). t0 was defined as the time, when the total milk volume of 100 mL was
foamed resulting in V0 (approximately 200 mL). A volume decrease of ∆V = 50 mL was defined as the
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maximal acceptable decrease in volume for a stable foam. This resulted in the following criteria for
foam stability evaluation:

V15 ≥ 150 mL→ good foam stability
V15 < 150 mL→ bad foam stability

Pictures of foam and the underlying liquid volume were taken over the investigated time using a
UV lamp to increase image contrast due to protein fluorescence.

2.5. Chemical Composition

The total fat content, protein content, dry matter, and free fatty acid content (FFA) of all samples
of the milk foam trial were determined via Fourier-transform infrared spectroscopy (FTIR Advanced,
Delta Instruments, Drachten, The Netherlands). These measurements were kindly performed by the
accredited laboratory of Milchprüfring Baden-Württemberg e.V. (Kirchheim unter Teck, Germany)
according to the ASU L 01.00-78, 2002-05.

2.6. Spectral Data Analysis and Statistics

SpectraGryph 1.2 (Dr. Friedrich Menges, Oberstdorf, Germany) was used to remove spikes
from spectra prior to baseline correction. Due to background fluorescence, the offset of the baseline
of raw spectra was bigger at shorter wavenumbers of the spectrum. Thus, baseline correction was
performed in the MATLAB R2015b (The MathWorks Inc., Natick, Massachusetts, USA) environment.
Spectral channels without bands and therefore no relevant information was excluded from baseline
correction and further analysis. Single spectra were smoothed using a Savitzky–Golay filter for
better peak visualization, which was always indicated with the applied polynomial fit for the
respective spectra.

After preprocessing, principal component analysis (PCA) was performed using MATLAB to assess
differences between samples and to detect product defects. PCA was performed with unsmoothed
spectra. If not stated, samples PCA were conducted on the whole spectra after baseline correction.
Deviations were noted in the particular case.

All measurements were conducted in triplicate. Values are reported as arithmetic mean values.
Spearman’s rank correlation with a confidence interval of p = 0.05 was performed using the statistical
software IBM SPSS Statistics 24 (IBM Corporation, NY, USA), to assess the possibility of predicting
foam stability on the basis of the respective Raman spectrum. The area below a specific peak was
correlated with the free fatty acid content and milk foam stability.

3. Results and Discussion

The results of Raman measurements at potential control points during production of consumer
milk are shown and discussed in the following sections.

3.1. Standardization

3.1.1. Fat Content

Raman spectra of milk samples varying in their fat content contained a set of overlapping bands
characteristic for the major milk constituents. Representative spectra of these samples are depicted in
Figure 2a. They were smoothed using a Savitzky–Golay filter (interval: 10 and polynomial order: 3)
for better peak visualization in the graph.
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Bands near 2899 and 2857 cm−1 were assigned to the ν(C-H) asymmetric and symmetric stretching
vibration, respectively [26]. The band at 1745 cm−1 is characteristic for the ν(C=O) stretching vibration
in an ester [33,34]. Peaks at 1655 and 1123 cm−1 arouse due to ν(C=C) and ν(C-C) stretching vibrations,
respectively [35]. The two bands around 1444 and 1301 cm−1 were attributed to δ(CH2)scissoring and
δ(CH2)bending vibrations [25], and the band at 1081 cm−1 was found due to ν(CH3)bending mode [26].
Major differences between band intensities of these peaks were observed in Raman spectra of milk
with varying fat content. Band intensities increased with increasing fat content. Figure 2b depicts
the PCA score plot explaining 96.7% of the total variance of tested samples. A distinct formation of
sample clusters based on their fat content was observed. PC1 would be sufficient for the correlation of
variance and relevant information, because scores of PC1 were always smaller or even negative for
lower fat contents. The classification and distinction of milk samples with varying fat content based on
their Raman spectra combined with PCA was possible.

3.1.2. Lactose

The detection of lactose in milk by means of Raman spectroscopy was investigated using
commercial lactose-free and regular milk products. Figure 3a depicts representative Raman spectra of
two lactose-free and two regular whole milk samples. Spectra were smoothed using a Savitzky–Golay
filter (interval: 10 and polynomial order: 3) prior to plotting.
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The spectra showed similar Raman bands characteristic for whole milk. Raman spectra of milk
typically show two bands due to the presence of lactose, at 355 and 445 cm−1 [36,37]. Spectra of regular
milk samples in this trial merely contained the band at 355 cm−1 and no distinct peak at 445 cm−1

was observed. Sample one of the lactose-free milk was produced by enzymatic cleavage of lactose
into glucose and galactose. Sample two was produced via a combination of filtration and enzymatic
cleavage. In all spectra of lactose-free milk for both processes, the band at 355 cm−1 was missing. Thus,
a decrease in lactose concentration can be correlated with a decrease of band intensity at 355 cm−1.

