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A B S T R A C T

This study investigates the influence of ultrasound-assisted Maillard conjugation on the aroma-binding and 
techno-functional properties of pea protein–dextran conjugates. Despite increasing interest in enhancing plant 
protein functionality, the effects of conjugation on protein–aroma interactions, particularly under varying ul
trasound intensities, remain largely unexplored. To address this gap, four ultrasound amplitudes (25–100 %) 
were compared with a traditional 15-min wet-heating method. Conjugation was confirmed through glycation 
degree, browning index, Maillard reaction indicators, and FT-IR spectral changes. Aroma profile and binding 
behavior were evaluated using headspace analysis via Selected Ion Flow Tube Mass Spectrometry (SIFT-MS). 
Ultrasound up to 50 % amplitude enhanced glycation efficiency and significantly improved solubility (from 35 % 
to over 71 %), oil-binding capacity, emulsification indices, and foaming properties, while reducing water-holding 
capacity. Although conjugation was a short-term process, the formation of Maillard-derived volatiles such as 
furans, alcohols, pyrazines, and sulfur compounds was observed, which declined at the highest ultrasound in
tensity. The interaction of octanal (aldehyde) and 2-octanone (ketone) with the protein was improved under 
optimal conjugation conditions in controlled aroma-binding assays. These changes were correlated with α-helix, 
β-sheet, and random coil content, as well as with denaturation temperature and enthalpy, zeta potential, solu
bility, and conjugation degree.

1. Introduction

Pea protein has gained considerable attention for its favorable 
nutritional profile, absence of cholesterol and lactose, and non-GMO 
status, making it popular among health-conscious consumers [1]. It is 
widely used in emulsion-based plant foods due to its foam stability, low 
allergenicity, high availability, and cost-effectiveness [2]. Moreover, it 
is rich in arginine and leucine—amino acids beneficial for muscle 
development—and shows relatively high bioavailability [3]. Today, pea 
protein ranks as the second most utilized plant-based protein globally, 
after soy [4]. However, low solubility and a beany flavor limit its 
broader application [5].

The production process, involving heat and pH adjustments, can 
alter protein conformation and reduce functionality [6]. Additionally, 

proteins are sensitive to environmental stresses such as pH shifts, heat, 
and shear forces, which further hinder their food applications [7]. 
Consequently, various modification strategies, including molecular- 
level techniques, have been proposed to improve plant protein func
tionality [8]. Among these, the Maillard reaction stands out for 
enhancing protein properties naturally and safely [9]. Controlled Mail
lard conjugation has been reported to improve solubility, foaming, 
water- and fat-binding capacities, and emulsifying ability [10,11]. It can 
also influence aroma-binding behavior by altering protein structure [5].

Wet heating is preferred over dry heating due to shorter processing 
times, but high temperatures (90–100 ◦C) may cause aggregation and 
reduce efficiency. Ultrasound-assisted Maillard conjugation has 
emerged as a promising solution; however, it can also lead to denatur
ation depending on intensity and duration [12]. Prior studies have 
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mostly investigated single ultrasound intensities and lacked focus on 
intensity-dependent effects in pea protein, especially regarding volatile 
compound formation.

Previous studies have investigated the effect of wet heating methods 
(ranging from 15 min to several hours) and examined the role of ul
trasound in modifying various proteins [2,12–14]. However, most 
studies have focused on the time-dependent effects of ultrasound at a 
single intensity, with limited research exploring the impact of different 
ultrasound intensities—particularly in the modification of pea protein. 
Additionally, little is known about the volatile compounds formed 
during the Maillard reaction and how structural modifications influence 
the flavor-binding properties of proteins. Understanding these in
teractions is essential for designing plant-based protein ingredients with 
improved sensory and functional performance in food applications.

This study investigates the impact of ultrasound-assisted Maillard 
conjugation under the shortest feasible wet heating conditions, using 
four ultrasound amplitudes (25–100 %). Volatile compounds are 
analyzed via selected ion flow tube mass spectrometry (SIFT-MS), a 
highly sensitive and preparation-free method suitable for complex food 
matrices [15,16]. The goal was to evaluate how different ultrasound 
intensities affect protein functionality and volatile profiles, and to 
identify the optimal conditions for improving pea protein.

2. Materials and methods

2.1. Materials and chemicals

Pea protein (81.2 % protein content) was purchased from Naturiga 
Inc. (İstanbul, Türkiye), while dextran from Leuconostoc spp. (40 kDa), 
propylene glycol, o-phthaldialdehyde reagent solution, octanal (99 %), 
2-octanone (98 %), and ethanol were obtained from Sigma-Aldrich 
(Merck KGaA, Darmstadt, Germany). Coomassie Brilliant Blue G-250, 
sodium phosphate dibasic, sodium phosphate monobasic and o-phos
phoric acid were supplied by Thermo Fisher Scientific (Waltham, MA, 
USA), and bovine serum albumin was sourced from RPI (Mount Pros
pect, IL, USA).

2.2. Preparation of pea protein–dextran conjugates

2.2.1. Controlled heating Maillard conjugation
Pea protein powder and dextran (2:1, w/w) were mixed with 0.2 M 

sodium phosphate buffer (pH 7.0) at a total solid-to-solution ratio of 3 % 
(w/v) and stirred for 3 h. The mixture was further stirred overnight at 
4 ◦C, then transferred to a 90 ◦C water bath for 15 min and cooled to an 
ambient temperature in an ice bath [17]. The resulting mixture was 
centrifuged at 4200 rpm at 4 ◦C for 15 min (Thermo Scientific Sorvall 
Legend XFR, USA), and the supernatant was subsequently freeze-dried 
(Labconco Kansas City, MO, USA) at − 48 ◦C and 1.00 mbar for 48 h. 
The obtained powders were stored in glass jars at 0–2 ◦C.

