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a b s t r a c t 

Pea protein isolate (PPI)-maltodextrin (MD) conjugates were prepared by using controlled Maillard reaction at 
90 °C in the solution state (wet-heating route). The degree of conjugation between PPI and MD was measured 
in terms of evolved colour, UV absorbance, and molecular weight change. Results showed that the degree of 
Maillard reaction increased with the increase in pH and reaction time; however, the PPI-MD conjugation was 
optimised and was successfully controlled within the initial stage at pH 7.5 and 8.0 to avoid the formation of 
melanonids. The random coil content of PPI significantly increased upon conjugation with MD producing more 
flexible structure. The functional properties of PPI in terms of solubility, surface change (zeta-potential), and 
emulsifying properties of PPI were significantly improved after conjugation with MD. The highest solubility PPI- 
MD conjugates was observed at 5 h of reaction. The canola oil-in-water (O/W) emulsion stabilised by PPI-MD 5 h 
conjugate at 2% of emulsifier concentration and homogenised at 60 MPa for 3 passes had the highest physical 
stability when subjected to 25–60 °C. These findings indicate that Maillard reaction can be controlled in the 
initial stage via the wet-heating route and the resulting conjugates can be much effective emulsifiers than plant 
proteins. 
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. Introduction 

Human population is predicted to grow to 9.7 billion by 2050
 United Nations, 2019 ). This rapidly rising population will ultimately
ut increasing pressure on the quantity as well as the quality of human
iet. Consequently, the concern on the sustainability of animal-based
ood products has been driving the development and consumption of
ither entirely (vegan) or a high proportion of plant-based food prod-
cts. For instance, about 2.5 million Australians (12.1%) are consuming
 diet that is either entirely or primarily of plant origin ( Morgan, 2019 ).
s such, there is a growing research focus on the utilisation of plant
roteins as novel food ingredients ( Aschemann-Witzel et al., 2020 ). 

Legumes are a rich source of plant protein. Legume-based protein
s considered as one of the most promising alternatives to animal pro-
ein due to its abundance and relatively low cost ( Can Karaca et al.,
015 ). Pea protein is primarily composed of globulins (55–80%) and
lbumins (18–25%). Among these two protein fractions, legumin (11S)
nd vicilin (7S) are the major types of protein in globulins ( Fathi et al.,
018 ). Pea protein is rich in essential amino acids such as lysine
nd leucine, compared with soybean protein ( Sánchez ‐Lozano et al.,
011 ; Xie et al., 2016 ). However, low solubility, low surface charge
nd a large number of hydrophobic residuals on the molecule sur-
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ace of pea protein result in its poor functional properties, particu-
arly solubility and emulsifying properties, thereby limiting its appli-
ations in food products ( Karaca et al., 2011 ). To date, various phys-
cal, chemical and/or enzymatic methods have been developed and
sed to modify the functional properties of proteins ( Kaushik et al.,
015 ; Pham et al., 2019 ; Weinbreck et al., 2003 ; Zha et al., 2019 ).
mong these, protein-carbohydrate conjugation via Maillard reaction

s the most straightforward and commonly used method. Maillard re-
ction usually occurs between the ɛ -amino group of lysine residues of
roteins and the terminal reducing group of the carbonyl of carbohy-
rate ( Martinez-Alvarenga et al., 2014 ). This reaction can significantly
mprove the solubility, thermal stability and emulsifying properties of
rotein ( Oliveira et al., 2016 ; Zha et al., 2020 ). 

Conventionally, Maillard reaction between a protein and a carbo-
ydrate is commonly carried out using the dry-heating route. Briefly,
rotein and carbohydrate are mixed at a certain ratio and dissolved in
ater followed by drying of the mixture (e.g., using freeze-drying) to

onvert into mixture powder. This powder is subsequently incubated
t the controlled temperature (mostly 60–70 °C) and relative humidity
mostly 65–79%) for certain days (1–14 days) to facilitate the Maillard
eaction ( Sedaghat Doost et al., 2019 ). Although this method works well
t laboratory scale, its commercial application is challenging due to its
 (B. Adhikari) . 
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w  
ong reaction time and the difficulty to control the degree or progress
f reaction ( Pirestani et al., 2017 ; Zhu et al., 2008 ). 

The Maillard reaction when carried out via the wet-heating route
s more promising because it maximises the contact between protein
nd carbohydrate molecules in the solution, thus, reducing the heating
ime. In wet-heating method, the mixture of protein and carbohydrate
s dissolved in water and the mixture is heated at a set temperature
nd time to accelerate conjugation ( Sedaghat Doost et al., 2019 ). In
his method, the reaction time required for conjugation can be signifi-
antly reduced to few hours. This wet heating method of Maillard reac-
ion is increasingly used to modify the functional properties of proteins
 Pirestani et al., 2017 ; Wang et al., 2018 ; Wen et al., 2020 ; Zhang et al.,
014 ; Ž ili ć et al., 2012 ). 