PCA was performed in the spectral region of 280–520 cm−1, because the relevant spectral
information for lactose distinction was given here. Figure 3b depicts the resulting score plot of
PC1 vs. PC2 explaining a total variance of 75.2%. The formation of two sample clusters based
on their lactose concentration was observed: one cluster for regular milk and another cluster for
lactose-free milk. Two outliers, one of each lactose-free sample, were found, indicated by the dashed
circles. Potential methods to determine the lactose content in milk products are enzymatic assays,
chromatography, or nuclear magnetic resonance spectroscopy [38–41]. These measurements are time-
and cost-consuming compared to Raman spectroscopy and have to be performed offline. Online process
control of lactose content in milk using Raman spectroscopy would be advantageous for industrial
applications. Therefore, models for quantitative analysis have to be established, which was already
successfully demonstrated for other constituents like fat and protein [21,26,37].

3.2. Raw Milk Storage

The early detection of peptidase activity during cold storage of milk by Raman spectroscopy
was investigated.

Bacterial counts in the magnitude of 109 were used to inoculate pasteurized milk samples with
Pseudomonas sp. To cell counts of 105 cfu mL−1. This resulted in cell counts of 107 cfu mL−1 after 5 days,
which is the time needed to reach the stationary growth phase [10]. Raman spectra of inoculated
whole milk stored at 6 ◦C were recorded after 4, 5, 6, and 11 days for three single replica and of the
corresponding control milk. Representative baseline corrected spectra are shown in Figure 4a.
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the indole ring of tryptophan.

In Figure 4a, all spectra show bands characteristic for whole milk, which can be assigned to the
main constituents, i.e., lactose, fat, and protein [37,42]. The peak at 879 cm−1 can be attributed to the
indole ring of tryptophan [43–45]. The control spectrum and spectra taken after 4 and 5 days of cold
storage at 6 ◦C showed a distinct band due to tryptophan. After 6 and 11 days, the intensity of this
peak decreased.
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Peptidases catalyze the hydrolysis of proteins into smaller polypeptides or amino acids. During this
process, protein residues get exposed which were formerly buried due to folding of the protein into its
characteristic three-dimensional structure. Hence, tryptophan residues like the indole ring become
exposed to the polar aqueous solvent during proteolysis due to Pseudomonas peptidases. Sharp bands
in Raman spectra occurred as tryptophan indicated buried tryptophan residues [45,46]. It was shown
that the intensity of band at 879 cm−1 serves as a practical probe of the tryptophan environment.
Thus, during proteolytic hydrolysis, exposed tryptophan residues can be detected by a decrease of the
formerly sharp band at 879 cm−1.

Principal component analysis was performed to correlate spectral changes with the Pseudomonas
peptidase activity. No clear cluster formation based on incubation days was obtained except for day
11 (data not shown). Since main spectral differences between control and inoculated milk occurred
for the peak at 879 cm−1, a PCA was performed in the spectral region of 799–1000 cm−1 using spectra
of control milk and spectra after 6 and 11 days of storage. The resulting score plot of PC1 vs. PC2 is
shown in Figure 4b explaining 92.2% of the total variance. Two clear clusters were formed, one for the
control milk and another for spoiled milk. In this trial, proteolytic spoilage was detectable after 5 days
of storage. Thus, a detection method based on a sensor is feasible and is quicker than the visual and
sensorial evaluation of a panel [10]. Future experiments could investigate if proteolytic spoilage is
detectable earlier than day 5 after milk collection by adjusting parameter during spectra acquisition.

3.3. Heat Treatment

We investigated the discrimination of consumer milk samples based on the applied heat treatment.
UHT and ESL milk were compared, as well as the two main proceedings for ESL production.

Raman spectra of whole milk prepared via UHT and ESL-MF as well as ESL-HHST and ESL-MF
treatments were compared. Spectral changes due to a more intense heating procedure in the case of
UHT milk occurred mainly in the spectral region of 500–1225 cm−1, which were assigned to protein and
fat, respectively. The spectral differences were assessed by PCA over the whole spectral region resulting
in the representative PCA score plot in Figure 5a explaining 70.5% of the total variance. Two clusters
were formed, one for each heat treatment. Clear distinction between samples was possible.
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Figure 5. PCA score plot of extended shelf life-microfiltration (ESL-MF) vs. UHT (a) and extended
shelf life-higher-hear shorter time (ESL-HHST) vs. ESL-MF (b).

