Food Hydrocolloids xxx (xxxx) xxx

Contents lists available at ScienceDirect

Food Hydrocolloids
journal homepage: http://www.elsevier.com/locate/foodhyd

Effects of acetyl grafting on the structural and functional properties of whey
protein microgels
Mehri Karbasi a, Gholamreza Askari a, *, Ashkan Madadlou b, **
a
b

Department of Food Science and Engineering, University College of Agriculture and Natural Resources, University of Tehran, Karaj, Iran
Food Quality and Design Group, Department of Agrotechnology and Food Sciences, Wageningen University and Research, Wageningen, the Netherlands

A R T I C L E I N F O

A B S T R A C T

Keywords:
Acylation
Whey protein microgel
Emulsification
Foaming
Chemical modification

Whey protein microgels (WPMs) are self-assembled sub-micron particles, with diverse applications in food sci
ence such as emulsion and foam stabilization. This study evaluated the influence of acetylation at different acetic
anhydride-to-protein molar ratios (AA-to-protein MRs) on structural characteristics, colloidal stability, and
technological functionality of WPMs. N-acetylation degree progressively increased with increasing the AA-toprotein MR and reached 96% when AA-to-protein MR was 3270. O-acylation increased significantly only after
N-acylation extensively (96%) occurred. Acetylation process increased the randomness of proteins in WPMs
(assessed by circular dichroism and Fourier transform infrared spectroscopies) as well as conferred a less compact
structure (assessed by intrinsic fluorescence spectroscopy). The isoelectric point (pI) of WPMs shifted from
roughly 4.5 to 3.0–3.9 depending on the acetylation extent; the higher the acetylation degree, the lower was the
pI. Acetylation at any extent did not improve the colloidal stability of WPMs at their corresponding pI. However,
the emulsification activity of WPMs at pH values between 5.0 and 7.0 increased with increasing the acetylation
extent. The highest foaming and oil absorption capacities of WPMs at pH 7.0 was obtained at a N-acetylation
extent of 40%.

1. Introduction
Conventional, as well as emerging techniques are employed for
tailoring the functionality and physicochemical properties of food pro
teins. Chemical modification methods are highly controllable, feasible,
and efficient. Moreover, chemical modification is generally easy to be
accomplished on large scale (Karbasi & Madadlou, 2018; Zhao et al.,
2017). Acetylation of proteins by acetic anhydride is a typical chemical
modification, which takes place by formation of covalent bonds between
nucleophilic groups of proteins (mainly the ϵ-amino group of lysine and
the hydroxyl groups of hydroxy amino acids) and acetic anhydride, as a
food-grade substance (Diallo et al., 2019). Acetylation can be exploited
for prevention of the Maillard reaction when it is undesirable as well as
for modulation of protein surface hydrophobicity. The latter may
improve the technological functionalities such as foaming and emulsi
fication properties of proteins (Lawal & Adebowale, 2006; Yin, Tang,
Wen, & Yang, 2009). Various proteins have been acetylated using acetic
anhydride, including bovine α-lactalbumin (Liu, Chen, Shao, Zhang, &
Tu, 2019), kidney bean protein isolate (Yin, Tang, Wen, Yang, & Yuan,

