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A B S T R A C T

L-Tryptophan (Trp) is an essential amino acid with numerous health benefits. However, incorporating Trp into 
food products is limited due to its pronounced bitter taste. Encapsulating Trp in nanoparticles by using other 
natural biopolymers is a potential strategy to mask the bitter taste of Trp in the final products. Whey protein 
isolate (WPI), composed of alpha-lactalbumin (α-LA), bovine serum albumin (BSA), and beta-lactoglobulin 
(β-LG), has played a crucial role in delivering bioactive compounds. In order to incorporate Trp within WPI, 
the present study used a combination of pH-shifting and thermal treatment to fabricate whey protein isolate- 
tryptophan nanoparticles (WPI-Trp-NPs). During the pH-shifting technique, WPI unfolds at high pH, such as 
pH 11, and the dissociated WPI molecules are refolded when pH is shifted back to neutral, creating particles with 
uniform dispersion and encapsulating smaller particles surrounding them in solution. Further, the well- 
distributed nanoparticles formed by pH-shifting might encourage the formation of more uniform nanoparticles 
during subsequent thermal treatment. The WPI-Trp particles have an average particle size of 110.1 nm and a low 
average PDI of 0.20. Fluorescence spectroscopy confirmed the encapsulation of Trp by WPI, which shows higher 
fluorescence when the Trp is encapsulated by the WPI. Surface hydrophobicity, circular dichroism, particle size, 
free sulfhydryl, and antioxidant activity were used to characterize the WPI-Trp-NPs. WPI-Trp-NPs formed by pH- 
shifting combined with heating showed a higher surface hydrophobicity and free sulfhydryl content than the 
untreated WPI-Trp mixture. The conversion of α-helix into random coil in the WPI secondary structure indicated 
a more disordered structure of the modified whey protein. Molecular docking results indicate the interactions 
between Trp and WPI, including alpha-lactalbumin (α-LA), bovine serum albumin, and beta-lactoglobulin (β-LG), 
were mainly driven by hydrophobic interactions and hydrogen bonding. The binding affinity between Trp and 
these proteins was ranked as α-LA>BSA>β-LG. The combination of pH-shifting and heating improved the 
functionality of WPI and was an effective way to fabricate WPI-Trp nanoparticles.

1. Introduction

L-Tryptophan (Trp) is an essential amino acid obtained from dietary 
protein (Nongonierma & FitzGerald, 2015). Trp is a precursor for 
bioactive compounds such as nicotinamide, serotonin, melatonin, 
tryptamine, quinolinic, and xanthurenic acids and plays an important 
role in regulating appetite, mood, sleep, blood pressure, and sense of 
pain (Friedman, 2018; Nayak & Buttar, 2016). Trp and its metabolites 
are also related to the treatment of nervous system diseases and 

digestive system diseases (Xue et al., 2023). Despite the numerous 
health benefits, Trp has a pronounced bitter taste, making it less desir
able as a food additive or supplement (Di Pizio & Nicoli, 2020).

Encapsulation is a commonly used technology in which different 
food ingredients such as caffeine and propolis are “entrapped” into the 
encapsulants to overcome the off-taste and improve the ingredients’ use 
in the food industry (Fuciños et al., 2017; Shakoury et al., 2022; Z. 
Zhang et al., 2020). Encapsulation of Trp has been reported in previous 
studies (Julieta et al., 2013; Rudolph et al., 2018). For instance, 
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polymerization of liposomes was induced to encapsulate Trp through 
the UV irradiation of 1,2-bis(10,12-tricosadiynoyl)-sn-glyc-ero-3-phos
phocholine (DC8,9PC) and 1,2-dimyristoyl-sn-glycero-3-phosphocho
line (DMPC) (Julieta et al., 2013). However, this method involved the 
use of synthetic phospholipids, which limited the usage in food products 
with natural food ingredient labels. In another study, β-cyclodextrin was 
used to mask the bitterness of the Trp (Rudolph et al., 2018). However, 
the low solubility of β-cyclodextrin in the aqueous solution (Saokham 
et al., 2018) and the restricted intake amount (5 mg/kg body weight per 
day) could be a limitation for food product applications (Dong et al., 
2024). To encapsulate Trp through natural food ingredients, we devel
oped α-La-Trp nanoparticles by high-pressure homogenization com
bined with pH-shifting (Dong et al., 2024). Though the α-LA-Trp 
nanoparticles were successfully formed, scaling up this method proved 
challenging and costly considering the low amount of α-LA produced in 
the food industry. Therefore, a feasible method for the complexation of 
Trp with natural ingredients is still needed.

Whey protein isolate (WPI), a by-product of the dairy industry, is the 
main source of α-LA and could be an inexpensive and promising 
candidate for encapsulation of Trp. WPI, composed of β-lactoglobulin 
(β-LG), α-lactalbumin (α-LA), bovine serum albumin (BSA), immuno
globulins (IGs), and lactoferrin (LF), is known for its high nutritional 
value as well as its high binding properties to various biomolecules as an 
encapsulant (Li et al., 2015; Saberi Riseh et al., 2023; Salleh et al., 2022; 
Yi et al., 2016; Zhan et al., 2020; Zhao et al., 2022; Zhu et al., 2017). For 
example, whey protein has been used to encapsulate plant biocontrol 
bacteria, such as Azospirillum lipoferum, Bacillus velezensis, and Pseudo
monas putida. These bacteria enhance the protection of plant products 
from pests and diseases (Li et al., 2015; Saberi Riseh et al., 2023; Salleh 
et al., 2022; Yi et al., 2016; Zhan et al., 2020; Zhao et al., 2022; Zhu 
et al., 2017). Whey protein nanoparticles were reported to encapsulate 
propolis extract with enhanced controlled release in gastrointestinal 
digestion (Shakoury et al., 2022). The interactions between whey pro
tein nanoparticles and propolis extract include hydrophobic interaction 
and hydrogen bonding.

