W CORA =

g/ﬁ%

Title Electrostatic spray drying of whey protein-carbohydrate systems:
Influence of pH, water activity, and storage temperature on
Maillard reactions

Authors Chutani, Doll;Rani, Poonam;Huppertz, Thom;Murphy, Eoin

Publication date

2026-04-16

Original Citation

Chutani, D, Rani, P, Huppertz, T & Murphy, E 2026, "Electrostatic
spray drying of whey protein-carbohydrate systems: Influence of
pH, water activity, and storage temperature on Maillard reactions’,
International Dairy Journal, vol. 179, 106662, pp. 1-14. https://
doi.org/10.1016/j.idairyj.2026.106662

Type of publication

Article (peer-reviewed)

Link to publisher’s
version

https://www.scopus.com/pages/publications/105036236282 -
10.1016/j.idairyj.2026.106662https://www.scopus.com/pages/
publications/105036236282?0rigin=resultslist

Rights

© 2026, the Authors. Published by Elsevier Ltd. This is
an open access article under the CC BY license [ http://
creativecommons.org/licenses/by/4.0/ ). - https://
creativecommons.org/licenses/by/4.0/

Download date

2026-10-12 05:32:58

[tem downloaded
from

https://hdl.handle.net/10468/18980

University College Cork, Ireland
Colaiste na hOllscoile Corcaigh



https://hdl.handle.net/10468/18980

International Dairy Journal 179 (2026) 106662

e 4

ELSEVIER

journal homepage: www.elsevier.com/locate/idairyj

Contents lists available at ScienceDirect

International Dairy Journal

Research paper

Electrostatic spray drying of whey protein-carbohydrate systems: Influence
of pH, water activity, and storage temperature on Maillard reactions

Doll Chutani®”, Poonam Rani®, Thom Huppertz "““, Eoin Murphy *"

@ Food Chemistry and Technology, Teagasc Food Research Centre, Moorepark, Fermoy, Co., P61C996, Cork, Ireland
b Food Quality & Design, Agrotechnology & Food Sciences Group, Wageningen University & Research, 6708 WG, Wageningen, the Netherlands

¢ FrieslandCampina, 3818 LE, Amersfoort, the Netherlands

4 School of Food and Nutritional Sciences, University College Cork, T12 YN60, Cork, Ireland

ARTICLE INFO

Keywords:

Maillard reactions

Whey proteins

Lactose

Glucose

Electrostatic spray drying
Conventional spray drying
Freeze drying
5-Hydroxymethylfurfural
Free amino groups
Browning index

ABSTRACT

Maillard reactions continue during storage of dairy powders, but controlling mechanisms in low-moisture sys-
tems remain unclear. This study investigated whether drying technology directly determines reaction progression
or acts indirectly by establishing the matrix's physicochemical state. Whey protein-carbohydrate solutions
(lactose or lactose-glucose mixtures, pH 6.0 or 8.0) were freeze-dried or spray-dried (electrostatic or conven-
tional) to defined water activities, stored at 20 or 40 °C and Maillard markers monitored. Differences observed
immediately after drying reflected pre-vitrification reactions, with greater early-stage reactions in conventional
spray drying. During storage, reaction progression depended mainly on the relationship between storage tem-
perature and glass transition temperature (Tg) rather than drying technology. When storage temperature
approached Tg, molecular mobility increased and glucose reactivity dominated, while initial pH had little in-
fluence. Overall, observations indicate a mobility-limited reaction regime post-matrix vitrification. Post-drying,
Maillard markers reflected the influence of pre-vitrification reactions, whereas storage changes depended pri-

marily storage temperature relative to Ty.

1. Introduction

Whey proteins are recognized for their exceptional nutritional value
and functional properties, including emulsification, gelation, foaming,
and water-binding (Bryant & McClements, 1998; Firebaugh & Daubert,
2005). During whey protein ingredient manufacture, the proteins are
subjected to thermal loads during heating and drying that can trigger
chemical reactions, including Maillard reactions (Li, Jia, et al., 2022;
Tamanna & Mahmood, 2015). This non-enzymatic browning process
begins with the condensation of a reducing sugar and an amino acid,
typically the e-amino group of primarily lysine residues, leading to a
cascade of products that can impair both the nutritional quality and the
functional performance of the protein matrix (Van Boekel, 2001).
Early-stage Maillard reaction markers include the depletion of free
amino groups or formation of Amadori products (Le et al., 2011; Li, Jia,
et al., 2022), while furfurals and fluorescent intermediates are often
determined at the intermediate stage markers (Gomez-Narvaez et al.,
2019). In the final stage, formation of advanced glycation end products
(AGEs) and browning are commonly monitored as key quality attributes

* Corresponding author.
E-mail address: eoin.murphy@teagasc.ie (E. Murphy).

https://doi.org/10.1016/j.idairyj.2026.106662

(Li, Jia, et al., 2022; Van Boekel, 1998). The use of representative
markers across these stages allows to capture the major progression of
the reaction (Gomez-Narvaez et al., 2019; Leiva et al., 2017).

The rate and extent of Maillard reactions are governed by several
factors, including processing temperature, duration, pH, water activity
(aw), the physical state of the matrix, and the concentration and nature
of reactants (Baisier & Labuza, 2002). For instance, monosaccharides
react faster than di- or oligosaccharides during heating with whey pro-
teins (Malec et al., 2002; Pereyra Gonzales et al., 2010; Vigo et al.,
1992). Furthermore, the Maillard reactions tend to proceed more rapidly
under basic conditions, as amino groups remain unprotonated and
nucleophilic (El Hosry et al., 2025). Highest Maillard reaction rates
typically occur at a, 0.50-0.75 because low a,, restricts molecular
mobility, whereas high a,, dilutes reactants and reduces collision fre-
quency (Pereyra Gonzales et al., 2010). Furthermore, it is important to
realize that a is not a static property in relation to the Maillard reaction,
because water is generated as a by-product of the condensation reaction
during the early stages of the Maillard reaction (Mustapha et al., 1998).
This released water will increase a,, thereby accelerating further
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progression of the Maillard reaction in powders.

Drying, however, is not merely a dehydration step; it transforms the
reaction environment. As a solution concentrates, the system passes
from a dilute liquid to a highly viscous matrix and eventually to a glassy
solid (Boel et al., 2020). Under these conditions, reaction kinetics are no
longer governed primarily by temperature or pH in the classical chem-
ical sense, but by molecular mobility and the relationship between
storage temperature and the glass transition temperature (Tg) (Hancock
et al., 1995). In other words, kinetic control of the reaction may shift
from diffusion-based solution chemistry toward a regime governed by
molecular mobility, physical state and its proximity to Tg. Consequently,
two products with identical composition may exhibit different Maillard
reactivity if their drying histories place them in different physical states.

Investigating the impact of thermal load on Maillard reaction ki-
netics in solution or in powders can be studied comparatively easily, but
studying the impact of thermal load during the transition from the so-
lution state to the glassy state requires control of thermal load during the
drying process. During conventional spray drying (CSD), thermal load
can be controlled primarily by controlling outlet temperature, whereas
freeze drying (FD) avoids any thermal load during the drying process.
However, a large gap in temperatures appears between the lowest outlet
temperatures achievable by CSD (e.g., 60 °C) and FD. In recent years,
electrostatic spray drying (ESD) has emerged as a suitable drying tech-
nique to explore new temperature domains. ESD functions by imparting
an electric charge to the liquid feed, which facilitates droplet drying at
substantially lower outlet temperatures (~30 °C) (Chutani et al., 2023).
The drying pathway therefore determines when the system vitrifies
relative to the concentration of reactants and the thermal exposure
experienced prior to immobilization. Consequently, drying technologies
may influence Maillard reactions not primarily through their nominal
temperatures but through the physicochemical state they impose on the
matrix.