2010), potato protein (Miedzianka, Pęksa, & Aniołowska, 2012),
cowpea protein concentrate (Mune Mune, Minka, & Mbome, 2011), oat
protein isolate (Zhao et al., 2017), and whey proteins (Madadlou,
Floury, & Dupont, 2018).
Whey proteins self-assemble into whey protein microgels (WPMs)
particles of 100–500 nm diameter as a consequence of heat treatment at
a narrow pH range between 5.7 and 5.9, and low ionic strengths (Kar
basi, Askari, & Madadlou, 2019). They show appreciated functionalities
such as exponential increase of viscosity at concentrations between
9.5% and 13.4%, formation of extremely stable foams at pHs close to the
whey proteins’ isoelectric point (pI) (Schmitt, Bovay, & Rouvet, 2014),
as well as Pickering stabilization of both oil-water (Destribats, Rouvet,
Gehin-Delval, Schmitt, & Binks, 2014) and water-water (Nguyen, Nic
olai, & Benyahia, 2013) emulsions. Additionally, due to being densely
packed assemblies, WPMs can be used for preparation of high-protein
drinks. However, WPMs are susceptible to precipitation at pH values
close to whey proteins’ pI, which limits the feasibility of utilizing WPMs
in protein drinks (Karbasi et al., 2019). Complexation with surfactants,
biopolymers, and other colloidal particles can modulate the surface
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hydrophobicity and electric charge of microgels, thus improving their
colloidal stability (Jung, Savin, Pouzot, Schmitt, & Mezzenga, 2008; Ma,
Tu, Wang, Zhang, & McClements, 2018). Recently, we demonstrated
that the Maillard conjugation of WPMs with maltodextrin increased
their colloidal stability at pH 4.0. Maltodextrin conjugation proceeded
by implanting hydrophilic carbohydrate segments and concurrently
eliminating the free amine groups at the surface of WPMs (Karbasi et al.,
2019). It remains to be explored whether implanting hydrophobic acetyl
moieties at the expense of amine groups could comparably improve the
colloidal stability and/or enhance the emulsification/foaming proper
ties of WPMs. This contrariwise strategy (i.e. hydrophobization via
acetylation rather than hydrophilization via the Maillard reaction) was
presumed to still significantly change the colloidal stability and emul
sification/foaming functionality of WPMs (by enhancement of the
electrostatic repulsion between WPMs), while avoiding the risk of pro
duction of undesirable Maillard reaction products. According to the
abovementioned perspective, WPMs were acetylated through a
food-grade method, and their structural, colloidal stability, and emul
sification/foaming properties were studied. To the best of our knowl
edge, there is no report in the literature about the acetylation of WPMs.
The methodology and information presented here can provide a
knowledge valuable for food-grade, low-risk, and inexpensive modifi
cation of WPMs.

adjusted to 8.0 using 2 M NaOH, and subsequently was acetylated at
different molar ratios of AA to protein (325, 650, 3270, 6540, 9800, and
13000 mmol acetic anhydride/mmole protein) by adding AA in small
portions every 5 min (10 equal increments) over 30–90 min. After each
AA addition, the pH of the mixture was maintained between 7.0 and 8.0
using 2 M NaOH while the solution was constantly stirred. When the pH
stabilized about 8.0, the suspensions were left with stirring for 2 h at
25 ◦ C. Then, the pH of the dispersion was adjusted to 7.0 by addition of
2 M HCl. Finally, samples were dialyzed against deionized water for 48
h at 4 ◦ C to remove non-reacted AA. The protein concentration after
dialysis was determined by Bradford’s assay, and then adjusted to the
required concentration. The final pH of dispersions was 7.0 ± 0.15.
2.4. Determination of degree of N-acetylation
The degree of N-acetylation of protein was quantified by the
orthophthalaldehyde (OPA) method. Briefly, 150 μL of sample disper
sions (0.2 mg mL− 1) was mixed with 16.5 μL of OPA reagent (Sigma
–Aldrich, Germany). After vortexing, samples were maintained in the
dark at ambient temperature for 30 min, and then the absorbance was
read at 340 nm by a UV/Vis spectrophotometer (SP-UV500DB, Spectrum
Instruments, Melbourne, Australia). The corresponding blank was
measured using distilled water instead of WPMs dispersion. A L-leucine
(0–0.03 mg mL− 1) standard curve was used to calculate the free amino
groups content.
The degree of N-acetylation was determined as follows:

2. Materials and methods
2.1. Materials

Degree  of  N − acetylation (%) =

WPI was donated by Davisco Foods International, Inc., Le Sueur, MN,
USA. According to the information provided by the manufacturer, WPI
(90 wt% protein; dry basis) consisted of 50% β-lactoglobulin and 20%
α-lactalbumin. Acetic anhydride (AA) was purchased from SigmaAldrich Company (Germany). Other chemicals and reagents used in
the study were of analytical grade and supplied from Merck (Darmstadt,
Germany).

(2)

where A0 was the absorbance of the sample before acetylation, and A1
was the absorbance of the sample after acetylation.
2.5. Determination of degree of O-acetylation
Degree of O-acetylation of samples was determined according to the
alkaline hydroxylamine method of Gounaris and Perlmann (1967) with
slight modifications. The reaction reagent contained distilled water, 3.5
M NaOH, and 2 M NH2OH-HCl at the volume fractions of 1:1:2. An
aliquot of this reagent (2 mL) was mixed with 1 mL of WPMs dispersion
(5 mg mL− 1) before incubation for 2 h at 40 ◦ C. The reaction was stopped
by adding 1 mL of 3 M HCl, and subsequently 1 mL of 0.37 M FeCl3 in
0.1 M HCl. The samples were centrifuged, and the absorbance of the
supernatant was measured at 540 nm, 15 min after adding FeCl3. The
absorbance at 540 nm represented the degree of O-acetylation.