Various approaches have been investigated to use WPI for delivering 
bioactive compounds, including thermal treatments, pH modification, 
enzymatic treatments, etc. (W. Chen et al., 2019, p.; Ji et al., 2022; 
Salleh et al., 2022). Among these treatments, thermal treatment is 
frequently used as a straightforward processing treatment in the food 
industry. Whey protein aggregates with different structural types, such 
as microgels, fibrils, microparticles, and nanoparticles, can be made 
under specific pH, temperature, and ionic strength (Gołębiowski et al., 
2020; Nicolai et al. 2011a; Ryan & Foegeding, 2015). It has been re
ported that WPI solution, upon thermal treatment, can unfold and 
expose interior hydrophobic groups and reactive sulfhydryl groups to 
the exterior of proteins. The exchange of free-SH groups and the for
mation of disulfide (S-S) bridges are thought to be responsible for the 
covalent bonding and cross-linking of nanoparticles (Jain et al., 2018; 
Ryan & Foegeding, 2015). Heat-induced nanoparticles containing more 
exposed hydrophobic groups are efficiently complex bioactive com
pounds such as soy isoflavones and curcumin and improve the bio
accessibility of biomolecules (Q. Liu et al., 2022; Mohammadian et al., 
2020; C. Tang, 2021). Although heat-induced WPI nanoparticles proved 
promising in delivering bioactive compounds, limited information exists 
regarding the incorporation of Trp by heat-induced WPI nanoparticles.

Additionally, the functional and physicochemical properties of whey 
proteins can be altered using pH-shifting treatment. The pH-shifting 
treatment modifies the protein structure, and the resulting conforma
tional changes improve protein dispersity, thermal stability, surface 
hydrophobicity, and emulsifying activity (W. Chen et al., 2019; J. Jiang 
et al., 2018; Z. Tang et al., 2021; Y. Wang et al. (2020), Zhang, et al., 
2020). Previous studies have shown that pH-shifting treatment on whey 
proteins can encapsulate and deliver bioactive molecules with high 
binding activity, such as quercetin, carboxymethylcellulose, and 
(−)-epigallocatechin-3-gallate (EGCG) (C. Chen et al., 2022; W. Chen 

et al., 2019; Ding et al., 2023). Proteins can be unfolded at extremely 
high or low pH and refolded at neutral pH. Proteins, after pH-shifting, 
were found to be more unfolded with their hydrophobic residues 
exposed, and this led to a higher surface hydrophobicity (R. Wang et al., 
2023). Natural WPI dispersed in solution remained a compact spherical 
structure with limited binding sites for Trp molecules. When the solution 
of the WPI-Trp mixture is adjusted to pH 11, the proteins in WPI unfold, 
exposing previously buried hydrophobic residues with which Trp can 
interact. When the pH of the solution is shifted back to neutral, the 
dissociated proteins refold, producing nanoparticles with a uniform size 
distribution. Despite several examples where pH shifting has been used 
effectively to change the functional properties of proteins, very few 
studies have used a combination of pH-shifting and heating on the for
mation of WPI nanoparticles for the incorporation of Trp.

Here, we aim to encapsulate Trp in WPI nanoparticles using a com
bination of pH-shifting and thermal treatment. We hypothesize that the 
unfolding and refolding process during pH shifting promotes the 
complexation of WPI with Trp and facilitates the homogeneous disper
sion of the WPI-Trp mixture. This process may aid in forming more 
uniform nanoparticles during subsequent thermal treatment. Experi
mental conditions, such as pH, heating temperature, and heating time, 
were optimized to find the best conditions to encapsulate Trp in WPI 
nanoparticles. These nanoparticles were then characterized, and the 
interaction mechanism between WPI and Trp was investigated using 
intrinsic fluorescence, surface hydrophobicity, free sulfhydryl group, 
circular dichroism, radical scavenging capacity, and FTIR. The fabri
cated WPI-Trp nanoparticles could be used as a functional ingredient in 
the food industry that may mask the bitter taste of Trp.

2. Materials and methods

2.1. Materials

Whey protein isolate powder (Provon 190) was provided by Glanbia 
Nationals, Inc (Fitchburg, WI, USA). Tryptophan (Trp, reagent grade >
98 %), 2,2-diphenyl-1-picrylhydrazyl (DPPH, reagent grade > 97 %), 
2,2-azinobis (3-ethylbenzothiazoline-6-sulfonic acid (ABTS, reagent 
grade > 98 %), 8-anilino-1-naphthalenesulfonic acid (ANS, reagent 
grade > 98 %), were purchased from Sigma-Aldrich (10417, St Louis, 
MO, USA). 5,5′-Dithiobis-(2-nitrobenzoic acid) (DTNB) was purchased 
from ThermoFisher (02451, Waltham, MA, USA) Hydrochloric acid 
(reagent grade > 37 %), and sodium hydroxide (reagent grade > 97 %) 
were purchased from Fisher Scientific (Hampton, NH, USA). Milli-Q 
water was prepared from a Millipore water purification system (Milli
pore Sigma, Burlington, MA, USA). All the other chemicals used in this 
study were analytical grade.