Briefly, Maillard reaction can be divided into three stages. In the
nitial stage, Schiff base is formed due to the reaction between free
mino groups of protein and reducing sugar of carbohydrate, which
hen convert into colourless Amadori compounds ( Henle, 2005 ). The
ormation of Amadori compounds can be used as an indicator of the
nitial stage. When the reaction proceeds further, degradation of the in-
ermediates occurs by condensation with free amino acids leading to
he formation of Strecker aldehydes ( Silván et al., 2006 ). The Amadori
ompounds undergo several degradation reactions at longer reaction
ime, known as advanced stage during which Advanced glycation end
roducts (AGEs) such as pentosidine and N( 𝜀 )-Carboxymethyllysine are
ormed ( Poulsen et al., 2013 ). The formation of brownish colour of
melanoidins ” is used as the indicator of advanced stage of Maillard
eaction. The AGEs have now been shown to be detrimental to hu-
an health. AGEs can result in oxidative stress and promote inflam-
atory processes causing chronic diabetes and cardiovascular diseases

 Friedman, 2003 ). It is necessary to control the Maillard reaction within
nitial or intermediate stage to avoid the formation of AGEs. 

However, to the best of our knowledge, most of the published re-
earch on Maillard reaction carried out through the wet-heating route
re focused on the modification of protein structure and functional prop-
rty. There is a paucity of research aimed at investigating the efficacy
f Maillard reaction induced protein-polysaccharide conjugation at the
nitial stage when carried out using wet-heating route. The effect of
his conjugation (wet heating route, first stage of Maillard reaction) on
he functional properties of plant proteins is not systematically stud-
ed. Therefore, in this study, we used pea protein isolate (PPI) and mal-
odextrin (MD) as model plant protein and carbohydrate, respectively to
nduce Maillard reaction following the wet-heating route. The reaction
as controlled at its initial stage and the effect of this conjugation on the
rotein’s properties including solubility, molecular weight, secondary
tructure, and emulsifying properties was investigated. The outcome of
his will provide greater insights on modification of structure-function
f plant proteins through Maillard reaction, avoiding the reaction to
roceed to advanced stage and applying the conjugates as sustainable
mulsifiers. 

. Material and methods 

.1. Material 

Pea protein isolate (PPI, NUTRALYS® S85 XF) and maltodextrin
MD) with a dextrose equiveillance of 39 (GLUCIDEX® 39) were pro-
ided by Roquette Pty Ltd. (Lestrem, France). The PPI contained 84.17%
rotein (Kjeldahl method, N × 6.25), 6.96% moisture (AOAC Method
o. 925.10), 4.46% ash (AOAC Method No. 923.03), and 1.8% lipid

AOAC Method N0. 920.85). Commercial canola oil was purchased
rom the local market (Coles Pty Ltd., Victoria, Australia). All chemi-
als including sodium chloride, sodium hydrate, sodium dodecyl sulfate
SDS), 2 × Laemmli buffer, 𝛽-mercaptoethanol, Tris, glycine, bromophe-
ol blue, Coomassie Brilliant Blue R-250, and Bradford assay reagents
ere of analytical grade and were purchased from Sigma-Aldrich Pty
td. (NSW, Australia). 
2 
.2. Preparation of PPI-maltodextrin conjugates 

In our preliminary experiments, PPI and MD were mixed at ratios of
:1, 1:1, and 1:2 (w/w), respectively to induce the conjugation and the
onjugates were dissolved in the water at the solid-to-water ratio of 1:7,
:9 and 1:11 (w/w), respectively to produce oil-in-water emulsions. We
ound that the emulsion stabilized by the conjugate with PPI-to-MD ratio
f 1:1 (w/w) and conjugate solid-to-water ratio of 1:9 (w/w) had the
est stability. Therefore, these parameters were used to produce PPI-MD
onjugate and its dispersion. Briefly, PPI and maltodextrin mixture (1:1,
/w) was added into Milli Q water (solid: water ratio = 1:9, w/w) and
gitated (300 rpm) overnight at ambient temperature. Subsequently, the
olution was adjusted to pH 7.5, 8.0 and 8.5 using 1M NaOH. These
olutions were heated at 90 °C for up to 5 h using a shaking bath to
nduce Maillard reaction (protein-carbohydrate conjugation). Samples
ere collected for 5 h in 0.5 h intervals and freeze-dried (Freeze Dryer-
aCo 10, Australia) at 0.1 mBar and -80 °C for 48 h to prepare the
owder product. These lyophilized samples were stored at 4 °C until
urther tests. 

.3. Detection of Amadori compounds and melanoidins 

The progress of the Maillard reaction was determined according to
ha et al.(2019 ). Briefly, the ultraviolet-visible (UV) absorbance of the
esulting conjugate was measured at 304 and 420 nm to indicate the
ormation of colourless Amadori compounds and brown melanoidins,
espectively ( Kutzli et al., 2020 ). The freeze-dried PPI-MD conjugate
owder was dispersed in Milli Q water to prepare 1 mg/mL solution.
ubsequently, the solution was transferred to quartz cuvettes (10 mm
ath length × 2 mm width × 45 mm height), and the measurements
ere made using a UV Spectrometer (Lambda 35, PerkinElmer., USA)
ith Milli Q water as the blank reference. 