2.2. Preparation of WPMs dispersion
WPI was dissolved in distilled water at 40 mg mL− 1 concentration, as
this concentration provides the most optimal results related to WPMs
size and formation yield (Zamani, Malchione, Selig, & Abbaspourrad,
2018). The protein solution was stirred at 25 ◦ C for 2 h, and then
incubated at 4 ◦ C for 12 h to warrant complete hydration. After that, the
pH of the WPI dispersion was adjusted to 5.80 ± 0.05 using 6.0 M HCl
and heated in a water bath, without stirring, at 85 ◦ C for 15 min. After
heat treatment, the sample was rapidly cooled to 4 ◦ C in an ice-water
bath (Karbasi et al., 2019).

2.6. Fourier transform infrared (FTIR) spectroscopy
The FTIR spectra of different WPMs were collected using a FTIR
spectrometer (Spectrum two; PerkinElmer, MA, USA) from 400 to 4000
cm− 1 wavenumber range. For FTIR spectroscopy, WPMs were freezedried prior to mixing with potassium bromide powder as the reference
material.

2.3. Preparation of acetylated WPMs
Acetylation of WPMs was performed at different molar ratios (MRs)
of AA to WPMs. The average molecular weight of whey proteins was
estimated based on the molecular weight and percentile proportion of
main protein components in WPI, i.e. β-lactoglobulin (50%, 18.4 kDa),
α-lactalbumin (20%, 14.2 kDa), and bovine serum albumin (8%, 66.5
kDa) using the following equation:
Avarage molecular weight of protein =

A0 –  A1
× 100
A0

2.7. Intrinsic fluorescence emission spectroscopy
Intrinsic emission fluorescence spectra of the WPMs (0.2 mg mL− 1)
were obtained on a Varian spectrofluorometer (Cary Eclipse, Palo Alto,
CA, USA) at an excitation wavelength of 295 nm. The emission spectra of
samples were recorded from 310 to 390 nm at a constant slit of 5 nm.
Analyses of spectra resulted in reporting maximum fluorescence in
tensity (Fmax) and maximum emission wavelength (λmax).

0.5 × 18.4 + 0.2 × 14.2 + 0.08 × 66.5
0.78

= 22.26 kDa
(1)
The protein content of WPI (90%) was taken into consideration for
calculation of protein molarity. The freshly prepared WPMs dispersion
was diluted by addition of distilled water to a total protein concentration
of 18 mg mL− 1 and supplemented with AA. The pH of the dispersion was

2.8. Far-UV circular dichroism
Circular dichroism (CD) spectra of WPMs (0.2 mg mL− 1) were
2
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recorded using an Aviv spectropolarimeter model 215 (Proterion Corp,
USA). Spectra at 25 ◦ C were collected using a precision quartz cell of 1
mm path-length from 190 to 260 nm with a bandwidth of 1 nm. Spectra
were background-subtracted and smoothed using OriginPro 8G.

emulsion using an ultrasound probe (24 kHz; Hielscher, UP 200H, Tel
tow, Germany) at an amplitude of 100% and cycle (duration between
each pulse) of 0.5 s for 7 min. Emulsification activity index (EAI) and
emulsification stability index (ESI) were determined according to the
turbidimetric method (Jiang, Chen, & Xiong, 2009; Pearce & Kinsella,
1978). For this purpose, immediately after emulsion formation, aliquots
of freshly prepared emulsions (20 μL) were taken from the bottom of the
beakers and transferred into 6.5 mL of pH-adjusted water containing 0.1
g/100 g sodium dodecyl sulfate (a 325 dilution factor), and then vor
texed for 10 s. Then, absorbance was read at 500 nm. A second aliquot of
the emulsion was then taken after 10 min, following the same procedure.
The EAI and ESI were determined using equations (4) and (5),
respectively:

2.9. Zeta-potential measurements
The ζ-potential data were recorded using a ZetaPALS instrument
(Brookhaven Instruments Corp., Holtsville, NY, USA) with a specialized
zeta cell. Freshly prepared WPMs dispersions were diluted in distilled
water of identical pH (0.2 mg mL− 1). The data were gathered by cor
responding software (palsw32, v.5.57), and the overall electrophoretic
mobility was calculated assuming spherical particles, and ζ-potential
was then calculated using the Smoluchowski equation (O’Brien, 1988).

