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a b s t r a c t

The impact of lactose to whey protein ratio on processed-induced protein modifications was investigated
in powdered model infant formula. Model samples were prepared with different lactose to whey protein
ratios and different total protein concentrations; protein modifications were evaluated before, during
and after processing. Lab-scale equipment was used to mimic commercial manufacturing, and a
powdered young-child formula was included to elucidate cumulative effects of commercial unit oper-
ations. Maillard-related and structural protein modifications were affected differently by unit operations,
both in model samples and commercial formula. Maillard reaction products (furosine, a-dicarbonyls and
advanced glycation end products) increased with increased lactose content of model samples, whereas
absence of lactose facilitated formation of disulphide-linked aggregates, lysinoalanine and lanthionine.
The lowest level of protein modifications was observed at a 30:70 lactose to whey protein ratio, sug-
gesting partial dry blending of lactose as a feasible approach to improve protein quality in powdered
infant formula.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Infant formula (IF) is composed to mimic breastmilk, where
half the dry matter (DM) is lactose and around 12% is protein, of
which whey proteins constitute around 60%. Consequently, the IF
composition makes it prone to structural protein modifications,
including protein denaturation and aggregation, and formation of
Maillard reaction products during thermal processing when
compared with milk (Pischetsrieder & Henle, 2012). Furosine,
which is a marker for early Maillard reaction products and N-
ε-carboxymethyllysine (CML), an advanced glycation end product
(AGE), have previously been quantified in powdered IFs, ranging
from 11700-14600 and 14e148 ng mg�1 protein, respectively
(Akillioglu & Lund, 2022; Chen et al., 2019; Fenaille et al., 2006;
Troise, Fiore, Wiltafsky, & Fogliano, 2015). More recently, a-
dicarbonyls, which are reactive intermediates formed during the
Maillard reaction, and a broader range of AGEs than only CML
have been quantified in powdered IFs (Lund, Bechshøft, Ray, &
ier Ltd. This is an open access arti
Lund, 2022). Currently, there is no clear consensus on how di-
etary Maillard reaction products may affect human health, but
high levels have been associated with potential health implica-
tions and lower nutritional quality due to loss of essential and
semi-essential amino acids (ALjahdali & Carbonero, 2019;
Hellwig, Gensberger-Reigl, Henle, & Pischetsrieder, 2017;
Nowotny, Schr€oter, Schreiner, & Grune, 2018; Zhang, Wang, & Fu,
2020). Regardless, there is a need to explore strategies for opti-
mised manufacturing of powdered IF, since infants rely on
obtaining their nutritional needs entirely by IF when breastmilk
is not an option.

Several unit operations are included in the manufacturing of
powdered IF. The first step covers blending of ingredients, which
is commonly achieved by wet blending, where dry ingredients are
rehydrated by mixing with liquid ingredients. The IF fat fraction
commonly consists of a vegetable oil blend, and this is therefore
usually a liquid ingredient. Furthermore, skim milk, oligosaccha-
rides and vitamins may also be added as liquids. If all IF compo-
nents exist in a dry state, the mixing can be achieved by dry
blending. It is also possible to use a combination of wet and dry
blending during manufacturing of powdered IF (reviewed by
cle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Schuck et al., 2016). An example would be full or partial dry
blending of lactose, which in this study refers to an IF
manufacturing approach, where all IF ingredients besides lactose
are mixed by wet blending before undergoing the IF unit opera-
tions. Subsequently, the spray dried mix of IF ingredients is dry
blended with powdered lactose to achieve the final composition
of a powdered IF.

The purpose of this study was to investigate the impact of
different lactose to whey protein ratios on process-induced pro-
tein modifications, and whether full or partial dry blending of
lactose could be a feasible approach to reduce protein modifica-
tions during manufacturing of powdered IF. It was hypothesised
that formation of Maillard reaction products during processing
would decrease when lactose is omitted from the liquid IF mix
and instead added after spray drying by dry blending. However,
thermal treatments of whey proteins in the presence of lactose
has been shown to increase the denaturation temperature,
resulting in decreased denaturation and aggregation (Murphy,
Fenelon, Roos, & Hogan, 2014; Rich & Foegeding, 2000).
Depending on the severity, denaturation and aggregation can
result in decreased nutritional value by impaired digestibility
(Deng, Govers, Tomassen, Hettinga, & Wichers, 2020; Lieshout,
Lambers, Bragt, & Hettinga, 2019). In addition, thermal process-
ing of whey proteins, can also lead to formation of the non-
reducible protein crosslinks lysinoalanine (LAL) or lanthionine
(LAN), which may impact protein quality (Friedman, 1999). The
reaction of lactose with milk proteins, caused by the Maillard
reaction, may lead to protein unfolding, which can promote
protein aggregation or further facilitate the formation of Maillard
reaction products. The reactions behind these two types of pro-
tein modifications can therefore affect each other and may thus
be difficult to separate. However, the aim of this study was to
characterise and quantify protein modifications to evaluate if the
overall level of protein modifications can be reduced by altering
the lactose to protein ratio. It was hypothesised that decreased
lactose to whey protein ratio during processing would facilitate
structural protein modifications, but decrease Maillard reaction
products. Therefore, four different lactose to whey protein ratios
were investigated. The highest ratio would correspond to wet
blending of all IF ingredients, whereas the lowest would reflect a
scenario where all lactose is mixed by dry blending with the
remaining spray dried IF ingredients. Samples were normalised
according to DM to ensure that equal heat load was applied
during evaporation of water. Whey protein concentrate is the
most used whey protein ingredient in IF, but undergoes several
processing steps, where proteins are heated in the presence of
lactose, resulting in undesired levels of protein modifications
(Cattaneo, Masotti, & Pellegrino, 2009; Contreras-Calder�on,
Guerra-Hern�andez, & García-Villanova, 2008; Lund et al., 2022).
Therefore, a liquid stream of serum protein isolate (SPI) was used
as the whey protein ingredient, to have a minimally processed
whey protein ingredient that could still be applied in IF
manufacturing. Lab-scale equipment was used to mimic IF
manufacturing, where samples of the four blending approaches
were evaluated before, during and after processing. In addition, a
commercial powdered young-child formula (YCF) was included
for comparison so that the cumulative effects of industrial unit
operations on protein modifications could be probed. Furosine, a-
dicarbonyls, AGEs, and unmodified lysine and arginine were
quantified using LC-MS/MS. Structural protein modifications
2

were evaluated by sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) and quantification of LAL and LAN.

