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A B S T R A C T

In this work, we investigate the feasibility of multi-wavelength ultra-violet spectroscopy for the quantification of β-lactoglobulin and α-lactalbumin in ultrafiltration
permeates from protein fractionation processes. Spectra from solutions of pure proteins were compared and distinctive characteristics for the two proteins were
identified. Subsequently, two different calibration approaches were tested to overcome the “cage of covariance” that is inherent in protein fractionation and up-
concentration processes. Selection of wavelength regions allowed for the prediction of the β-lactoglobulin and α-lactalbumin concentration with high precision
and accuracy, reaching a root mean square error of cross-validation of 0.26 w/w% (concentration range 0–10 w/w%*) protein for α-lactalbumin and 0.11 w/w%
(0–10 w/w%) protein for β-lactoglobulin. This proves the potential of the methods developed for implementation as rapid monitoring of protein composition in
permeates from ultrafiltration processes. The developed Partial Least Squares (PLS) regression models were used to predict protein composition in a continuous mode
during two lab-scale filtration experiments. The results obtained show that UV spectroscopy can be used, along with tailored chemometrics techniques, for monitoring
protein composition in protein fractionation processes both at-line and potentially in-line.
1. Introduction

The composition of whey protein concentrates greatly influences the
nutritional and functional characteristics of the (consumer) products
[1–3]. Several protein separation technologies have been developed to
achieve specific protein composition profiles [4–6]. In the dairy industry,
membrane filtration technologies allow for fractionation, concentration
and purification of components found in whey, promoting the develop-
ment of protein fractionation processes that add value to whey (side)
streams [7]. Ultrafiltration is a pressure-driven membrane process that
uses a pressure difference to separate compounds of (foremost) different
molecular weights in a feed solution through a porous membrane. Higher
molecular weight components are rejected by the membrane and remain
in the retained liquid called retentate, while proteins with low enough
molecular weight pass through the membrane onto the permeate side
[8]. Tailored ultrafiltration processes have been developed to concen-
trate and purify specific milk proteins from whey [4,6,9]. The separation
is primarily based on the differences in molecular weight, but also sec-
ondary phenomena such as affinity to migrate through the membrane
where charge or conformation plays a considerable role. Moreover, the
performance and selectivity of membranes change over time, primarily
due to the frequent Cleaning-In-Place cycles implemented in the food and
dairy industry. The economic feasibility of these processes is influenced,
* Corresponding author.
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among other parameters, by membrane selectivity, which can be moni-
tored by different indicators (e.g. the Sieving Coefficient; [9]). These
indicators rely on an accurate and precise protein concentration analysis
in the feed, retentate and permeate streams. The evaluation of membrane
selectivity thus currently relies on time-consuming and expensive wet
chemistry protein analysis methods such as High-Performance Liquid
Chromatography and Capillary Electrophoresis [10,11]. The develop-
ment and deployment of rapid quantification methods for protein
composition in whey streams from protein fractionation processes as
at-line and potentially in-line tools would allow for more frequent,
cheaper and potentially more repeatable protein composition measure-
ments. It is therefore of interest to develop process analytical technology
(PAT) solutions for monitoring, control and (continued) optimization of
membrane selectivity in whey fractionation processes.

To our knowledge, the only spectroscopic method proved to suc-
cessfully quantify α-lactalbumin (α-La) and β-lactoglobulin (β-Lg) inde-
pendently in ultrafiltration permeates is fluorescence spectroscopy [12].
Although fluorescence has been proven suitable for quantifying low
concentrations of analytes [13], it is also a challenging spectroscopic
technique to apply in an in-line setup [14]. Protein concentration profiles
in UF permeates are characterized by low concentrations (below 0.5 w/w
%; [15,16]). UV spectroscopy (UVS) is a prime candidate for quantifying
the low-concentration streams, as it is possible to detect the absorption of
dently and linearly scaled away from the true value for confidentiality reasons.
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relevant aromatic amino acids (phenylalanine, tyrosine, and tryptophan)
in the range between 240 and 340 nm [17,18]. UV spectra contain a
significant amount of information on proteins and the application of
chemometrics on such data have shown feasible in performing selective
protein quantification in several studies [17,19], and have been used to
quantify protein concentrations in mixtures down to 0.1 mg mL�1 [17].
UVS has also been used to quantify total protein in UF permeates [16].
Albeit, these results rely on laboratory experiments with pure solutions.
Selective quantification of our target molecules α-La and β-Lg in ultra-
filtration permeate with UVS has not been reported yet.