EAI (m2 /g) =

2.10. Colloidal stability
ESI (%) =

The colloidal stability of WPMs was measured at pH values between
1.0 and 7.0, adjusted by addition of 1.0 M HCl or NaOH. To acquire an
absorbance value below 1.2, in which the linear region of absorbance
was preserved, freshly prepared WPMs dispersions were diluted in
distilled water of identical pH (1 mg mL− 1). Samples were centrifuged at
173×g for 5 min, and the absorbance of supernatant was measured at
500 nm. Cuvettes containing pure water were used as a reference blank.
The colloidal stability was expressed as the ratio between the absor
bance at 500 nm before and after centrifugation, normalized by the
protein content of the WPMs (Karbasi et al., 2019) as follow:

4.606 × A0 × 325
C × ϕ × 10000

A10
× 100
A0

(4)
(5)

where A0 and A10 represent the measured absorbance at zero and 10
min, respectively, C is the protein concentration (g/mL) before emulsi
fication, and ϕ is the oil volume fraction (v/v) of the emulsion.

where A0 was the absorbance of the sample before centrifugation, and Aa
was the absorbance of the sample after centrifugation.

2.11.3. Foaming properties
The foaming properties were evaluated according to Jian, He, Sun,
and Pang (2016) with some modifications. A 10-mL aliquot of freshly
prepared WPMs (10 mg mL− 1, pH 7.0) was transferred to a graduated
beaker and whipped at 23000 rpm for 3 min using an Ultra-Turrax T25
disperser at 25 ◦ C. Foaming capacity (FC) was determined by comparing
the foam volume at 0 min (immediately after whipping) to the initial
liquid volume of samples. Foam stability (FS) was measured by
comparing the foam volume (V1) at predetermined times (15, 30, 45, 60,
180, and 360 min) to the foam volume at time 0 (V0):

2.11. Functional properties

FC (%) =

V0 − 10
× 100
10

(6)

FS (%) =

V1 − 10
× 100
V0 − 10

(7)

Colloidal  stability (%) =

 Aa
× 100
A0

(3)

2.11.1. Oil and water absorption capacity
Water absorption capacity (WAC) was determined by the method of
Liu and Hung (1998) with minor modifications. Briefly, 0.5 g of WPMs
freeze-dried powder was added to distilled water (10 mL) in a 15-mL
graduated centrifuge tube and dispersed with a glass rod. The disper
sion was allowed to stand for 30 min, followed by centrifugation (Het
tich Instruments, Tuttlingen, Germany) at 2000×g for 30 min. The
supernatants were carefully decanted, and then the contents of the tube
were allowed to drain at 50 ◦ C for 25 min. The absorbed water was
calculated by weight difference. The results expressed as gram of water
bound per gram of protein dispersion.
For determining the oil absorption capacity (OAC), the method of
Sosulski and McCurdy (1987) with minor modifications was used.
Briefly, 0.5 g of WPMs freeze-dried powder was mixed with 10 mL
sunflower oil in a 15-mL graduated centrifuge tube using a glass rod. The
mixture was then allowed to stand at 25 ◦ C for 30 min before centri
fuging (2000×g for 45 min). The unabsorbed oil was decanted, and the
oil absorption was defined by weight difference. The results are
expressed as gram of sunflower oil per gram of protein dispersion.

2.12. Statistical analysis
All measurements were performed using at least three freshly pre
pared samples and are reported as means ± standard deviations. The
results were analyzed by one-way analysis of variance (ANOVA). SPSS
software (version 16, IBM software, NY, USA) was employed to deter
mine significant differences between means using Duncan’s test at a plevel of 0.05.
3. Results and discussions
3.1. Degree of acetylation
All nucleophilic groups of proteins, including ϵ-amino groups
(lysine), phenolic and aliphatic hydroxyl groups (tyrosine, serine, and
threonine), sulfhydryl groups (cysteine), and imidazole groups (histi
dine) can react with acetic anhydride. However, generally the acetyla
tion extents of hydroxyl and ϵ-amino groups are analyzed because
modified cysteine and histidine residues are labile (Zhao, Ma, Yuen, &
Phillips, 2004). It is noteworthy that every β-lactoglobulin contains 15
lysine, 3 arginine, 2 histidine residues, as well as 15 OH-bearing (7
serine and 8 threonine) residues (Halliday, Bell, & Shaw, 1991).
Alpha-lactalbumin contains 12 lysine, 1 arginine, and 3 histidine resi
dues (Brew, Castellino, Vanaman, & Robert, 1970). Therefore, every
molecule of protein reacts with numerous AA molecules. Lakkis and
Villota (1992) applied molar ratios of AA to free amino groups as high as