2.2. Preparation of whey protein-Tryptophan nanoparticles (WPI-Trp 
NPs)

2.2.1. pH-shifting treatment
The WPI-Trp solution was prepared by dissolving WPI and Trp 

powder samples in a 5:1 ratio (w/w) in Milli-Q water with magnetic 
stirring (800 rpm) for 2 h. The WPI-Trp solution was stored in a 
refrigerator (4 ◦C) for 12 h to ensure complete hydration. Next, the WPI- 
Trp solution was adjusted to pH 11 with 1 mol/L NaOH and was stirred 
at 800 rpm for 1 h. Then, the WPI-Trp solution at pH 11 was divided into 
three parts and the pH readjusted into pH 5, 6, and 7 with 1 mol/L HCl 
and stirred at 800 rpm for another hour. The resultant WPI-Trp solutions 
were adjusted to a final concentration of 2.5 w/v % with Milli-Q water to 
produce the pH-shifted WPI-Trp stock solution. The WPI-Trp solution 
without pH-shifting was divided into three parts and adjusted to pH 5, 6, 
and 7 with 1 mol/L HCl, respectively, with a final concentration of 2.5 
w/v %.

Control solutions of WPI and Trp with and without pH-shifting were 
produced using the same protocol.
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2.2.2. Heat treatment on pH-shifting samples
For the pH-shifting combined with heating samples, aliquots of 2 mL 

pH-shifted WPI-Trp, WPI, and Trp sample solutions (2.5 w/v %) were 
filled into glass tubes separately and placed in a constant-temperature 
(50, 60, 70, 80 ◦C) water bath (Model WB20, VWR International) and 
heated for 10, 20, 30, 40, 50, and 60 min, respectively to induce heat- 
induced nanoparticles. The heat treatment was terminated by putting 
these glass tubes in an ice bath for 4 min to room temperature.

2.3. Characterization of WPI-Trp NPs

2.3.1. Particle size analysis
Particle size measurements were conducted to investigate the effect 

of pH-shifting and heat treatment on protein aggregation. The WPI-Trp, 
WPI, and Trp nanoparticles were analyzed for their average diameter, 
particle size distribution, and polydispersity index (PDI) using dynamic 
light scattering instruments (Zetasizer Nano-ZS, Malvern, UK). The an
alyses were performed at 25 ◦C in a cuvette with a 1 cm path. The 
measurements were repeated at least six times and in triplicate for each 
analysis.

2.3.2. Circular dichroism (CD) spectroscopy analysis
CD spectroscopy was conducted using an AVIV-202–01 spec

tropolarimeter (Lakewood, NJ, USA) to investigate the secondary 
structure changes of WPI, and WPI-Trp samples after thermal treatment 
and pH-shifting. CD spectra were measured with a wavelength of 
190–260 nm at 25 ◦C. Samples with a concentration of 2 mg/mL were 
measured in a 1-mm-path quartz cell. Web-based DichroWeb was used 
to calculate the secondary structures of samples (https://dichroweb.cr 
yst.bbk.ac.uk/html/home.shtml).

2.3.3. Intrinsic fluorescence
Intrinsic fluorescence spectra were carried out to study the 

aggregation-induced effect between WPI and Trp and the dynamic 
structure change of WPI. The intrinsic fluorescence of all the fabricated 
WPI-Trp, WPI, and Trp samples was recorded at room temperature using 
a fluorescence spectrophotometer (Hitachi, F-7000, Japan). The fluo
rescence emission spectra of the samples were excited at 295 nm and 
recorded from 310 to 500 nm (Zhan et al., 2020).

2.3.4. Surface hydrophobicity
Surface hydrophobicity measurements were conducted to investigate 

the protein conformational change during pH-shifting and heating. 
Surface hydrophobicity was detected using ANS as a fluorescence probe 
(H. Jiang et al., 2022). The ANS stock solution (8.0 mM) was prepared in 
a phosphate buffer (10 mM, pH 7.4). Six sample concentrations were 
prepared with the above buffer from 0.01 mg/mL to 0.25 mg/mL. Next, 
2 μL of ANS was added to 200 μL of WPI alone and the WPI-Trp mixture, 
with and without treatments (5:1, w/w) in a 96-well plate separately. 
Then, the plate was kept in the dark for 20 min before reading on a 
microplate reader (SpectraMax iD3, Molecular Devices, San Jose, CA, 
USA) with an excitation wavelength and an emission wavelength of 390 
nm and 470 nm, respectively. The sample’s surface hydrophobicity (H0) 
was calculated as the slope of the curve of fluorescence intensity against 
sample concentration.

2.3.5. Turbidity
Turbidity was measured to analyze the development of protein ag

gregation during pH-shifting and heating. The turbidity of WPI, Trp, and 
WPI-Trp was measured according to the previous method (Lin et al., 
2022).

2.3.6. Fourier transform infrared spectroscopy (FTIR)
FTIR spectra were conducted to analyze the driving force for the 

formation of the WPI-Trp nanoparticles. The FTIR spectra of freeze-dried 
WPI, WPI-Trp, and Trp powder samples were recorded using the FTIR 

spectrometer (Shimadzu Instrument, Kyoto, Japan) in the range of 4000 
cm−1 to 400 cm−1 wavenumbers. The measurement was taken in an 
average of 32 scans at a resolution of 4 cm−1.

