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Galactooligosaccharides (GOS) production from whey, a relevant by-product of dairy indus-

try,  answers to the Circular Economy principle of extending the life cycle of products. Indeed,

it  allows the reuse of dairy waste to produce prebiotics to be used in functional food prepara-

tions. For this purpose, the effective monitoring of GOS production should be performed in

real time and by environmentally friendly techniques. Thus, FTIR spectroscopy, combined

with  different chemometric approaches, has been tested to assess a Process Analytical Tech-

nology to follow GOS production from cheese whey. Partial Least Square regression models

were reliable for lactose, glucose and galactose determination (Root Mean Square Error of

Prediction of 21.9, 11.1 and 12.4 mg mL−1, respectively). Furthermore, Multivariate Curve

Resolution – Alternating Least Square models were proposed to describe trends of the reac-

tion  components along the process being an interesting alternative to chromatographic

determinations. The real time implementation of the proposed approach will provide the

dairy  industry with a reliable and green Process Analytical Technology for dairy waste real-

location, avoiding sample pre-processing, large use of organic solvents and long times of
artial Least Square regression analysis.

©  2020 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

Two of the most used �gal in industry are obtained from Kluyveromyces
.  Introduction

alactooligosaccharides (GOS) comprise a group of oligomers, derived

rom lactose, possessing functional properties since they act as pre-

iotics and promote benefits in microbial gut and human health

Rodrigues Mano et al., 2019). Indeed, GOS are one of the main prebiotics

sed for functional food preparations. Among their functional proper-

ies, it is possible to mention their ability to increase beneficial gut
icrobiota, immune system modulation and/or antipathogenic effect

∗ Corresponding author at: Università degli Studi di Milano, Departme
eloria, 2, 20133, Milano, Italy.

E-mail address: silvia.grassi@unimi.it (S. Grassi).
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960-3085/© 2020 Institution of Chemical Engineers. Published by Elsev
(Byfield et al., 2010; Sangwan et al., 2011). Besides their functional char-

acteristics, GOS possess desired technological properties which allows

them to be used on different food matrixes like dairy, bakery or bever-

ages, among others (Sangwan et al., 2011).

GOS are produced by lactose transgalactosylation. This reaction is

catalysed by �-galactosidase (�gal) enzymes, obtained from a wide vari-

ety of microorganisms: bacteria, yeast and/or fungi (Byfield et al., 2010).
nt of Food, Environmental and Nutritional Sciences (DeFENS), via

lactis and Aspergillus oryzae (Fischer and Kleinschmidt, 2015). As �gal

ier B.V. All rights reserved.
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Table 1 – Reaction arrays and dose for each assay.

Assay Alias Hal dose (U) Enz dose (U)

Enz:Hal (100:0) WO 37.8 0
Enz:Hal (75:25) W1/4 28.4 0.9
Enz:Hal (50:50) W1/2 18.9 1.9
Enz:Hal (25:75) W3/4 9.9 2.8
Enz:Hal (0:100) WK 0 3.8
possesses double activity (hydrolytic and transgalactosylation), it is

necessary to control the thermodynamics of the reaction by increas-

ing lactose concentration in the media, which favours GOS formation

over monosaccharide release (González-Delgado et al., 2016). GOS pro-

duction depends on many factors like substrate and initial sugar

concentration, pH and temperature of reaction, presence of enzyme

inhibitors and source of enzyme (Chockchaisawasdee et al., 2004).

It has been suggested that a variation in the GOS degree of poly-

merisation and linkages plays an important role on the effect of gut

microbiota (Akiyama et al., 2015). Different assays have shown that

GOS produced by �gal from K. lactis and A. oryzae differs in yields and

composition. Whilst K. lactis GOS are mainly composed of di- and tri-

saccharides, A. oryzae �gal produces GOS from di- to hexa-saccharides

(Gosling et al., 2010). However, yields for lactose transgalactosylation

with K. lactis �gal are around 45–50% of total products (Rico-Rodríguez

et al., 2018). Nonetheless, with A. oryzae �gal this value is lower than

35% (Otieno, 2010).