.4. Measurement of colour parameters 

The colour profile of the conjugate solution was determined using
 chromameter (Minolta, CR-310, Japan), in terms of Commission In-
ernationale de l’Eclairage (CIE) L ∗ (lightness), a ∗ (red/green intensity)
nd b ∗ (yellow/blue intensity) values. For the equipment calibration, a
tandard white tile (L ∗ = 97.1480, a ∗ = 5.2085, and b ∗ = -3.1112) was
sed. 

.5. Characterisation of PPI-MD conjugates 

.5.1. Molecular weight of PPI-MD conjugates 

The molecular weight of PPI-MD conjugates as well as that of PPI
as determined using sodium dodecyl sulfate-polyacrylamide gel elec-

rophoresis (SDS-PAGE) under the reducing condition, according to
aemmli (1970) ’s method. Briefly, a 4–15% precast polyacrylamide
el containing 4% stacking gel and 15% separation gel was applied
n a Mini-PROTEAN Tetra Cell (Bio-Rad, Mini-Protein apparatus III).
our microliters of 5 mg/mL sample solution was mixed with 12 μL of
 × phosphate buffer solution (pH 7.0) and 4 μL of loading buffer (95%
 × Laemmli buffer and 5% 𝛽-mercaptoethanol) to make 1 μg/ μL solu-
ion, followed by heating samples at 100 °C for 10 min. Ten microliter
ample was loaded into the precast gel and the electrophoresis was per-
ormed in a Tris-glycine running buffer (pH 8.3). The SDS-PAGE test was
un at 110 V for 60–80 min until the dye front reached the reference line.
fter gel electrophoresis, the gel was stained with Coomassie Brilliant
lue R-250 dye and destained with a decolorization solution composed
f 10% (v/v) methanol and 10% (v/v) acetic acid. In this study, the
olecular weight of native PPI was also determined as a control. 

.5.2. Infrared (FTIR) spectroscopic measurement of the change of 

econdary structure 

The FTIR spectra of PPI, MD, PPI-MD mixture and PPI-MD conjugates
ere determined using a Perkin Elmer Spectrum Two FTIR spectrometer
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Perkin Elmer, CT, USA) equipped with a Gladi ATR from Pike Technolo-
ies (Wisconsin, USA). The absorbance spectrum of air was used as back-
round. The absorbance spectra of the test samples in the wavenumber
ange of 4000 to 400 cm 

− 1 were recorded at a resolution of 1 cm 

− 1 (64
cans). 

The secondary structures ( 𝛼-helix, 𝛽-sheet, 𝛽-turn and random coil)
f PPI and PPI-maltodextrin conjugates were analysed using the method
eported by Xu et al. (2019) with minor modification. Briefly, each
TIR spectrum in the wavenumber region of 1600–1700 cm 

− 1 (amide
) was baseline corrected and smoothed using an 11-point Savitzky-
olay function to subtract the background noise. Each spectrum was de-
onvoluted by Fourier self-deconvolution method using the Ominic 8.2
oftware (Thermo Fisher Scientific, Carlsbad, USA). Origin 2016 soft-
are (OriginLab, Northampton, USA) was used to conduct the second-
erivative analysis, and the deconvolution curve of amide I (1600–
700 cm 

− 1 ) band was fitted with Gaussian curve. Band of second deriva-
ives of amide I commonly reflects the position of peaks of individual
econdary structure, and the content of each structure can be calculated
sing the area under each sub peak ( Ye et al., 2017 ). 

.5.3. Solubility of PPI-MD conjugates 

The solubility of PPI-MD conjugates was determined using Bradford
ethod ( Bradford, 1976 ). Briefly, the freeze-dried PPI-MD conjugate
owder was dispersed in Milli Q water to prepare 1 mg/mL solutions.
he mixture was agitated for 30 min at ambient temperature to allow
omplete rehydration. Then, the pH of the mixture was adjusted to 3.0–
.0 using 1M HCl or NaOH as required. The pH-adjusted solution was
entrifuged at 3000 × g for 15 min at 22 °C and the supernatant was
ollected. One hundred microlitres of this supernatant and 3 mL of Brad-
ord assay solution were mixed and incubated at ambient temperature
or 10 min. The absorbance of the incubated samples was measured at
95 nm using the UV–Vis spectrophotometer to calculate its protein con-
ent. Bovine serum albumin (BSA) was used as the standard to generate
 standard curve. The solubility of PPI-MD conjugates was calculated
sing Eq. (1) . 

𝑜𝑙 𝑢𝑏𝑖𝑙 𝑖𝑡𝑦 ( % ) = 

(
𝑃 𝑠 

𝑃 𝑡 

)
× 100% (1)

here Ps is the protein content in the supernatant (mg/mL), Pt is the
otal protein content in the conjugate before centrifugation (mg/mL),
easured by the Kjeldahl method ( N × 6.25). The solubility of PPI was

lso measured as a control. 