2.3.7. Scanning electron microscopy (SEM)
The microstructure of the freeze-dried samples (WPI-Trp mixture at 

pH 6, WPI-Trp mixture after heating, WPI-Trp mixture with pH-shifting 
and WPI-Trp mixture with pH-shifting and heating)and solution samples 
before freeze-drying (WPI-Trp mixture before freeze-drying and WPI- 
Trp-NPs) was imaged using the SEM (Zeiss Gemini 500, Jena, Ger
many). Samples were vacuum-dried before scanning and imaging in the 
SEM. SEM analysis was done according to the previous method (Lin 
et al., 2022).

2.4. Antioxidant activity

2.4.1. DPPH radical scavenging capacity
The DPPH radical scavenging activity of the fabricated WPI, Trp, and 

WPI-Trp samples was measured according to a previously published 
method (Dong et al., 2016) with a slight modification. The DPPH solu
tion was dissolved in pure ethanol with a concentration of 0.2 mmol/L. 
The modifications are as follows: samples were diluted with Milli-Q 
water to various concentrations: 0.5 mg/mL, 1 mg/mL, 2 mg/mL, and 
5 mg/mL. Next, 200 µl of sample was mixed with 100 μL of DPPH so
lution (0.2 mmol/L), and the mixture was stored in darkness for 30 min 
at room temperature before the absorbance was recorded at 517 nm 
(~25 ◦ ◦C). The DPPH radical scavenging capacity was calculated using 
the following equation: 

Radicalscavengingcapacity(%) =
A0 − (A1 − A2)

A0
× 100% (1) 

Where A0 is the absorbance of the control group (DPPH solution with 
Milli-Q water), A1 is the absorbance of the sample group (DPPH solution 
with sample solution), A2 is the absorbance of the sample blank group 
(sample solution with ethanol).

2.4.2. ABTS radical scavenging capacity
ABTS radical scavenging capacity was measured according to the 

previously published protocol with some modifications (Dong et al., 
2016). The modifications are as follows: samples were dissolved in 
phosphate buffer (pH 7.4) to a concentration of 0.05 mg/mL. Next, a 20 
μL aliquot of the sample was mixed with 200 μL of the ABTS working 
solution, and the mixture was stored in the dark for 20 min at room 
temperature before the absorbance was recorded at 734 nm (~25 ◦C). 
The ABTS radical scavenging capacity was calculated using Eq (1), 
where A0 is the absorbance of the control group (ABTS solution phos
phate buffer), A1 is the absorbance of the sample group (ABTS solution 
with sample solution), A2 is the absorbance of sample blank group 
(sample solution with water).

2.5. Sulfhydryl group content (SH)

The free sulfhydryl group content of WPI and WPI-Trp samples was 
measured according to a previously published method (Z. Jiang et al., 
2022). The mixture of samples with DTNB was considered as the sample 
group, and samples without DTNB were considered as the sample blank. 
The mixture of Tris-Gly buffer with DTNB was considered as the reagent 
blank. The absorbance value of the mixture was recorded at 412 nm with 
a UV–Vis spectrophotometer (UV-2600, SHIMADZU Co., Japan). The 
content of free sulfhydryl groups was calculated according to the 
following equation: 

SH(μM/L) =
(A412 × 73.53 × D)

C
(2) 

Where A412 is the absorbance at 412 nm, C is the sample concentration, 
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and D is the dilution factor.

2.6. Molecular docking

Molecular docking was conducted to further understand the inter
action mechanism of whey protein and Trp. Auto Dock Vina 1.2.0 
software (Trott & Olson, 2009) was performed to predict the interaction 
between whey protein and Trp. The 3D crystal structure of α-LA (PDB: 
1F6R), β-LG (PDB: 3NPO), and BSA (PDB: 4F5S) were obtained from 
Protein Data Bank (https://www.rcsb.org/) acting as receptor molecules 
that merge nonpolar hydrogens and incorporate charges. Blind docking 
was conducted to predict the lowest energy binding sites for Trp on α-LA, 
β-LG, and BSA. PyMOL ver. 2.5.2 software was used to visualize the 
docking results and the interactions between the ligand and receptor 
were analyzed by Ligplot (Wallace et al., 1995).

2.7. Data and statistical analysis

All data were analyzed and plotted by two software, JMP (version 
Pro15, SAS, USA) and GraphPad Prism9 (GraphPad Software Inc., USA). 
All the experiments were conducted in triplicate, and the mean value 
with standard deviation was expressed in the graphs. ANOVA and Tukey 
HSD comparison test (p < 0.05) were used to analyze the sample 
differences.

3. Results and Discussion

WPI-Trp nanoparticles were fabricated using pH-shifting followed by 
thermal treatments. The WPI-Trp NPs were then fully characterized. 
Finally, a mechanism for the formation of the nanoparticles is proposed.