On the other hand, GOS quantification is generally performed

by high performance liquid chromatography (HPLC) (Hernández-

Hernández et al., 2012) or gas chromatography (GC) (Ruiz-Matute et al.,

2012), two of the most reliable analytical techniques for the purpose.

However, these methods require sample pre-processing (GC), large vol-

umes of organic solvents (HPLC) and long analysis time per sample.

Nowadays, the research for quick-environmentally friendly analyt-

ical techniques has focused on vibrational spectroscopic technologies,

such as mid-infrared, near-infrared and Raman spectroscopy (Moros

et al., 2010).

Fourier transformed mid-infrared (FTIR) has been used in enzy-

matic studies for structural characterization from �-galactosidase

immobilization, encapsulation and conjugation (Gennari et al., 2019;

Li et al., 2019; Eskandarloo and Abbaspourrad, 2018; Misson et al., 2016)

to derivatives examination (Kumar et al., 2020). However, little investi-

gation has been proposed for process monitoring in this field, mainly

represented by the in-line anomer concentration measurements in

solution proposed by Schiele et al. (2020). Furthermore, Romano et al.

(2016) evaluated, by FTIR and Partial Least Squares (PLS) regression, the

effect of sucrose concentration on the composition of enzymatically

synthesized short-chain fructo-oligosaccharides; similarly, the lactose

hydrolysis in milk has been studied by Cocciardi et al. (2004). On the

other hand, FTIR proved to be reliable to control processes in a fast,

real time and non-destructive way (Grassi et al., 2014), or as a tool for

evaluating quality parameters in dairy products (Mohamed et al., 2020)

among others.

Despite this, FTIR technique has few drawbacks. Among them, the

difficult interpretation of the signals, which are often composed of

overlapping spectral bands resulting from absorption of multiple com-

pounds in the sample. In this context, chemometric techniques can

help to overcome interpretation problems and they allow to extract

relevant information. Spectral data can be modelled by both hard-

and soft-modelling methods. Among hard modelling methods, Partial

Least Square (PLS) regression is one of the most used for predicting

quality parameters from a single spectrum after a proper model cali-

bration, thanks to its ability to handle highly overlapping and colinear

data (Martens and Næs, 1989). Instead, Multivariate Curve Resolution

– Alternating Least Square (MCR-ALS) (De Juan and Tauler, 2006), a

soft-modelling method, is useful to describe trends of the reaction

components along the process.

This work aims to develop an analytical technology process based

on FTIR spectroscopy, coupled with multivariate analysis, for at-line

monitoring of GOS production from whey.

2.  Material  and  methods

2.1.  Reagents

Cheese whey  was purchased from CIMPA SAS (Bogotá,
Colombia) with lactose content of 71.12% and <1% of monosac-

charides. Commercial �-galactosidase Enzeco fungal lactase
from A. oryzae (Ao) was provided by Enzyme Development Cor-
poration (New York, USA); HA-Lactase5200 from K. lactis (Kl)
was provided by CHR Hansen (Bogotá, Colombia). Enzymes
had a total protein content, determined by Bradford method
(Bradford, 1976), of 38.9 ± 0.1% (Ao) and 4.8 ± 0.1% (Kl). Enzyme
activities were measured as reported by Rico-Rodríguez et al.
(2018) giving enzyme activity of 15,045 U/g (Ao) and 5172 U/g
(Kl). Bovine serum albumin (BSA), sodium dihydrogen phos-
phate monohydrate, disodium hydrogen phosphate dihydrate,
and sodium hydroxide were purchased from Sigma–Aldrich
(St. Louis, MO). Glucose (Glu), galactose (Gal), lactose (Lac)
and raffinose (DP3), were purchased from Panreac® (Barcelona,
Spain).

2.2.  Enzyme  reactions

All assays were carried out in 50 mL  falcon tubes with an effec-
tive volume of 20 mL  (370 mg  mL−1 of lactose equivalent) in
sodium phosphate buffer solution 0.01 M at pH 6.0 and tem-
perature of 42 ± 1 ◦C. Enzyme doses for each assay are reported
in Table 1. Sampling was done by duplicate after 0, 20, 40, 60,
120, 180, 240, 300 min  of reaction under continuous stirring
at 800 rpm. Samples were immersed in boiling water (5 min)
for enzyme inactivation; afterwards, samples were cooled and
stored at −20 ◦C until carbohydrate quantification.