Ultrafiltration permeate is a challenging matrix for quantification of
α-La and β-Lg. A primary reason is the low concentration of the two
proteins, which make other spectroscopy techniques such as near infra-
red and mid infra-red spectroscopy not sensitive enough. As an addi-
tional experimental challenge, the concentration variability is limited in
a fractionation process, and since these processes are extremely stan-
dardized it is challenging to obtain a sufficient level of variability to
calibrate a robust PLS model. In addition, the concentration of some
compounds present in the matrix will co-vary with others as a natural
part of the filtration process, meaning that the chemically very similar
proteins are present in (nearly) fixed ratios in the different fractions. This
can cause a “cage of covariance” situation where the concentration of the
analyte of interest is strongly correlated to the concentration of other
compounds in the matrix and thus might compromise calibration
robustness and validity. Eskildsen et al. [20] described how
inter-correlations between variables might lead to excellent predictions,
but the models become less accurate if the relationship between the
response variables changes in new samples, simply stemming from the
fact that the model is based on indirect relationships and thus is liable to
external changes in the matrix composition. In this work, we propose two
different strategies to produce calibrations that are not caught in the cage
of covariance. In the first, we break the covariance cage by performing
calibrations using an artificial five-component mixture from pure pro-
teins and other relevant compounds present in whey streams, in a system
designed for minimal concentration covariance. In the second calibration
strategy, we apply spiking of α-La and β-Lg to process samples obtained
from an industrial fractionation process to break the covariance between
the two proteins. The same validation set made up of process and spiked
process samples was predicted with both calibration strategies. Reverse
Phase High-Performance Liquid Chromatography (RP-HPLC) was used as
a reference method because it gives high precision for milk proteins
quantification [21]. Reference analysis for the target analytes α-La and
β-Lg was performed for all samples and concentrations were used to
calibrate prediction models. The developed models were used to predict
two lab-scale filtration runs to test the applicability of the developed
methods for process monitoring.

2. Materials and methods

α-La, β-Lg, casein glycomacropeptide (cGMP), and Proteose Peptone
(PP) powders were obtained from Arla Food Ingredients (Nr. Vium,
Denmark). The α-La and β-Lg powders used in this study both contained
approx. 93% of protein, 1.8% ash, 0.1% lactose, and 4%water. The cGMP
contained approx. 81.5% cGMP, 4.2% water, 6.8% ash, 0.1% fat, 0.1%
lactose and 7.3% unknown compounds, while the PP contained
approximately 80% PP8/5 fraction, 4% water and the rest are other
peptides (composition for all powders was specified by the supplier).
Urea, Bis-Tris buffer, sodium citrate, dl-dithiothreitol, trifluoroacetic acid
(TFA), acetonitrile (ACN), and lactose powder were purchased from
Sigma-Aldrich (St. Louis, MO, USA).

2.1. Samples for calibration strategy 1: five-factor design

Thirty protein mixtures were designed via a Definitive Screening
Design using JMP Pro software (SAS Institute Inc., Cary, USA). Five
experimental factors (α-La, β-Lg, cGMP, PP and lactose) were chosen as
2