2.2.2. Ultrasound-assisted Maillard conjugation
The same procedure as described above (2.2.1) was followed, with 

the exception that ultrasound treatment was applied as a pre-step in the 
Maillard conjugation process. The total heating time remained 15 min, 
including the duration of the ultrasound pre-treatment. The 200 mL of 
dispersions were placed in a 400 mL Borosilicate cylindrical glass 
container (77.5 mm inner diameter, 80 mm outer diameter, and 11.9 cm 
height) and treated for 5 min at 20 kHz using a Branson Sonifier 450 
sonicator (Branson Ultrasonics, Danbury, CT, USA). The 1/2″ standard 
probe (Model 101–147-037R) was immersed two-thirds of its length 
from the top of the dispersion. The container was sealed with triple-layer 
Parafilm to prevent evaporation during ultrasonication. Ultrasound 
amplitudes of 25 %, 50 %, 75 %, and 100 % were applied separately, 
based on preliminary trials that identified 25 % as the minimum effec
tive threshold and 100 % as a reference for high-intensity treatment. 
During ultrasound treatment, the temperature of the dispersions 

increased depending on the amplitude (e.g., ~39 ◦C at 25 %, ~66 ◦C at 
100 %), after which they were immediately transferred to a water bath 
and heated to 90 ◦C. In all samples, the temperature was maintained at 
90 ◦C for 15 min once this point was reached. The temperature changes 
during the operation were recorded to determine the acoustic intensity 
(Iₐ, W cm− 2) using Eq. (1) [18]: 

Ia =
m.Cp.

dT
dt

A
(1) 

where m is the sample weight (g), Cₚ is the heat capacity of the sample 
(3.95 J g− 1 K− 1), dT/dt is the experimentally determined rate of tem
perature increase, and A is the surface area of the ultrasound-emitting 
surface (cm2).

2.3. Analyses

2.3.1. Degree of glycation (conjugation)
The degree of conjugation (glycation) was measured using the OPA 

method [12]. A 50 μL aliquot of a 0.2 mg/mL sample dissolved in dH₂O 
was mixed with 1 mL of OPA reagent and incubated at 35 ◦C for 10 min. 
Following incubation, the absorbance was recorded at 340 nm, and the 
degree of glycation (DG) was calculated using the following equation 
(Eq. (2)): 

DG =
A0 − At

A0
x 100 (2) 

where A0 represents absorbance of protein alone; At represents absor
bance of conjugates.

2.3.2. Assessment of Maillard reaction process
The conjugates were diluted with dH₂O ensuring consistency across 

all samples for comparison. The absorbance of each conjugate was 
measured at 304 nm and 420 nm using a UV–Vis spectrophotometer 
(Agilent Cary 60, Japan) and a quartz cuvette, with pure water as the 
blank reference [19].

2.3.3. Color difference and browning index
The L*, a*, and b* values of the conjugated samples were measured 

using a Chroma Meter (CR-400, Konica Minolta, Japan). The total color 
difference (ΔE) was calculated by comparing the color values of un
treated samples (i.e., L0*, a0* and b0*) using Eq. (3), while the browning 
index (BI) was calculated using Eqs. (4) and (5) [8]. 

ΔE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

[(L* − L0
*)

²
+ (a* − a0*)

²
+ (b* − b0

*
)

²
]

√

(3) 

BI = [100×(X–0.31)/0.17 ] (4) 

X = [(a* +1.75× L*)/(5.645× L* + a* − 3.012× b*) ] (5) 

2.3.4. Relative protein solubility
Samples were dispersed at a concentration of 1 mg/mL (pH 7.0), 

stirred for 60 min at room temperature, and then centrifuged at 6000 
rpm for 10 min. The supernatant (0.1 mL) was reacted with 1 mL of 
Coomassie Brilliant Blue dye for 15 min in the dark. Absorbance was 
measured at 595 nm. Protein concentration was determined using a BSA 
standard curve (0.05–0.5 mg/mL), and solubility was calculated using 
Eq. (6) [20]. 

Protein solubility (%) =
protein concentration in supernatant

protein concentration of initial solution
x 100

(6) 

2.3.5. Water holding and oil binding capacity
A 0.1 g sample was mixed with 10 mL distilled water (for water 

holding capacity) or a 0.05 g sample with 2 mL sunflower oil (for oil 
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binding capacity). The mixtures were vortexed for 10 s every 5 min for a 
total of 30 min, then centrifuged at 5000 g for 10 min. Water holding 
capacity (WHC) and oil binding capacity (OBC) were calculated using 
Eq. (7) [21]. 

WHC or OBC (g/g) =
Weight of sediment (g)

Weight of dry sample (g)
(7) 

2.3.6. Emulsion activity and stability
Emulsion properties were determined according to Erdogdu et al. 

[21]. A 0.05 g sample and 5 mL dH₂O (1 %; w/v) were homogenized at 
10,000 rpm for 30 s, then 5 mL sunflower oil was added and mixed for 2 
min. The emulsion was centrifuged at 3000 g for 5 min, and the final 
emulsion layer was recorded. The emulsion was heated at 80 ◦C for 30 
min, then centrifuged again. Emulsion activity (EA) and stability (ES) 
were calculated using Eqs. (8) and (9), respectively. 