2. Material and methods

2.1. Chemicals

b-Lactoglobulin (�90%), a-lactalbumin (type III, calcium
depleted, �85%), bovine serum albumin (�96%), lactoferrin (~90%),
aS-casein (�70%), b-casein (�98%), k-casein (�70%), glyoxal (40%,
w/w, in H2O), 2-methylglyoxal (40%, w/w, in H2O), glucosone
(�97%), L-lysine (�98%), L-arginine (�98%), d4-lysine (�98%) and DL-
LAN (�98%) were purchased from SigmaeAldrich Co. (St. Louis, MO,
USA). 3,4-Dideoxyglucosone-3-ene (3,4-DGE,�98%) and 2-(20,30,40-
trihydroxybutyl)quinoxaline (�97%) were purchased from Carbo-
synth Ltd (Berkshire, UK). Diacetyl (�97%) was purchased from
Merck KGaA (Darmstadt, Germany).

The following standards and internal standards were pur-
chased from Iris Biotech GmbH (Marktredwirtz, Germany), with
net weight values given as percentage: N-ε-carboxyethyllysine
(CEL, 89.6%), N-ε-carboxymethyllysine (CML, 95.5%), glyoxal-
lysine dimer trifluoroacetic acid (TFA) salt (GOLD, 94.1%),
methylglyoxal-hydroimidazolone 3 TFA salt (MG-H3, 50.5%),
glyoxal-hydroimidazolone 1 (GO-H1, 80.7%), furosine HCl salt
(72.7%), LAL HCl salt (mixture of two diastereoisomers, 62.7%),
MG-H1-d3 acetate salt (90.5%), CEL-d4 (78.3%), CML-d4 (94.4%),
MOLD-15N2 acetate salt (88.9%) and furosine-d4 HCl salt (52.8%).
Net weight values were not provided from the company for
following standards and internal standards, with chromato-
graphic purities given as percentage: Pentosidine TFA salt
(�99%), methylglyoxal-lysine dimer acetate salt (MOLD; �96%),
GO-H1-13C2 (�97%) and GOLD-15N2 acetic acid salt (�96%),
consequently MOLD and pentosidine could only be determined
qualitatively. NuPAGE™ 3-(N-morpholino)propanesulfonic acid
SDS running buffer 20X and NuPAGE™ lithium dodedycyl sul-
phate sample buffer 4X were purchased from Thermo Fisher
Scientific (Carlsbad, CA, USA). Deionised water was obtained from
a Milli-Q water system (Millipore Corporation, Bedford, MA,
USA).

2.2. Young-child formula

A powdered YCF was manufactured at Arla Foods Ingredients
Group P/S (Viby, Denmark). Liquid serum protein concentrate
(SPC) was produced by microfiltration of pasteurised skim milk
(72 �C, 15 s) and obtained from the permeate, where diafiltration
had been applied to wash the whey proteins into the permeate
stream. The liquid SPC was subjected to a heat treatment (65 �C,
15 s) before being mixed with milk protein concentrate (MPC) to
reach a casein to whey protein ratio of 70:30. MPC was obtained
from the retentate of ultrafiltration of pasteurised skim milk
(72 �C for 15 s). Lactose, vegetable oil blend, vitamins, minerals,
galactooligosaccharides (GOS) and fructooligosaccharides (FOS)
were added and mixed by wet blending, and the mix was pro-
cessed using standard IF processing comprising direct steam in-
jection (DSI), evaporation and spray drying. It was not possible to
obtain a sample after DSI, but a sample was collected after
evaporation (Fig. 1). Samples were kept at �40 �C until analysis
and protein, lactose, fat and DM content were measured using
standard methods (ISO/IDF, 2002, 2004, 2008).



Fig. 1. Process flow chart of young-child formula (left, blue), with sampling prior to processing (Mix), after direct steam injection and evaporation (DSI þ evap) and after spray
drying (DSI þ evap þ spray). Preparation and process flow chart of four model samples (right, grey) with lactose to whey protein ratios of 0:100, 30:70, 60:40 and 90:10, with
sampling prior to processing (Mix), after evaporation (Evap) and after spray drying (Evap þ spray).

P. Lund, F. Mardal, C.A. Ray et al. International Dairy Journal 132 (2022) 105397
2.3. Model samples

Liquid serum protein isolate (SPI) was produced at Arla Foods
Ingredients Group P/S (Viby, Denmark) from the permeate of
microfiltration and diafiltration of pasteurised skim milk (72 �C,
15 s), where ultrafiltration and diafiltration subsequently were
applied to wash out lactose and obtain a DM content of ~27% (w/w),
where whey proteins constituted ~90% (w/w) of total DM. The
liquid SPI was stored at �20 �C.

A model sample that only consisted of whey proteins was pre-
pared by diluting SPI to 20% (w/w) DM and adjusting to pH 6.8. This
resulted in a lactose to whey protein ratio of 0:100, and reflected
full dry blending of lactose, where all the lactose is added to the
remaining ingredients after spray drying.

The remaining model samples also had 20% (w/w) DM, but were
prepared by mixing SPI with a commercially available Premium
Lactose© for wet blend IF (Arla Foods Ingredients Group P/S, Viby,
Denmark) at different ratios, and also adjusted to pH 6.8. This
resulted in model samples with lactose to whey protein ratios of
30:70, 60:40 and 90:10. The ratio 90:10 reflects an IF produced by
wet blending. The remaining ratios 30:70 and 60:40 reflect sce-
narios where lactose is mixed by a combination of dry and wet
blending (Fig. 1).

The model samples were processed using lab-scale equipment
with the purpose to mimic unit operations of the powdered YCF.
However, the DSI was omitted since the rapid heating and cooling
rates could not be mimicked while providing the necessary volume
for subsequent evaporation and spray drying. The model samples
was concentrated at 55 �C to approximately 50% (w/w) using a
Rotavapor® R-220 SE (BÜCHI Labortechnik AG, Flawil, Switzerland)
at 75 �C and 165 mbar with 80 rpm rotation. The evaporation was
accomplished in 30e45 min, with the exception of batch 3 of the
30:70 sample, which took 110 min. Samples were kept at �40 �C
after evaporation for maximum one week.