.5.4. Zeta-potential of PPI-MD conjugate 

The above PPI-MD conjugate solution (1 mg/mL) was diluted by 10
imes using Milli Q water and the pH of the diluted samples was adjusted
ithin 3.0–8.0. These solutions were then centrifuged at 3000 × g for
5 min at 22 °C and the supernatants were collected. Zeta-potential of
hese supernatants was measured using a zeta sizer (Nano-ZS, Malvern
nstruments Ltd., Malvern, UK). Zeta-potential values of PPI solution at
he same concentration and pH were also determined as control. 

.6. Preparation of oil-in-water (O/W) emulsion and characterisation 

.6.1. Preparation of O/W emulsion 

The PPI-MD conjugate powder was dissolved in Milli Q water at 1.0
nd 2.0% (w/w) and the pH of the solution was adjusted to 7.0. Sub-
equently, canola oil was added to these solutions and the mixture was
omogenised using a high shear homogeniser (IKA T25 Ultra Turrax,
ilmington, USA) at 15,000 rpm for 2 min. These preliminary emulsions
ere further homogenised using a Microfluidizer (M-110L Microfluidiz-

r®, Microfluidics, Lampertheim, Germany) to produce fine O/W emul-
ions at 40 and 60 MPa, respectively using 3 passes. The oil content in
he emulsion was controlled at 10% (v/v). 
3 
.6.2. Droplet size and zeta-potential of O/W emulsion 

The droplet size and zeta potential of freshly made O/W emulsion
ere measured using the zeta sizer at 25 °C. Briefly, to avoid multiple

ight scattering effects, the emulsions were diluted 100 times with 1%
w/w) sodium dodecyl sulfate (SDS) solution during particle size mea-
urement. Milli Q water was used to dilute the emulsion by 100 times
hile measuring zeta potential. 

.6.3. Physical stability of the O/W emulsion 

To evaluate the stability of emulsions, their emulsion stability index
ESI) was calculated based on the measurement of emulsion turbidity
 Pearce and Kinsella, 1978 ). Briefly, the freshly made O/W emulsions
2%, w/w of protein concentration and homogenised at 60 MPa) were
ransferred into sealed glass test tubes and incubated in a pre-heated
ater bath for 6 h at different temperatures (25, 30, 40, 50 and 60 °C)

o mimic potential thermal treatment during food production. After in-
ubation, these emulsions were diluted by 100 times using 0.1% (w/w)
DS solution to the oil-volume fraction of 0.1% (v/v). The absorbance
f the diluted samples at 500 nm was measured using the UV-Vis spec-
rometer and the turbidity of the emulsion was calculated using Eq. (2) .

 = 2 . 303 × 𝐴 

𝐿 

×𝐷 (2)

here, T is the turbidity of emulsions in m 

− 1 , A is the observed ab-
orbance, D is the dilution factor (100 ×), and L is the pathlength of the
uvette (0.1 m). 

The emulsion stability index (ESI, expressed in h) of emulsions was
alculated using Eq. (3) ( Sui et al., 2017 ) 

𝑆𝐼 = 

( 

𝑇 0 
𝑇 0 − 𝑇 

) 

× 𝑡 (3)

here, T 0 is the turbidity of fresh emulsion in m 

− 1 determined immedi-
tely after it was prepared, T is the turbidity of the emulsion at the end
f storage in m 

− 1 , t is the time (6 h). 

.7. Statistical analysis 

Experiments were carried out in triplicate unless mentioned oth-
rwise. The results are expressed as mean ± standard deviation and
he data analysis was performed using SPSS statistical software (SPSS
3.0, IBM, Armonk, NY, USA). Significant difference between any two
ean values was made determined using one-way analysis of variance

ANOVA) by the Duncan test at 95% confidence level ( p < 0.05). 

. Results and discussion 

.1. Colour change of PPI-MD conjugates during reaction 

The absorbance values of PPI-MD conjugates at both 304 and 420
m during Maillard reaction (conjugation) at different pH are presented
n Fig. 1 A and 1 B, respectively. It is snow commonly accepted that, dur-
ng the early stage of Maillard reaction, carbonyl group of a reducing
ugar reacts with the ɛ -amino group of protein of which free lysine is the
ost reactive one ( Hellwig and Henle, 2014 ; Ledl and Schleicher, 1990 ;
ooijen et al., 2013 ). Zhou et al. (2021) reported that the free lysine
roups in pea protein isolate was 9.70 mg/g which is expected to read-
ly react with the carbonyl group of carbohydrate in Maillard reaction.
s shown in Fig. 1 , the absorbance values of samples increased signif-

cantly with the increase of reaction time at both wavelengths, due to
he continuous conjugation between PPI and MD. This is consistent with
ha et al. (2020) ’s findings during the conjugation of PPI and gum Ara-
ic. As shown in Fig. 1 A, the absorbance of PPI-MD conjugate at 304 nm
ncreased with the increase of pH value, suggesting more Amadori com-
ounds were formed at the higher pH. A similar trend was also observed
n the absorbance of conjugate at 420 nm, particularly when the reaction
as performed at pH 8.5. This can be attributed to the acceleration of



Z. Zhang, B. Wang and B. Adhikari Future Foods 6 (2022) 100193 

Fig. 1. Absorbance of different PPI-MD conjugates at (A) 304 nm and (B) 
420 nm. 
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he Maillard reaction at higher pH conditions. The PPI used in this study
ad an isoelectric point (pI) around 4.4 ( Fig. 5 A). Therefore, the increase
f pH above PPI’s pI led to the unfolding and solubilisation of protein,
hich promoted the exposure of amino acids originally hidden in the
ydrophobic core of protein structure. This enabled a higher number of
ree amino groups to react with the reducing groups of maltodextrin. 