2.3.  Carbohydrate  quantification

Substrates and products of enzyme reactions were analysed in
an Ultimate 3000 HPLC instrument (Themo Fisher Scientific,
USA). For GOS3, GOS4, GOS5, lactose and monosaccharides a
BP-100 Ca++ (300 mm × 7.8 mm – Benson polymerics, USA)
was set at 80 ◦C and 0.5 mL/min of deionised water flowing
rate. GOS2 were separated from lactose with a Spherisorb S5-
NH2 (250 mm × 4.0 mm – Waters, USA) with acetonitrile:water
(75:25) as eluent at 30 ◦C and 0.75 mL/min flowing rate. Both
measurements were done in a Transgenomic® RI detector.
Calibration curves were performed with appropriate sugar
standards in the linear range 0.05 mg  mL−1 to 5 mg  mL−1.

2.4.  FTIR  measurements

IR spectra, from different enzyme mixture reaction samples,
were collected in transmission mode, with a FT-IR spectrom-
eter (IR-Prestige21, Shimatsu Corporation, Japan) equipped
with an ATR cell. The spectra information was collected in
the range 4000–400 cm−1, with a resolution of 4 cm−1 and 25
scans for both background and samples. For each duplicate of
the enzymatic rection, the same samples were analysed twice;
the total number of collected spectra was 160. Besides, sam-
ples of carbohydrate standards (400 mg mL−1) were analysed
following the same procedure.
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Fig. 1 – Lactose transgalactosylation in presence of �-galactosidase mixture: (A) lactose consumption; (B) GOS production;
(C) glucose production; (D) galactose production; (E) lactose conversion to GOS. Error bars represent the standard deviations
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.5.  Data  processing

he whole wavenumber range (4000–400 cm−1) was reduced to
he fingerprint region (1200–900 cm−1) and spectra were aver-
ged on sample base. Before applying multivariate analysis
ethods, several pre-treatments were performed in order to

ssess which one could efficiently correct scattering effects
nd reduce noise: Standard Normal Variate (SNV), first and
econd derivatives, baseline correction (automatic weighted
east squares) and smoothing (Savitzky–Golay, filter width 7
oints; polynomial order 1).

To predict the amounts of lactose, GOS, glucose and galac-
ose in whey samples, PLS regression was performed by
sing the PLS Toolbox software (Eigenvector Research, Inc.,
enatchee, Washington, USA) implemented in Matlab (Math-
orks, Natick, MA,  USA). For each evaluated parameter, data
ere partitioned in a calibration (including 64 averaged spec-

ra) and a validation set (including 16 averaged spectra).
he validation sets were constructed on reaction bases. This
eans that one out of five enzymatic reactions (16 averaged

pectra) was kept out from the calibration set in an itera-
ive way, thus developing five different models, each of them
ested by one different reaction test set. Models were also
nternally validated by Venetian Blind Cross-Validation, with
0 splits and 2 samples per split, being sure to keep dupli-
ates together. To evaluate model reliability, Root Mean Square
rror of Prediction (RMSEP) was compared with the Root Mean
quare Error of Laboratory (RMSEL). Furthermore, residual
rediction deviation (RPD), i.e. ratio of standard error of perfor-

ance to standard deviation, was calculated to compare the
precision of the prediction with the average composition of all
the samples, as stated by Camacho-Tamayo et al. (2014).

MCR-ALS method was applied on spectra using MCR-ALS
2.0 Toolbox (Jaumot et al., 2015) implemented in Matlab (Math-
Works, Natick, MA, USA). Spectral data were arranged in
five matrices, one for each enzymatic reaction considering
together the duplicates, and analysed separately. For each
model the number of components was selected by Pure Vari-
able detection method. Model optimization was achieved by
iterative implementation of ALS algorithm, i.e. until the Lack
of Fit (LOF) difference in two consecutive iterative cycles was
lower than 0.1%. A systematic investigation on any constraint
in spectral modes of data matrix has be performed via cal-
culation of feasible solutions and interpretation of obtained
results. Then, non-negativity constraint was imposed on both
concentration and spectral profiles to solve MCR-ALS ambi-
guities. For further details about the MCR-ALS procedure and
optimization the reader can refer to Grassi et al. (2019).