Prior to spray drying, samples were thawed and heated in a
waterbath (50 �C, 15 min) with magnetic stirring to decrease vis-
cosity of samples with high protein concentration (0:100 and
30:70), and to increase solubility of lactose in samples with high
lactose concentration (60:40 and 90:10). Furthermore, this ensured
that the spray drying feedwas homogenous and kept at 50 �C for all
samples. Evaporated samples were spray dried using a Mini Spray
Dryer B-290 (BÜCHI Labortechnik AG). Air flow meter valve at
40 mm and 100% aspirator rate were kept constant for all samples.
3

Due to viscosity differences, the inlet air temperature (150e170 �C)
and pump rate (85e100%) were adjusted to maintain a constant
outlet product temperature of 85 �C. Each samplewas prepared and
processed in triplicates and kept at �40 �C until analysis.

DM was measured for all samples, including SPI and lactose,
based on ISO/IDF (2010). Protein and lactose content were
measured for SPI and lactose using standards methods (ISO/IDF,
2002, 2004), and used to calculate protein and lactose content of
model samples based on measured DM. Protein composition of SPI
was determined by reversed phase liquid chromatography (RP-LC)
with UV detection as described previously (Lund et al., 2022).

2.4. Quantification of a-dicarbonyls

Samples were derivatised with o-phenylenediamine and 11 a-
dicarbonyls were separated by RP-LC and detected by MS/MS ac-
cording to a previous method (Lund et al., 2022) with the following
modifications. The LC-MS instrument was a Vanquish Flex UHPLC
system coupled with a TSQ Quantis™ Triple Quadrupole Mass
Spectrometer (Thermo Fisher Scientific Inc., Waltham, USA). Elec-
trospray ionisation was operated in positive mode (3.5 kV spray
voltage, 300 �C ion transfer tube temperature, 350 �C vaporiser
temperature, sheath gas flow rate 50 arbitrary units, auxiliary gas
flow rate 10 arbitrary units, sweep gas flow rate 1 arbitrary units.
Selected reaction monitoring was used for quantification (see
Table 1) with Q1 resolution of 0.7 and Q3 resolution of 1.2 with 0.8 s
cycle time and 1.5 mTorr CID gas. Quantification was achieved by
external calibration curves, ranging from 0.5-150 ng mL�1 and
2e1500 ng mL�1 for 3-DG quinoxaline, with coefficients of deter-
mination �0.9844.

2.5. Quantification of AGEs, LAN, LAL, furosine and unmodified
lysine and arginine

Samples were prepared and analysed according to a previous
validated method (Akillioglu & Lund, 2022; Lund et al., 2022) to
quantify six AGEs (MG-H1/2/3, GO-H1/2/3, CEL, pentosidine, GOLD
and MOLD), LAN, LAL, furosine and unmodified lysine and arginine,
with some modifications. Oven assisted acid hydrolysis was used
for protein hydrolysis (Akillioglu & Lund, 2022), where 500 mL
diluted sample (10 mg protein mL�1) was mixed with 500 mL 12 M

HCl. Samples where flushed with nitrogen and hydrolysed at 110 �C
for 23 h in a heating cabinet. Hydrolysates were centrifuged



Table 1
Mass spectrometry parameters for a-dicarbonyls.

Analyte Precursor ion Collision energy (V) Production Retention time (min)

#1 #2 #3

Galactosone 251.1 20 173.1 161.1 233.2 4.62
Glucosone 251.1 20 173.1 161.1 233.2 4.92
1-Deoxyglucosone (1-DG) 235.1 20 171.1 199.1 157.0 6.21
3-Deoxyglucosone (3-DG) 235.1 20 199.1 171.1 157.0 6.99
3-Deoxugalactosone (3-DGal) 235.1 20 199.1 171.1 157.0 7.23
1-Deoxypentosulose (1-DPs) 205.1 20 187.1 169.2 145.1 7.96
3-Deoxypentosulose (3-DPs) 205.1 20 158.1 187.1 174.1 8.20
Glyoxal 131.1 35 77.0 104.0 95.1 8.46
3,4-Dideoxyglucosone (3,4-DGE) 217.1 18 169.1 181.1 e 10.97
Methylglyoxal 145.1 32 77.0 118.1 95.1 11.19
Diacetyl 159.1 35 77.0 91.1 95.1 12.74
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(22,000�g, 5 min) and filtered (0.45 mm) before evaporation to
dryness using Savant® SPD131DDA SpeedVac Concentrator
(Thermo Fisher Scientific Inc.). Hydrolysates were resuspended in
Milli-Q water and diluted in 50:50 ACN:Milli-Q water (2.4 mg
protein mL�1) and isotopically labelled internal standards were
added (78 ng internal standard mL�1 and 322 ng furosine-d4 mL�1)
before filtering (0.2 mm), separation by HILIC and detection by MS/
MS. Quantification was achieved based on internal standard cali-
bration, with calibration curves ranging from 2-150 ng mL�1 and
100e6520 ng mL�1 for furosine, with coefficients of determination
�0.9799. For quantification of unmodified arginine and lysine, the
hydrolysates were resuspended in Milli-Q water and diluted in
50:50 ACN:Milli-Q water (0.04mg protein mL�1) and lysine-d4 was
added (3000 ng mL�1) before filtration (0.2 mm). Separation was
carried out using 5 mM ammonium formate in Milli-Q water (sol-
vent A) and in 94.6% ACN (solvent B) adjusted to pH 2.5 with formic
acid at 0.250 mL min�1 by the following gradient: 90%B 0e1 min,
90e65%B 1e1.5 min and 65%B 1.5e7 min. Quantification was ach-
ieved by internal standard calibration, with calibration curves
ranging from 500-3000 ng mL�1 for arginine and
500e6500 ng mL�1 for lysine, with coefficients of determination
�0.9967.

2.6. CML

Sample preparation was conducted according to Delatour et al.
(2009) with modifications. Oven assisted acid hydrolysis was per-
formed under reduced conditions, where 100 mL diluted sample
(20 mg protein mL�1) was mixed with 250 mL sodium borohydride
(1 M in 0.1 M NaOH) and 400 mL sodium borate (0.2 M, pH 9.2) and
left at room temperature for 4 h. Then, 750 mL 12 M HCl was added
and samples were flushed with nitrogen and hydrolysed at 110 �C
for 23 h in a heating cabinet. Remaining sample preparation and
analysis were performed according to quantification of AGEs (Sec-
tion 2.5), with the following exceptions. Prepared samples con-
tained 0.63 mg protein mL�1, 35 V normalised collision energy for
CML and quantification based on the product ion m/z 84.0811. SPE
clean-up of samples was omitted, and matrix matched calibration
was done to account for possible ionisation effects of sodium
borohydride and/or sodium borate. The calibration curve ranged
from 2-25 ng mL�1 (r2 ¼ 0.9966).