Interestingly, the absorbance of conjugate at 420 nm almost re-
ained unchanged when the reaction was controlled at pH 7.5 and 8.0.
he absorbance of conjugate at 420 nm of pH 8.5 continually increased
ith increase of reaction time, indicating the formation of brown

oloured melanoidins. A similar phenomenon of change of absorbance of
onjugate at 420 nm was observed from Lertittikul et al.’s (2007) study.
n their study, when the initial pH of porcine plasma protein-glucose
amples increased from 8 to 12, the absorbance (at 420 nm) of the re-
ulting conjugates increased significantly after heating for 2 h. This in-
icated that the increase in pH of the system influenced the degree of
aillard reaction. In this study, when the reaction was performed at pH

.5 and 8.0, a significant increase of absorbance of the conjugates at
04 nm was observed, while its absorbance at 420 nm almost remained
nchanged, indicating that the conjugation (Maillard) reaction was suc-
essfully controlled within the initial stage. 
4 
The colour parameters ( L ∗ , a ∗ and b ∗ ) of the PPI-MD conjugates at
hree different pH are presented in Fig. 2 A, 2 B and 2 C, respectively.
uring the reaction, the L ∗ value of the conjugates decreased gradually,
hile a ∗ and b ∗ values increased with the increase of reaction time.
his trend was clearer at the higher pH. This result agrees well with the
bove absorbance data ( Fig. 1 ), indicating the progress of conjugation
ith the increase of reaction time and the acceleration of the Maillard

eaction at higher pH. A similar trend of colour change was reported by
ha et al. (2019) . 

It is worth noting that at pH 8.5, dark conjugates with undesirable
dour were formed after 5 h reaction, indicating that the Maillard re-
ction had reached to the advanced stage. A similar phenomenon was
eported in Wei et al. (2019) ’s study, where glycation between flaxseed
rotein and D-xylose was performed. These authors detected the in-
reased amount of undesirable flavour compounds, including ketones,
urans and aromatics when the pH of the reaction was increased from
.0 to 8.0. This was due to the fact that Amadori degradation was pro-
oted at a high pH value. This observation further confirmed the fact

hat the reaction was confined within initial stage at pH 7.5 and 8.0.
ased on this distinct colour change of PPI-MD conjugate at pH 8.5, pH
.0 was selected as the optimum pH to achieve a higher Maillard reac-
ion rate while at the same time controlling the reaction at the initial
tage. 

.2. Molecular weight change of PPI-MD conjugates during reaction 

The molecular weight change of PPI during the conjugation is shown
n Fig. 3 . Several molecular weight bands were observed in the native
PI within 15–75 kDa. Particularly, the bands observed at 28.7, 33.3 and
7.3 kDa indicated by vicilin, 22.3–23.1 kDa indicated 11S legumin and
2.4–77.9 kDa indicated by conviclin fractions, respectively ( Zhao et al.,
022 ). No molecular weight band was observed in lane 2, which is ex-
ected as the molecular weight of maltodextrin MD was well below the
owest value in the marker scale ( < 10 kDa) ( Zhang et al., 2014 ). As
hown in lane 3, no significant change of the molecular weight was ob-
erved in the PPI-MD mixture, compared to that of PPI which is also
xpected as there is no likelihood of conjugation reaction occurring in
he mixture without heating and at neutral pH. After the Maillard reac-
ion, new bands with high molecular weight beyond 250 kDa were ob-
erved in the PPI-maltodextrin conjugates (lane 4 and 5). Interestingly,
ome protein fractions in the PPI, particularly the ones with molecu-
ar weight in the range of 37–50 and 75–100 kDa, disappeared during
he conjugation due to covalent bonding with MD ( Zhao et al., 2022 ).
ompared with PPI-MD conjugates obtained at 2.5 h of reaction, a high
roportion of PPI-MD conjugates obtained at 5 h had a relatively high
olecular weight ( > 250 kDa) than those with low molecular weight (20

o 100 kDa). This is due to higher extent of Maillard reaction induced
onjugation at 5 h. 