3.  Results  and  discussion

3.1.  Kinetics  of  GOS  production  by  HPLC

Transgalactosylation reactions by �gal from two sources (K.
lactis and A. oryzae)  and their mixtures followed the character-
istic lactose consumption (Fig. 1). Lactose conversion for �gal
from the yeast Kluyveromyces lactis results in values over 90%
with a GOS production above 40% – mainly disaccharides and
trisaccharides – and few tetrasaccharides (<20% of the total

GOS). However, combination with �gal from A. oryzae could
lead to better profiles of oligomers present in the final mix-
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ture. In Fig. 1A it is observed that lactose consumption is highly
affected by �gal mixture, i.e. by the enzyme source. When K.
lactis enzyme is predominant in the mixture, Kl and 1A/3K tri-
als, lactose concentration dropped faster than in other cases
to values below 50 mg  mL−1. Nonetheless, kinetic behaviour of
sample 2A/2K, which had equal dose of both enzymes, showed
an unusual trend. Lactose consumed (50% of initial lactose)
by 2A/2K reaction was lower than Ao (63% of initial lactose),
which corresponded to A. oryzae pure enzyme.

In this set of reactions, monosaccharides (Fig. 1C and D)
had one of the most significant variations. Though in all reac-
tions there was a typical increase in the concentration of
monosaccharides (glucose and galactose), there was also, in
each treatment, a significant variation in their amount. K. lactis
enzyme is known by its poor ability to include glucose in GOS
molecule, hence, the concentration of this monosaccharide is
above 40% of total carbohydrates present in media (Jenab et al.,
2017; Rico-Rodríguez et al., 2018). Moreover, galactose release
depends on the ability of the enzyme to transform lactose into
GOS at defined conditions of reaction as the later are mainly
composed of this monosaccharide. In this case, it is possible to
observe that a gradually decreasing in final concentration of
those monosaccharides occurs with the reduction in the con-
centration of initial K. lactis enzyme or with the increase of A.
oryzae enzyme source.

Fig. 1B shows GOS kinetic concentration for each reaction.
Samples Ao, 2A/2K and 3A/1K show a similar kinetics with
GOS concentration increasing over the 5 h of reaction. A typ-
ical trend is shown by Kl; in this reaction, GOS hydrolysis
started after 1 h. For 1A/3K the reaction exhibits similar trend,
nonetheless, maximum concentration was found at 120 min
and GOS hydrolysis is not as fast as Kl. Highest concentra-
tion of GOS was 36% of total carbohydrates and it was reached
after 60 min  for 1A/3K and after 300 min  for 2A/2K. In Fig. 1B
it is notable a clear differentiation in the kinetics of the pure
enzyme K. lactis, if compared to all enzyme combinations.

On the other hand, a graph of lactose conversion to GOS
is presented in Fig. 1E. This graph shows the ability of �gal
to transform lactose to GOS in reaction media. Although in
Fig. 1E the conversion of lactose is well differentiated for
pure enzymes and their mixtures, 2A/2K has a bulging trend,
an unexpected behaviour possibly linked to the interaction
between the enzymes.

Results suggest that �gal from K. lactis consumes high
amounts of lactose (73%) to reach 30% of GOS in media
with initial lactose of 370 mg  mL−1. However, the amount
of required lactose changes gradually when enzyme doses
change in different reactions. Reaction Ao, in which only A.
oryzae enzyme is present, required the lowest amount of lac-
tose to produce the maximum concentration of GOS when
initial lactose was 370 mg  mL−1. Fischer and Fischer and
Kleinschmidt (2018) performed a similar assay, however, they
evaluated time of enzyme addition instead of enzyme con-
centration. The yield they found was significantly lower than
those obtained in the present work, even for pure enzymes.
Another difference, very important for this kind of reac-
tions, is the source of lactose employed in both works. While
Fischer and Fischer and Kleinschmidt (2018) evaluated pure
lactose as reaction media, our work assayed cheese whey,
which as reported by same authors, might interfere signifi-
cantly with enzyme transgalactosylation ability (Fischer and
Kleinschmidt, 2015). Same results were found in a previous