2.7. SDS-PAGE

Samples were diluted with Milli-Q water (20 mg protein mL�1)
and preparation of loading samples and electrophoresis was per-
formed as previously described (Lund et al., 2022). First, formula
samples (4.0 mg protein mL�1) and spray dried model samples
(5.3 mg protein mL�1) were evaluated under non-reduced and
4

reduced conditions. Subsequently, spray dried model samples were
run under non-reduced conditions at 2.5 and 12.5 mg protein mL�1

(low and high concentration, respectively). High protein concen-
tration was used to visualise differences in large disulphide-linked
aggregates, where low protein concentration was necessary to
avoid overloading of bands of a-lactalbumin and b-lactoglobulin. In
addition, all samples with 0:100 lactose to whey protein ratio were
run under non-reduced conditions at high protein concentration.
Three microlitres of Unstained Protein Molecular Weight Marker
(Thermo Fisher Scientific, Vilnius, Lithuania) was added to each gel.

2.8. Data analysis

For each model sample, the three independent batches were
prepared and analysed in duplicates, where remaining samples
were prepared and analysed in triplicates. Quantified values are
given as mean values with standard deviation. Significant differ-
ence was calculated using the Tukey's honest significant difference
(HSD) test at p < 0.05. Slope of the calibration curve and standard
error of y-intercepts were used to calculate limit of detection (LOD)
and limit of quantification (LOQ). Principal component analysis
(PCA) was used to evaluate possible correlations of blending
approach and processing on quantified protein modifications in
model samples. The PCA model was calculated based on existing
algorithms in R, with auto scaling of the full dataset.

3. Results and discussion

3.1. Cumulative effects of unit operations in powdered young-child
formula

The mix had 20.5% (w/w) DM, which increased to 54.1% (w/w)
and 96.0% (w/w) after evaporation and spray drying, respectively.
The DM compositionwas 54% (w/w) lactose, 29% (w/w) fat and 12%
(w/w) protein, where the remaining 6% (w/w) consisted of oligo-
saccharides, vitamins, minerals and other components. Despite
differences in casein to whey protein ratios, which is 40:60 for IF,
the investigated YCF had a composition similar to that of a regular
IF. However, there are currently no legal requirements for the
composition of YCF, and large variations are observed between
commercial formulas (European Commision, 2016). Therefore, care
should be taken when comparing protein modifications of the YCF
with other formulations, such as IF or follow-on formula.

DSI and evaporation had no significant impact on unmodified
lysine and arginine, but after spray drying significant losses of 12
and 14%, respectively, were observed (Fig. 2), which indicated for-
mation of Maillard reaction products. The YCF formula had a lower
level of unmodified lysine and higher level of unmodified arginine
compared with the SPC-based powdered IF previously studied



Fig. 2. Unmodified lysine (A) and arginine (B) in young-child formula before, during
and after processing. Different letters indicate significant differences (Tukey's HSD,
p < 0.05).
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(Lund et al., 2022). This difference was ascribed to the 70:30 casein
to whey protein ratio of the formula, whereas the IFs from our
previous study had a ratio of 40:60.

Amadori products are early Maillard reaction products formed
from lysine residues. During the acid hydrolysis that is used in
the analysis of Maillard reaction products, Amadori products are
converted into furosine, which is often used as a marker for the
early stage of the Maillard reaction to evaluate the severity of
thermal processing of dairy products (Erbersdobler & Somoza,
2007). Prior to processing, the mix had a furosine content of
117 ± 1 ng mg�1 protein (Fig. 3A), which is similar to what has
been observed for pasteurised bovine milk (Birlouez-Aragon
et al., 1998; Fenaille et al., 2006). The spray dried formula had a
furosine content of 2180 ± 60 ng mg�1 protein, which is equiv-
alent to a 19-fold increase when compared with the mix. Even
though the DSI and/or evaporation had a significant impact on
furosine formation and caused a 3-fold increase, it was only
responsible for 12% of the increase in furosine during processing.
Yu et al. (2021) observed a similar trend in IF, where spray drying
had a larger impact on furosine formation than evaporation. A
significant loss in unmodified lysine was only observed after
spray drying (Fig. 2A), which is consistent with the observed
increase in furosine content (Fig. 3A).

3-DG was the most abundant a-dicarbonyl, and significant in-
creases were observed after DSIþevaporation and after spray dry-
ing (Table 2). This effect of processing was also observed for
Fig. 3. Quantified furosine (A) and AGEs (MG-H3 equivalents, GO-H1 equivalents, CML and C
letters indicate significant differences (Tukey's HSD, p < 0.05).

5

glucosone, 3,4-DGE, galactosone, 1-DPs, and glyoxal, whereas the
concentration of 3-DGal did not increase significantly after spray
drying. A significant increase in methylglyoxal was only observed
after spray drying. Diacetyl, 3-DPs and 1-DG were below LOQ in all
samples. a-Dicarbonyls are quantified as steady-state concentra-
tions, and cannot be used alone to evaluate the extent of the
Maillard reaction. A constant level can be observed prior to and
after processing if the rate of formation is equal to the rate of
further reactions, such as reactionwith amino acid residues to form
AGEs. However, dose-dependent cytotoxic effects of a-dicarbonyls,
especially methylglyoxal, on mucosal epithelial cells have been
observed (Cepas et al., 2021), which demonstrates the relevance of
evaluating the impact of processing on a-dicarbonyl formation to
improve formula quality. a-Dicarbonyls can be generated from
degradation of carbohydrates or by the Maillard reaction, where
glucosone, galactosone, 3-DG, 3-DGal and 3,4-DGE are derived
from glucose or galactose, with 3,4-DGE being an intermediate of 3-
DG and 3-DGal. Furthermore, diacetyl, methylglyoxal and glyoxal
are small a-dicarbonyls that can be formed from fragmentation of
deoxyosones. The formation of 1-DPs from lactose is yet to be
investigated, but Hollnagel and Kroh (2002) suggested that 3-DPs is
formed from oligosaccharides such as GOS and FOS, which were
added to the formula.