3.1. Effect of pH shifting on the formation of WPI-Trp nanoparticles 
(WPI-Trp NPs)

To determine the effect of pH-shifting on the formation of WPI-Trp 
NPs, 2.5 w/v % solutions of WPI and Trp were mixed at a ratio of 5:1 
(w/w) were dissolved in an alkaline solution at pH 11 and then shifted 
back to pH 5, 6, and 7, respectively, followed by heating at 70 ◦C for 1 h. 
After pH-shifting and heating, the pH 11–5 WPI-Trp sample showed 
undesirable precipitation, which did not satisfy the nanoparticle design 
requirement (Fig. 1A). Aggregation can occur at pH 5 even at room 

temperature because pH 5 is close to the isoelectric point of WPI (pI 
≈5.1) (Nicolai et al., 2011b), then heating enhances this aggregation. 
When the pH is shifted from 11 to 6 or 11 to 7, mixtures of WPI-Trp 
showed the formation of nanoparticles (Fig. 1B). The particle sizes of 
WPI-Trp NPs obtained under pH-shifting (from 11 to 7 and 11 to 6), and 
pH-shifting combined heat treatment (pH-shifting from 11 to 7 and 6 
combined with heating under 70 ◦C for 1 h) ranged from less than 50.0 
nm to the largest particles size of 156.0 ± 3.0 nm when the pH was 
shifted from 11 to 6 followed by heating (Fig. 1B). We attribute this to 
the pH being near the iso-electric point of WPI and the electrostatic 
repulsion was low (Y. Liu et al., 2018; Yu et al., 2020). Shifting the pH 
from 11 to 7 followed by heating did not significantly increase (p >

0.05) the size of WPI-Trp, and the particles were smaller than the 
samples shifting from pH 11 to 6 followed by heating. This difference in 
size may be due to the heat-induced aggregation influence was much 
weaker at a pH further away from the isoelectric point.

Intrinsic fluorescence has been considered an effective approach to 
studying the conformational changes of proteins (Samanta et al., 2000). 
Tryptophan is one of the main fluorophores of protein, and the binding 
characteristics of Trp are studied by recording the fluorescence spectra 
emission at specific excitation wavelengths (Bromley et al., 2006). The 
emission of Trp can be strongly quenched, or non-fluorescent, when they 
are free dispersed in a buffer due to the rapid nonradiative decay via 
twisted-intramolecular charge transfer (TIFT) (Scheme. 1). Aggregation- 
induced emission is observed when a fluorescent molecule is trapped in 
the protein aggregates, as the rotation of the fluorescencing molecule is 
restrained. The restricted intermolecular movement results in a reduc
tion of TIFT (De et al., 2021; Y. Liu et al., 2018; Yu et al., 2020). 
Therefore, the intrinsic fluorescence intensity of Trp is positively related 
to the encapsulated Trp content in protein aggregates and can be used to 
characterize WPI-Trp nanoparticles.

The fluorescence spectra of the WPI-Trp sample that was pH shifted 
from 11 to 6 showed a higher intrinsic fluorescence intensity than the 
sample that was pH shifted from 11 to 7 (Fig. 1C). This suggested that a 
higher content of Trp was trapped in the samples obtained by shifting 
from pH 11 to pH 6, based on the aggregation-induced emission theory, 
which has shown that higher content of trapped fluorescent Trp is 
positively related to a higher intrinsic Trp fluorescence intensity (Y. Liu 
et al., 2018; Yu et al., 2020).

WPI-Trp of the sample shifted from pH 11 to pH 6 and then heated at 
70 ◦C showed a higher intrinsic intensity compared to the heated or 
unheated pH 11 to pH 7 sample as well as the unheated pH 11 to pH 6 
sample, which is related to the formation of WPI-Trp nanoparticles with 
higher amount of Trp loaded. The increase of maximum emission 
wavelength from ~350 nm of the unheated samples to ~360 nm of 
heated samples also indicated that a higher number of Trp molecules 
were entrapped within the protein aggregates after heating. This in
crease in the maximum emission wavelength phenomenon was also 
reported in a previous study when Trp molecules were incorporated 

Fig. 1. Effect of pH-shifting on the formation of WPI-Trp (A) Image of WPI-Trp 
mixture, (B) Particle size of WPI-Trp mixture, and (C) Intrinsic fluorescence 
spectra of WPI-Trp mixture. Different letters indicate a significant difference (p 
< 0.05). Scheme 1. Proposed mechanism of the aggregation-induced emission.
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within the α-LA proteins (Dong et al., 2024).

3.2. Effect of heating temperature on the formation of WPI-Trp NPs

Heating temperature is one of the primary factors that can influence 
protein particle size (Raikos, 2010). Previous studies showed that the 
denaturation temperature of WPI is between 65 and 70 ◦C (L. Zhang 
et al., 2021). Specifically, β-LG has shown a denaturation temperature at 
70 ◦C at neutral pH (De Wit, 2009), α-LA has an average denaturation 
temperature at 63.7 ◦C (McGuffey et al., 2005), and the BSA was re
ported to denature at 330 K (56.85 ◦C) (Matsarskaia et al., 2020). The 
heating temperature can affect the extent of protein denaturation 
(Wouters et al., 2022). Denatured proteins with exposed hydrophobic 
residues and reactive sulfhydryl groups are prone to result in hydro
phobic interactions and form disulfide bonds between protein particles 
(Monahan et al., 1995; Wouters et al., 2022). In our samples, higher 
temperature caused larger particles to form between WPI and Trp in a 
range from 38.9 ± 0.6 nm at 50 ◦C to 341.1 ± 5.1 nm at 80 ◦C (Fig. 2A). 
When WPI-Trp was pH shifted from pH 11 to 6 followed by heating at 
80 ◦C for 1 h produced the largest sized particles among the three 
temperature groups due to heat-induced aggregation. It has been re
ported that whey proteins unfold and expose additional hydrophobic 
groups when heated above 65 ◦C (Raikos, 2010), and the level of protein 
denaturation is positively related to the heating temperature, which is 
reflected in the fluorescence spectra. Increasing the temperature resul
ted in a red shift in the fluorescence spectra, indicating that the proteins 
unfolded further upon increasing the temperature, and more interior 
amino acid groups were exposed (Z. Jiang et al., 2022; Sun et al., 2022). 
Consequently, these exposed hydrophobic groups interacted with 
additional Trp molecules, which might contribute to particle aggrega
tion (Nicolai et al. 2011a). The fluorescence intensity of WPI-Trp heated 
at 70 ◦C was the highest (Fig. 2C), and this increase suggests the greatest 
complexation of Trp with WPI. The fluorescence intensity decreased at 
80 ◦C, which is most likely due to a higher content of proteins that were 
unfolded followed by a strong hydrophobic interaction between proteins 
that limited the Trp incorporation. In contrast, at 50 ◦C and 60 ◦C, there 
was less protein unfolding and aggregation, and therefore, a lack of 
exposed hydrophobic residues limited the encapsulation of Trp. This was 
observed by the lower intrinsic fluorescence intensity of WPI-Trp heated 