UHT treatment of milk leads to an increased Maillard reaction compared to ESL milk production.
During the Maillard reaction, the brown compound, melanoidin, is formed [47], which induces a color
change of the milk to yellow/brown [48]. Melanoidins are high-molecular-weight polymers formed
during the nonenzymatic browning reaction between amine compounds and reducing compounds
like sugars. Additionally, protein denaturation occurs during heat treatment of milk changing the
protein conformation. The extend of denaturation depends, inter alia, on the applied heat treatment
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(temperature–time combination). UHT milk also exhibits sensory changes, which are perceived by
consumers as cooking flavor. This flavor occurs due to the thermally induced formation of free
SH-groups. In UHT treatment of homogenized milk, fat–protein conglomerates are also formed. Thus,
the formation of Maillard compounds, fat–protein conglomerates, and protein denaturation occurs to a
greater extent during UHT treatment compared to the ESL process.

The differentiation of the two main processes for ESL milk production, ESL-MF and ESL-HHST,
was also investigated. The two main heating procedures of ESL milk also differ in the applied heat
treatment [49,50]. ESL-HHST is produced via a temperature–time combination of 125–127 ◦C for 4–2 s.
Thus, the degree of whey protein denaturation in ESL-HHST is about 30% for direct and 40% for
indirect heating, a little lower than for UHT milk.

During ESL-MF production, skim milk obtained after separation is microfiltered at temperatures
around 50 ◦C. Afterwards, pasteurization (72–75 ◦C for 30–15 s) of the permeate follows. The separated
cream is rich in microorganisms and thus is high-heat treated together with the retentate from
microfiltration [51]. Due to the lower content of whey proteins, the higher heat treatment has little
effect on the denaturation. Consequently, the degree of denaturation in the standardized, heat-treated
milk is equal to the one for pasteurized milk, and thus lower than for ESL-HHST and UHT milk [49].

Figure 5b shows the score plot resulting from the performed PCA. PC1 vs. PC2 showed 67.3%
of the total variance. One cluster for each heat treatment was seen, one for ESL-HHST and one for
ESL-MF. Thus, we were able to detect the applied ESL process (either HHST or MF) which allowed a
clear differentiation of samples based on the applied heat treatment.

The rearrangements and formation of new chemical bonds due to the whey protein denaturation
and Milliard reaction lead to spectral differences between milk samples. Therefore, the differentiation
of milk based on the applied heating procedure by chemometric analysis of the spectra was possible
for the investigated samples. This can be used in order to verify heat treatment directly inline before
filling and packaging.

3.4. Consumer Milk—Foam Stability

Foam stability was investigated for UHT whole milk samples and correlated with the free fatty
acid (FFA) content and differences in the corresponding Raman spectra. The tested milk samples varied
significantly in their foam stability. The total volume and liquid volume over time are exemplarily
shown in Figure 6 for one stable and one unstable foam.
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Figure 6. Total volume (solid symbols) and liquid volume (open symbols) as a function of time for
UHT whole milk. Representative graphs of one stable (C4 •,#) and one unstable foam (C15 N,4) are
shown. Exemplary pictures of pore sizes of one stable and one unstable foam are shown.
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The first volume measurement point at t = 0 min is not shown, no clear phase separation was
visible. After 3 min, foam and the underlying liquid volume were clearly separated, enabling the
determination of both volumes. The total volume of stable foams only decreased slightly, in the case
of the shown sample from 188 to 178 mL. In contrast, the total volume of unstable foams decreased
rapidly over time from 180 to 100 mL. The underlying liquid phase increased slightly in the case of
stable foams. For all unstable foams, the foam collapsed completely after 12–15 min, resulting in a total
and liquid volume of 100 mL which is equal to the initial volume before foaming.