Emulsion activity (%) =
Emulsion volume (mL)

Total volume (mL)
×100 (8) 

Emulsion stability (%) =
Emulsion volume after heating (mL)

Total volume (mL)
×100

(9) 

2.3.7. Foam capacity and stability
Foam properties were determined according to Rawat and Saini 

[22]. A 0.05 g sample was mixed with 5 mL dH₂O and homogenized at 
10,000 rpm for 2 min. The total volume was recorded before and after 
homogenization (V1 and V2), and foam capacity (FC) was calculated 
using Eq. (10). The mixture was left at room temperature for 30 min, and 
foam stability (FS) was calculated using Eq. (11), based on the final 
volume (V3). 

FC (%) =
V2 − V1

V1
×100 (10) 

FS (%) =
V3 − V1

V1
×100 (11) 

2.3.8. ζ-potential
Samples were prepared at 1 % concentration in dH₂O and mixed by 

vortex for 60 s. ζ-potential was measured at 25 ◦C using a zetasizer 
(Anton Paar Litesizer 500, Austria).

2.3.9. FT-IR spectra and secondary structure content
Powders were analyzed with an FT-IR spectrophotometer (Agilent 

4500a, Malaysia). Spectra (1600–1700 cm− 1) were normalized, 
smoothed, 2nd-derivatized, and Gaussian-fitted using OriginPro 2025 to 
estimate structural components [23].

2.3.10. Differential scanning calorimetry (DSC)
Using a PerkinElmer DSC 6000, ~5 mg powder was heated from − 40 

to 120 ◦C at 10 ◦C/min under nitrogen (20 mL/min). Tg, Td, and ΔH 
were calculated via Pyris software.

2.3.11. SIFT-MS volatile analysis
Powders were first dissolved in water:propylene glycol (80:20, v:v) 

to 0.5 % (w:w). To determine the natural volatile content, the protein 
solutions were initially analyzed. For flavor binding analysis, octanal 
and 2-octanone were added separately to the same protein solutions at 1 
% (w/w) relative to protein, using individual 10 g/L ethanol stock so
lutions. All samples were adjusted to pH 7.0, vortexed, sealed in Pyrex 
bottles, and analyzed using a SIFT-MS (SYFT Voice200ultra). Headspace 
volatiles were compared with blank bottles [24]. Triplicates were 
analyzed. Flavor binding capacity was calculated using Eq. (12): 

Flavor binding capacity =
V1 − V2

V1
(12) 

where V1 is the headspace concentration of 2-octanone in the absence of 
protein; V2 is in the protein solution.

2.4. Statistical analysis

All treatment groups were independently prepared in duplicate (i.e., 
two independent sample preparations), and each sample was analyzed 
in triplicate. Reproducibility between the duplicate preparations within 
each group was assessed using an independent samples t-test, and no 
significant differences were observed (P > 0.05). Results were expressed 
as mean ± standard deviation. Data were analyzed via ANOVA using 
SPSS 15.0. Tukey's test (P < 0.05). Relationships among variables were 
evaluated using Pearson correlation and visualized as a heatmap in 
Python.

3. Results and discussion

3.1. Ultrasound intensity and evidence of conjugation

The corresponding average ultrasound intensities for 25, 50, 75, and 
100 % amplitudes were 15.9, 22.4, 32.6, and 43.3 W cm− 2, respectively 
(Table 1). Evidence of conjugation was assessed through the degree of 
conjugation, UV–visible absorbance measurements at 304 and 420 nm, 
browning index, and FT-IR spectral analysis.

3.2. Conjugation degree, absorbance-based Maillard reaction product 
estimation, and browning index

When the degree of glycation was first evaluated (Fig. 1A), it was 
found to be 19.8 % with conventional wet heating. This value increased 
significantly to 43.7–48.2 % when ultrasound amplitudes of 25 % and 
50 %, corresponding to an intensity of 15.9–22.4 W cm− 2, was applied. 
This notable enhancement is attributed to the instantaneous and local
ized generation of extremely high temperatures and pressures, which are 
subsequently damped [12]. Such conditions promote structural changes 
in the protein, including unfolding and bond displacement, thereby 
increasing its reactivity in the Maillard reaction [2]. However, when 
ultrasound intensities exceeded this range, the degree of glycation 
decreased, resulting in values similar to the control (P > 0.05). Specif
ically, ultrasound amplitudes of 75 % and 100 %, corresponding to in
tensities of 32.6 and 43.3 W/cm2, resulted in glycation degrees of 25.4 % 
and 16.9 %, respectively. This decline suggests that excessively high 
ultrasound intensities can damage the protein structure, weaken bonds, 
and reduce the tendency for conjugation [25].

The measurement of protein solutions at 304 nm and 420 nm pro
vides insight into the progression of the Maillard reaction, with absor
bance at 304 nm generally corresponds to intermediate compounds and 
420 nm with melanoidin formation [19]. It should be noted that the 
absorbance at 304 nm is only an indirect indicator of Maillard reaction 
progress, commonly associated with carbonyl-containing intermediate 
products. In the native (untreated) protein, minimal levels of absorbance 
values indicate limited initiation of the Maillard reaction (Fig. 1B). Low- 
intensity ultrasound (25 %) enhances the accumulation of non-specific 

Table 1 
Experimentally determined acoustic intensities (Iₐ) at different ul
trasound amplitude levels.