work from our group (Rico-Rodríguez et al., 2020).
3.2.  FTIR  spectroscopy

FTIR data obtained from enzymatic reactions followed a sim-
ilar trend. As the composition of total carbohydrates in the
media changed with time, so FTIR spectra changed. In Fig. 2 it
is possible to observe data collected for treatments Kl (Fig. 2A),
1A/3K (Fig. 2B) and 3A/1K (Fig. 2C) as well as spectra of stan-
dards of lactose, glucose, galactose and GOS (370 mg  mL−1)
(Fig. 2D).

Changes in spectra profiles of GOS reactions are more  evi-
dent in the first minutes of the reactions, especially for Kl and
3A/2K reactions. These changes are linked to the fast drop of
lactose concentration after 40 min  of reaction and to the rise
in glucose, galactose and GOS signals.

Indeed, the FTIR spectra of cheese whey (beginning of the
reactions) are characterised by a broad absorption band from
1200 to 964 cm−1, with two maxima at 1074 and 1034 cm−1 and
a shoulder at 995 cm−1. Those signals are mainly related to lac-
tose presence (the main carbohydrate present in cheese whey
– >98% of total carbohydrates). Pure lactose (Fig. 2D) showed a
profile characterised by a band with a maximum at 1157 cm−1,
followed by a broad band between 1110 and 970 cm−1 with two
maxima with similar absorbance at 1074 cm−1 and 1034 cm−1

and a shoulder at 995 cm−1.
Spectra collected along reactions showed slightly differ-

ent profiles from those collected at the beginning. Particularly,
with the progress of time, the peak at 1100 cm−1 disappears,
the difference between the absorbance at 1074 and 1034 cm−1

increases and a small signal becomes visible at 1050 cm−1.
Those changes can be attributed to the consumption of lac-
tose and the increase of glucose, galactose and GOS. Indeed,
pure glucose and galactose FTIR spectra (Fig. 2D) showed a
spectral profile slightly different from the one of lactose. Even
if the maxima are similar, glucose FTIR profile differs from the
other pure components due to the presence of a shoulder at
1110 cm−1 and a high difference between the maxima at 1074
and 1034 cm−1; whereas the spectra collected for pure galac-
tose is characterised by a higher absorbance at 1148 cm−1 and
the absence of the shoulder at 995 cm−1. For pure GOS spec-
tra (Fig. 2D) the band between 1110 and 970 cm−1 does not
show double maxima but a higher absorbance at 1050 cm−1.
Moreover, the shoulder observed at 995 cm−1 for lactose and
glucose is a distinct peak followed by a peak at 927 cm−1.

Even if the contribution of the pure compounds can be
inferred by visual inspection, the complexity of FTIR data
could be better managed by multivariate approaches such as
PLS and MCR-ALS, with the aim of monitoring GOS formation.

3.3.  PLS  regression

The PLS models were calibrated using 64 averaged spectra
and internally validated by Venetian Blind Cross-Validation.
Furthermore, they were tested for prediction in an iterative
way, i.e. by testing they prediction capability by a validation
set consisting of 16 averaged spectra of one of the enzymatic
reactions performed. In Table 2 are reported the best results
obtained applying PLS regression on pre-treated spectral data,
they were obtained when the validation set was constructed
by Kl, 3A/1K and 1A/3K data. Less promising results (data
not shown) were obtained when Ao and 2A/2K enzymes were
used for validation. These enzymes showed an unexpected
behaviour, more  specifically the reactions presented a lactose

consumption and its conversion to GOS significantly different
from the other three enzymes (Fig. 1A and C).
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Fig. 2 – FTIR spectra in the region 1200–900 cm−1 collected from different enzymatic reactions (A, Kl; B, 3A/1K; C, 1A/3K) and
pure components spectra (D). In A, B and C spectra are coloured according to reaction time (min). In D spectra correspond to
lactose (red, -), glucose (orange, —),  galactose (blue, -.-.) and GOS (green, ���). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Table 2 – PLS regression models for lactose, GOS, glucose and galactose content prediction from FTIR spectra.