These results show that there were pronounced differences between milk foams prepared with
UHT milk even though the fat content was the same. Milk foams, in general, are protein-stabilized
foams. Foams prepared with whole milk are generally less stable than skim milk foams, because of
the destabilizing effect of milk fat on protein foam stability [52]. The influence of sample composition
on foaming ability and stability was ruled out for the investigated samples. All samples had proper
composition regarding fat and protein content, as well as dry matter. The results can be found in
Table A1 in the Appendix A. In general, the destabilizing effect of fat is more pronounced when fat
globules contain both liquid and solid fat, and if a high content of polar lipids like FFAs is found [53].
A typical cause of changes in the ratio of solid to liquid fat in milk fat globules is the temperature.
Since all samples were thoroughly tempered at 7 ◦C and foaming temperature was constant, further
investigations were focused on the FFA content. Free fatty acids are the result of hydrolytic cleavage of
milk triacylglycerides [54]. This hydrolysis is commonly referred to as lipolysis, mainly caused by
heat-resistant extracellular lipases by psychrotrophic bacteria like Pseudomonas fluorescens [55,56] or by
the release of lipases from the milk fat globule membrane (MFGM) due to, e.g., mechanical damage [54].
The FFA content was determined offline as described in Section 2.6 and was correlated with the total
volume after 15 min (V15). Table 2 shows the data sets of all investigated samples. FFA contents of
0.9 up to 3.2 meq/100 g fat were found. A statistically significant negative correlation between the
FFA content and V15 was found for the tested samples, with a Spearman-Rho correlation coefficient of
−0.775 (p = 0.001). The coefficient defines the inversely proportional relation of FFA content and V15

and thus foam stability. Samples with higher amounts of FFA present also resulted in coarser foams
with bigger pores and broader pore size distribution. Moreover, three layers were formed: an upper
layer of coarse foam, a middle layer of fine foam, and an underlying layer of liquid milk. Stable foams
consisted of a fine structure with very small pores. These visual characteristics were also reported by
Kamath, Wulandewi, and Deeth [53].

In milk foams, FFAs compete with proteins for the adsorption at the interface between air and
serum. They can displace the protein, which leads to the disruption of protein–protein interactions
unabling them from forming a stable viscoelastic film around the air bubbles [57]. This leads to
coalescence and then, destabilization of the foam [16]. Coalescence was observed as an increase of
bubble size and a decrease of bubble number over time, which can be seen in an exemplary foam
picture in Figure 6. In this trial, the critical concentration of FFAs leading to unstable foams was
2.0 mequiv per 100 g fat. Samples containing more free fatty acids lead to unstable foams.

To investigate whether this correlation can also be detected using Raman spectroscopy,
measurements of all samples were carried out. Exemplary spectra of one stable and one unstable foam
are shown in Figure 7.

The blue bar marks the band at approximately 1745 cm−1, corresponding to the ν(C=O) stretching
vibration in an ester [33,34,36]. During lipolysis, the ester bond of triacylglycerides is broken down,
resulting in nonesterified fatty acids and partial glycerides or glycerol. Hence, the intensity of the band
corresponding to the ν(C=O) stretching vibration in an ester decreases with decreasing amount of
triglycerides and therefore, with increasing rate of lipolysis and increasing FFA content. The area under
the band was determined for all samples. The results are shown in Table 2. Spectra were smoothed
(second-order polynomial) in the spectral range from 1720 to 1775 cm−1 prior to determining the area.
A statistically significant correlation with a Spearman-Rho correlation coefficient of −0.741 between the
area and FFA content was found. Additionally, correlation of the area and total volume after 15 min
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was statistically significant resulting in a correlation coefficient of −0.799. Foam stability was strongly
influenced by the FFA content. Future research could focus on the implementation of quantitative
models to determine the amount of free fatty acids on-line. Spectra could also be used to qualitatively
predict the foaming properties of the milk by assessing deviations from standard spectra.

Table 2. Free fatty acid content of investigated ultrahigh temperature (UHT) milk samples (3.5% fat)
and mean values for the total volume after 15 min (V15) and the determined area under band 1745 cm−1

in order of their consecutive sample code. The Spearman-Rho correlation coefficient is given for the
respective correlation.

Sample Code V15 (mL) FFA (meq/100 g fat) Area (-)

C1 105 ± 4 2.8 514 ± 36
C2 108 ± 2 2.7 543 ± 35
C3 175 ± 0 1.9 671 ± 49
C4 103 ± 2 2.6 456 ± 44
C5 172 ± 2 1.1 695 ± 91
C6 172 ± 2 1.1 725 ± 76
C7 100 ± 0 3.1 498 ± 30
C8 100 ± 0 3.2 496 ± 37
C9 170 ± 4 1.0 591 ± 5
C10 170 ± 4 1.1 688 ± 55
C11 172 ± 2 0.9 585 ± 54
C12 100 ± 4 2.4 536 ± 10
C13 183 ± 2 1.1 629 ± 70
C14 102 ± 2 3.0 488 ± 50
C15 178 ± 5 1.0 818 ± 48