representative compounds to mimic the complexity of a whey matrix.
Concentration ranges for protein mixture solutions were selected ac-
cording to prior knowledge on expected protein, peptides and lactose
levels in whey protein concentrates from an industrial process. The
concentrations of α-La, β-Lg and GMP were investigated at five variation
levels while lactose and PP - regarded as nuisance factors - had three
levels of variation. Covariance between factors of the experimental
design was kept minimal (below 0.1), to avoid as much signal- or in-
formation overlap between different components as possible. A stock
solution for each component and each variation level of the experimental
design was made by slowly dissolving a predefined amount of the pure
protein in MilliQ water in a volumetric flask under constant agitation
(600 rpm for 8 h at room temperature). Stock solutions were kept at 4 �C
until use and then mixed in volumetric flasks to obtain desired concen-
tration profiles. The span of the design is much wider than the protein
composition and absolute values expected for ultrafiltration permeates.
Since UVS had never been used by us for independent quantification of
α-La and β-Lg before, we decided to also test the method in a matrix with
higher protein concentrations simultaneously. For proprietary reasons all
protein concentrations reported in this research have been scaled to
obscure true levels. The units for both α-La and β-Lg (w/w%) can
therefore not be taken as true value but the real concentrations were
within the linear calibration range; prediction model performances and
uncertainties are expressing the true achievements.

2.2. Samples for calibration strategy 2: process samples

Thirty-four permeates were collected randomly from different pro-
duction lines and at different steps of a protein fractionation operation at
Arla Food Ingredients (Nr. Vium, Denmark). This sample set, together
with the reference analysis results was used without further processing.
Twenty-three spiked samples were made by random selection from these
permeates and adding α-La and/or β-Lg (pure) protein powders to break
the covariance between the two components of interest, and to widen the
concentration ranges (by enhancing the analyte signal in the varying
process sample backgrounds). Covariance between the proteins of in-
terest was also kept minimal (below 0.1) in this dataset.

2.3. Samples for process monitoring: lab-scale filtration process

Whey protein concentrate was obtained from Arla Food Ingredients
for a lab-scale fractionation mimicking full-scale conditions. Two organic
membranes with a nominal pore diameter (supplier and exact specifi-
cations withheld for confidentiality reasons) and a total membrane area
of 6.84 cm2 were used with a membrane cell for crossflow filtration
(MemHPLC, MMS AG Membrane Systems, Urdorf, Switzerland) con-
nected to an HPLC pump (Varian, USA; Fig. 1). The membranes were
flushed with deionized distilled water before use to remove any residual
chemical agents. Initial permeate flux was calculated for both trials by
measuring the permeate weight after 5 min of filtration of deionized
water at three different retentate pressures (0.5, 1 and 2 bar). The
membrane used in Trial 1 performed at a permeate flux of 300 L m�2⋅h�1

and the membrane used in Trial 2 at 150 L m�2⋅h�1. Industrial whey
protein concentrate was fed through the HPLC pump at 10 mL min�1

towards the membrane cell; retentate was circulated back to the feed.
Trials were performed at room temperature and lasted 90 min in total. A
pressure gradient (step functions) was applied during the trials to observe
changes in the permeate protein composition and concentration. Both
trials were started at 1.5 bar, after 30 min the pressure was increased to
4.5 bar and kept there for 30 min. Finally, the pressure was restored to
1.5 bar for the last 30 min of filtration. Permeate coming out of the
filtration unit was circulated through a small-volume flow-through
cuvette and UV spectra were measured in a continuous mode. Samples
for reference analysis (2 mL) were collected from permeate flowing out of
the cuvette at time intervals 5, 10, 20, 30, 40, 50, 60, 70, 80 and 90 min.
They were kept at 4 �C until further analysis.



Fig. 1. Ultrafiltration experiment set-up, lab-scale.
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2.4. UV spectroscopy

UV spectra were collected using a Thermo Scientific™ Evolution™
201/220 UV–Visible Spectrophotometer (Thermo Fisher Scientific,
Waltham, USA) using amethod adapted from Luthi-Peng and Puhan (10).
Spectra were acquired in a modified 1 mm pathlength flow-through
cuvette (Foss, Hillerød, Denmark) in the spectral range 240–320 nm at
a scan rate of 100 nmmin�1, average time 0.3 s and a spectral interval of
0.5 nm. The total volume of the flow-through cuvette was 0.5 mL (in-
house reduced “dead volume”, using an inert filler). During the filtration
experiments, spectra were acquired in a continuous mode with 1-s in-
tervals and averaged over 60 acquisitions, therefore a spectrum was
stored for further processing every 60 s. Data was retrieved from the
instrument as absorbance spectra (see Fig. 2), where air was used as
background.
2.5. RP-HPLC