In our previous work (Chutani et al., 2024), a dairy protein matrix
containing whey proteins, caseins, and lactose was dried using CSD,
ESD, and FD. Immediately after drying and during storage at 20 and
40°C, powders produced by ESD and FD showed lower Maillard reac-
tivity than those produced by CSD. However, this difference disappeared
and even reversed during storage at 60 °C (Chutani et al., 2024). This
observation indicated that the influence of drying method was condi-
tional and could be overridden by storage conditions. Rather than
reflecting an inherent difference between technologies, the results sug-
gested that drying primarily affected the initial physicochemical state of
the matrix, while the subsequent reaction progression depended on
molecular mobility during storage. This raised an important question:
whether drying technology directly controls Maillard reactions, or
whether it acts indirectly by determining the physical state of the system
relative to its glass transition behavior.

Building upon these findings, the present study was designed to test
whether Maillard reactions in dried protein-carbohydrate systems are
governed primarily by classical chemical variables or by the physical
state established during drying. To probe this, selected variables were
used as mechanistic indicators rather than independent processing fac-
tors. Glucose was incorporated as a highly reactive reducing sugar
(Malec et al., 2002; Vigo et al., 1992) to increase the intrinsic chemical
susceptibility of the system, while pH adjustment (6.0 or 8.0) was used
because it is known to modify amino group reactivity under
solution-phase conditions (Baisier & Labuza, 2002). Storage at 20 and
40 °C provided conditions below and approaching Ty, thereby altering
molecular mobility without changing composition. The three dehydra-
tion routes, CSD (75-90 °C), ESD (30-60 °C) and FD (<0 °C) were
therefore employed as controlled ways to impose different thermal and
moisture histories that determine when vitrification occurs during
concentration. The present study therefore examines whether the pro-
gression of Maillard reactions in dried whey protein-carbohydrate
matrices is consistent with a transition from reaction conditions domi-
nated by solution chemistry to conditions limited by molecular mobility
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after vitrification. Drying routes were used to generate matrices with
different physicochemical histories, while storage temperature relative
to Ty was used as the principal variable affecting molecular mobility.

2. Materials and methods
2.1. Materials

Whey protein isolate (WPI) was obtained from FrieslandCampina
(Amersfoort, the Netherlands). Lactose monohydrate powder was ob-
tained from Tirldn (Ballyragget, Ireland) and a-D-glucose (96% purity)
from Merck Life Science Limited (Carrigtwohill, Ireland). The following
chemicals and reagents were also purchased from Merck Life Science
Limited: 1N Sodium hydroxide (NaOH), 1N hydrochloric acid (HCl), o-
phthaldialdehyde (OPA), N-acetyl-L-cysteine (NAC), sodium dode-
cylsulphate (SDS), absolute ethanol, orthoboric acid, oxalic acid, tri-
chloroacetic acid (TCA), tert-Butyl alcohol (TBA), lithium chloride
(LiCD), L-leucine and 5-hydroxymethylfurfural (HMF) standards. All
chemicals and reagents used in this study were of analytical grade.

2.2. Preparation of model systems

Two model systems containing whey proteins and lactose, with or
without glucose, were prepared to a target solids content of 29.5% (w/
w) and a protein content of 10.5%. In the first formulation, referred to as
WPI-Lac, the solids sources were WPI and lactose. In the second
formulation, referred to as WPI-Lac-Glu, 20% of the added lactose was
substituted with glucose. The ingredient quantities used to prepare a 1
kg batch of each formulation are provided in Table 1. Both systems were
adjusted to pH 6.0 and 8.0, using 1N HCl and 1N NaOH, respectively.

2.3. Drying and storage procedure

2.3.1. Electrostatic spray drying

A laboratory-scale electrostatic spray dryer (PolarDry® Model 001,
Fluid Air, Naperville, USA) with a water evaporation capacity of 1 kg/h
was used to conduct ESD drying at a constant voltage of 5 kV. Powders
were produced at two target a,, ranges: low a,, (0.10-0.15) and inter-
mediate a,, (0.20-0.25). Drying gas (nitrogen) flow rate (15 mg/h),
atomizing gas pressure (150 kPa) and inlet temperature (90 °C) were
maintained constant during drying. Atomizing gas temperature (35-
40 °C) and feed pump speed (8-16 rpm; feed rate 3.4-7.4 g/min) were
adjusted to achieve outlet temperatures of 39 °C and 35 °C for low a,,
and intermediate a,, powders, respectively. Two independent trials for
each formulation and a,, were carried out.

2.3.2. Conventional spray drying

CSD was conducted using a laboratory scale spray dryer (Mini Spray
Dryer S-300, Biichi Labortechnik AG, Flawil, Switzerland) with a nom-
inal maximum water evaporation capacity of 1 L/h. Similar to ESD, both
formulations were dried at two a,y ranges, with two independent trials
conducted for each condition. To produce low a,, powders, an inlet air
temperature of 170 °C, feed temperature of 40 °C, spray gas flow of 800
L/h, feed rate of 3.2 ml/min and outlet temperature of 101 °C were
maintained during drying. For intermediate a,y, powders, the respective
conditions were 170 °C for inlet temperature, 35 °C for feed tempera-
ture, 800L/h for spray gas flow, 6.5 ml/min for feed rate and 89 °C for
outlet temperature.

2.3.3. Freeze drying

WPI-Lac and WPI-Lac-Glu model systems were freeze dried at a
temperature of —35 °C for 70 h in a pilot-scale freeze dryer VirTis
Genesis 25 EL (SP Scientific, supplied by Biopharma Process Systems
Ltd, Winchester, UK) at a chamber pressure of 100 mTorr. For each
formulation, two independent powder batches were prepared and
manually ground. The a,, of the powders immediately after FD was 0.04.
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Table 1
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Composition of whey protein-lactose (WPI-Lac) and whey protein-lactose-glucose (WPI-Lac-Glu) model systems showing ingredient quantities (1 kg batch, ~29.5%

(w/w) total solids). LP - lactose powder, GP - glucose powder

Model System Ingredients used (g)

Model system composition (% w/w)

WPI LP GP Water Protein Carbohydrate Dry matter
WPI-Lac 114.9 194.2 - 690.9 10.5 18.5 29.4
WPI-Lac-Glu 114.9 155.3 38.8 691.0 10.5 18.4 29.5

To adjust the ay to the target range of 0.10-0.15, powders were equili-
brated in desiccators containing a saturated LiCl solution (a,y, = 0.11) at
4 °C. After one week of equilibration, the powders were removed and
their a,, was measured.

2.3.4. Storage studies

The powders produced by ESD, CSD and FD were stored in poly-
propylene tubes, capped, subsequently sealed with parafilm and pack-
aged in aluminium foil bags. The foil bags were placed at 20 °C and 40 °C
for up to 28 days. Samples were taken every 7 days, with the samples
stored in a freezer at —18 °C until further analysis. A visual represen-
tation of the study design is provided in Fig. 1.

2.4. Measurement of water activity and glass transition temperature

Water activity of the powders was measured with a Novasina
LabMaster-aw water activity meter (Novatron Scientific Ltd., East
Grinstead, UK). Two measurements were taken for each process
duplicate.