The concentrations of all detected AGEs were found to increase
significantly during processing, except MG-H isomers (MG-H1/2/
3, collectively denoted MG-Hs) (Fig. 3). DSI, evaporation and spray
drying caused CML levels to increase by 2.6-fold, whereas GO-Hs
only increased by 1.3-fold. A similar relative difference has been
observed in IF, where higher CML levels were observed after spray
drying when compared with after evaporation (Yu et al., 2021).
CML can be formed from multiple pathways (Thorpe & Baynes,
2002), and has been observed as the most abundant dietary
AGE. However, fructoselysine can convert to CML during acid
hydrolysis and result in overestimation if the reduction step is
omitted (Ahmed, Thorpe,& Baynes, 1986), and thus care should be
taken if comparing CML levels obtained by different hydrolysis
approaches.

Quantification of multiple AGEs before and after processing
revealed that powder processing facilitated formation of CEL and
in particular CML, whereas GO-Hs and MG-Hs seemed to originate
mostly from the formula ingredients. MG-Hs were the most
abundant AGEs in the formula prior to processing. DSI and/or
evaporation lead to a significant increase in MG-Hs, but surpris-
ingly the level decreased after spray drying, which indicated
conversion of MG-Hs to other compounds during spray drying.
Even though a significant loss after spray drying was observed for
EL) (B) in young-child formula before ( ), during ( ) and after processing ( ). Different



Table 2
Quantified a-dicarbonyls (ng mg�1 protein) in young-child formula prior to processing (Mix), after DSI and evaporation (DSI þ evap) and after spray drying
(DSI þ evap þ spray).a

Parameter Glucosone 3-DG 3,4-DGE Galactosone 3-DGal 1-DPs Glyoxal Methylglyoxal

Mix <LOQ 10.0 ± 6.9a <LOQ <LOD <LOQ <LOD <LOQ <LOQ
DSI þ evap 11.5 ± 0.7a 50.1 ± 0.5b 6.11 ± 0.13a 7.40 ± 0.34a 6.29 ± 0.21a 6.42 ± 0.19a 3.66 ± 0.16a <LOQ
DSI þ evap þ spray 13.0 ± 0.4b 79.6 ± 2.4c 39.1 ± 1.3b 5.82 ± 0.22b 7.71 ± 0.18a 10.9 ± 0.2b 4.29 ± 0.38b 7.24 ± 0.36
LOD/LOQ 0.49/1.64 0.70/2.33 0.846/2.79 0.49/1.64 0.70/2.33 0.70/2.33 0.51/1.71 0.67/2.22

a Abbreviations are: 3-DG, 3-deoxyglucosone; 3,4-DGE, 3,4-dideoxyglucosone; 3-DGal, 3-deoxugalactosone; 1-DPs, 1-deoxypentosulose. Different superscript letters
indicate significant differences within a column (Tukey's HSD, p < 0.05).
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unmodified arginine (~5000 ng mg�1 protein) it cannot be solely
attributed to formation of the arginine derived AGEs, MG-Hs and
GO-Hs. Significant formation of CEL was observed after evapora-
tion and after spray drying. CEL and MG-Hs are derived from
methylglyoxal, which only increased significantly after spray
drying, but the increase in methylglyoxal-derived AGEs after
evaporation infers that DSI and/or evaporation facilitated forma-
tion of methylglyoxal as well. Formation of the glyoxal-derived
AGE, GO-Hs, followed that of glyoxal. MOLD and GOLD, both
lysine-derived AGEs, and pentosidine, a cross-link between one
lysine and one arginine residue, were not detected prior to or after
processing. When evaluating formation of Amadori products
(detected as furosine) (Fig. 3A), a-dicarbonyls (Table 2) and AGEs
(Fig. 3B), it seems that Amadori product formation was the main
cause for the observed loss of unmodified lysine during spray
drying (Fig. 2), but unit operations prior to spray drying facilitated
protein modifications as well.

Reducible (i.e., mainly disulphides) and non-reducible crosslinks
were evaluated by SDS-PAGE (Fig. 4A). In the YCF mix, a faint band
above 116 kDa was observed under non-reduced conditions, which
disappeared under reduced conditions. This was assigned to
immunoglobulin G (~150 kDa) and could not be observed after
evaporation or spray drying. A high molecular mass (HMW) smear
(>66.2 kDa) was observed under non-reduced conditions in the mix,
which disappeared under reduced conditions, indicating the pres-
ence of disulphide-linked protein prior to processing. DSI and/or
evaporation caused a pronounced increase in disulphide-linked
protein aggregates, visualised as an increase in smear throughout
the lanes of the non-reduced gel, and this was even more pro-
nounced after spray drying. The observed smearing may also be
related to the presence of emulsified fat. Under non-reduced con-
ditions, the smear above the casein bands increased and the b-
lactoglobulin bands decreased during processing, which would be
consistent with disulphide-linked association of b-lactoglobulinwith
k-casein at the surface of the casein micelles, which is known to
occur during thermal processing (reviewed by Anema, 2014). Under
reduced conditions, a faint band around 35 kDa (indicated with an
arrow in Fig. 4A) were observed during and after processing, which
could indicate formation of non-reducible crosslinks. In general, SDS-
PAGE results revealed that the majority of disulphide-linked protein
aggregates in the spray dried formulawere formed during DSI and/or
evaporation. A previous study found that a heat treatment (90 �C,
2e3 s) prior to evaporation had the largest impact on whey protein
denaturation, when compared with the evaporation and spray dry-
ing steps alone (Yu et al., 2021). This indicated that the DSI step may
have a significant impact on disulphide bond formation when
compared with the evaporation step.

LAL and LAN are amino acid crosslinks that can be formed both
within and between proteins. LAL and LAN concentrations
increased after DSI and/or evaporation, while the impact of spray
6

drying was not significant (Fig. 4B and C). LAL could be quantified
prior to processing, while the LAN concentration was below LOQ.
The LAL concentration in the spray dried formula was in the lower
range compared with other studies, where LAL contents ranged
from 10-390 ng mg�1 protein (with an average of 137 ng mg�1

protein), in 10 commercial liquid follow-on IFs (Cattaneo et al.,
2009; D'Agostina, Boschin, Rinaldi, & Arnoldi, 2003). In powdered
IFs, Fenaille et al. (2006) found LAL levels in the range of
7.5e43.4 ng mg�1 protein of 8 commercial formulas, where
Akillioglu and Lund (2022) observed 187 and 5.4 ngmg�1 protein of
LAL and LAN, respectively. LAL and LAN concentrations followed
the same pattern as the SDS-PAGE results, where DSI and evapo-
ration caused a more significant formation of crosslinks as
compared with the spray drying. Consequently, the protein modi-
fications related to structural changes followed a different trend
when compared with Maillard related protein modifications.