.3. Changes in secondary structure of PPI due to conjugation 

The FTIR spectra of native PPI, MD, PPI-MD mixture (0 h) and PPI-
D conjugates reacted for 2.5 and 5 h are shown in Fig. 4 . In gen-

ral, PPI exhibited the following characteristic peaks: C = O stretching
t 1634 cm 

− 1 (amide Ⅰ ), N-H bending at 1526 cm 

− 1 (amide Ⅱ ), and
-N stretching and N-H deformation at 1394 & 1240 cm 

− 1 (amide III)
 Xu et al., 2019 ). The bands at 2975 & 2899 cm 

− 1 were due to stretch-
ng of C-H in CH 2 and CH 3 groups ( Zha et al., 2019 ). On the other
and, MD had a peak at 1069 cm 

− 1 , contributed by the stretching
f C-C and C-O and the C-H bending ( Wang et al., 2013 ). In PPI-MD
onjugates, increased intensity of C = O stretching, C-N stretching and
-O stretching was observed at 1634, 1394 and 1069 cm 

− 1 , respec-
ively when compared with the spectra of the native PPI and PPI-MD
ixture. This can be attributed to the formation of Maillard reaction
roducts such as Amadori compounds (C = O), Schiff base (C = N) and
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Fig. 2. Colour profile and image of PPI-MD conjugates: (A) L ∗ value; (B) a ∗ value; (C) b ∗ value. 

Table 1 

Composition of secondary structures of PPI, PPI-MD mixture and PPI-MD conjugates. 

Sample 𝛼-helix ß-sheet ß-turns Random coil 

PPI 41.6 ± 1.5 a 28.4 ± 1.9 a 14.5 ± 2.5 a 15.6 ± 1.0 a 

PPI-MD 0 h 42.7 ± 1.0 a 26.1 ± 0.7 a 8.9 ± 0.8 b 22.4 ± 0.9 b 

PPI-MD conjugate 2.5 h 45.5 ± 0.3 b 23.8 ± 1.6 b 6.7 ± 1.1 b 24.0 ± 1.4 b 

PPI-MD conjugate 5 h 46.4 ± 0.12 b 21.9 ± 1.1 c 5.3 ± 0.7 c 26.4 ± 1.0 c 

The different letters in superscript within a column indicate statistically significant 
differences ( p < 0.05) with in the group. 
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yrazines (C-N) through covalent bonding between PPI and maltodex-
rin ( Srivastava et al., 2011 ). A further increase of intensity in above-
entioned peaks was observed in PPI-MD conjugates when reaction was

arried out for 5 h due to increased grafting or conjugation between PPI
nd MD. 

The composition of secondary structural features of PPI, PPI-MD
ixture and PPI-MD conjugates deduced from the FTIR spectra are
resented in Table 1 . PPI had approximately 41.6 ± 1.5% 𝛼-helix,
8.4 ± 1.9% 𝛽-sheet, 14.5 ± 2.5% 𝛽-turns and 15.6 ± 1.0% random
oil. No significant difference ( p > 0.05) was found in the composition
f 𝛼-helix and 𝛽-sheet contents between the native PPI and PPI-MD mix-
5 
ure. Interestingly, the percent composition of 𝛽-turn and random coil
ncreased significantly in PPI-MD mixture compared to that in native
PI. This can be due to the formation of hydrogen bonds between PPI
nd MD molecules in the aqueous solution and when this mixture was
ried increased 𝛽-turn and random coil content ( Shang et al., 2020 ).
hen conjugated for 2.5 h, compared with native PPI, the 𝛼-helix and

andom coil content of the conjugates increased significantly, while the
ontent of 𝛽-sheet and 𝛽-turn decreased. This indicates the change of
patial structure of PPI caused by conjugation. The 𝛽-sheet structure
n protein usually has a relatively large surface area, which facilitates
he formation of hydrogen bonds between protein molecules. However,
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Fig. 3. Molecular weight of PPI and PPI-maltodextrin (MD) conjugates: Lane M 

for protein marker, lane 1 for PPI, lane 2 for MD, lane 3 for PPI-MD mixture, lane 
4 for PPI-MD conjugate heating for 2.5 h, lane 4 for PPI-MD conjugate heating 
for 5 h. 
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he presence of carbohydrates in the system prevented the interaction
etween protein molecules, resulting in a decrease in 𝛽-sheet content
nd an increase in random coil content ( Liu et al., 2021 ). Furthermore,
hermal treatment promoted the unfolding of protein molecules, lead-
ng to the formation of disordered random coil structures ( Ngarize et al.,
004 ). 

A further increase in random coil and decrease in 𝛽-sheet and 𝛽-turns
ontents were observed in the conjugates when the heating time was
onger (5 h in this case). It is worth noting that the increased random
oil content in PPI-MD conjugates suggests a more flexible structure and
t is expected to improve the emulsifying properties ( Chen et al., 2019 ).
6 
.4. Effect of conjugation on protein solubility 