T, was determined using DSC 214 Polyma (Netzsch, Selb, Germany).
Approximately 10 mg of powder was placed in aluminium sample pans,
hermetically sealed and heated in a nitrogen-purged environment (50
mL/min) following the method outlined by O'Donoghue et al. (2019).
This method consists of three cycles: heating from 0 to 80 °C at a rate of
5°C min"}; cooling to 0 °C at 10 °C min~, and final heating to 100 °C at
5 °C min"'. Heat flow to the sample was measured against an empty
reference pan. The midpoint Ty values were calculated from the third
cycle, using NETZSCH-Proteus Thermal Analysis 8.0.2 software. One

measurement was conducted for each process duplicate.

2.5. Measurement of free -NH3 groups

The o-phthaldialdehyde/N-acetyl-L-cysteine (OPA/NAC) spectro-
photometric technique was used to quantify free -NHy groups in the
powders, as described by Vigo et al. (1992). Two determinations of each
duplicate sample were carried out, with the average of four measure-
ments reported. One milliliter of a 10% (w/w) SDS solution was used to
dissolve 10 mg of the samples. Subsequently, 0.5 mL of the sample so-
lution was combined with a 2.5 mL aliquot of the OPA-NAC reagent
(200 mL of 0.02 M boric acid-borate buffer solution (pH 9.5), 25 mL of
0.05 M ethanolic OPA solution, and 25 mL of 0.05 M aqueous NAC so-
lution were combined and the volume was then adjusted to 1 L). The
mixture was then diluted with water to reach a final volume of 6.25 mL.
Absorbance was measured at 335 nm with a SpectraMax ABS Plus
spectrophotometer (Molecular devices, San Jose, USA). The concentra-
tion of free -NH; groups was calculated from a standard curve con-
structed using a L-leucine standard (20-100 mg/L).

2.6. Total HMF analysis

A previously reported spectrophotometric approach (Chutani et al.,
2024) was modified to determine the HMF concentration. A 20 mg
sample of powder was added to 200 pl of 0.3 M oxalic acid, thoroughly
mixed, and heated in a temperature-controlled dry block (MS-100
Thermo Shaker, Labgene Scientific SA, Chatel-Saint-Denis, Switzerland)
at 100 °C for 1 h. Subsequently, samples were removed and allowed to

Preparation stage

Drying stage

Storage Study stage ]

7

fFrity
1
/R

] WS

oH OH
OH
Glucose

aW
()

Fig. 1. Visual representation of the experimental design of this study.
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cool to room temperature with cold water. Next, 200 pl of 40% (w/v)
TCA was added to the samples and mixed. The mixture was left to stand
for 15 min before being centrifuged at 4000xg for 15 min at room
temperature. To 230 pl of the supernatant, 20 pul of 0.05 M TBA was
added in a 96-well microplate, followed by incubation in HC24 PCMT
Thermo shaker (Grant Instruments, Cambridge, UK) at 45 °C for 30 min.
After cooling to room temperature, absorbance was measured at 443 nm
using a plate reader (SpectraMax ABS Plus, Molecular devices, San Jose,
USA). Total HMF concentration was calculated from a standard curve
constructed using an HMF standard (0.1-1.0 mg/ml). Two de-
terminations of each duplicate sample were carried out, with the
average of four measurements reported.

2.7. Color determination

Color analysis was carried out using a portable Konica Minolta CR-
400 Chroma Meter (Chiyoda, Tokyo, Japan). The measurements were
performed according to CIELAB scale with two measurements of each
duplicate sample. Powdered samples were placed into plastic cuvettes,
analyzed in duplicate and the results were averaged. To assess color
changes after drying and during storage, the coordinates L* (lightness),
a* (red-green component) and b* (yellow-blue component) were
determined. These values were then used to calculate the browning
index (BI) using the following equations (Romo et al., 2024):

x—0.31
BI=(1 _—
(100) x ( 017 )
where,
a +1.75L"

X~ 56450 +a —0.3012b°

Further, AE was calculated to evaluate the perceptible color differ-
ence between the two samples using the following equation (Pathare
et al., 2013):

8E= (1, - 1) + (@ @)+ (b; - by)’

Differences in perceivable color can be analytically classified as very
distinct (AE > 3), distinct (1.5 < AE < 3) and small difference (1.5 < AE)
(Adekunte et al., 2010).

Powder particle size was determined using laser light scattering with
a Mastersizer 3000 (Malvern Instruments Ltd., Malvern, UK), equipped
with a dry powder dispersion unit where powder samples were dispersed
via a venturi using compressed air at 2 bar pressure. Refractive indices
used for dispersant (air) and particles were 1.00 and 1.45, respectively.
Particle absorbance index was 0.1 (Murphy et al., 2020). Particle size
was reported as the volume mean diameter (d43). Images of represen-
tative powder samples are also shown in Fig. S1 of Supplementary
material.

2.8. Surface composition

X-ray photoelectron spectroscopy (XPS) analysis of powders was
conducted using a Kratos AXIS Ultra spectrometer (Kratos Analytical
Ltd., Manchester, UK) to determine powder particle surface composi-
tion. The relative amounts of crude protein on the powder surface were
determined using a matrix formula derived from the elemental compo-
sitions of pure milk components, following the method described by
Faldt et al. (1993). Two measurements were performed for each dupli-
cate sample.

2.9. Fourier transform infrared (FTIR) spectroscopy

Infrared spectra of the powder samples were recorded using a Bruker
Invenio S FTIR (Bruker Optik, Ettlingen, Germany) equipped with a PIKE
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Miracle Attenuated Total Reflectance (ATR) attachment. Each sample
was measured in duplicate, with each spectrum representing an average
of 100 scans in the range of 4000 to 900 cm ™!, with a 4 cm ™! resolution.
The background was collected from the blank ATR crystal before the
sample measurements. All spectra were corrected for atmospheric water
vapor and carbon dioxide interferences and subsequently vector-
normalized using OPUS 5.5 software (Bruker). The second derivative
of each spectrum within the Amide I region (1700-1600 cm™ ) was
computed using a seven-point Savitsky-Golay algorithm in Spectragryph
software (v1.2.16.1, Oberstdorf, Germany) to enhance spectral resolu-
tion and identify overlapping bands. Following, baseline correction and
peak fitting were performed in Origin Pro software (Origin Pro, 2024b;
OriginLab Corporation, Northampton, USA). Briefly, for each spectrum,
baseline correction was performed using an interpolation-based
approach. Specific anchor points were manually selected at the onset
and termination of second-derivative peaks, which were assumed to
represent the true baseline. Subsequently, peak positions were identified
from the second-derivative minima, corresponding to the centers of
absorption bands (Fig. S2, Supplementary material). Peaks were inte-
grated, thereby areas of the individual peaks assigned to specific sec-
ondary structures were summed up and divided by the total area.

2.10. Statistical analysis

Statistical analyses were performed using Python v3.10.12 (The
Python Software Foundation, Wilmington, USA) and Origin Pro 2024b
(OriginLab Corporation, Northampton, USA). A full factorial Analysis of
Variance (ANOVA) was applied to assess the main effects of all experi-
mental factors and their interaction terms on secondary structure dis-
tribution. Following the ANOVA, a Tukey's Honestly Significant
Difference (HSD) post-hoc test was performed to identify significant
differences between group means. A p-value of <0.05 was considered
statistically significant. In addition, two-way ANOVA was performed to
compare mean differences across time points and experimental factors.
One-way ANOVA was used to evaluate the effect of time on free -NHy
groups, HMF concentrations and BI values.

3. Results
3.1. Water activity and glass transition temperature

Because the working hypothesis of this study was that Maillard re-
actions in dried matrices are governed by molecular mobility, the rela-
tionship between storage temperature and T was first established.
Rather than treating T, as a descriptive material property, it was used to
define whether powders were stored in a glassy (mobility-restricted) or
rubbery (mobility-permitting) state. The different drying pathways
produced powders with similar compositions but different thermal his-
tories, resulting in distinct Ty values and water activities. This allowed
the experimental system to separate effects arising from drying tech-
nology itself from those arising from the physical state of the matrix
during storage.