Amplitude (%) Acoustic intensity (W cm− 2)

25 15.9 ± 0.7
50 22.4 ± 1.9
75 32.6 ± 2.2
100 43.3 ± 3.1
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Maillard intermediates, suggesting an acceleration of Maillard reaction. 
Conversely, higher ultrasound levels (50 % and above) reduce A304 
values, possibly indicating their conversion to advanced Maillard 
products. Although absorbance associated with advanced Maillard 
products (A420) at higher ultrasound intensities, the rise is not signifi
cant, suggesting a potential limitation of the Maillard reaction beyond a 
certain point [26,27].

Although A304 is a key contributor to Maillard conjugation, our re
sults indicate it is not the sole factor determining conjugation degree. 
While conjugation increased at 25 % and 50 % ultrasound power levels, 
it declined at higher powers. In contrast, A304 showed a non-parallel 
trend, increasing at 25 %, decreasing at 50 %, and rising again at 100 
% US. A similar pattern has also been observed in other studies. Fu et al. 
[12] reported no direct correlation between the degree of conjugation 
and changes in absorbance values, attributing this to the physical and 
mechanical effects of ultrasound. Likewise, Jiang et al. [28] found 

similar trends that these absorbance values did not consistently corre
spond with conjugation degree.

The browning index (BI) is a key indicator of Maillard conjugation, 
reflecting the progression of the reaction relative to the starting protein 
[22]. With conventional wet heating, the BI was 7.9 (Fig. 1C). Ultra
sound treatments at 25 % - 100 % ultrasound amplitudes resulted in BI 
values of 11.7, 15.9, 16.6, and 15.6, a statistically significant increase (P 
< 0.05). The 25 % ultrasound application shows a relative increase 
compared to the classical method but remains lower than the 50 % and 
75 % ultrasound treatments, despite being statistically in the same 
group. Fu, Yu, et al. [2] also reported a higher BI compared to traditional 
wet-heating treatment, which may be attributed to the high-intensity 
shear field induced by ultrasound, promoting the formation of inter
mediate and final protein reaction products.

The total color difference is highest in the conventional heating 
method (18.6) (Fig. 1C). However, this difference is significantly 
reduced with ultrasound. In ultrasound treatments, the initially light- 
toned samples darkened slightly, which reduced the overall color dif
ference from the native protein. This resulted in a significant discrep
ancy between the total color difference and the browning index. 
Ultrasound generates cavitation in liquid media through intense sound 
waves [21]. This cavitation phenomenon can accelerate the Maillard 
reaction by enhancing protein-carbohydrate conjugation [8].

3.3. FT-IR analysis

In the FT-IR spectrum (Fig. 2A), the Amide I (1600–1700 cm− 1) and 
Amide II (1500–1600 cm− 1) regions of the untreated protein sample 
exhibit the highest absorbance with prominent peaks. The Amide I band 
is attributed to the C––O (carbonyl) stretching vibration, while Amide II 
corresponds to the N–H bending and C–N stretching vibrations [29]. A 
decrease in absorbance in these regions in ultrasound-generated conju
gates suggests changes in the secondary structure of the protein. The 
sharp decrease in intensity at the Amide bands is likely due to the for
mation of a Schiff base, an intermediate Maillard reaction product 
formed between the amino groups of the protein and the reducing end of 
dextran [30].

A significant increase in absorbance or the appearance of new peaks 
in the 1000–1150 cm− 1 region indicates formation of Maillard conju
gates in the presence of dextran [28]. This region corresponds to the 
glycosidic bonds (C-O-C). In the untreated sample, the 1000–1150 cm− 1 

region shows very low absorbance, while the sample with the highest 
absorbance around 1100 cm− 1 likely contains the most dextran and 
exhibits successful conjugation. This result correlates well with the de
gree of glycation and A304. The 930–940 cm− 1 region is associated with 
the characteristic O–H bending vibration, which may indicate the 
presence of carboxylic acids [31], likely formed after Maillard conju
gation [32]. The 850 cm− 1 region, which shows tyrosine interactions, 
also exhibits a distinct peak increase under ultrasound treatment. These 
interactions are typically linked to structural changes or cross-linking 
mechanisms of proteins [33]. Moderate levels of ultrasound (e.g., 
25–50 %) likely open the protein surface and increase interaction with 
dextran. However, ultrasound at very high amplitudes (e.g., 100 %) may 
lead to protein denaturation or aggregation, reducing conjugation effi
ciency as protein solubility and the accessibility of reactive groups 
diminish [34]. It should be acknowledged that the current study does 
not provide direct evidence (e.g., particle size distribution or micro
scopic observations) for protein aggregation; rather, the interpretation is 
based on theoretical considerations and existing literature.

The Amide I region data of the protein spectrum was analyzed to 
estimate the percent secondary structures of protein samples (Fig. 2B). 
The highest percentage of secondary structure in the protein samples 
was attributed to β-sheet structures (Fig. 2C). This is coherent with the 
results of Jiang et al. [27] Upon dextran conjugation, the β-sheet content 
decreased, with the lowest values observed in samples treated with 
classical heating and 25–50 % ultrasound amplitudes. Beyond 50 % 