Whey proteins were quantified by Reverse Phase High-Performance
Liquid Chromatography (RP-HPLC) with Ultraviolet absorbance detec-
tion (214 nm; diode-array, Agilent, Santa Clara, USA). The method
described below was adapted from Lund et al. [22]. An aliquot of each
sample was diluted to approx. 0.1–1 mg mL�1 protein and mixed with
Fig. 2. Spectral data, average UV spectrum (solid line) of all samples and � one
standard deviation of the spectra (shaded band).

3

550 μl urea buffer (7.5 M urea, 0.12 M tri-sodium citrate and 0.3 M DTT).
Next, it was incubated at 30 �C for 1 h on an orbital shaker. The samples
were then centrifugated in Eppendorf tubes equipped with 0.22 μm fil-
ters. 10 μl of the filtered sample was injected in a UHPLC (Dionex Ulti-
mate 3000, Thermo Fisher Scientific Inc. Waltham, USA) equipped with a
Zorbax 300SB-C8 (4.6 μm, 150� 3.5mm) column (Agilent Technologies,
Santa Clara, USA). Chromatographic conditions: temperature 45 �C; flow
rate 0.8 mL min�1 with 0.1% TFA in Milli-Q water (eluent A) and 0.1%
TFA in ACN (eluent B). Applied gradient: 0–4 min 15–31% B, 4–9 min
31–39% B, 9–10 min 39% B, 10–11 min 39–41% B, 11–14 min 41% B,
14–18 min 41–44% B, 18–21 min 44% B, 21–21.05 min 44–100% B,
21.05–21.95 min 100% B, 21.95–22 min 100-15% B, and 22–29 min
15% B. The two target components were quantified using Chromeleon™
Chromatography Data System software (Thermo Fisher Scientific, Wal-
tham, USA) by external calibration on a 4-step calibration solution (see
Table A1 and Fig. 3). Beta-lactoglobulin was quantified by summing the
area below the peaks from the two main genetic variants, β-Lg A and β-Lg
B (Fig. 3).
2.6. Data processing

UV spectra and reference values were analyzed in MatLab R2019b
(MathWorks, Inc., Natick, MA, USA), using the PLS_toolbox 7.5 (Eigen-
vector Research, Inc., Wenatchee, USA), supplemented by in-house
Fig. 3. RP-HPLC chromatogram of a representative sample.
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algorithms. A Savitzky–Golay [23] second derivative filter of second
order with a width of 21 points was applied to all spectral data. All
pre-processed spectra were mean-centered prior to modeling.

2.7. PCA and PLS regression

Principal component analysis (PCA) on the UV spectra was used to
visualize how samples were varying with respect to each other [24]. PLS
regression was used to investigate if the spectroscopic measurements
could be applied to predict the α-La and β-Lg concentrations in the
relevant samples obtained using the reference measurement by RP-HPLC
[25]. The region between 270 and 310 nm was chosen as suggested by
Lüthi-Peng and Puhan [26], since tryptophan (Trp) and tyrosine (Tyr)
both show characteristic maxima and minima in this region. PLS
regression models were cross-validated where the leave-out segments/-
strata were selected to fulfill three criteria at the same time: (i) all rep-
licates of the same sample, (ii) same concentration and (iii) samples
stemming from the same industrial whey stream (same “background”).
This validation was pursued to assure that the reported values are
invariant of the underlying matrix. As described previously, two cali-
bration strategies were tested to overcome the covariance risk. In Cali-
bration Strategy 1, a sample set made from pure protein powders (N ¼
30) was used to predict process permeate and spiked process samples (N
¼ 20). In Calibration Strategy 2 a model built on the dataset from the
process and spiked (process) samples (N ¼ 37) was used to predict the
same validation set used for Calibration Strategy 1 (N ¼ 20).