at 50 ◦C and 60 ◦C (Fig. 2C).

3.3. Effect of heating time on the formation of WPI-Trp NPs

In addition to the temperature of heat treatments, heating time also 
influences protein aggregation (Raikos, 2010). One of the primary in
dicators of the development of protein aggregation is turbidity. Both 
turbidity and particle size of the non-pH-shifted group and the pH- 
shifted group increased with longer heating times due to heat-induced 
aggregation. Extended heating time resulted in higher levels of aggre
gation of particles with increased size and turbidity (Fig. S1). WPI-Trp 
samples without pH-shifting demonstrated significantly higher 
turbidity and larger particle sizes than samples obtained after pH- 
shifting (p < 0.05), and precipitates were observed. Heat-induced ag
gregation was more significant in samples without pH-shifting, while 
WPI-Trp samples after pH-shifting had reduced sensitivity to thermal 
aggregation. The difference in turbidity and particle size upon heating 
between WPI-Trp with pH-shifting and WPI-Trp samples without pH- 
shifting can be explained by the modification of the WPI structure 
during pH-shifting. Recent studies have demonstrated that pH-shifting 
can induce protein unfolding and refolding, which modifies the natu
ral protein structure causing a molten-globule state with a looser tertiary 
structure. WPI in the molten-globule state would have an enhanced 
interaction with water, which explains why it appears to be less turbid 
than WPI without pH-shifting (Z. Jiang et al., 2022). In the molten- 
globule state, the originally compact structure of WPI is disrupted, and 
the flexibility of the protein structure is enhanced (W. Chen et al., 2019; 
J. Jiang et al., 2010; Z. Jiang et al., 2022). The increased flexibility of the 
protein structure in the molten-globule state may be helpful in reducing 
the heat-induced aggregation effect. The disruption of disulfide bonding 
of pH-shifted WPI (Z. Jiang et al., 2022) and the strong electrostatic 
repulsion between protein molecules during pH-shifting might also 
contribute to the reduced heat-induced aggregation level compared with 
the WPI without pH-shifting (W. Chen et al., 2019; Ding et al., 2023; 
Igartúa et al., 2024). Upon heating, WPI-Trp demonstrated a greater 
particle size and turbidity than WPI alone, indicating that the WPI ag
gregation was enhanced in the presence of Trp. We attribute this to the 
increased interaction between the exposed hydrophobic residues on WPI 
with Trp. Previous studies also showed similar phenomena. The binding 
of α-LA with Vitamin D3 contributed to larger particle size due to in
teractions between exposed hydrophobic patches of α-LA and Vitamin 
D3 (Delavari et al., 2015).

The fluorescence intensity of the WPI-Trp mixture reached its highest 
after 20 min of heat treatment (Fig. 3A). Heating longer than 20 min 
caused the fluorescence intensity to decrease and was accompanied by a 
slight red shift. This was attributed to the limited access of Trp to the 
interior of the protein due to strong protein–protein interaction resulting 
from extended heating times. Upon heating, the intrinsic fluorescence 
intensity of WPI samples that were pH-shifted increased during 30 min 
heating with a fluorescence emission maximum (λmax) over 350 nm. 
Tryptophan molecules on proteins are fully exposed to aqueous buffer 
when the λmax is over 350 nm (Grossmann et al., 2019). Aggregation of 
protein molecules induced by heating led to reduced solvent quenching 
of the Trp fluorescence, resulting in an increase in the Trp fluorescence 
intensity. (Fig. 3B) (Bhattacharya et al., 2011; Geddes, 2016; C. Wang 
et al., 2022). After 30 min of heating, the fluorescence intensity began to 
decrease. The Trp fluorescence quenching could be due to the changes in 
the proximal amino acids and disulfides that occurred during aggrega
tion (Bhattacharya et al., 2011; Geddes, 2016). The intrinsic fluores
cence intensity of Trp remained much lower than WPI and WPI-Trp 
samples (Fig. 3C). Based on the aggregation-induced emission, a strong 
quenching effect would reduce the fluorescence emission when Trp 
molecules were freely dispersed in a hydrophilic environment (Royer, 
2006).