Table 2 presents the a,, values for WPI-Lac and WPI-Lac-Glu powders
prepared using three different drying techniques. The low (0.10-0.15)
and intermediate (0.20-0.25) a,y levels of ESD and CSD powders were
achieved by adjusting the outlet temperature during drying. Even
though FD powders were conditioned in a saturated salt environment
(LiCL; ay = 0.11), the resulting a,, values slightly deviated from the
intended target range.

The T of the WPI-Lac and WPI-Lac-Glu powders are also presented
in Table 2. For all systems, T, decreased as a,, increased. As expected,
based on the plasticizing effect of water (Jouppila & Roos, 1994),
powders with low ay, had a significantly higher T (p < 0.05) than those
with intermediate a,, (Table 2). The partial replacement of lactose with
glucose significantly (p < 0.05) lowered the T, of the powder matrix.
This is due to the inherently low T, of glucose (30 °C) compared to
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Table 2

Water activity and glass transition temperature values of the powdered WPI-Lac
and WPI-Lac-Glu model systems produced by ESD, CSD and FD at two target
ranges: low a,, (L: 0.1-0.15) and intermediate a,, (I: 0.2-0.25).

Sample ID  Model system  pH a, category  ay Tg (miay °C)
ESD_1 WPI-Lac 6.0 L 0.13 £+ 0.00 56.4 + 0.1
ESD_2 WPI-Lac 60 I 0.20 + 0.00 47.5+0.1
ESD_3 WPI-Lac 8.0 L 0.12 £+ 0.00 59.0 £2.0
ESD_ 4 WPI-Lac 8.0 I 0.20 £+ 0.02 48.0 + 0.9
ESD_5 WPI-Lac-Glu 60 L 0.12 £ 0.01 53.9 +3.1
ESD_6 WPI-Lac-Glu 60 I 0.30 £0.01" 29.4+15
ESD_7 WPI-Lac-Glu 8.0 L 0.13 £ 0.02 47.5+ 1.6
ESD_8 WPI-Lac-Glu 80 I 0.22 £ 0.01 41.2+0.4
CSD_1 WPI-Lac 60 L 0.13 £ 0.00 66.9 + 1.2
CSD_2 WPI-Lac 6.0 1 0.22 £ 0.01 51.2+04
CSD_3 WPI-Lac 80 L 0.13 £ 0.00 65.7 + 0.2
CSD_4 WPI-Lac 80 I 0.19 +0.01 64.0 + 1.3
CSD_5 WPI-Lac-Glu 60 L 0.13 £ 0.01 53.3+1.0
CSD_6 WPI-Lac-Glu 6.0 I 0.20 £+ 0.01 49.5 + 2.3
CSD_7 WPI-Lac-Glu 80 L 0.11 £+ 0.01 58.2 + 0.2
CSD_8 WPI-Lac-Glu 80 I 0.22 £ 0.00 44.6 + 4.6
FD_1 WPI-Lac 6.0 L 0.15 + 0.00 54.7 £1.2
FD_2 WPI-Lac 80 L 0.17 £0.00° 60.1 +£7.0
FD_3 WPI-Lac-Glu 60 L 0.18 £0.00" 39.3+1.2
FD_4 WPI-Lac-Glu 80 L 0.19 £0.00"  38.2+0.7

# samples out of targeted a,, ranges; values presented are the means of 2
replicates + standard deviation; ESD-electrostatic spray drying, CSD-
conventional spray drying, FD-freeze drying, aw-water activity, Tg (mid)-
midpoint glass transition temperature.

lactose (101 °C) (Roos, 2002). As a result, WPI-Lac-Glu powders showed
lower T, values than WPI-Lac powders. In addition, drying technique
had a significant (p < 0.05) impact on Ty values, with ESD samples
presenting lower values than those produced by CSD under similar
experimental conditions. This difference could potentially be caused by
the higher inlet air temperatures used in CSD, which promoted greater
structural stabilization and reduced molecular mobility in the dried
material (Haque & Roos, 2006). These observations support the concept
that drying method primarily influences Maillard reaction susceptibility
indirectly through its effect on the glass transition landscape of the
matrix. Once the system is stored near or above Tg, molecular mobility
becomes the dominant control factor, reducing the relative importance
of the initial drying pathway. A similar trend was reported by Abiad
etal. (2014), who observed that during spray drying of a lactose solution
(10% w/v) at inlet temperatures of 120, 160, and 190 °C, T, increased
with increasing inlet temperature despite similar residual moisture
content of 2.4%. Haque and Roos (2006) suggest that higher thermal
energy allows the molecules to relax into a more stable, lower-energy
state during particle formation, hence requires more heat (Tg) to tran-
sition back into a mobile, rubbery state. These observations suggest that
T, can be influenced by thermal history; therefore, this merits further
investigation particularly for ESD systems.

3.2. Free -NH3 groups

Free amino group loss was interpreted as evidence of reactions
occurring either prior to vitrification during drying or during storage
when sufficient molecular mobility was available. In the early Maillard
reaction in dairy products, the carbonyl group of reducing carbohydrate
predominantly reacts with the amino group of lysine to form Schiff's
base and is subsequently transformed via the Amadori rearrangement
into the Amadori product lactulosyllysine (Zhou & Langrish, 2021). This
results in the loss of bioavailable lysine, which was quantified in this
study by measuring the levels of free -NH; groups. Fig. 2 presents box-
plots illustrating the effect of (a) drying technique (ESD, CSD or FD), (b)
model system (WPI-Lac vs WPI-Lac-Glu), (c) pH (6.0 vs 8.0) on the
retention of free -NH; groups in the powders immediately after drying
(to) and after storing for 28 days at 20 and 40 °C (tpg), representing the
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end of the storage period. Statistical differences between different
groups are also shown in Fig. 2. Data from the intermediate time points
(t7, t14, to1) are provided in the Supplementary Material (Tables S1-S2).
Fig. 2a highlights that the drying method employed had a significant
effect (p < 0.05) on the levels of free -NH; groups. Powders produced
under low temperature regimes i.e. ESD and FD retained higher levels of
free -NHy groups (~225 mmol/kg) immediately after production
compared to those produced using the high temperature CSD process,
where levels were approximately 23% lower on an average. The higher
heat exposure during CSD likely accelerated the reaction between the
e-amino group of lysine and reducing sugars. The greater depletion of
free amino groups observed after CSD likely reflects not only higher
thermal exposure, but also a prolonged residence of droplets in a
rubbery, mobility-permitting state before vitrification. Under these
conditions, reactant concentration increases while molecular diffusion
remains sufficient for carbonyl-amine interactions, accelerating
early-stage Maillard reactions. Fig. 2b compares WPI-Lac and
WPI-Lac-Glu systems, showing no significant (p > 0.05) differences in
free -NH;, groups levels at ty. Both WPI-Lac and WPI-Lac-Glu systems had
similar levels post drying. Fig. 2c evaluates the role of pH, where pH 6.0
and pH 8.0 systems exhibited comparable free -NH; levels, indicating
that initial pH adjustment had minimal direct effect at this stage.