Test set LV Pre-treatment RMSEL
(mg mL−1)

RMSEC
(mg mL−1)

RMSECV
(mg mL−1)

RMSEP
(mg mL−1)

R2
Cal R2

CV R2
P

Lactose
Kl  6 Baseline correction

8.2
14.9  19.2 21.9 0.98 0.97 0.98

3A/1K 3 1st derivative 24.7 28.3 28.4 0.94 0.92 0.98
1A/3K 5 Baseline correction 16.6 20.3 22.3 0.98 0.97 0.96

GOS
Kl 7 SNV

3.2
9.4  17.9 18.7 0.95 0.84 0.76

3A/1K 7 Baseline correction 10.2 14.3 16.0 0.94 0.89 0.88
1A/3K 7 1st Derivative 11.7 17.3 19.5 0.92 0.84 0.92

Glucose

Kl 2 1st derivative
8.0

12.6  13.7 14.5 0.91 0.89 0.96
3A/1K 6 Raw 8.1 10.6 11.1 0.97 0.94 0.99
1A/3K 5 Baseline correction 8.7 10.3 12.1 0.97 0.96 0.93

Galactose

Kl 2 1st derivative
8.1

11.9  12.9 23.6 0.8 0.76 0.95
3A/1K 6 SNV 9.6 11.5 12.4 0.91 0.88 0.97
1A/3K 5 Baseline correction 10.1 12.5 12.6 0.92 0.88 0.75

LV, latent variables; SNV, Standard Normal Variate; RMSEL, Root Mean Square Error of Laboratory; RMSEC, Root Mean Square Error of Calibration;
RMSECV, Root Mean Square Error of Cross-Validation; RMSEP, Root Mean Square Error of Prediction; R2, coefficient of determination in calibration
(Cal), cross-validation (CV) and prediction (P).

P
p
s
R
a
h
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a

Considering reactions with Kl, 3A/1K and 1A/3K enzymes
LS results were good both in terms of RMSEP and R2

P. In
articular, lactose models (range 31.50–384.44 mg  mL−1) pre-
ented very high R2 values in prediction (R2

P > 0.96) and a
MSEP value approximately lower than 3 times the RMSEL,
n acceptable error for a NIR application (Shenk and Wester-
aus, 1996). Similarly, Cocciardi et al. (2004) predicted lactose
uring hydrolysis reaction in milk. They obtained a reliable
LS models (SEP of 0.20% w/v) considering a lactose variability

etween 0 and 5% w/v. Our results, converted into percentage,
re comparable being our lowest RMSEP for lactose prediction
6.2% (i.e. 21.9 mg/mL), that is comparable in magnitude with
Cocciardi et al. (2004) SEP expressed in percentage (i.e. 4%).

Furthermore, in Table 2 are reported the models to predict
in a non-destructive, fast and at-line approach the amount
of GOS (range 8.06–151.62 mg  mL−1). The model validated
with 3A/1K spectra, pre-processed with the baseline correc-
tion, using 7 LV gave a RMSEP of 16.0 mg  mL−1 and a R2

P

of 0.88. With the same validation set, good prediction ability
was obtained for both glucose (range 3.90–160.25 mg  mL−1)

−1
and galactose (range 3.60–122.97 mg  mL ). In these cases,
RMSEP values are extremely close to RMSEL values, indicat-
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Fig. 3 – MCR-ALS results for the Kl enzymatic reaction: (A) concentration profiles of lactose and lactose concentration as
determined by HPLC; (B) concentration profiles of GOS and GOS concentration as determined by HPLC; (C) concentration
profiles of glucose-galactose and glucose and galactose concentrations as determined by HPLC; (D) spectral profiles of
lactose, GOS and glucose-galactose.
ing an excellent estimation of these parameters (Shenk and
Westerhaus, 1996).