2.11.2. Emulsification properties
Freshly prepared WPMs was diluted by distilled water (1 mg mL− 1),
and its pH was adjusted to 3.0, 4.0, 5.0, 6.0, and 7.0 using 0.1 M HCl or
NaOH solutions. For preparing oil-in-water emulsions, a commercially
available sunflower oil without added emulsifier (Nina Company, Teh
ran, Iran) was added to the WPMs at a final volume ratio of 10%. The
emulsification was carried out using a two-step homogenization process.
First, a coarse emulsion was formed by mixing at 23000 rpm for 3 min
using an Ultra-Turrax T25 disperser (IKA®-Werke GmbH & Co. KG,
Staufen, Germany), followed by immediate sonication of the coarse
3
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500 for acetylation of milk proteins. Fig. 1 shows the degree of acety
lation, including N- and O-acetylation, in WPMs treated at different
AA-to-protein ratios. The degree of N-acetylation rapidly increased to
about 96% when the AA-to-protein MR increased to 3270, and then
remained almost constant with further increment of the ratio. Likewise,
Miedzianka, Pȩksa, and Aniołowska (2012) found that at AA-to-protein
weight ratio above 0.4, the lysine acetylation extent of potato protein
did not increase.
The O-acetylation of WPMs greatly depended on the degree of Nacetylation (Fig. 1; inset). Plotting the O-acetylation extent vs. N-acet
ylation degree (Fig. 1; inset) revealed that O-acetylation did not signif
icantly take place until N-acetylation reached a value of 96%. This is in
accordance with other studies (Yin et al., 2010), indicating that the
acetylation reactivity of amino groups is remarkably higher than that of
hydroxyl groups. The higher reactivity of lysine is attributed to the lower
pK and smaller steric hindrance of the amine groups compared to OH
groups (Zhao et al., 2017).
3.2. FTIR analysis
Fig. 2. Fourier transform infrared spectra of whey protein microgels (WPMs),
acetylated at different acetic anhydride-to-protein molar ratios (AA-to-pro
tein MR).

Fig. 2 displays the FTIR spectra of WPMs acetylated with different
AA-to-protein ratios. Compared to the FTIR spectrum of the control
(non-acetylated) WPM (i.e. AA-to-protein MR of 0), a new band is
observed at 1016 cm− 1 in the spectrum of WPMs acetylated at the ratios
of 325 and 13000. The band is significantly intense in the spectrum of
the sample treated at 13000 AA-to-protein MR and is ascribed to CH3
groups (Weigel & Kellner, 1989; Ziolek, Saur, Lamotte, & Lavalley,
1994), grafted onto WPMs via the acetylation reaction.
The occurrence of acetylation is also evidenced by the emergence of
a shallow shoulder at 1738 cm− 1 in the spectra of samples treated at
ratios of 3270 and 13000 (Fig. 2). Two functional groups are introduced
to protein structure by acetylation including amide groups (R–CO–NHRʹ), which are due to the acetylation of amine groups, and ester carbonyl
groups (R-COORʹ), formed because of the O-acetylation (Zhao et al.,
2004). The amide groups are already present in the native protein
structure, but the ester carbonyl groups are absent in the native protein
(Pazos, Ghosh, Tucker, & Gai, 2014). Generally, the band at 1738 cm− 1
in the FTIR spectrum of proteins is assigned to C=O vibration of aspartic
acid and glutamic acid residues (Barth, 2007). However, the rise of the
band at acetylated WPMs spectra might be an indicator of the formation
and increase of the population of ester carbonyl groups (Pazos et al.,