A

C

B

Fig. 1. Effect of wet heating (0 %) and ultrasound (US)-assisted conjugation 
(25–100 % amplitudes) on the degree of conjugation (A), UV absorbance of 
protein samples at 304 nm and 420 nm (B), and browning index (BI) and total 
color difference (ΔE) (C). Different letters (a–c or x–z) indicate statistically 
significant differences among the samples (P < 0.05).
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ultrasound, this decrease was less pronounced. In contrast, the α-helix 
content increased following Maillard treatment, particularly in samples 
treated with classical heating and 25 % ultrasound, suggesting that 
hydrogen bonds were disrupted by the reaction. Similar structural 
changes have been reported in whey protein-dextran conjugates, where 
increased α-helix content was linked to improved protein stability [30]. 
The reduction in β-sheet content indicates the breakdown of intermo
lecular and intramolecular interactions, resulting in a looser protein 
structure with greater steric hindrance. The binding of bulky, branched 
polysaccharides such as dextran can disrupt regular β-sheet structures by 
occupying space between protein chains, leading to more irregular and 
amorphous structures [35] Random coil structures, known for their 
flexibility, were most abundant in the 25 % ultrasound-treated sample. 
This flexibility enhances protein-polysaccharide interactions and ap
pears to be significantly influenced by the conjugation process. As ul
trasound intensity increased, α-helix and random coil content gradually 
decreased, while β-sheet content steadily increased. This trend can be 
attributed to the intensified cavitation effect at higher ultrasound in
tensities, which induces denaturation, aggregation, and excessive 
unfolding of the protein structure. Under such conditions, some protein 
chains may be forced to associate, promoting aggregation and partial 
refolding [36]. The FT-IR results, including both spectral analysis and 
secondary structure content, provided compelling evidence for the 
successful conjugation of protein with dextran and also demonstrated a 

distinct effect of varied ultrasound intensities.

3.4. Thermal behavior and zeta potential

The peak transition temperature (Tp), enthalpy (ΔH), and glass 
transition temperature (Tg) values are presented in Table 2. The Tp value 
shows a slight decrease following Maillard conjugation, especially at 75 
% ultrasound treatment. The enthalpy values indicate an exothermic 
reaction, which may suggest disruption of hydrophobic interactions and 
possible aggregation, while dextran conjugation may promote a folded 

Fig. 2. Fourier transform infrared (FT-IR) spectroscopy of untreated and dextran conjugated protein samples (A), sample curve-fitted inverted second-derivative of 
the amide I region (B), and content or percentages of secondary structures of protein samples (C).

Table 2 
Differential scanning calorimetry (DSC) analysis results (Tp: Peak or denatur
ation temperature; ΔHd: Denaturation enthalpy; Tg: Glass transition tempera
ture; US: Ultrasound)*

Sample Tp ΔHd Tg

Native 69.9 ± 2.5b − 168.7 ± 9.5c 19.9 ± 1.1c

0 %-US 67.5 ± 3.0ab − 103.6 ± 19.4ab 17.2 ± 0.7bc

25 %-US 62.4 ± 3.9ab − 92.9 ± 0.1a 15.1 ± 1.5b

50 %-US 62.3 ± 2.2ab − 95.1 ± 2.1a 18.3 ± 1.7bc

75 %-US 58.9 ± 2.3a − 116.4 ± 9.2b 10.7 ± 1.6a

100 %-US 70.6 ± 6.5b − 107.7 ± 3.4ab 10.3 ± 1.2a

* Data are presented as mean ± standard deviation. Different uppercase letters 
denote statistically significant differences between mean values within the same 
column.
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or aggregated structure [37]. The glass transition temperature (Tg) is a 
key marker for the storage stability of powder products [38]. In this 
study, ultrasound treatment at amplitudes of 75 % and above resulted in 
a considerable reduction in Tg, which may indicate reduced structural 
stability and increased molecular mobility, potentially compromising 
the long-term stability of the protein.

The effect of ultrasound at different power levels during conjugation 
on the zeta potential is shown in Fig. 3A. The ζ-potential value reflects 
the surface charge of protein samples [23]. While Maillard conjugation 
is generally reported to significantly increase the zeta potential due to 
enhanced functional properties of proteins [28], the results in this study 
suggest a different trend. Given the natural distribution of amino acids in 
pea protein, the presence of more negative charges is expected, while 
dextran, with its positive charges, interacts with the protein, leading to a 
decrease in zeta potential. This decrease can be explained by the binding 
of dextran, a large and flexible molecule, to energy-dense regions on the 
protein surface, reducing bond energy in those regions. Consequently, 
conjugation may neutralize surface charges, promoting a transition from 
a compact structure to a more open yet stable conformation [39]. 
Notably, the samples treated with 25 % and 50 % ultrasound amplitudes 
showed the lowest zeta potential values, which aligns with the higher 
degree of conjugation observed in those samples. Similar to our findings, 
Xie et al. [40] reported that conjugation reduced the zeta potential 
compared to ultrasound treatment alone. Furthermore, in our study, the 
slight increase in zeta potential observed at higher ultrasound power 
levels may be attributed to the increased specific surface area and the 
presence of additional surface negative charges induced by ultrasound 
treatment.

3.5. Solubility and emulsifying properties

Solubility and emulsifying properties are two major weaknesses of 
pea proteins [39]. The low solubility of pea protein is attributed to its 
low content of water-soluble albumins and the predominance of glob
ulins, which are less soluble. While soybean, the most widely used plant- 
based protein source, exhibits good solubility, pea protein, as an alter
native, shows significantly lower solubility. The untreated pea protein in 
this study had a solubility of 34.7 % (Fig. 3B). In accordance with pre
vious reports, both controlled Maillard conjugation and ultrasound 
treatment improved pea protein solubility. Conjugation with dextran 
alone (classical heating) increased the solubility to 44.7 %, whereas 
dextran conjugation combined with ultrasound enhanced solubility up 
to 71 %. This improvement can be attributed to structural changes in the 
protein caused by dextran conjugation, which increase protein-water 
interactions [39]. Additionally, the intense mechanical shear forces 
generated by ultrasonic cavitation may disrupt the globular structure 
and inhibit protein refolding, further reducing particle size by enhancing 
collisions between protein aggregates [39].