A second-stage evaluation was applied to the best-performing PLS
calibration model. In order to obtain an (expected) Root Mean Squared
Error of Prediction (RMSEP) interval for process monitoring, the process
sample data was resampled into calibration and validation sets by
random draws (n ¼ 500) from the process samples for validation-
prediction (n-times N ¼ 20); the resulting error distributions are
considered to be representative for expected ones when predicting the
(future) process samples protein composition.
Fig. 4. Spectra of pure protein solutions: (A) 1 w/w% protein concentration of α-La an
of α-La and 2.5 w/w% β-Lg raw spectra and (D) second derivative.
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3. Results

3.1. Assignment and exploration of the UV data

Fig. 4 shows the UV spectra from pure protein samples in an aqueous
solution. Pure spectra of α-La and β-Lg show a great similarity with an
angle between the normalized pure component spectra (vectors) of only
2.7�, where 90� means orthogonality or independence [27]. However,
the aromatic amino acid residues in each protein, their ratio, as well as
the microenvironments of their chromophores result in slight differences
in the UV absorption patterns. This becomes clear when viewed as second
derivative spectra (Fig. 4B and D). As reported by Lüthi-Peng and Puhan
[26], Tryptophan (Trp) and Tyrosine (Tyr) are the main contributors to
the protein absorption in the UV spectra, but phenylalanine and disulfide
bonds of cysteine can also contribute to some extent [28]. We observe
peaks from both Tyr and Trp at 283.5, 291.0 and 287.0 nm, while the
peak at 294.5 nm is specific to Trp. In Fig. 4, α-La shows higher ab-
sorption coefficients than β-Lg due to the higher concentration of tryp-
tophan [29]. Pure protein spectra with different protein concentrations
but similar absorption coefficients are shown in Fig. 4C and D to high-
light the spectral characteristics for both proteins more closely. Although
both proteins show peaks that are characteristic for Tyr and Trp, some
distinctive features in the ranges from 274 to 285 nm and from 295 to
310 nm can be observed. The total amino acid profile of α-La and β-Lg is
well known and some studies have already explored the UV spectra of
permeates from protein fractionation processes [16]. However, these
studies apply a (chemical) sample pre-treatment before analysis, which
makes the qualitative and quantitative information on the aromatic
amino acid profile of α-La and β-Lg in our samples distinct from most
open literature.

The selected region of the UV spectra was pre-processed as previously
described and then used to calculate a Principal Component Analysis
model. Over 99% of the total variance of the spectra was explained by
two principal components, see Fig. 5A. If we use the protein concentra-
tion composition to interpret the PCA scores we can see that PC1 mainly
describes β-Lg while PC2 represents α-La concentration. This relation
d β-Lg raw spectra and (C) second derivative; (B) 1 w/w% protein concentration
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becomes clear looking at the concentration bi-plot shown in Fig. 5C. The
subtle differences between the spectral profiles of α-La and β-Lg are
manifested in the loading profiles of Fig. 5B.

3.2. Quantification of protein concentration

A total of four PLS regression models were established, one for each of
Fig. 5. PCA plots for PC1 and 2, (A) scores and (B) l

Fig. 6. Measured vs predicted for PLS calibration models using 3 factors. (A) and (B)
(D) for Calibration Strategy 2.

5

the two proteins (independently) and each of the two calibration stra-
tegies. All PLS models constructed were tested by calibration and (in-
ternal) validation strategies, and for both α-La and β-Lg these procedures
consistently suggested 3 PLS factors.

The calibration range used in Calibration Strategy 1 manifestly ex-
ceeds the concentration ranges found in industrial samples (Fig. 5).
However, this experimental design was deliberate since we anticipated
oadings; protein (C) composition and (D) ratios.