2014). This result accords with that reported by Zhao et al. (2004) on
acetylated whey proteins.
The most prominent vibrational band of proteins is the strong amide
I band at a wavenumber of ~1650 cm− 1 and is mainly assigned to
(hydrogen-bonded) C=O stretching. The amide I band in the spectrum of
non-acetylated WPM was positioned at 1635 cm− 1, which is character
istic of amide groups in β-pleated sheets (Surewicz, Mantsch, &
Chapman, 1993). Whereas, bands at ~1643 cm− 1, ~1654 cm− 1, and
~1665 cm− 1 (as well as 1685 and 1692 cm− 1) in the FTIR spectra of
whey proteins are characteristics for unordered, α-helix, and turn
s/bends, respectively (Byler & Susi, 1986). Acetylation caused a shift at
the position of the amide I band to 1641 cm− 1 at the AA-to-protein ratio
of 3270 and enormously shallowed the band at 13000 MR. The band
displacement indicates that acetylation reduced the β-sheet content of
whey proteins in favor of unordered coils. Besides, the band displace
ment (and disappearance) reveals changes in protein hydrophobicity. A
considerable amount of water remains bonded to dried protein (Barth,
2007), and as a general rule, hydrogen bonding is inversely proportional
to the wavenumber of stretching vibrations (Barth, 2007). According to
that, the blue-shift of the amide I band indicates that acetylation
decreased the hydrogen bonding of C=O groups due probably to less
hydration of whey proteins by the monolayer water. Acetylation is
known to significantly increase the surface hydrophobicity of whey
proteins (Madadlou et al., 2018), causing lower hydration extents.
Amide II band (at ~1520 cm− 1) is less correlated than amide I vibration
with the secondary structure of proteins (Barth, 2007), and hence the
band displacement was not investigated in the present study.
3.3. Intrinsic fluorescence
The intensity and maximum emission wavelength (λmax) of fluores
cence emission depend on the polarity of the surrounding solvent
around tryptophan residues and represent beneficial facts about the
conformational characteristics of proteins, as well as protein-protein and
protein-ligand interactions (Dufour, Hoa, & Haertlé, 1994). The fluo
rescence characteristics of WPMs were studied as a function of acety
lation at different AA-to-protein MR (0, 325, 650, 3270, 6540, 9800, and
13000). With the exception of 325 and 3270 AA-to-protein MRs, the
higher the ratio, the lower was the fluorescence intensity (Fig. 3). Be
sides, the position of WPMs λmax was influenced by acetylation. It shifted
from 336 nm for non-acetylated WPM to longer wavelengths (342, 345,
and 350 nm at AA-to-protein ratios of 3270, 6540, and 13000,

Fig. 1. Degree of N-acetylation of whey protein microgels (WPMs), as a func
tion of acetic anhydride-to-protein ratio. (Inset) Degree of O-acetylation
(absorbance at 540 nm) of WPMs as a function of N-acetylation.
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nm to shorter wavelengths in acylated WPMs (Fig. 4) demonstrates a
significant loss in protein secondary structural content and augmenta
tion of random coil structures, which was also evidenced by the FTIR
results (Fig. 2). Furthermore, the shift in the zero crossing (at 197 nm)
towards lower wavelengths and the drop in the intensity of bands
around 190 nm of acetylated samples confirms the reduction of ordered
conformations (Lakkis & Villota, 1992; Mantovani, de Figueiredo Fur
tado, Netto, & Cunha, 2018) due to acetylation. Likewise, Yin et al.
(2010) observed a simultaneous increase in the CD band intensity of the
negative peak and transfer of that peak to lower wavelengths, attrib
uting to the increase in the randomness content of acylated kidney bean
isolate.
3.5. Zeta potential and colloidal stability measurements
Fig. 5A represents the ζ-potential data of non-acetylated and acety
lated WPMs as a function of pH. The non-acetylated WPM had a pI of 4.5
(where ζ-potential reached ~0). Acetylation resulted in a shift of the pI
toward more acidic pH values, i.e. 3.9, 3.2, 3.15, and 3.0 at AA-toprotein ratios of 650, 3270, 6540, and 13000, respectively. The reduc
tion of pI due to acetylation is attributed to the higher count of the
negatively charged carboxylic acid groups relative to that of the posi
tively charged amine groups (Madadlou et al., 2018; Yin et al., 2010).
The more negative value of ζ-potential at pHs below the pI with
increasing the acetylation extent (i.e. at higher AA-to-protein ratios)
confirms that the number ratio between carboxylic acid groups and free
amino groups shifted in favor of the former due to acetylation.
WPMs at different pH values (1.0–7.0) were centrifuged, and the
visual appearance of the samples was compared before and after
centrifugation (Supplementary Fig. 1). Next, based on the supernatant
absorbance, the colloidal stability of WPMs was quantified (Fig. 5B). The
non-acetylated WPM precipitated at pH 5.0 leaving a transparent su
pernatant (Supplementary Fig. 1, Fig. 5B). However, when acetylation
was accomplished at AA-to-protein MRs ≥650, the centrifuged samples
remained opaque at pH 5.0, and precipitation pH decreased to 4.0. The
reduction of the precipitation pH enables the use of WPMs in more acidic
condition without compromising the colloidal stability. It is also
observed (Supplementary Fig. 1, Fig. 5B) that the precipitate volume of
the centrifuged non-acetylated WPM at pHs between 1.0 and 3.0 was
lower than the acetylated counterparts treated at AA-to-protein MRs
≥3270 (modification degree ≥96%). Moreover, the visual inspection of
WPMs shows that the turbidity of the acetylated samples before
centrifugation was significantly higher than that of the non-acetylated
WPM at pHs 1.0 to 3.0 (Supplementary Fig. 1). The higher turbidity
indicates flocculation and is in line with the lower ζ-potential of acety
lated WPMs at pHs ≤3.0 (Fig. 5A). It is known that colloidal particles
with absolute ζ-potential values smaller than 20 are prone to
flocculation-aggregation (Destribats et al., 2014). We speculate that
acetylated WPMs can make soft gel networks at pHs ≤3.0, should the
convenient manipulations (e.g. anion bridging by food-grade salts) are
performed. The presumed soft gel formation potency of acetylated
WPMs in highly acidic condition (≤3.0) can be exploited for designing
food systems that gel in the stomach (i.e. intragastric gelation) for
inducing satiety. Satiety promotion is a key concept in dietary man
agement of weight loss.