It was demonstrated that DSI, evaporation and spray drying
were responsible for formation of protein modifications, where
unit operations had a different impact on formation of Maillard
reaction products and protein crosslinks in YCF.
3.2. The impact of lactose on process-induced protein modifications
in model samples

Protein, lactose and DM content of the four model samples are
shown in Fig. 5. The protein composition of model samples re-
flected that of SPI, which consisted of b-lactoglobulin (57%) and a-
lactalbumin (23%) and b-casein (4%). The remaining protein mate-
rial (15%) had a different elution time than the protein standards
and could not be separated from modified proteins and/or were
below LOQ and could therefore not be identified. The intentionwas
to concentrate model samples to 50% (w/w) DM during evapora-
tion, but this was only feasible for the 90:10 samples. Due to high
viscosity, evaporation had to be stopped at 38 ± 2, 41 ± 3 and
45 ± 3% (w/w) DM for 0:100, 30:70 and 60:40 samples, respectively.
3.2.1. Quantification of Maillard reaction products
Themodel samples had unmodified lysine and arginine levels of

~105 and ~32 mg mg�1 protein, respectively, but processing had no
significant impact in any of the model samples as opposed to what
was observed for YCF. Furosine was quantified in all model samples
(Fig. 6), where the 0:100 mix had a furosine content of
73± 2 ngmg�1 protein, demonstrating that Amadori products were
formed duringmanufacturing of the liquid SPI stream, although at a
low concentration. Significant increases were observed for mix
samples containing increasing levels of lactose, and since these
samples had not been subjected to any heat treatment during
mixing, this shows that Amadori products were unexpectedly
present in the lactose ingredient. Increased furosine levels were



Fig. 4. Evaluation of protein crosslinks in young-child formula before, during and after processing. Representative SDS-PAGE gel under non-reduced and reduced conditions (A),
where a molecular mass marker (M) and bands belonging to caseins (CN), b-lactoglobulin (b-LG), a-lactalbumin (a-LA) and immunoglobulin G (IgG) are included for reference.
Arrow indicates non-reducible crosslinks. Quantified lysinoalanine (LAL, B) and lanthionine (LAN, C), where LAN was below LOQ (4.1 ng mg�1 protein) in Mix. Different letters
indicate significant difference (Tukey's HSD, p < 0.05).
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observed despite no significant decrease in lysine, but this may be
due to differences in the sensitivity of the applied methods.

For the 30:70, 60:40 and 90:10 samples, the evaporation and
spray drying were both responsible for significant formation of
Amadori products, whereas a significant increase in furosine of
0:100 samples was only observed after spray drying. It was unex-
pected to observe furosine formation during processing of samples
with no lactose. However, the SPI contained small amounts of
Fig. 5. Protein ( ), lactose ( ), and remaining fat and dry matter ( ) content of model
(Evap + spray), where dotted line indicates 50% (w/w) dry matter.
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lactose (see Fig. 5), which could explain the increased furosine
levels after spray drying of 0:100 samples. A significant difference
in furosine levels were observed for spray dried 0:100, 30:70 and
60:40 samples, where levels increased according to the lactose to
protein ratio. However, no significant difference was observed be-
tween spray dried 60:40 and 90:10 samples. The gentle heating
(50 �C, 15 min) prior to spray drying increased lactose solubilisa-
tion, but visible lactose crystals were still observed in 60:40 and
samples prior to processing (Mix), after evaporation (Evap) and after spray drying



Fig. 6. Quantified furosine in model samples prior to processing ( ), after evaporation
( ) and after evaporation and spray drying ( ) with different lactose to whey protein
ratios. Different letters indicate significant differences (Tukey's HSD, p < 0.05).
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90:10 samples. Consequently, a higher percentage of the lactose in
the 90:10 sample would be on crystalline form, when compared
with partial wet blend. This may have affected protein modifica-
tions during spray drying, and could be a contributing factor to why
significant difference was observed in the evaporated samples, but
not in the spray dried samples.

None of the 11 a-dicarbonyls was above LOQ in the 0:100
samples, indicating that processes-induced formation of a-dicar-
bonyls could be reduced by removing lactose from the IF mix
during processing. A significant difference in the a-dicarbonyl level
of mix samples was observed, where highest levels were observed
for the 90:10 mix, showing that the lactose ingredient contained
significant amounts of a-dicarbonyls (Table 3). Of the quantified a-
dicarbonyls, methylglyoxal was the most abundant one in mix
samples. Methylglyoxal decreased significantly after evaporation in
30:70 and 60:40, but remained constant in 90:10 after evaporation,
inferring that a high lactose to protein ratio promotes formation of
methylglyoxal during evaporation. 3,4-DGE and 3-DGal increased
significantly after evaporation and spray drying in 90:10 samples.
Despite similar levels in the mix, 3-DGal increased by 1.5-fold and
3,4-DGE by 5-fold during processing. The spray dried 90:10 sample
had significantly lower levels of 3-DGal and 3,4-DGE (Table 3) when
compared with the spray dried YCF (Table 2). In addition, 3-DG was
more abundant than 3-DGal in YCF (Table 2), which is opposite to
what was observed for the 90:10 samples. Zhang, Poojary, Olsen,
Ray, and Lund (2019) showed that incubation of GOS and lysine
in aqueous solutions led to a far more facile accumulation of 3-DG
than the equivalent incubation of lactose and lysine in solution.
Consequently, the higher levels of 3-DG, 3-DGal and 3,4-DGE in YCF
(Table 2) is suggested to be related to the presence of GOS. For-
mation of 3-DPs from oligosaccharides has previously been
described (Hollnagel& Kroh, 2002). However, 3-DPs was quantified
Table 3
Quantified a-dicarbonyls (ng mg�1 protein) of model samples with different lactose to w

Ratio Sample Methylglyoxal

30:70 Mix 7.10 ± 1.05a

Evap <LOQ
Evap þ spray <LOQ

60:40 Mix 5.08 ± 1.34a

Evap <LOQ
Evap þ spray <LOQ

90:10 Mix 16.1 ± 1.3b

Evap 16.7 ± 2.3b

Evap þ spray 13.1 ± 2.4c

LOD/LOQ 0.666/2.22

a Abbreviations are: 3-DGal, 3-deoxugalactosone; 3,4-DGE, 3,4-dideoxyglucosone; 3-D
within a column (Tukey's HSD, p < 0.05).
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in 60:40 and 90:10 mix samples, demonstrating their formation
despite the absence of oligosaccharides, which also agrees with
previous observations (Lund et al., 2022). 3-DGal was below LOQ in
30:70 and 60:40 samples and galactosone, glucosone, 1-DG, 3-DG,
1-DPs, glyoxal and diacetyl were below LOQ in all samples.