are calibration models using Calibration Strategy 1 for of α-La and β-Lg. (C) and
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that the low protein concentrations found in the permeate coupled with a
lower absorption coefficient of β-Lg compared to α-La in the UV region
(Fig. 4) would not allow for a sufficiently robust calibration if we
remained within the concentration ranges found in real-life processes.
The calibration of the α-La model with the Five-factor Design (Calibration
Strategy 1) gave Root Mean Squared Error of Cross-Validation (RMSECV)
and RMSEP values of 0.11 and 0.48 w/w% (concentration range 0–10 w/
w%) respectively (Fig. 6A). The β-Lg calibration model's predictions
reached 0.15 and 0.40 w/w% (0–10 w/w%) for RMSECV and RMSEP
respectively (Fig. 6B). The R2 was over 0.99 for both models. An influ-
ence of the matrix is seen in the UV spectra (not shown) when applying
the Calibration Strategy 1 on the process samples, noticeable as a bias in
the predictions in Fig. 6A and B. The designed sample set is made from
pure protein powders dissolved in solutions, and a viable explanation for
the spectral difference may be that the spray drying of the proteins has
slightly modified the aromatic amino acid profile of the proteins and/or
their micro-environments.

PLS models using the process and spiked process data (Calibration
Strategy 2) as calibration resulted in RMSECV and RMSEP values of 0.26
and 0.21 w/w% for α-La (Fig. 6C) and of 0.11 and 0.06 w/w% for β-Lg
(Fig. 6D). R2 was again better than 0.99 for both analytes while the
systematic bias was absent for these PLS models. Therefore, Calibration
Strategy 2 was selected to give the best models and the additional vali-
dation strategy explained previously was applied to obtain the prediction
error distribution to expect when determining protein concentrations in
process samples. As seen from Fig. 7A an approximate α-La 95% confi-
dence interval goes from 0.11 to 0.30 w/w% for our n ¼ 500 resampled
trails. The error distribution is symmetric and close to a normal distri-
bution, while the (obviously) asymmetric distribution for R2 (Fig. 7C)
remains high over all models. This insight can be used to make a provi-
sional estimate of future prediction errors. For β-Lg the error interval
ranges from 0.03 to 0.13 w/w% (Fig. 7B). Interpreting Fig. 7B and D, the
β-Lg model using Calibration Strategy 2 is performing worse than the
α-La, but is still of satisfying quality for our in-line process monitoring
objective.
Fig. 7. Prediction error and square correlation distributions for Calibration Strategy
500 times.

6

3.3. Inline monitoring of a protein fractionation process

Individual protein concentrations were predicted from spectra ob-
tained from two lab-scale fractionation trials; PLS models calibrated with
Calibration Strategy 2 were used for prediction. Retentate pressure,
permeate flux and fouling have been shown to influence protein trans-
mission during fractionation processes [30,31]. Retentate pressure
showed to have an impact on transmission through the membrane for all
proteins in our system (Fig. 8), and the membranes tested in both trials
showed progressive fouling based on the steady decline of protein con-
centrations on the permeate side observed within each time block. Fig. 8
shows how in both trials protein transmission for both proteins is at its
maximum at the beginning of the run and decreases thereafter. This is
most likely related to a layer being formed on the membrane (so-called
“secondary membrane”) before a stationary system is reached. Protein
transmission to the permeate side decreases when the retentate pressure
is increased, stabilizing for the new processing conditions after about 10
min of running time. The transmission nearly recovers when the pressure
is returned to 1.5 bar, again after finding a new steady-state in about 10
min. Superimposed underneath these process-related changes is a steady
decline of the protein concentrations on the permeate side over the full
90 min run time, which can be associated with the secondary membrane
effect and/or fouling phenomena on/inside the membranes. It is also
obvious from Fig. 8 that although the two membranes/trials show
distinct behavior (also evident from the initial “clean water flux” of
deionized water prior to each trial), their process dynamics as a function
of the process-control parameter pressure – made visible “real-time” via
UV spectroscopy at a 1-min rate - shows great similarity.