Fig. 3. Fluorescence emission spectra of whey protein microgels (WPMs),
acetylated at different acetic anhydride-to-protein molar ratios (AA-to-pro
tein MR).

respectively) upon acetylation (Fig. 3). These trends all indicate an
increased exposure of buried tryptophan residues to aqueous environ
ment, which is accompanied by a less compact conformation of modified
protein (Madadlou et al., 2018; Zhao et al., 2004). Similar changes in
λmax and fluorescence intensity of WPI as a consequence of acetylation
were reported by Lakkis and Villota (1992).
3.4. CD analysis
The far-UV CD spectrum arises from the peptide bonds absorption
and reflects valuable information about the secondary structure of
proteins (Jian et al., 2016). The CD spectrum of non-acetylated WPM
had a broad negative peak in the region of 215–225 nm and another
peak at 207 nm (Fig. 4), indicating the presence of both α-helical and
β-sheet structures in protein (Qi & Onwulata, 2011). Lakkis and Villota
(1992) have reported that acetylation caused a significant increase of
randomness at the expense of ordered structures at all levels of modi
fication of milk proteins. Similarly, in the current study, the progressive
increase in negative ellipticity and concomitant shift of the peak at 207

3.6. Functional properties
3.6.1. Water and oil absorption capacity
The effects of acetylation on the water and oil absorption capacity of
WPMs are represented in Fig. 6. WAC decreased with increasing the AAto-protein ratio, which can be attributed to the introduction of non-polar
acetyl groups into protein molecules. A similar result has been reported
for sunflower protein as a consequence of acetylation (Canella, Cas
triotta, & Bernardi, 1979).
Acetylation at AA-to-protein MRs between 0 and 650 increased the

Fig. 4. Far-UV circular dichroism of whey protein microgels (WPMs), acety
lated at different acetic anhydride-to-protein molar ratios (AA-to-protein MR).
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OAC of WPMs (Fig. 6) due most probable to the increased surface hy
drophobicity of acetylated WPMs. Far from expectation, further increase
of the ratio (≥3270) decreased the OAC. OAC is a complex phenomenon,
and various attractive and repulsive interactions between non-polar/
polar lipids and hydrophobic/charged amino acid residues contribute
to OAC. We argue that the high electric charge of the WPMs (Fig. 5A)
acetylated at the AA-to-protein MRs ≥3270 (N-acetylation extents
≥96%) caused an increase in the particles polarity in parallel with the
hydrophobicity increase. A correlation between polarity and ζ-potential
values has already been documented for bio-based fibers (Pothan &
Thomas, 2003). The higher polarity of WPMs could influence the
attractive-repulsive interactions between polar/non-polar lipids and
amino acid residues, resulting in OAC reduction despite protein
hydrophobization.
3.6.2. Emulsifying properties
The effects of AA-to-protein MRs and pH on emulsion activity (EAI)
and stability (ESI) of WPMs are shown in Fig. 7. The lowest EAI of
samples was around their pIs; at pH 5.0 for non-acetylated and

Fig. 5. The (A) ζ-potential and (B) colloidal stability of whey protein microgels
(WPMs), acetylated at different acetic anhydride-to-protein molar ratios (AA-toprotein MR) as a function of pH.