The detection of both furosine and a-dicarbonyls in the mix
samples revealed that these Maillard reaction products were pre-
sent in the lactose ingredient as discussed above, suggesting an
increased potential for formation of AGEs during processing when
compared with 0:100 samples. In the model samples, only the
AGEs, MG-Hs, GO-Hs and CML, were detected in quantifiable con-
centrations (Fig. 7). In the mix samples, MG-Hs were only quanti-
fied in 60:40 and 90:10 samples, where the significantly higher
level in the 90:10 mix indicated that the lactose ingredient con-
tained MG-Hs (Fig. 7A). Significant increases were seen after
evaporation in 30:70, 60:40 and 90:10 samples, but spray drying
induced no significant formation. MG-Hs were below LOQ in all
0:100 samples, demonstrating that formation was reduced when
omitting lactose from the liquid stream during processing. For
60:40 and 90:10 samples, the increase in MG-Hs concentration
detected from mix to evaporated samples were ~10 ng mg�1 pro-
tein and the difference in lactose to whey protein ratio therefore
had no impact on the formation during processing. If only
comparing MG-Hs levels of the spray dried model samples, it could
be concluded that the presence of lactose facilitated formation of
MG-Hs during processing. However, the MG-Hs levels of mix
samples suggest that the high MG-Hs level of the 90:10 sample can
be attributed to a high MG-Hs level in the lactose ingredient.
Methylglyoxal levels decreased after evaporation in 30:70 and
60:40 samples (Table 3), which were consistent with the observed
increases of MG-Hs. Furthermore, the increase in MG-Hs after
evaporation of the 90:10 sample, shows that methylglyoxal was
formed during evaporation even though the steady-state concen-
tration was unchanged. The 90:10 mix had a significantly higher
level of GO-Hs when compared with the 60:40 mix (Fig. 7B),
showing that the lactose ingredient contained GO-Hs. GO-Hs
increased in the 30:70 sample during evaporation, where no sig-
nificant formation after evaporation was observed in 60:40 and
90:10 samples. Furthermore, the level remained constant in 60:40,
whereas a significant increase was observed after spray drying in
90:10. GO-Hs were not detected in 0:100 samples, once again
demonstrating the potential of dry blending of lactose to reduce
formation of Maillard reaction products.

CML levels were significantly lower than MG-Hs and GO-Hs
(Fig. 7C). CML was below LOQ in 0:100 mix, but quantified in the
remaining mix samples, where the 90:10 mix had significantly
higher levels than the 30:70 and 60:40 mix samples. Thus indi-
cating the presence of CML in the lactose ingredient, but in
significantly lower levels than MG-Hs and GO-Hs. CML increased
significantly after evaporation independently of lactose to protein
hey protein ratios, where all a-dicarbonyls were <LOQ in 0:100 samples.a

3-DGal 3,4-DGE 3-DPs

<LOD <LOD <LOQ
<LOD <LOD <LOD
<LOD 5.16 ± 0.90a <LOD
<LOD <LOD 3.62 ± 0.52a

<LOD <LOQ <LOQ
<LOQ 9.80 ± 3.22b <LOD
3.34 ± 0.53a 3.65 ± 0.63a 4.78 ± 0.73a

3.91 ± 0.20b 10.6 ± 2.8b 3.64 ± 1.77a

4.51 ± 0.30c 17.7 ± 4.1c <LOQ
0.699/2.33 0.836/2.79 0.699/2.33

Ps, 3-deoxypentosulose. Different superscript letters indicate significant differences



Fig. 7. Quantified MG-H3 equivalents (A), GO-H1 equivalents (B) and CML (C) in model samples prior to processing ( ), after evaporation ( ) and after evaporation and spray drying
( ) with different lactose to whey protein ratios, where different letters indicate significant differences (Tukey's HSD, p < 0.05). MG-H3 equivalents were below LOQ (8.95 ng mg�1

protein) in 0:100 samples and 30:70 mix. GO-H1 equivalent were not detected in 0:100 samples and below LOQ (5.32 ng mg�1 protein) in 30:70 mix. CML was below LOQ
(4.36 ng mg�1 protein) in 0:100 mix.
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ratio, and an additional significant increase was observed after
spray drying in 0:100, 60:40 and 90:10, where the highest increase
was observed in 90:10 samples.

In all model samples, MOLD, GOLD and pentosidine were not
detected, which was similar to observations for the YCF, and CEL
was below LOQ. When comparing quantified AGEs in the model
samples, different trends were observed. The lactose ingredient
was responsible for high levels of MG-Hs and GO-Hs in the mix, but
the lactose to protein ratio did not have an impact on formation
during processing. However, the lactose to protein ratio had a sig-
nificant impact on CML formation during processing. The absence
of lactose during processing resulted in decreased CML levels,
which may indicate that full or partial dry blending of lactose could
be a feasible approach to reduce CML levels in powdered IF.

3.2.2. Formation of protein crosslinks
Spray dried samples were analysed by SDS-PAGE under non-

reduced and reduced conditions to evaluate whether the different
lactose to protein ratios had an impact of disulphide formation. No
difference was observed between samples under reduced condi-
tions (data not shown) indicating that differences observed under
Fig. 8. Representative non-reduced SDS-PAGE gels of model samples (three batches) with di
(C) at high (A þ C) and low protein concentration (B). A molecular mass marker (M) and band
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non-reduced conditions were caused by disulphide crosslinks.
Furthermore, reduced gels revealed no clear formation of non-
reducible crosslinks. The spray dried samples were run at a high
(Fig. 8A) and low protein concentration (Fig. 8B) to allow for a
better evaluation of large aggregates and loss of b-lactoglobulin and
a-lactalbumin, respectively. A HMW smear (>116 kDa) was only
observed in 0:100 samples and in the 30:70 batch 3 (Fig. 8A). As
mentioned in section 2.3, evaporation of the 30:70 batch 3 took
twice as long compared with the other samples, which is suggested
to be the cause of the increased amount of disulphide-linked ag-
gregates when compared with batch 1 and 2. Interestingly, the
effect of prolonged evaporation of batch 3 was only evident when
evaluating SDS-PAGE results. Bands corresponding to b-lactoglob-
ulin and a-lactalbumin had lowest intensity in 0:100 samples
(Fig. 8B), indicating that the observed HMW smears consisted of b-
lactoglobulin and a-lactalbumin. All 0:100 samples were run under
non-reduced conditions at a high protein concentration (Fig. 8C), to
examine whether the disulphide-linked aggregates were formed
during evaporation and/or spray drying. A faint HMW smear was
observed after evaporation and an increased smear was observed
after spray drying. Protein bands in model samples (Fig. 8) were in
fferent lactose to whey protein ratios of spray dried samples (A þ B) and 0:100 samples
s belonging b-lactoglobulin (b-LG) and a-lactalbumin (a-LA) are included for reference.
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general more clear when compared with YCF samples (Fig. 4A),
which is consistent with the absence of emulsified fat. Further-
more, different trends were observed for 0:100 and YCF samples,
where the majority of disulphide-linked aggregates in spray dried
YCF were present already after DSI and evaporation. This further
indicated that DSI had a significant impact on disulphide-link for-
mation, but could be related to differences in sample composition
and settings of the evaporation and spray drying.