The solubility of PPI and PPI-MD conjugate in the pH range of
.0–8.0 is shown in Fig. 5 A. PPI exhibited its lowest solubility of
.81 ± 0.02% (w/w) at pH 4.4, which is its isoelectric point ( Fig. 5 B). Af-
er conjugation with MD, the solubility of PPI increased significantly in
he tested pH range. Particularly, the solubility of protein increased by
-3 fold between pH 4.0 and 5.0. This level of increase in pH of PPI, par-
icularly at a low solubility range, is due to the conjugation (attachment)
f more water-soluble MD to the protein molecular chain via covalent
onds, thereby improving the affinity of the PPI-MD conjugates with wa-
er molecules ( Oliveira et al., 2016 ). As mentioned in Section 3.1 , the
ncrease of pH above PPI’s pI resulted in the unfolding of protein struc-
ure, which is conducive for the progress of Maillard reaction between
PI and MD and thus increasing the solubility of protein ( Cheng et al.,
022 ). In addition, the solubility of PPI-MD conjugates increased signif-
cantly as the reaction time increased from 2.5 to 5 h due to a higher
evel of conjugation. The level of increase of PPI solubility after conjuga-
ion with MD can be due to less availability of hydrophobic amino acids,
articularly cysteine and isoleucine. During Maillard reaction cysteine
nd isoleucine participate in the covalent bonding with reducing groups
f carbohydrate ( Hemmler et al., 2018 ). Therefore, the conjugation be-
ween PPI and MD reduces the available cysteine and isoleucine content
n PPI ultimately increasing its solubility. 

.5. Effect of conjugation on surface charge 

The Zeta-potential values of PPI and the PPI-MD conjugates reacted
or 2.5 and 5 h are shown in Fig. 5 B in the pH range of 3.0–8.0. As
hown, PPI was neutral at pH 4.4 (pI) and this agrees well with its lowest
olubility in Fig. 5 A. After conjugation, the PPI-MD conjugates became
ubstantially more negatively below PPI’s pI and less positively charged
bove the pI. This is because the positively charged amino acids, par-
icularly lysine, conjugated with negatively charged MD, leading to the
ormation of more negatively charged conjugates ( Wang et al., 2018 ).
s a result, the pI of PPI-MD conjugates shifted toward the lower pH
ange after conjugation. Previous study on conjugation between whey
rotein isolate and inulin also showed that the zeta-potential of WPI-
nulin conjugate (after wet-heating at 70 °C for 2 h) had larger surface
Fig. 4. FTIR spectra of PPI, MD, PPI-MD mixture and PPI-MD 

conjugates obtained at 2.5 and 5 h, respectively. 
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Fig. 5. Solubility and Zeta-potential of PPI and PPI- 
MD conjugates as a function of pH: (A) Solubility and 
(B) Zeta-potential. 
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harge than native WPI ( Wang et al., 2020 ). Higher surface charge of
hese conjugate indicated to their better capacity to stabilise oil droplets
n emulsion. 

.6. Characteristics of oil-in-water (O/W) emulsions 

.6.1. Droplet size of O/W emulsions stabilised by PPI-MD conjugates 

Z-average diameter of oil-in-water (O/W) emulsions stabilised by PPI
nd PPI-MD conjugate at two emulsifier concentrations (1% and 2%,
/w) prepared at different homogenisation pressures (40 and 60 MPa)

s shown in Fig. 6 . At both homogenisation pressures, and at a fixed
mulsifier concentration, the conjugate-stabilised O/W emulsion exhib-
ted a significantly smaller size than the one stabilised by PPI. This in-
icates the improved emulsifying property of PPI-MD conjugates, com-
ared to PPI. Also, emulsions with a decreased diameter were formed
hen conjugates produced at higher conjugation time were used. This

s most probably due to the improved interfacial activity and interface
esilience of the conjugates compared to PPI ( Zhang et al., 2012 ). It is
lso expected that higher solubility and flexibility of a protein make it a
etter emulsifier ( Shevkani et al., 2015 ). A protein with higher solubility
an be easily dissolved and it can easily migrate to the oil/water inter-
ace and gets adsorbed there in a shorter time (Shevkani et al., 2019).
ozafarpour et al. (2019) reported that the O/W emulsion stabilised

y protein with a higher random coil content had a lower droplet size.
his is because this flexible structure enabled it to absorb and reorient
t the oil/water interface rapidly and, thus, decrease the droplet size.
7 
s discussed in Sections 3.3 and 3.4 , PPI-MD conjugation increased the
andom coil content and resulted in a more flexible structure and im-
roved protein solubility. This is expected to enhance the adsorption
fficiency of PPI-MD conjugate at the oil/water interface. The droplet
ize of the O/W emulsion stabilised by PPI-MD conjugates and PPI de-
reased significantly with the increase of emulsifier content ( Fig. 6 A and
 B). Higher number of PPI or PPI-MD molecules was expected to adsorb
t the oil-water interface and stabilise the emulsion when their content
as increased ( Kasran et al., 2013 ). 