Referring to the work by Cocciardi et al. (2004), mini-
mum SEP values of 0.13% w/v and 0.075% w/v for glucose
and galactose prediction were reached, respectively. How-
ever, the authors performed a leave-one-out cross-validation
within each enzymatic reaction, thus considering a small
inter-enzyme variability and a small range of sugar con-
tent variability (0–2.5% w/v). Another relevant work in the
field, by Romano et al. (2016), focused on the development of
PLS models to predict the effect of sucrose concentration on
fructo-oligosaccharides (FOS). They reached optimal results
when predicting glucose production by a PLS model with a
R2

P of 0.98 and an RMSEP of 2.028 g of glucose/100 g of sucrose.
Being their variability in a range of 0–56 g of glucose/100 g of
sucrose, the %RMSEP will correspond to 3.6, which is lower
than our (i.e. %RMSEP = 7.1).

Furthermore, our model performances were evaluated in
terms of precision of the prediction with the average com-
position of all the samples, by means of residual prediction
deviation (RPD). GOS and galactose models have an RPD of 2.8
and 2.7 respectively, suggesting a good predictive performance
of the models, whereas lactose and glucose presented an RPD
> 3 (5.9 and 4.9, respectively), indicating an excellent predictive
performance (Saeys et al., 2005).

3.4.  MCR-ALS  models

The promising results obtained by PLS regression, suggested
the possibility of building MCR-ALS models to follow the enzy-
matic reaction in vision of a Process Analytical Technology
able to predict the process kinetics. Thus, an MCR-ALS model
for the duplicates of each enzymatic combination has been
developed.
The application of ALS procedure to the FTIR spectra
collected allowed the resolution of both spectral and concen-
tration profiles by four-component models, retaining at least
99.9% of the total variance, and a LOF lower than 0.44%.

Three out of four MCR-ALS profiles were assigned to lac-
tose, GOS and a combination of Glu and Gal; whereas the
fourth profile was assumed to be an interference used to iso-
late possible noise in the process as reported by Ahmadi et al.
(2015). This is in agreement with previous works, reporting
that the quantification of monosaccharides, Glu and Gal, as
one group (Palai et al., 2012) or as a ratio (González-Delgado
et al., 2016) can ease the analysis of their effect on the kinetic
model for GOS prediction. According to these works, it is rea-
sonable that one of the MCR  resulting profiles is associated to
the sum of the monosaccharides.

The profile identity was confirmed by comparing the spec-
tral features of the pure compounds (Fig. 2D) and their kinetics
measured by HPLC (Fig. 1). Fig. 3 reports the comparison
between MCR-ALS components and the measured trends for
Kl. Lactose MCR-ALS spectral profile (Fig. 3D) showed the char-
acteristics observed for pure lactose FTIR spectra (Fig. 2D) with
a broad band between 1110 and 970 cm−1 with two  maxima at
similar absorbances (1074 cm−1 and 1034 cm−1) and a shoul-
der at 995 cm−1. The related MCR-ALS concentration profile
described a fast decrease in lactose within the 40 min  followed
by a plateau until the end of the process monitoring. This
behaviour is similar to the lactose content quantified by HPLC
analysis, even though by the chromatography determination
lactose reached the plateau less fast, being the concentra-
tion close to 0% after 120 min  (Fig. 3A). The MCR-ALS profile
attributed to GOS showed a peak at 1148 cm−1, a broad band
between 1110 and 970 cm−1, a distinct peak at 950 cm-1 and a
small feature around 927 cm−1 (Fig. 3D). All these characteris-
tics were observed for GOS pure spectra reported in Fig. 2D.
Even if there was a spectral correspondence, the GOS con-
centration profile failed in describing the GOS behaviour as

observed by HPLC analysis. Indeed, even if the GOS concentra-
tion profile described a fast increase in relative concentration
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ithin the first 20 min, its drop has been much higher than
he one recorded by HPLC (Fig. 3B).