At 20 °C, the levels of free -NH, groups did not change significantly
(p > 0.05) over the storage period compared to day O, except for the
FD_3 sample, which exhibited a significant reduction after 28 days.
Accordingly, differences between drying techniques persisted, with FD
and ESD powders retaining significantly (p < 0.05) higher levels of free
amino groups levels than CSD powders at the end of storage period
(Table S1, Supplementary material). Although significant differences (p
< 0.05) were observed among individual tyg values using one-way
ANOVA, these differences were no longer statistically significant when
to and tog data were analyzed jointly (Fig. 2a). In contrast, during storage
at 40 °C, levels of free -NH; groups significantly decreased in glucose-
containing FD and ESD powders with time, while no significant
changes were observed in WPI-Lac-Glu system produced by CSD nor in
WPI-Lac systems produced by ESD, CSD and FD over the same storage
period (Table S2, Supplementary material). These observations further
support the concept that high thermal energy imposed during CSD had
effectively put the dried matrix into more relaxed state, limiting mo-
lecular rearrangements post-drying. No significant effect (p > 0.05) of
pH on free -NH; groups was observed during storage at both 20 and
40 °C (Fig. 2¢).

3.3. HMF

HMF is a widely recognized marker of Maillard reaction progression,
making it an important indicator of thermal processing effects in
protein-sugar systems (Zhou & Langrish, 2021). Fig. 3 summarizes the
effects of drying technique (ESD, CSD or FD), model system (WPI-Lac or
WPI-Lac-Glu), pH (6.0 or 8.0) on total HMF levels, shown as boxplots at
to (immediately after drying) and at tog (following 28 days of storage at
20 or 40 °C). Statistical differences between different groups are also
shown in Fig. 3. The corresponding data for ty, t14 and tp; are available in
the Supplementary Material (Tables S3-54). FD powders yielded the
lowest HMF levels at tg (i.e. after drying). The maximum HMF level was
observed in WPI-Lac-Glu powders dried by CSD at both pH 6.0 and 8.0.
A significant difference (p < 0.05) was found between CSD and FD, with
CSD yielding the highest concentrations (Table S3, Supplementary ma-
terial), suggesting that the higher thermal load and prolonged residence
of droplets in a rubbery, mobility-permitting state during CSD promotes
greater HMF formation. Although significant differences (p < 0.05) were
detected when considering the individual ty values (i.e. by one-way
ANOVA), these differences were no longer statistically significant
when to and tyg data were analyzed jointly (Fig. 3a). ESD was statisti-
cally similar to both FD and CSD. Fig. 3b compares WPI-Lac and
WPI-Lac-Glu systems, showing no significant (p > 0.05) differences in
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Fig. 2. Levels of free -NH, groups in powders as a function of (a) drying method; (b) model system; and (c¢) pH immediately after production (to, =), after storage of
28 days at 20 °C (T20, 1) and 40 °C (T40, ). The box plots display the median, interquartile range, and whiskers, with outliers shown as individual points.
Statistical differences between groups are summarized in the accompanying matrix where, “*” denotes a significant difference and “ns” indicates no signifi-

cant difference.

HMF levels at t. Similarly, no significant differences (p > 0.05) were
observed between samples dried at pH 6.0 and pH 8.0 (Fig. 3c).

All the powders exhibited comparable HMF levels after 28 days of
storage at 20 °C regardless of glucose inclusion and pH. But for samples
stored at 40 °C, the presence of glucose intensified HMF formation, with
all glucose containing powders exhibiting increased levels after 28 days
(Table S4, Supplementary material). The HMF content in WPI-Lac-Glu
powders was significantly greater (p < 0.05) than in WPI-Lac pow-
ders, highlighting the higher reactivity of glucose-containing matrices
under elevated storage temperature. In addition, powders with Ty value
close to or below 40 °C (samples ESD_6, FD_3 and FD_4 from Table S4 of
Supplementary material) demonstrated elevated HMF levels compared
to the other powders. HMF formation during storage further indicates

that the chemical consequences of drying are not limited to the imme-
diate thermal load but depend on the residual matrix state established
during dehydration. Powders with T values close to storage tempera-
ture likely retained sufficient segmental mobility for continued trans-
formation of Amadori intermediates into furanic products. Overall, HMF
formation followed the order after 28 days of storage (i.e. at tag) at 40 °C:
FD (WPI-Lac-Glu) > ESD (WPI-Lac-Glu) > FD (WPI-Lac) = CSD (WPI-
Lac-Glu) > ESD (WPI-Lac) = CSD (WPI-Lac). No significant effect (p >
0.05) of pH was observed during storage at either storage temperature
(Fig. 3c).
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Fig. 3. Total HMF concentrations in powders as a function of (a) drying method; (b) model system; and (c) pH immediately after production (to, =), after storage of
28 days at 20 °C (T20, 1) and 40 °C (T40, ). The box plots display the median, interquartile range, and whiskers, with outliers shown as individual points.
Statistical differences between groups are summarized in the accompanying matrix where, “*” denotes a significant difference and “ns” indicates no signifi-

cant difference.

3.4. Browning index

To assess the impact of drying technique, model formulation and pH
on Maillard reactions, the browning index (BI) of the powders was
calculated by measuring L*, a* and b* values. Among the techniques, FD
samples had the highest BI values (~8), followed by CSD (~4) and ESD
(~3). Statistical analysis confirmed significant differences across all
drying methods, with ESD producing significantly (p < 0.05) lower BI
values compared to both CSD and FD as shown in Fig. 4a. High b* values
of FD powders have contributed to an increased BI, whereas ESD and
CSD samples were lighter in color. Given that FD process does not
involve any thermal input, the elevated BI in FD powders could be
attributed to the distinct manner of particle formation compared to ESD

and CSD; namely the communition or grinding of the continuous FD
matrix into much larger and irregular particles after drying. Larger
particles can influence light scattering and thus apparent color readings
(Shen et al., 2021). A further color difference test, AE test, supported this
interpretation, which revealed significant color differences (AE>3) in
FD powders compared to both ESD and CSD. Therefore, the high BI value
was likely an artifact of particle size, rather than a reflection of Maillard
browning. Shen et al. (2021) also reported brownish color of
freeze-dried quinoa protein powders, while spray-dried powders showed
creamy white color because of the difference in particle sizes. When
comparing color development in CSD and ESD powders, both of which
have similar particle development mechanism and sizes, drying con-
ditions/configuration was seen to be more influential, with the high
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product temperature in CSD favoring browning compared to milder
ESD. Representative particle size measurements (n = 6) further illustrate
this distinction, with FD powders exhibiting d4 3 values ranging from
123 to 152 pm, whereas ESD powders ranged from 10.9 to 12.2 pm and
CSD powders from 12.8 to 13.1 pm, confirming an order-of-magnitude
difference between FD and spray-dried samples. On comparing the
model formulations, no significant (p > 0.05) differences were observed
between WPI-Lac and WPI-Lac-Glu systems, suggesting that the partial
replacement of lactose by glucose did not contribute to color changes
during drying (Fig. 4b). Similarly, variation in pH (6.0 vs 8.0) showed no
significant (p > 0.05) influence on the BI of the powders immediately
after production (Fig. 4c).

The effect of storage temperature on the BI of powders was also
evaluated. Fig. 5 presents the BI values of pH 6 and low a,, samples, as
similar changes were observed in the samples of pH 8 or intermediate a,,
over time. At 20 °C, the BI of both WPI-Lac and WPI-lac-Glu powdered
systems remained constant throughout the 4-week storage period
(Table S5 of supplementary material). During storage at 40 °C, the BI of
WPI-Lac powders did not change significantly, but significant changes
were observed in WPI-Lac-Glu powders over time (Table S6 of supple-
mentary material). After 28 days, the BI of FD powders reached ~20,
while that of ESD powders was ~5. In contrast, CSD powders maintained
a BI of ~4.