However, at ultrasound power levels of 50 % and above, solubility 
decreased. This decline may result from excessive sonication effects, 

causing protein reaggregation. Prolonged exposure to intense ultra
sound power may accelerate the advanced stage of the Maillard reac
tion, where crosslinking between dicarbonyl compounds leads to 
reduced solubility [22]. These findings are consistent with the 
absorbance-based indicators of Maillard reaction progression (Fig. S1). 
Furthermore, protein denaturation may have contributed to the reduced 
solubility observed at higher ultrasound intensities. A similar trend was 
reported in previous studies [39,41], where ultrasound treatment 
reduced solubility beyond a certain power threshold, consistent with our 
results.

Compared to untreated pea protein, the emulsion activity of dextran 
conjugates prepared using wet heating or ultrasound treatment signifi
cantly increased (P < 0.05) (Table 3). However, conventional conjuga
tion (wet heating) led to a decrease in emulsion stability (from 46.32 % 
to 40.15 %). In contrast, ultrasound treatment significantly improved 
emulsion stability (approximately 56 %). In most similar studies, 
emulsion activity and stability exhibit a strong positive correlation, 
meaning both tend to increase simultaneously [2,27,37,42]. However, 
in this study, while conventional conjugation enhanced emulsion ac
tivity, it reduced emulsion stability. Dextran conjugation improved the 
surface activity of proteins, enhancing their emulsifying capacity. 
However, as discussed in the following section, the substantial reduction 
in water holding capacity may have limited water retention, leading to 
lower emulsion stability. It has also been suggested that there is an 
interdependent relationship between the water and oil retained by 
proteins, particularly in emulsified systems, where changes in water- 
holding capacity may influence oil-binding capacity, and vice versa 
[22]. Despite this, ultrasound treatment significantly improved protein- 
fat-water interactions [43], resulting in a marked enhancement in 
emulsion stability. These findings clearly demonstrate the synergistic 
effect of dextran conjugation and ultrasound treatment.

3.6. Water holding, oil binding and foaming properties

Table 3 presents the results for water holding capacity (WHC), oil 
binding capacity (OBC), foaming capacity (FC), and foaming stability 
(FS). A decline in WHC was observed when conjugation treatments were 
applied to pea protein. During conjugation, some hydrophilic groups on 
the surface of pea protein may covalently bind to dextran, leading to 
structural modifications. This could reduce the number of free hydro
philic groups available for water binding, thereby lowering WHC. 
Additionally, the increase in hydrophobic regions on the protein surface 
after conjugation is another significant factor [37,44]. The increase in 
hydrophobic regions may have promoted protein-protein interactions 
rather than protein-water interactions, resulting in reduced WHC. 
However, ultrasound treatment significantly improved WHC compared 
to the conventional conjugation method, though it did not fully restore it 
to the level of the untreated protein. High-energy sound waves may have 
altered the protein structure, exposing more water-binding sites. 
Regarding OBC results, all protein-dextran conjugates exhibited higher 

Fig. 3. Effectiveness of protein conjugation on the zeta (ζ) potential (A) and solubility (B) of pea protein. Native represents untreated pea protein, 0 %-US indicates 
wet heating conjugation, and 25 to 100 %-US corresponds to ultrasound conjugations at varied amplitudes. Different letters (a-d) indicate statistically significant 
differences (P < 0.05).
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oil binding ability compared to the untreated sample (2.91 g/g). This is 
likely due to the controlled Maillard reaction, which modified and 
unfolded the protein structure, exposing more hydrophobic residues and 
thereby increasing the OBC of protein-dextran conjugates [22]. Once 
again, ultrasound treatment led to a significant enhancement, increasing 
OBC to 7.30 g/g compared to 5.74 g/g observed with dextran conju
gation alone.

The foaming properties are largely dependent on the movement of 
proteins around air bubbles in the liquid phase and the rearrangement of 
molecules at the air-water interface [21]. Both foaming capacity (FC) 
and foaming stability (FS) notably increased when pea protein under
went dextran conjugation. Prior to conjugation, FC and FS were 52.5 % 
and 15 %, respectively, but rose up to 105 % and 85 % after conjugation. 
No significant differences were observed between ultrasound-treated 
and wet-heating alone.

3.7. Headspace volatiles and binding capacities of pea protein samples

The flavor compounds in the headspace of pea protein samples, 
analyzed using SIFT-MS, are presented in Table S1. Hexanal, an un
pleasant grassy volatile compound with characteristic beany flavor was 
identified as the predominant aldehyde in the samples, followed by 
pentanal and octanal. Compared to the native (untreated) sample, the 
total aldehyde content decreased in the classical wet heating method 
(without ultrasound). However, the highest aldehyde concentration was 
observed at 25 % ultrasound amplitude. As the amplitude increased, 
aldehyde binding affinity improved, particularly at 100 % amplitude, 
leading to a reduction in headspace aldehyde content. Kong et al. [45] 
also reported a similar trend in soy protein, where aldehyde levels 
increased at low ultrasound power but decreased with increasing ul
trasound intensity. This phenomenon was attributed to ultrasonic 
cavitation, which alters protein conformation, thereby disrupting the 
interactions between proteins and flavor compounds.