However, of greatest relevance for our in-line PAT technology is the
observation in Fig. 8 that the transmission of the two proteins of interest
does not seem to respond to changes in pressure in the same way. α-La
seems to be more sensitive to higher retentate pressure, its protein
transmission decreasing more when the pressure is higher but also
recovering to a higher extent than β-Lg when the pressure is restored to
initial conditions. Hence, the ratio of the two constituents is a function of
processing conditions (and potentially of feed composition and the
selected membranes). Individual protein concentrations predicted from
2: (A) and (C) α-la and (B) and (D) β-lg; N ¼ 20 test samples, resamples n ¼



Fig. 8. Lab-scale Trials 1 and 2, UVS predicted concentrations on permeate as a function of run time.
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UV spectra are in good agreement with RP-HPLC reference values;
RMSEP values of 0.24 (α-La) and 0.07 (β-Lg) w/w% were found for the
process test set (N ¼ 2 x 10). R2 was better than 0.98 for both analytes.
Both RMSEP and R2 values are in agreement with the prediction error
distributions shown in Fig. 7 and give confidence in the method. Some of
the differences foundmight be due to the rapid changes that occur during
pressure adjustments that are more visible with the continuous spectral
collection and to some extent lost in reference analysis because of an
“integrating” or convolution effect of sample collection in our small-
volume lab-scale setup.

4. Conclusion

This study shows the potential of using UV spectroscopy for the
quantitative determination of individual whey protein concentrations in
permeates from protein fractionation processes. By carefully selecting the
appropriate spectral region and spectral preprocessing methods, α-La and
β-Lg concentrations in process and artificial samples were successfully
predicted using PLS regression. The prediction errors in the range from
0.03 to 0.30 w/w% for both α-La and β-Lg which we deem sufficient for
the system investigated. By employing two different calibration strate-
gies, it has been demonstrated that α-La and β-Lg can be quantified
absolutely and independently despite the high degree of covariance be-
tween the components present in a dairy background matrix. A calibra-
tion based on spiked process samples proved to be more suitable for
predicting protein concentrations in process samples compared to the
artificial solutions made from pure proteins – underlining that the whey
matrix is a complex medium that is difficult to mimic with only artificial
solutions.

The results obtained in this work show that UV can be used to
quantify individual proteins at-line without any prior sample prepara-
tion. Implementation of such spectroscopic methods for quality control of
protein fractionation processes would allow for more rapid, cost-effective
and frequent analysis compared to the reference wet-chemistry methods
available today. Furthermore, the developed methods have been tested
for continuous monitoring of a filtration process in a lab-scale setup. UV
7

spectroscopy, coupled with chemometrics techniques, has proven to be
able to follow the changes in individual protein concentration happening
during two different filtration trails. Continuous monitoring of protein
composition can furthermore facilitate a new, in-depth characterization
of membranes, since it can be used to describe the equilibrium that is
formed at the beginning of a filtration process by quantifying the evo-
lution of individual protein concentrations. If adapted to the challenges
of a real life dairy stream (such as increased flow rate), this tool could be
used to improve process development as well as for tracking ultrafiltra-
tion process performance in a production plant. The results from our
study suggest that protein composition can be potentially monitored real-
time in permeates of a whey filtration process with UV spectroscopy and
chemometrics, allowing implementation of Process Analytical Technol-
ogy tools for monitoring, development and (continued) optimization of
protein fractionation processes.
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Appendix A

Table A1
Calibration performance RP-HPLC.

Sample Concentration injected Concentration found Precision Accuracy Concentration injected Concentration found Precision Accuracy

(w/w%)
 (w/w%)
 (RSD %)
 (%)
8

(w/w%)
 (w/w%)
 (RSD %)
 (%)
Intra-day (n ¼ 3)
 Inter-day (n ¼ 3)

α-La
 0.315
 0.298
 0.25
 98.15
 0.307
 0.290
 0.99
 96.97
0.614
 0.638
 1.21
 102.56
 0.597
 0.614
 0.80
 103.48

0.763
 0.759
 1.03
 103.25
 0.743
 0.775
 0.62
 103.03

1.610
 1.551
 0.40
 100.29
 1.567
 1.567
 0.66
 99.85
β-Lg
 0.191
 0.191
 1.32
 99.62
 0.191
 0.198
 1.53
 100.57

0.594
 0.594
 1.03
 100.81
 0.594
 0.587
 1.52
 99.79

1.029
 1.029
 0.70
 99.76
 1.029
 1.023
 0.68
 99.29

1.386
 1.399
 1.03
 101.42
 1.386
 1.412
 1.05
 102.17
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