Natural WPI-Trp at pH 6 had a particle size of 68.2 ± 2.1 nm, which 
decreased to 36.8 ± 0.6 nm after pH-shifting treatment and a slight 

Fig. 2. Effect of temperature on the formation of pH 11-pH 6, WPI-Trp (A) 
Image of pH-shifting WPI-Trp mixture heated at 50/60/70/80 ◦C (B) Particle 
size of pH-shifting WPI-Trp mixture heated at 50/60/70/80 ◦C, and (C) 
Intrinsic fluorescence spectra of pH-shifting WPI-Trp mixture heated at 50/60/ 
70/80 ◦C.
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increase in the intrinsic intensity accompanied by a red shift (Fig. 3D and 
E). Similar findings were reported where WPI exhibited a smaller and 
more uniform size distribution after undergoing pH-shifting treatment 
(Ding et al., 2023). Additionally, whey protein after pH-shifting 
demonstrated a molten-globule state with a more flexible and 
unfolded structure. Hydrophobic residues and inner fluorophores, 
Tyrosine, Tryptophan, and Phenylalanine were exposed. The exposure 
of inner fluorophores as well as a higher amount of loaded Trp resulted 
in a higher fluorescence intensity.

WPI-Trp that was not pH-shifted but heated resulted in large particle 
sizes of 1784.0 ± 85.4 nm, where the heat-induced protein aggregation 
effect was substantial. While the pH-shifted and then heated WPI-Trp 
solutions showed a significantly smaller size at 110.1 ± 0.8 nm (p <

0.05), which indicated that pH-shifting caused the WPI-Trp particles to 
be less thermally sensitive. Further, pH-shifting combined with heating 
WPI-Trp had the highest fluorescence intensity, and the heating-only 
sample had a slightly lower peak (Fig. 3E). It was believed that both 
heat and pH-shifting treatment functionalized whey protein and 
contributed to Trp complexation.

3.4. Characterization of WPI-Trp NPs produced at optimized conditions

Based upon our data we chose pH shifting from pH 11 to pH 6 fol
lowed by heating at 70 ◦C for 20 min as the optimized conditions to 
fabricate WPI-Trp nanoparticles. Under these conditions, the fluores
cence intensity reached a maximum and the size of the nanoparticles 
was 110.1 ± 0.8 nm with low PDI (0.20 ± 0.02), which satisfied the 
requirements to be considered nanoparticles.

3.4.1. SEM imaging
The microstructure of WPI-Trp with different processing treatments 

was analyzed using SEM (Fig. 4). The WPI-Trp sample at pH 6 after 
freeze-drying (FD) demonstrated large-scale flakes. It was suggested that 
freeze-drying the samples caused further aggregation on the sample 
(Roy & Gupta, 2004). Compared to the untreated sample, the WPI-Trp 
sample that was heated without pH-shifting showed a greater level of 
aggregation and conjugation (Fig. 4B). The freeze-dried WPI-Trp sample 

with pH-shifting (Fig. 4C) showed rod-like shape. For freeze-dried WPI- 
Trp NPs samples obtained by pH-shifting combined with heating 
(Fig. 4D), square-like aggregates were formed and evenly distributed 
with similar sizes, which suggested that the pH-shifting samples self- 
aggregated to a more compact whey protein structure after heating 
(Fig. 4D). However, the size of freeze-dried WPI-Trp NPs was larger than 
the WPI-Trp NPs without freeze-drying (Fig. 4F), suggesting that freeze- 
drying caused the further aggregation (Roy & Gupta, 2004). The solu
tion WPI-Trp NPs samples (before freeze-drying) with pH-shifting 
combined with heating (Fig. 4F) showed evenly distributed nano
particles with a spherical shape, while the solution samples prepared 
without pH-shifting treatment but were heat treated (Fig. 4E) showed 
dense and large aggregates, which was consistent with the particle size 
distribution, in which the heating alone WPI-Trp showed significantly 
larger particle sizes. Based on the difference in microstructure, we 
confirmed that the sample with pH-shifting showed less thermal sensi
tivity compared to samples without pH-shifting and confirmed the for
mation of WPI-Trp. NPs by combining pH-shifting (pH from 11 to 6) and 
heat treatment (70 ◦C, 20 min).

3.4.2. Surface hydrophobicity
The surface hydrophobicity (H0) of the protein indicates how many 

hydrophobic groups are exposed to the protein surface (Y. Wang et al. 
(2020), Yang, et al., 2020). The pH-shifting treatment significantly 
increased the H0 of WPI and WPI-Trp (Fig. 5A and B), which indicated 
that the initial interior hydrophobic groups of the natural protein were 
exposed to the protein surface after pH-shifting. This is also consistent 
with the increased λmax of WPI and WPI-Trp treated with pH-shifting in 
the fluorescence spectra. An extremely alkaline pH environment has 
been shown to result in strong intramolecular electrostatic repulsions of 
the protein, leading to protein unfolding and a higher surface hydro
phobicity (W. Chen et al., 2019; S. Jiang et al., 2017). Meanwhile, WPI 
and WPI-Trp samples treated with heating also showed increased sur
face hydrophobicity (Fig. 5A and B). We attribute the increased surface 
hydrophobicity to the heat treatments changing the spatial structure of 
the proteins and causing the proteins to unfold and expose hydrophobic 
groups on the protein surface. This increased surface hydrophobicity 

Fig. 3. Intrinsic fluorescence spectra of pH 11-pH 6, 70 ◦C, 0–60 min, (A) WPI-Trp/ (B) WPI/ (C) Trp; (D) Particle size of WPI-Trp mixture at pH 6, WPI-Trp mixture 
with heating at 70 ◦Cfor 20 min, WPI-Trp mixture with pH-shifting, and WPI-Trp NPs with pH-shifting combined with heating at 70 ◦C for 20 min, and (E) Intrinsic 
fluorescence spectra of WPI-Trp mixture at pH 6, WPI-Trp mixture with heating at 70 ◦C for 20 min, WPI-Trp mixture with pH-shifting, and WPI-Trp NPs with pH- 
shifting combined with heating at 70 ◦C for 20 min. Different letters indicate a significant difference (p < 0.05).
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enhances the non-covalent interactions between the WPI-Trp complexes 
(Y. Wang et al. (2020), Yang, et al., 2020).