3.5. Surface composition

Fig. 6 shows the proportion of powder surface covered by crude
protein, calculated from surface nitrogen concentration measured by
XPS. Drying technique had a significant effect (p < 0.05), with lowest
surface protein levels in FD powders (~39-42%), while powders pro-
duced with ESD and CSD showed markedly higher values (~52-59%) as
presented in Table S7 of Supplementary material. The reduced surface
coverage in FD powders can be attributed to the limited molecular
mobility; as during freeze drying, the system is immobilized at the outset
when the feed is frozen, so water removal occurs by sublimation from a
rigid, glassy matrix, leading to a more homogeneous protein distribution
throughout the particle (Fyfe et al., 2011). Consequently, the surface
composition of FD powders is closer to the bulk solids composition
(~36% protein) than ESD and CSD powders. Similarly, Fyfe et al. (2011)
also reported comparable protein contents in the surface and bulk
phases of freeze-dried skim milk powder (SMP). In ESD and CSD, at-
omization produces liquid droplets in which components remain mobile
during much of the drying process, allowing proteins to migrate and
accumulate at the particle surface; immobilization occurs only in the
final evaporation stages (Grasmeijer et al., 2016). No significant dif-
ferences were observed in surface protein levels between ESD and CSD
powders (Fig. 6a). However, Masum et al. (2022) reported significant
differences in the surface composition of whole milk powders, where
ESD lowered the surface fat by 9% and increased the protein and car-
bohydrate composition by 5% and 4% relative to the CSD (inlet 180 °C
and outlet 90 °C). Formulation effects were negligible, as no significant
(p > 0.05) differences were detected between WPI-Lac and WPI-Lac-Glu,
suggesting that partial replacement of lactose by glucose did not modify
surface protein distribution. Similarly, pH variation (6.0 vs. 8.0) showed
minimal influence on the measured surface protein levels.

3.6. FTIR spectral analysis

The amide I region (1600-1700 cm ™), governed by the stretching
vibration of the C=0 and C-N groups, provides insight into the sec-
ondary structure of proteins. Table 3 summarizes the relative peak areas
associated with protein structures, reflecting the effects of drying
method, glucose addition, pH and water activity. The peaks were
assigned to different protein secondary structures. Peak assignment of
amide I bands was done according to the references (Meng et al., 2021;
Ye et al., 2017). Peak at 1608 em~! was assigned to side chain
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Table 3

International Dairy Journal 179 (2026) 106662

Relative percentage of the peak areas assigned to different secondary structures in the Amide I band for powdered WPI-Lac and WPI-Lac-Glu model systems after

production: low a,, (L: 0.1-0.15) and intermediate a,, (I: 0.2-0.25).

Sample ID  Model system  pH  a, category  Peak Area (%)
Side chain (1600-1614 cm™!)  p-sheet (1616-1640 cm™')  a-helix (1645-1661 cm™')  Total p-turns (1661-1697 cm™')

ESD_1 WPI-Lac 60 L 3.2 £ 1.0% 54.7 + 0.2 13.4 + 2.5° 29.4 + 1.2
ESD_2 WPI-Lac 60 I 1.0 + 0.6 44.3 + 0.4° 17.6 + 2.6° 36.3 + 1.6™
ESD_3 WPI-Lac 80 L 0.9 £ 0.4 51.9 + 9.6° 19.2 + 1.2° 27.3 + 8.8™
ESD_4 WPI-Lac 80 I 2.9+1.2° 62.3 + 0.9° 14.4 + 1.7° 19.8 + 0.4
ESD_5 WPI-Lac-Glu 6.0 L 2.9 + 1.9%¢ 49.9 + 5.0° 22.7 +2.3% 24.4 + 9.3°
ESD_6 WPL-Lac-Glu 6.0 I 0.4 +0.3° 50.1 + 1.9° 15.9 + 1.9° 32.9 + 3.6°
ESD_7 WPI-Lac-Glu 8.0 L 0.7 £ 0.5% 45.0 + 1.0° 15.4 + 2.7° 38.4 + 3.4°
ESD_8 WPI-Lac-Glu 8.0 I 0.3 +0.2% 48.3 +5.3° 14.8 + 4.3° 35.8 + 1.1°
CsD_1 WPI-Lac 60 L 6.7 + 0.5¢ 56.4 + 5.2 12.6 + 0.4° 24.2 + 4.3%°
CSD_2 WPI-Lac 60 I 2.9 + 0.9%¢ 50.4 + 4.9°° 20.3 + 6.5% 25.0 + 0.9%°
CsD_3 WPI-Lac 80 L 4.7 + 0.6> 69.8 + 0.2°° 7.3+ 1.4 18.8 + 1.0%°
CSD_4 WPI-Lac 80 I 1.6 £0.7% 54.5 + 0.2 21.7 £1.2% 20.9 + 1.7%
CSD_5 WPL-Lac-Glu 6.0 L 41 +0.8¢ 60.0 + 1.5 14.3 + 3.1° 21.3 + 0.9%°
CSD_6 WPI-Lac-Glu 6.0 I 2.1 + 1.5%¢ 56.3 + 2.7°° 22.6 + 3.7% 18.0 + 0.1%°
csD_7 WPI-Lac-Glu 8.0 L 6.0 + 0.0° 44.8 + 0.0°° 13.6 + 0.0° 34.6 + 0.0%°
CSD_8 WPL-Lac-Glu 8.0 I 1.1 + 0.6* 59.5 + 1.3% 10.8 + 0.9° 26.6 + 0.2°°
FD_1 WPI-Lac 60 L 2.2 £ 0.9% 54.4 +7.9° 21.4 +3.7% 21.5 + 5.2%
FD_2 WPI-Lac 80 L 2.2 +1.5% 64.8 + 2.9° 16.8 + 4.8° 15.8 + 0.6°
FD_3 WPL-Lac-Glu 6.0 L 1.3 +0.1% 60.5 + 0.5° 18.5 + 2.7 19.9 + 3.8°
FD_4 WPI-Lac-Glu 80 L 2.2 + 0.7% 69.7 +1.2° 12.0 + 1.5% 15.3 + 0.3%

Values presented are the means of 2 replicates =+ standard deviation; values within a column not sharing a common superscript letter differ significantly, p < 0.05; ESD-
electrostatic spray drying, CSD-conventional spray drying, FD-freeze drying, a,-water activity

configurations, 1630 cm™! to intramolecular p-sheets, 1652 cm™! to

o-helix and peaks at 1666, 1678 and 1687 cm™' were assigned to
B-turns. A significant difference (p < 0.05) in p-sheet content was
observed between the drying methods. Specifically, FD powders
exhibited the highest proportion of p-sheet structures (averaging
~62%), while ESD powders had comparatively lower values (~50%).
The enhanced p-sheet presence in FD powders may be linked with the
lower levels of B-turns, as the p-turn content was significantly (p < 0.05)
lower in these samples compared to the ESD powders. A similar rela-
tionship between p-sheet and B-turn contents was also reported by Ye
et al. (2017), who observed an increase in p-sheet structures accompa-
nied by a reduction in p-turns in infant formula powders as oven tem-
peratures increased from 50 °C to 75 °C. However, unlike the thermally
driven structural rearrangements described by Ye et al. (2017), the
transformation observed in FD powders is likely associated with limited
molecular mobility under freezing conditions rather than thermal ef-
fects. Likewise, Meng et al. (2021) reported an 8.9% increase in B-sheet
content and a 13.8% decrease in f-turn content after convective drying
of WPI, where pre- and post-drying measurements were conducted in
the aqueous state. Side chain and a-helix contents remained relatively
unaffected by the drying method employed. Additionally, partial
replacement of lactose with glucose and pH changes did not influence
the secondary structure distribution.