Fig. 7. Whey protein microgels (WPMs), acetylated at different acetic
anhydride-to-protein molar ratios (AA-to-protein MR). (A) Emulsifying activity
index (EAI). (B) Emulsifying stability index (ESI). Means with different upper
case (apply to comparisons of a sample at different pHs) and lowercase (apply
to comparisons among different samples at a distinct pH) superscripts differ
significantly (p < 0.05).

Fig. 6. Effect of various acetic anhydride-to-protein ratios on the oil and water
absorption capacity of whey protein microgels. OAC, oil absorption capacity;
WAC, water absorption capacity. Means with different lowercase superscripts
differ significantly (p < 0.05).
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acetylated WPMs at an AA-to-protein MR of 325; and at pH 4.0 and ≤ 4.0
for WPMs acetylated at MRs of 650 and ≥ 3270, respectively (Fig. 7A).
At pH values above pI, i.e. pHs ≥5.0, EAI increased with increasing the
acetylation extent. Increase in proteins’ colloidal stability as well as
interfacial amphiphilic properties caused by introduction of non-polar
residues upon acetylation can be taken into account for the improve
ment of emulsifying activity. Furthermore, increased content of the

disordered structures (as demonstrated by FTIR (Fig. 2) and CD (Fig. 4)
results) concomitant with decrease in the compactness of protein (as
evidenced in Fig. 3; fluorescence spectroscopy analysis) due to acety
lation can enhance the rearrangement of modified proteins at the in
terfaces of oil droplets (Lakkis & Villota, 1992; Mune Mune et al., 2011).
Acetylation increased the ESI of WPMs at pHs ≥4.0; the higher the
acetylation extent, the higher was the ESI (Fig. 7B). The increased ESI is

Fig. 8. Whey protein microgels (WPMs), acetylated at different acetic anhydride-to-protein molar ratios (AA-to-protein MR). (A) Foaming capacity, means with
different lowercase superscripts differ significantly (p < 0.05). (B) Foaming stability, means with different uppercase (apply to comparisons of a sample at different
times) and lowercase (apply to comparisons among different samples at a distinct time) superscripts differ significantly (p < 0.05).
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ascribed to the formation of more negatively charged protein layers
around oil droplets, enhancing the electrostatic repulsion between
droplets. Lawal, Adebowale, and Adebowale (2007) indicated the
improvement of EAI and ESI of bambarra groundnut protein concentrate
in the pH range of 4.0–10.0, following acylation.
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Appendix A. Supplementary data

3.6.3. Foaming properties
Data on the foaming properties of non-acetylated and acetylated
WPMs are presented in Fig. 8. Foaming capacity (Fig. 8A) and stability
(Fig. 8B) increased with increasing the N-acetylation extent between
0 and 40% (corresponding to AA-to-protein MRs between 0 and 650).
However, higher N-acetylation extents (≥96%) decreased the WPMs
foaming properties. Our observation regarding the decreased foaming
properties of acetylated WPMs at high modification extents agrees with
the results of El-Adawy (2000) for mung bean protein isolate and Mune
Mune et al. (2011) for cowpea protein concentrate at AA-to-protein
weight ratios higher than 0.4 and 0.5, respectively. The increase in
charge density of WPMs with increasing the acetylation extent could
prevent protein–protein interactions, which are required for formation
of a continuous network around the air bubbles (El-Adawy, 2000). On
the other hand, introduction and uncovering the hydrophobic moieties
of protein in a moderate modification extent (43% at 650 AA-to-protein
MR) could facilitate rapid adsorption of protein at the surface of air
bubbles and result in the enhanced foaming capacity of WPMs. More
over, less compact structure of acylated proteins enables rapid adsorp
tion of WPMs to the air–water interface (Mune Mune et al., 2011). Thus,
modification of WPMs at an AA-to-protein MR of 650 accelerated the
formation of a thick, elastic, cohesive, and continuous air-impermeable
layer at the air bubble interfaces, stabilizing the foam up to 6 h.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.foodhyd.2020.106443.
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