Analyzing the ketones, 2-octanone was initially the most dominant, 
accounting for 73 % of the total ketones. However, its concentration 
significantly decreased after dextran conjugation. This reduction was 
particularly pronounced in dextran conjugates produced with high ul
trasound power, where 2-octanone levels dropped even below those of 
2,3-butanedione at 100 % amplitude. 2-Octanone, known for its grassy 
and greenish notes, is directly associated with the characteristic “beany” 
flavor of pea protein [5,46]. Thus, it appears that this compound can be 
effectively trapped through conjugation and ultrasound treatment.

The controlled Maillard reaction, particularly during the Strecker 
degradation phase, may also contribute to flavor formation. Compounds 
such as furans, furan derivatives, pyrazines, and aldehydes can be 
generated through this process [45,47]. SIFT-MS headspace analysis 
showed that, in most cases, chemical modification resulted in lower 
levels of aldehydes and ketones, while promoting the release of alcohols, 
furan derivatives, pyrazines, and sulfur-containing compounds. The 
concentration of 5-hydroxymethylfurfural (HMF), a characteristic 
Maillard reaction product, increased notably with ultrasound treatment, 
reaching its peak at 25 % amplitude—a 72 % increase relative to the 
native protein.

Flavor formation in plant proteins can be both reversible and irre
versible, depending on the type of modification and the stability of the 
formed compounds. On one hand, reactions contribute to the generation 
of new flavor compounds, while on the other, modified proteins also 
exhibit flavor-binding properties [40,48], making it challenging to 
isolate the specific effects of each process. To better understand the 
interaction between pea protein and volatile compounds, the binding 
capacity of the protein samples toward octanal and 2-octanone, repre
sentative aldehyde and ketone compounds, was evaluated under 
controlled conditions (Fig. 4A and B). These two volatiles share a similar 
carbon chain length (C8) and moderate hydrophobicity, both of which 
are critical factors influencing their interactions with proteins [49]. The 
octanol–water partition coefficient (log P) is commonly used to describe 
the hydrophobicity of flavor compounds and is often classified into low, 
moderate, and high hydrophobicity categories. The reported log P 
values of octanal and 2-octanone range from 2.54 to 2.78 and 2.37 to 

Table 3 
Effect of conjugation method on the emulsion activity (EA), emulsion stability (ES), water holding capacity (WHC), oil binding capacity (OBC), foam capacity (FC) and 
foam stability (FS)*.

Sample EA (%) ES (%) WHC (g/g) OBC (g/g) FC (%) FS (%)

Native 51.6 ± 1.3a 46.3 ± 0.4b 4.11 ± 0.04d 2.91 ± 0.17a 52.5 ± 2.5a 15 ± 4.1a

0 %-US 61.3 ± 1.3c 40.2 ± 1.3a 0.87 ± 0.06a 5.74 ± 0.57b 95 ± 4.1b 80 ± 0b

25 %-US 56.9 ± 1.3b 56.0 ± 1.3c 2.13 ± 0.10b 7.30 ± 0.32c 95 ± 4.1b 80 ± 0b

50 %-US 59.1 ± 0.9bc 56.9 ± 0.4c 2.17 ± 0.16b 7.00 ± 0.01c 105 ± 4.1b 85 ± 4.1b

75 %-US 57.3 ± 0.9b 57.4 ± 0.0c 2.68 ± 0.14c 6.90 ± 0.01c 90 ± 8.2b 85 ± 4.1b

100 %-US 56.5 ± 0.9b 55.6 ± 0.0c 2.31 ± 0.10b 6.73 ± 0.34c 105 ± 4.1b 85 ± 4.1b

* Results are expressed as mean ± standard deviation. Different uppercase letters indicate statistically significant differences between mean values within the same 
column.

Fig. 4. Binding capacities of octanal (A) and 2-octanone (B) to pea protein 
samples, including native and dextran-conjugated forms (25 to 100 %-US: 
varied amplitudes of ultrasound). Different letters (a-c) indicate statistically 
significant differences (P < 0.05).
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2.59, respectively [48,50], indicating that both compounds exhibit 
moderate hydrophobicity. According to the PubChem chemical data
base, their log P values are approximately 2.7 and 2.4, respectively.

In the aroma binding tests conducted in this study, where flavor 
compounds were freely added to the protein solutions, both compounds 
exhibited similar binding trends across different modification condi
tions. Dextran conjugation via wet heating enhanced the binding of both 
octanal and 2-octanone, with a peak observed at 25–50 % ultrasound 
amplitude, followed by a significant decline at 75 % and 100 % ampli
tudes (P < 0.05). The negative impact of high-intensity ultrasound on 
binding capacity was more pronounced for octanal, with the lowest 
binding levels observed at 75 % and 100 % amplitudes. Notably, octanal 
consistently showed higher binding affinity than 2-octanone, which may 
be partially attributed to its slightly higher log P value. In agreement 
with our findings, Li et al. [51] reported a higher proportion of unbound 
2-octanone compared to octanal in modified myofibrillar protein sys
tems. Similarly, two studies carried by Wang and Arntfield [50,52] 
observed greater octanal binding than 2-octanone. In our control sam
ples, binding affinities were 72 % and 76 % for octanal and 2-octanone, 
respectively, whereas those studies reported 24 % and 62 % [52] and 19 
% and 65–68 % [50] for the same volatiles bound to pea protein. These 
discrepancies can be explained by the complex nature of protein–flavor 
interactions, which are strongly influenced by factors such as the pro
tein's structural characteristics, production process, pH, and other 
experimental parameters [51,53]. For instance, our volatile-to-protein 
ratio was 1 % (w/w), whereas the cited studies used 2.5 %. Addition
ally, our analysis employed SIFT-MS, while they used GC/MS, poten
tially contributing to methodological differences. Several studies 
underscore the multifaceted nature of protein–flavor interactions and 
highlight the absence of a universal mechanism [51]. Upon heating and 
mild sonication, partial unfolding of proteins may expose buried hy
drophobic regions or interior binding sites, enhancing volatile retention. 
Conversely, possible protein aggregation induced by excessive ultra
sound can lead to flavor release, thereby decreasing binding affinity 
[53].