LAL and LANwere quantified in all model samples (Fig. 9). When
normalising to protein content a possible difference between mix
samples could be due to the lactose ingredient added in increasing
amounts to 30:70, 60:40 and 90:10 samples, respectively. However,
significant differences were observed in LAL and LAN of mix sam-
ples, where lowest levels were observed in 90:10 mix. Difference in
matrix composition, such as presence of lactose, can influence MS
ionisation during analysis. However, this is compensated for when
using an isotopically labelled internal standard for internal stan-
dard calibration. Due to unavailability of isotopically labelled LAN
and LAL standards, CML-d4 and CEL-d4 was used for quantification
of LAL and LAN, respectively. Despite being closely eluted, their
retention times differed by approximately 12 s and thus the matrix
effect on ionisation may differ when compared with the internal
standards. In mix samples, the intensity of LAN decreased as the
lactose to protein ratio increased, but no clear difference was
observed when evaluating the intensity of CEL-d4. Nevertheless, no
significant formation of LAL or LAN was observed in 30:70, 60:40
and 90:10 samples as a consequence of processing. However, LAL
and LAN increased significantly in 0:100 samples due to processing.
Evaporation had no impact on LAL formation and spray drying
caused a 2.7-fold increase (Fig. 9A), whereas evaporation and spray
Fig. 9. Quantified lysinoalanine (LAL, A) and lanthionine (LAN, B) of model samples prior to
different lactose to whey protein ratios. Different letters indicate significant difference (Tuk

Fig. 10. Bi-plots of principal component analysis (PCA) model coloured according to lactose
prior to processing; , after evaporation; , after evaporation and spray drying).
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drying caused a 1.1 and 1.4-fold increase in LAN when compared
with the mix (Fig. 9B).

Overall, based on quantification of LAL and LAN and evaluation
of SDS-PAGE gels, the absence of lactose during processing was
found to cause increased formation of protein crosslinks, whereas
no pronounced formation was observed in samples with lactose.
The increased level of structural changes in 0:100 samples could be
a result of the increased concentration of protein rather than due to
the absence of lactose. Model samples had the same DM content,
and as a consequence of the different lactose to protein ratios, 0:100
samples had the highest protein concentration. However, the
sample still mimics industrial production.
3.2.3. Correlation of protein modifications
A PCA model was used to evaluate formation of LAN, LAL and

furosine (Fig. 10), which were the compounds quantified in all
model samples. A clear differentiation could be seen between
processing when compared with the lactose and whey protein
ratio approach and processing. Approximately 73% of the
explained variance could be assigned to the lactose to whey
protein ratio [principal component (PC) 1; Fig. 10A] and 21%
assigned to processing (PC2; Fig. 10B), suggesting that the lactose
to whey protein ratio had higher impact than processing on for-
mation of LAN, LAL and furosine. Overall, the scenario that re-
flected dry blending of lactose promoted formation of protein
crosslinks, evaluated by LAL and LAN, and wet blending promoted
formation of early Maillard reactions products, evaluated by
furosine, which is consistent with the stated hypothesis. The level
of protein modifications increased during processing independent
of the lactose and whey protein ratio. Overall, when considering
processing ( ), after evaporation ( ) and after evaporation and spray drying ( ) with
ey's HSD, p < 0.05).

to whey protein ratio (A; , 0:100; , 30:70; , 60:40; , 90:10) and processing (B; ,
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the cumulative effect of evaporation followed by spray drying, the
highest increase in protein modifications was observed after spray
drying.

4. Conclusions

The unit operations in powdered YCF had different impacts on
formation of Maillard reaction products and protein crosslinks.
The majority of protein crosslinks were formed after DSI and
evaporation, whereas a significant loss in unmodified lysine and
arginine and accumulation of furosine were observed after spray
drying. a-Dicarbonyls increased during processing, with different
formation patterns. AGEs were quantified in the following order
MG-Hs � GO-Hs > CML > CEL, where significant increases were
observed during and after processing with the exception of MG-
Hs. For model samples, a similar formation pattern was
observed for furosine, and formation increased when lactose was
present. Furthermore, intermediate and advanced Maillard reac-
tion products were most pronounced in 90:10 samples, where
absence of lactose in 0:100 samples resulted in increased struc-
tural changes, observed as formation of disulphide-linked aggre-
gates, LAN and LAL. This was in agreement with the original
hypothesis. However, the increased level of Maillard reaction
products in 90:10 samples could not solely be attributed to the
presence of lactose during processing, and it was revealed that the
lactose ingredient contained Amadori products (furosine), a-
dicarbonyls (methylglyoxal, 3-DGal, 3,4-DGE and 3-DPs) and AGEs
(MG-Hs and GO-Hs). AGEs were quantified in the following order
in the model samples: MG-Hs � GO-Hs > CML. The lactose to
whey protein ratio seemed to have no impact on MG-Hs and GO-
Hs formation during processing, where ratios of 0:100 and 30:70
limited CML formation. Processing of model samples demon-
strated that adjusting the lactose to whey protein ratio during
processing is efficient for regulation of process-induced protein
modifications. The presence of lactose had a limiting effect on
process-induced aggregation of whey proteins, whereas the
absence of lactose resulted in decreased formation of Maillard
reaction products. The overall lowest level of protein modifica-
tions was observed in the model sample with 30:70 lactose to
whey protein ratio. This suggests that a scenario where the ma-
jority of lactose is mixed by dry blending with the remaining spray
dried ingredients, could be a feasible approach for manufacturing
of powdered IF with improved protein quality.
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