4. Discussion

The behavior of the Maillard reaction markers is most coherently
interpreted when considered relative to the relationship between stor-
age temperature and the T, of the powders. Samples stored well below
Ty showed minimal changes in free amino groups, HMF formation and
browning index, whereas storage conditions approaching or exceeding
Tg resulted in substantially greater progression of all markers. This
pattern indicates that, following drying, reaction progression in the low-
moisture matrix became constrained primarily by molecular mobility
rather than by the nominal thermal exposure experienced during drying.
Accordingly, the differences observed immediately after drying are best
interpreted as reactions occurring prior to vitrification, while subse-
quent changes during storage reflected the physicochemical state
established in the matrix. In this framework, the different drying routes
primarily served to generate matrices with different initial physical

10

states rather than acting as independent casual treatments governing
reaction kinetics.

The inclusion of glucose as a partial substitute for lactose, has shown
greater reactivity towards Maillard reaction during storage (Figs. 2b and
3b). This effect was not observed immediately after drying or during
storage at 20 °C but became evident during storage at an elevated
temperature of 40 °C. The effect of glucose addition was significantly
more pronounced in powders produced by ESD than in those produced
by CSD when stored at 40 °C (Figs. 2a and 3a). This difference is likely
linked to variations in the thermal histories of the powders, which
consequently influenced their T4 values (Table 2). The higher thermal
energy input during particle formation in CSD promotes molecular
rearrangement into lower-energy configurations, thereby reducing mo-
lecular mobility and increasing resistance to transition into the rubbery
state (i.e. greater Ty distance from the storage temperature).

The influence of glucose extends beyond its chemical reactivity. It
acts as a potent plasticizer and significantly reduces T of the matrix;
thereby shifting the storage conditions into a higher T-T,; regime.
Therefore, it is critical to understand whether the Maillard reactions
progression is influenced by the intrinsic chemical reactivity of glucose
or from physical changes in the matrix induced by its incorporation.
Analysis of Maillard markers as a function of T—T, revealed distinct
mechanistic regimes (Fig. 7). Under deep glassy conditions (T-Tg <
—15 °C), the high viscosity of the amorphous matrix imposes a diffusion-
controlled regime that limits molecular interactions, resulting in similar
rates of free -NH; groups loss and HMF formation for both WPI-Lac and
WPI-Lac-Glu systems. However, as storage temperature approaches the
glass transition (—15 °C < T-Ty < —5 °C), a divergence occurs: while
free -NHj groups loss remains comparable, HMF levels are significantly
higher in the glucose-supplemented system. These findings align with
previous reports by Leiva et al. (2017), who found that HMF formation
was almost ten-fold higher in a freeze-dried (a,, = 0.52) whey
protein-glucose system compared to a whey protein-lactose system for
equivalent amino groups losses. Although, the absence of Ty data makes
it difficult to determine storage conditions relative to Tg; nonetheless, ay
appears to have provided sufficient molecular mobility to facilitate re-
actions. In addition, the lower molecular weight of glucose may result in
a more fragile matrix, as per Syamaladevi et al. (2012) who found that
increasing carbohydrate molecular weight resulted in reduced structural
relaxation at equivalent T—T, values; therefore increased fragility as a
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Fig. 7. (a) Loss of free -NH, groups and (b) HMF formation after 28 days of
storage as a function of T—T, where T is storage temperature (40 °C) and Ty is
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color in this figure legend, the reader is referred to the Web version of
this article.)

result of glucose addition may also have contributed to HMF formation
in WPI-Lac-Glu samples due to enhanced mobility. The most pro-
nounced increases in Maillard reactivity occurred when T—T, exceeded
—5 °C, where the matrix transitions from a diffusion-limited glassy state
toward a rubbery, mobility-permitting state. This transition enhances
molecular mobility, allowing amino groups and reducing sugars to
interact more frequently and accelerating reaction kinetics. However,
due to the lack of data points for WPI-Lac systems within this T—Tg
range, it remains unclear whether the observed acceleration is primarily
driven by the greater chemical reactivity of glucose or by the physical
transition of the matrix. Taken together, these observations indicate that
Maillard reaction progression in WPI-based powders is governed by a
complex interplay between sugar chemistry and matrix physical state.
Glucose not only accelerates reaction pathways through its higher
reducing activity but also indirectly amplifies reactivity by plasticizing
the amorphous matrix and increasing molecular mobility as T—Tg ap-
proaches zero.

Among the drying techniques studied, the higher retention (about
30%) of free amino groups in FD and ESD powders compared to CSD
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after drying reflected the well-established temperature dependence of
Maillard reactions (Chutani et al., 2024; Guyomarc’ et al., 2000; Perusko
etal., 2021). Similarly, the higher thermal load applied in CSD promoted
greater HMF formation after drying, relative to FD, where lower tem-
peratures during processing limited its development. This aligns with
studies demonstrating a direct relationship between thermal load and
HMF formation (Craig et al., 1961; Masum et al., 2022), and our own
prior research showing ~14% higher HMF in CSD powders than ESD/FD
after drying (Chutani et al., 2024). It should be noted that CSD in the
present study was performed using a laboratory-scale spray dryer, which
differs from industrial-scale systems in both design and thermal history
of the particles. In particular, the lab-scale configuration is associated
with relatively long particle residence times in the collection chamber,
where powders may remain exposed to elevated temperatures. This can
impose a higher thermal load compared to industrial multi-stage spray
dryers, which typically incorporate internal or external fluidized beds to
split drying into multiple operations. This means initial drying in the
chamber can take place under gentler conditions, resulting in wetter
powder that has been exposed to lower thermal stress, which can be
subsequently dried to the target moisture content in relatively low
temperature fluidized beds. Cooling fluidized beds are also typically
employed to reduce the temperature of the powder prior to subsequent
handling. According to the literature reports, losses of free -NHy groups
(expressed as lysine loss), measured before and after drying, under in-
dustrial or pilot-scale conditions are lower than what was observed in
the present study. For instance, Contreras-Calderon et al. (2009) re-
ported losses of 15% in infant formula powders produced at industrial
scale, while El and Kavas (1997) observed a 14.3% loss in SMP. Even
lower losses have been reported under minimal heat-load conditions,
such as 3.4% in fresh SMP at pilot-scale drying (Gazi et al., 2022), and
10.4% loss in infant formula after production as reported by Schmitz--
Schug et al. (2013) compared to the 23% loss observed in a lab-scale CSD
system similar to the one used in this work. While this highlights a clear
limitation of the laboratory setup in terms of direct industrial relevance,
the relatively high and prolonged thermal exposure in the bench top
spray dryer can also be utilized as a deliberate “high heat-load” scenario.
Under such conditions, process-induced effects are amplified, which
facilitates differentiation between drying-related reactions and those
that may occur during subsequent storage. In this sense, the system
could provide a useful basis for decoupling process and storage contri-
butions to overall product quality changes.

ESD produced powders with free -NH; levels comparable to those
obtained via FD. Considering that FD involves removal of water from
frozen material under vacuum with essentially no thermal input, it is
notable that ESD achieved similar outcomes. Moreover, in the ESD
process, particle temperature remained relatively low, ranging from the
wet-bulb temperature of the drying nitrogen (~30 °C, calculated using
the inlet temperature and humidity) to the outlet temperature of 39 °C.
In contrast, CSD particles experienced higher temperatures, ranging
from about 40 °C (the wet-bulb temperature of the air) to nearly 60 °C
within the collection chamber (as measured by the temperature probe).
These observations are consistent with reactions occurring prior to
vitrification during drying, after which further progression became
limited by the physical state of the matrix. Future work could extend to
pilot- or industrially relevant CSD systems, particularly multi-stage
configurations with integrated fluidized beds, to better align thermal
histories with commercial practice and further validate the observed
trends under more representative processing conditions.