.6.2. Impact of conjugation on zeta potential and emulsion droplet size 

The Zeta-potential of O/W emulsion droplets stabilised by PPI and
PI-MD conjugates is presented in Fig. 6 C and 6 D. No significant dif-
erence was observed when comparing the Zeta-potential of emulsion
roplets stabilised by PPI and PPI-MD conjugate obtained at 2.5 h at
% (w/w) emulsifier concentration. This observation suggested that the
PI and PPI-MD 2.5 h conjugate exhibited similar emulsifying prop-
rties at this concentration, despite PPI-MD conjugate having higher
egative charge than PPI at given pH (pH = 7.0). This may be due to
ow steric hindrance offered by the PPI-MD 2.5 h conjugate as the de-
ree of conjugation was low ( Ng et al., 2017 ). This is also due to low
mulsifier concentration (PPI or PPI-MD 2.5 h conjugate). When the
mulsifier concentration increased to 2% (w/w), the magnitude of the
eta-potential of the emulsions stabilised by conjugates increased sig-
ificantly, indicating the electrostatic repulsive force was stronger. The
mulsion droplets stabilised by conjugates produced at 5 h had higher
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Fig. 6. Characteristics of O/W emulsions stabilised by PPI and PPI-MD conjugates: (A) Droplet size, homogenised under 40 MPa; (B) Droplet size, homogenised 
under 60 MPa; (C) Zeta-potential, homogenised under 40 MPa; (D) Zeta-potential, homogenised under 60 MPa. 
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Fig. 7. Emulsion stability index (ESI) of emulsion stabilised PPI and PPI- 
maltodextrin conjugates as a function of temperature. 
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egative change than the ones stabilized by conjugates produced at 2.5 h
f reaction. The PPI-MD conjugated produced at 5 h of reaction tended
o form an emulsion with smaller droplet size ( Fig. 5 B), compared to
he conjugated produced at 2.5 h of reaction. This can be attributed to
heir favourable adsorption at the O/W interface. This would increase
he thickness of the interfacial layer and would promote the stability of
mulsion ( Dickinson, 2009 ). 

.6.3. Physical stability of O/W emulsions stabilised by PPI-MD conjugates

The emulsion stability (in terms of emulsion stability index, ESI) of
/W emulsion produced using PPI and PPI-MD conjugates produced at
.5 and 5 h is presented in Fig. 7 at four temperatures. At a particu-
ar storage temperature, the ESI of the emulsion stabilised by PPI-MD
onjugates was significantly higher than the one stabilised by PPI. The
SI of emulsion stabilised by PPI-MD conjugated produced at 5 h of re-
ction was also significantly higher than those produced using PPI-MD
onjugate produced at 2.5 h of reaction in each temperature. A similar
rend was also observed by Chen et al. (2019) in the case of soybean
il stabilised O/W emulsion using whey protein isolate (WPI) and WPI-
um Acaia (GA) conjugate as emulsifiers. These authors reported a sig-
ificant improvement of ESI of WPI-GA conjugates as compared with
PI, and the ESI of conjugates further increased with higher glycation

egree (DG value). This improved stability can be attributed to the de-
reased O/W emulsion droplet size (Section 3.7.1), increased repulsive
lectrostatic force (zeta potential) of the droplets (Section 3.7.2) and im-
roved steric hindrance offered by the PPI-MD conjugates ( Zhang et al.,
012 ). All the emulsions exhibited a decreased ESI with the increase of
8 
torage temperature, which can be attributed to the unfolding of pro-
ein anchored on the O/W interface at higher temperature, disruption
f the interfacial layer due to the mobility of the emulsifiers and de-
rease of surface charge of PPI as well as PPI-MD conjugates. A simi-
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ar trend on temperature-induced emulsion instability was observed by
iang et al. (2022) in pea protein-inulin conjugate. The emulsion sta-
ilised by this conjugate showed an increase of droplet size and floccu-
ation when the temperature increased to 90 °C, which was attributed to
emperature-induced aggregation. Overall, the O/W emulsion stabilised
y PPI-MD conjugate exhibited high ESI values up to 60 °C. This in-
icates that PPI-MD conjugate produces more stable emulsions during
ood processing. 

. Conclusion 

Conjugation between PPI and MD was carried out at 90 °C following
he wet-heating route of Maillard reaction. The Maillard reaction was
ontrolled within the initial stage by controlling pH, temperature, and
ime of reaction. Increase of pH and time were, in general, conducive
or Maillard reaction induced conjugation. The PPI-MD conjugation re-
ained within the initial stage at pH 7.5 and 8.0 and time up to 5 h as
o significant melanonids were formed. MD was successfully conjugated
ith PPI as indicated by the increase of molecular weight. The random

oil content in PPI-MD conjugates increased significantly making them
etter emulsifiers. The functional properties of PPI were improved sig-
ificantly after conjugation. The solubility of PPI-MD conjugates was
ignificantly higher than that of PPI. The PPI-MD conjugates acquired
ignificantly higher negative charges compared to PPI. The O/W emul-
ion stabilised by PPI-MD conjugates had smaller droplet size and higher
agnitude of zeta-potential, compared to that stabilised by PPI, indicat-

ng improved emulsifying properties. The O/W emulsion stabilised by
PI-MD conjugate produced at 5 h reaction had ESI higher than 210 h
t 60 °C. The controlled Maillard reaction carried out through the wet-
eating route is a facile method that can be used to develop effective
ood-grade emulsifiers. 
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