Spearman-Rho correlation coefficient
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4. Conclusions

The aim of this work was to investigate whether Raman spectroscopy can be used for the early
detection of product defects and its suitability to act as indicator for product application parameters
using the example of barista foam. Raman spectroscopic measurements were combined with principal
component analysis. First experiments focused on the distinction of samples based on their fat and
lactose content. For samples with varying fat content, intensities of peaks assigned to fat (2899, 2857,
1745, 1655, 1444, 1301, and 1123 cm−1) increased with an increasing fat content. Thus, PCA of
spectra of milk with different fat contents resulted in the formation of clear clusters based on their fat
content. The distinction of lactose-free and regular milk samples was based on the band at 355 cm−1.
In lactose-free milk, this peak was missing, allowing a clear distinction of samples based on their
spectra and PCA. Regular enzymatic methods for lactose quantification could be replaced by fast and
cheap spectroscopic measurements.

The presence of proteolytic enzymes of Pseudomonas sp. During storage of whole milk led to a
decrease of the band at 879 cm−1. This band is assigned to the indole ring of tryptophan and acts as a
marker for the environment. During proteolytic hydrolysis, tryptophan residues become exposed to
the polar aqueous environment leading to a decrease in peak intensity, which was detectable with PCA
after 6 and 11 days of storage.

The classification of samples based on the applied heat treatment (UHT and ESL-MF) was possible.
The degree of thermally induced protein modifications led to spectral differences detectable by PCA.
A distinction between the two main proceedings for ESL milk production (ESL-MF and ESL-HHST)
was also possible based on these spectral changes. This can be used, e.g., in order to verify heat
treatment directly inline before filling and packaging.

Lastly, the foam stability of UHT milk foams varied significant between samples. Foam stability
was correlated with the amount FFAs present. In this trial, the critical concentration of free fatty acids
was 2.0 mequiv per 100 g fat. Furthermore, the area under the band at 1745 cm−1, assigned to the
ν(C=O) stretching vibration in an ester, decreased with increasing FFA content. The prediction of foam
stability based on the Raman spectrum of the respective milk sample was possible.

This work shows that Raman spectroscopy can be applied for the early detection of product
defects and act as an indicator for product application parameters like foamability of UHT milk.
The results show that Raman spectroscopy could be a powerful tool for the fast on-line detection
of deviations from a defined product standard, allowing the adjustment of product characteristics
or the redirection of product streams. Raman spectroscopy has the potential to replace time- and
material-consuming analyses like enzymatic or chromatographic methods. Furthermore, Raman
spectroscopy offers the advantage of providing additional information on product quality like,
e.g., foamability. Well-established methods like FTIR for constituent quantification are not likely to
be replaced by Raman spectroscopy. However, Raman spectroscopy could be used for additional
verification of constituent quantity right before filling and packaging. Furthermore, IR and Raman
both belong to optical spectroscopy and are complementary techniques; Raman sensors could provide
additional information during production. Thus, we propose a combination of Raman spectroscopy
with well-established methods like FTIR to obtain a broader data set for verification during production
and benefit from the advantages of both techniques.
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Abbreviations

The following abbreviations are used in this manuscript:
ESL Extended shelf life
ESL-MF Extended shelf life-microfiltration
ESL-HHST Extended shelf life-higher-heat shorter time
FFA Free fatty acids
FTIR Fourier-transform infrared spectroscopy
PC Principal component
PCA Principal component analysis
UHT Ultrahigh temperature

Appendix A

To ensure proper sample composition of UHT milk samples investigated in terms of foam stability, the fat
and protein content, as well as dry matter were measured via FTIR. The results listed in Table A1 show that
samples had the expected quantities of constituents, and no deviations from the standard were found. Thus,
composition had no influence on the foam stability of the investigated UHT whole milk samples.

Table A1. Concentration of major whole milk constituents for all samples investigated in foam
stability experiments.

Sample Code Fat Content (%) Protein Content (%) Dry Matter (%)

C1 3.73 3.34 12.45
C2 3.51 3.37 12.26
C3 3.57 3.37 12.33
C4 3.49 3.34 12.16
C5 3.97 3.35 12.75
C6 3.80 3.29 12.51
C7 3.49 3.35 12.17
C8 3.48 3.35 12.15
C9 3.50 3.41 12.35

C10 3.53 3.40 12.35
C11 3.52 3.37 12.29
C12 3.55 3.36 12.29
C13 3.57 3.44 12.53
C14 3.52 3.35 12.19
C15 3.54 3.40 12.36
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