The effect of initial pH (6.0 vs 8.0) adjustment on Maillard reactions
development during drying and storage was found to be insignificant.
Literature suggests that higher pH increases the deprotonation of
e-amino group of lysine, enhancing its nucleophilicity and thereby
accelerating the Maillard reactions (Lund & Ray, 2017). Such effects
have typically been observed in fully liquid, high-moisture environ-
ments, where pH represents a well-defined thermodynamic variable and
reaction rates are governed primarily by solution-phase chemistry
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(Ajandouz et al., 2001; Ajandouz & Puigserver, 1999; Ashoor & Zent,
1984). For example, Ajlouni and Pan (2014) reported a significant in-
crease in Maillard browning and HMF formation in a heated whey
protein-glucose solution when the pH was increased from 7.0 to 8.0.
During drying, however, systems undergo continuous transformation
from a dilute liquid to a low-moisture solid, resulting in substantial
changes in the factors controlling Maillard reaction kinetics. Initially in
liquid state, pH dictates the protonation state of reactive amino groups,
however, Maillard reactions remain limited in the absence of heating
due to strong dilution of reactants. During the early stage of drying
(constant-rate period), reaction progress is further constrained by
wet-bulb temperature conditions. As drying proceeds into the
falling-rate period, droplet temperature increases toward the outlet air
temperature and water removal concentrates reactants (Boel et al.,
2020). This transition shifts the system into an intermediate-moisture
regime (ay range: 0.5-0.8), which has been widely reported to favor
maximal Maillard reaction rates (Lund & Ray, 2017). Within this tran-
sitional zone, the matrix most likely remains in a rubbery state (T > Ty),
enabling sufficient molecular mobility for Maillard reactions to proceed
(Schmitz et al., 2011). Under these highly dynamic drying conditions,
the influence of initial pH becomes progressively diminished, while re-
action kinetics become increasingly governed by temperature- and
mobility-controlled processes. Local pH is unlikely to remain constant,
previous studies have shown that water removal during drying can
induce a significant decrease in pH often by 2 units as ionic species
become concentrated, thereby altering local proton activity (Bell &
Labuza, 1991). Consequently, differences in initial pH that are signifi-
cant in homogeneous liquid systems may have been masked during
drying, hence resulted in comparable extents of Maillard reaction
development across the tested pH range. It should also be noted that in
the present study the liquid feed was not subjected to any heat-treatment
prior to drying. Therefore, the extent of early Maillard condensation
reactions in the feed phase was negligible compared to studies in which
heat is applied to liquid systems. Furthermore, during storage, Maillard
reactions in such low-moisture matrices occur within highly confined,
solute-rich aqueous microenvironments (Bell & Labuza, 1992). Thus, in
low-moisture systems formed by drying, Maillard reaction kinetics
appear to transition from solution-chemistry control to mobility- and
microenvironment-controlled behavior, explaining the diminished in-
fluence of initial pH observed in the present study as illustrated in Fig. 7.
Our findings suggest that pH shift upon drying likely causes the internal
environments of both the pH 6.0 and 8.0 systems to converge toward a
more acidic state where the e-amino groups are similarly protonated,
which provides an additional explanation for the reduced sensitivity to
initial pH during storage.

The initial water activities of powders produced in the present study
were in the range 0.10-0.23 (except the ESD_6 sample). Apart from its
indirect effect in governing T, a,, had little influence on reaction ki-
netics during storage in such dry systems, due to restricted mobility of
the reactants. No correlation was found between the measured Maillard
reaction indicators and a,, when samples were stored at 20 °C. On the
other hand, a moderate correlation (R = 0.45) was observed between a,,
and the free amino groups losses when stored at 40 °C. Similarly, an
overall weak correlation was observed between a,, and HMF formation
(R = 0.28). Water, formed as a reaction by-product during Amadori
rearrangements and subsequent degradation pathways, may cause
localized increases in a,, However, its effect becomes more relevant
during prolonged storage or at elevated temperatures as increasing
water contents may increase local Ty differences, moisture migration,
plasticization, and reaction rate (Miao & Roos, 2004; Zhou & Langrish,
2021).

The glycation of proteins during storage was more evident at 40 °C
than at 20 °C (Fig. 2). Similar trends have been reported by other au-
thors; for instance, Higgs and Boland (2014) observed negligible losses
of free -NH; groups in whey protein concentrate powder stored at 30 °C,
but substantial reductions at 40 °C. Likewise, Haridas (2023) reported
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that in SMP, free -NH; groups levels remained stable for up to 2 months
at 30 °C but decreased significantly after just 15 days at 37 °C. Similarly,
in our earlier work on a blend of WPI, SMP, and lactose, small changes in
residual amino groups were detected during storage at 20 °C, but sub-
stantial changes at 40 and 60 °C (Chutani et al., 2024). The rationale for
selecting storage temperatures of 20 and 40 °C was to maintain powders
well below their Tg, thereby minimizing the influence of lactose crys-
tallization on Maillard reaction kinetics. However, in some cases, certain
samples (ESD_6, FD_3 and FD_4) fell outside the targeted a, range
during production (Table 2), potentially affected reaction dynamics. For
instance, these samples showed a sharp increase in BI when stored at
40 °C (Fig. 5d). This is likely attributable to the storage temperature
being close to their Ty (Table 2), increasing molecular mobility and
accelerating late-stage Maillard browning. In agreement, Le et al. (2011)
also reported faster rates of color development in milk protein concen-
trate with added glucose compared to lactose, noting lower L* and a*
values but higher b* values when stored for 10-12 weeks at 40 °C under
high humidity (66% and 84%). On the other hand, changes in BI were
minimal in the samples with Tg > 40 °C over the 28-day storage period.
Given that browning is a late-stage marker of the Maillard reaction, this
lack of change may reflect the relatively short storage period, as longer
times might be required before the reductions in free -NHs groups and
increases in HMF translate into detectable color differences. Accord-
ingly, the purpose of including multiple drying routes in this study was
not to compare industrial drying technologies, but to establish matrices
with different physicochemical histories prior to storage so that reaction
progression could be evaluated relative to the physical state of the
matrix.

5. Conclusion

The results collectively indicate that, after drying, the progression of
Maillard reactions in these low-moisture whey protein-carbohydrate
systems is consistent with a mobility-limited regime determined by
the relationship between storage temperature and T,. The different
dehydration routes produced powders with similar compositions but
distinct thermal histories which determined the relationship between
storage temperature and Tg. Early differences observed between drying
methods reflected the extent of reaction occurring prior to vitrification,
whereas subsequent reaction progression during storage depended on
molecular mobility within the matrix.

The apparent protective effect of low-temperature drying (ESD and
FD) therefore arose from limiting the time the system spent in a
mobility-permitting state during concentration, rather than from an
intrinsic suppression of Maillard chemistry. When storage temperature
approached the Tg, reaction rates increased regardless of drying method,
and the higher intrinsic reactivity of glucose became the dominant
factor. The negligible influence of initial pH further supports the view
that reaction kinetics in low-moisture systems are controlled by mobility
and microenvironment rather than classical solution-phase chemistry.

These findings indicate that control of Maillard reactions in dried
dairy systems requires management of the mobility window defined by
Tg and storage conditions, not solely the selection of a particular drying
technology. Drying processes should therefore be evaluated in terms of
how they shape the evolving physical state of the matrix and its subse-
quent storage stability.
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