Ultrasound-assisted Maillard conjugation may lead to structural 
modifications such as partial unfolding or exposure of internal hydro
phobic regions [54], thereby increasing the accessibility and affinity of 
the protein for volatile compounds. Changes in secondary structure 
profiles (Fig. 2C) could support this hypothesis. Up to 25 % ultrasound 
amplitude, both α-helix and random coil contents increased, while 
β-sheet content decreased. This pattern may reflect partial unfolding and 
conformational rearrangement of the protein molecules, resulting in a 
more flexible structure with reduced ordered regions. Additionally, DSC 
results revealed a decrease in denaturation temperature (Tp) and 
enthalpy (ΔH), which may suggest a reduction in thermal stability, 
possibly due to conformational alterations or loosening of the protein 
matrix [53]. Zeta potential changes also reflect surface charge redistri
bution, potentially due to exposure of charged or polar residues upon 
unfolding. These changes were significantly correlated with flavor- 
binding capacities of both octanal and 2-octanone, as shown by Pear
son's correlation analysis (Fig. S1). Distinct from octanal, 2-octanone 
binding additionally correlated with WHC, a property linked to pro
tein aggregation and network formation, potentially affecting aroma 
retention [48]. Our results demonstrate that protein–flavor interactions 
can be optimized via controlled conjugation, with 25 % US amplitude 
emerging as the most effective condition. These findings emphasize not 
only the benefits of conjugation but also the critical importance of 
optimizing ultrasound intensity.

4. Conclusions

Ultrasound demonstrated its ability to facilitate dextran conjugation 
and enhance techno-functional properties. Medium-power ultrasound 
(25 %) induced structural unfolding and conformational changes in pea 
protein, resulting in a decrease in the relative proportions of β-sheet and 

an increase in the α-helix and random coil. Unlike previous studies, this 
research observed a decrease in the absolute zeta potential, yet it 
exhibited a strong correlation with other parameters, providing robust 
evidence of conjugation and functional improvements. Chemical 
modification generally decreased the release of aldehydes and ketones 
while promoting the formation or release of alcohols, furan derivatives, 
pyrazines, and sulfur compounds, as detected by SIFT-MS headspace 
analysis. The flavor-binding capacities were strongly correlated with the 
degree of glycation, solubility, denaturation enthalpy, and protein 
conformation. Given that the flavor-binding property of proteins can 
sometimes be perceived negatively, future studies should explore the use 
of different flavorings to simulate model food systems.
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Millot, F.A. Allaert, Pea proteins oral supplementation promotes muscle thickness 
gains during resistance training: a double-blind, randomized, placebo-controlled 
clinical trial vs. whey protein, J. Int. Soc. Sports Nutr. 12 (2015), https://doi.org/ 
10.1186/s12970-014-0064-5.

[4] Market Analysis Report, Plant based protein supplements market size, share & 
trends analysis report by raw material (soy, spirulina, pumpkin seed, wheat, hemp, 
rice, pea, others), by product, by distribution channel, by application, by region, 
and segment forecasts. Https://Www.Grandviewresearch.Com/Industry-Analysis 
/Plant-Based-Protein-Supplements-Market, 2023.

[5] F. Zha, K. Gao, J. Rao, B. Chen, Maillard-driven chemistry to tune the functionality 
of pea protein: structure characterization, site-specificity, and aromatic profile, 
Trends Food Sci. Technol. 114 (2021) 658–671, https://doi.org/10.1016/j. 
tifs.2021.06.029.

[6] A. Ochoa-Rivas, Y. Nava-Valdez, S.O. Serna-Saldívar, C. Chuck-Hernández, 
Microwave and ultrasound to enhance protein extraction from peanut flour under 

F.M. Yılmaz et al.                                                                                                                                                                                                                               International Journal of Biological Macromolecules 321 (2025) 146607 

8 

https://doi.org/10.1016/j.ijbiomac.2025.146607
https://doi.org/10.1016/j.ijbiomac.2025.146607
https://doi.org/10.3390/nu17071148
https://doi.org/10.1016/j.ijbiomac.2023.127558
https://doi.org/10.1186/s12970-014-0064-5
https://doi.org/10.1186/s12970-014-0064-5
http://Https://Www.Grandviewresearch.Com/Industry-Analysis/Plant-Based-Protein-Supplements-Market
http://Https://Www.Grandviewresearch.Com/Industry-Analysis/Plant-Based-Protein-Supplements-Market
https://doi.org/10.1016/j.tifs.2021.06.029
https://doi.org/10.1016/j.tifs.2021.06.029


alkaline conditions: effects in yield and functional properties of protein isolates, 
Food Bioproc. Tech. 10 (2017) 543–555, https://doi.org/10.1007/s11947-016- 
1838-3.

[7] F.C. de Oliveira, J.S. dos R. Coimbra, E.B. de Oliveira, A.D.G. Zuñiga, E.E.G. Rojas, 
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