Different reasons could explain the failure in kinetic predic-
ion. First of all, it should be considered that in our approach
OS were evaluated as a unique product from the transgalac-

osylation reaction. However, the biochemical reactions for
OS production are rather a complex mechanism in which

actose is converted to one of a wide group of oligosaccharides
erived from lactose (Gosling et al., 2010). Indeed, GOS are a
arbohydrate-based molecule group, thus, they can be consid-
red as a class, but the different proportion of di-, tri-, tetra-,
enta- and hexa- saccharides might affect the kinetic mod-
lling results. For this reason, trying to explain the reaction
hrough a mathematical or a statistical model is not as simple
s one can expect if the total amount of GOS is considered. Sev-
ral attempts to model the kinetics have been assayed (Jenab
t al., 2017; Palai et al., 2012; Warmerdam et al., 2014; Yin et al.,
017), nonetheless, uncertainness is always present.

Furthermore, the considered reaction media, i.e. cheese
hey,  is very complex. Indeed, it contains salts and whey
roteins, as well as a mixture of sugars of different size and

inkages; all of them leading to bands overlapping in the FTIR
ngerprint region (1200–950 cm−1). Even more,  the total con-
ent of saccharides does not change over time, but saccharides
re transformed by the transgalactosylation reaction; so, FTIR
easurements could be less reliable in detecting changes in

OS production. Moreover, to improve the efficacy of this tech-
ique, it would be necessary to test standards of every possible
arbohydrate formed during the reaction.

Even if the MCR-ALS models failed in assessing GOS pro-
uction, model reliability was confirmed for monosaccharides
eleased by the reaction, i.e. glucose and galactose. In fact, the
pectral profile (Fig. 3D) exhibits features resulting from the
ombination of pure glucose and pure galactose FTIR spec-
ra (Fig. 2D). In this case, high correspondence was found
etween the MCR-ALS concentration profile and the monosac-
harides concentrations measured by the chromatographic
ethod (Fig. 3C).
Similar results were obtained by MCR-ALS models devel-

ped for 1A/3K (Fig. 1S) and 3A/1K (Fig. 2S). Indeed, lactose
ecrease, as well as the glucose and galactose production, has
een detected with a faster drop by the MCR-ALS models, espe-
ially for 1A/3K duplicates. However, the GOS production was
ot systematically modelled by MCR  algorithm, especially for
A/3K trials. Regardless GOS typical behaviour after reaching
heir maximum value is to follow a reduction in their concen-
ration due to hydrolytic enzyme property, this depletion was
epicted faster than the observed HPLC data.

.  Conclusions

ifferent chemometric approaches have been tested to assess
 Process Analytical Technology to follow GOS production
rom lactose naturally present in dairy industry waste by FTIR
pectroscopy. PLS regression models demonstrated to be reli-
ble to assess lactose, glucose and galactose content in a
on-destructive, fast and at-line approach, which could be
sed for real time applications in the future. Indeed, their pre-
iction by Kl or 3A/1K enzymatic reaction led to good fit (R2

P >
.97) and acceptable errors (RMSEP of 21.9 mg  mL−1 for lactose,
1.1 mg  mL−1 for glucose and 12.4 mg mL−1 for galactose).

nfortunately, GOS prediction by regression models did not

each the same performance. This could be linked to the devel-
opment of a model considering GOS as a unique class, whereas
it is quite heterogeneous accounting for di-, tri-, tetra-, penta-
and hexa- saccharides.

Furthermore, an MCR-ALS model for each enzymatic com-
bination has been developed focusing more  on the process
kinetics rather than the prediction of each component. Three
MCR-ALS profiles were assigned to lactose, GOS and a combi-
nation of glucose and galactose. The corresponding MCR-ALS
concentration profiles gave trends similar to the sugar concen-
trations measured by the chromatographic method, however
they demonstrated not to be enough accurate to be imple-
mented. Thus, this work should be considered as a preliminary
analysis to demonstrate the potential of FTIR spectroscopy,
combined with Chemometrics, to follow the kinetics of GOS
production from lactose naturally present in dairy industry
waste.

The future implementation of this approach to real time
systems will answer the need of Circular Economy by provid-
ing a reliable monitoring of dairy waste reallocation, avoiding
sample pre-processing, large volumes of organic solvents and
long-time of analysis. In any case, further investigation is sug-
gested to better assess specific GOS prediction by a single FTIR
analysis.
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