The surface hydrophobicity of nanoparticles obtained by pH-shifting 
combined with heating, however, was lower than the H0 of pH-shifting 
alone samples. This was because, after pH-shifting, the protein was in an 
unstable molten globular state with certain hydrophobic groups 
exposed, showing a preference for hydrophobic interaction. Therefore, 
after heating, the exposed hydrophobic groups were buried again, 
reducing surface hydrophobicity (Raikos, 2010; Ryan & Foegeding, 
2015). The aggregation induced by heating might be helpful to the 
complexation of WPI-Trp NPs. Overall, increased H0 induced by pH- 
shifting suggested unfolding and exposure of hydrophobic groups on 
the WPI, which facilitated the hydrophobic interactions between WPI 
and Trp during the following heating process.

3.4.3. Free sulfhydryl group content
It is believed that the oxidation of SH groups and the interchange 

between sulfhydryl groups (SH) and disulfide (S-S) bonds play an 
essential role in protein polymerization (Ryan & Foegeding, 2015; 
Wouters et al., 2022). Protein species in WPI, β-LG, α-La, and BSA 
contain 2, 4, and 17 intramolecular S-S bonds, respectively. β-LG and 
BSA each contain one free thiol (−SH) group (Monahan et al., 1995). 
Further, SH groups can accept radicals and be oxidized, causing them to 
be converted to S-S bonds (Y. Wang et al., 2013). After heat treatment on 
WPI-Trp samples, protein denaturation occurred, and free sulfhydryl 
groups were exposed, contributing to an increased SH group content 
(Fig. 5C) (Ji et al., 2022; S. Jiang et al., 2017). More specifically, when 

β-LG is heated, it separates into monomers, which denature at high 
temperatures to expose a reactive sulfhydryl group, causing an increased 
SH group content (Shimada & Cheftel, 1989). Meanwhile, the increase 
was insignificant (p > 0.05) because the oxidation of SH, or interchange 
SH/S-S reactions, was limited by Trp’s antioxidant properties. By 
contrast, the total SH group content of WPI with heating was signifi
cantly lower than natural WPI (p < 0.05) (Fig. 5D), which we attribute 
to the interchange between the oxidation of the −SH or the S-S bond 
formation induced by heating (Shimada & Cheftel, 1989). Oxidation of 
SH or conversion of SH into S-S bonding facilitated the polymerization of 
WPI, as has already been shown in other studies (Gao et al., 2019; S. 
Jiang et al., 2018; J.-M. Wang et al., 2012).

The −SH group content of WPI significantly increased after pH- 
shifting (p < 0.05) (Fig. 5D), which was related to the unfolding of 
the protein, suggesting that sulfhydryl groups that were originally 
buried in the protein were exposed or that disulfide bonds were broken 
in proteins (Z. Jiang et al., 2022; Y. Wang et al. (2020), Yang, et al., 
2020). While −SH content of WPI-Trp with pH-shifting showed no sig
nificant difference compared with the untreated WPI-Trp mixture (p >
0.05) (Fig. 5C), and this was also related to the reduced oxidation of SH 
groups in the presence of Trp. WPI-Trp NPs obtained by pH-shifting 
combined with heating showed the highest SH group content, prob
ably because pH-shifting and heating synergistically enhanced the 
exposure of the SH group while suppressing the interchange between 
−SH groups and S-S bond formation due to the presence of Trp. The SH 
group content of WPI NPs obtained by pH-shifting combined with 
heating was slightly lower than pH-shifting WPI alone, which was also 

Fig. 4. SEM image of WPI-Trp mixture under different treatments before and after freeze-drying. (A) Freeze-dried WPI-Trp samples at pH 6, (B) Freeze-dried WPI-Trp 
samples after heat treatment (70 ◦C, 20 min) at pH 6, (C) Freeze-dried WPI-Trp samples after pH-shifting from 11 to 6, (D) Freeze-dried WPI-Trp samples obtained by 
pH-shifting from 11 to 6 followed by heat treatment (70 ◦C, 20 min), (E) WPI-Trp samples after heat treatment (70 ◦C, 20 min) at pH 6 before freeze-drying, and (F) 
WPI-Trp NPs before freeze-drying: pH-shifting (from 11 to 6) followed by heat treatment (70 ◦C, 20 min).

L. Yang et al.                                                                                                                                                                                                                                    Food Research International 196 (2024) 115031 

7 



attributed to the oxidation of reactive SH groups or the conversion of SH 
groups into S-S bonds due to heating. The conversion of SH groups to S-S 
bonds also contributed to the aggregation of WPI-NPs, as observed in 
Fig. S1(B). Overall, due to the presence of Trp, oxidation of SH groups to 
form S-S bonds might be limited during the WPI-Trp NPs formation.

3.4.4. Circular dichroism (CD)
CD spectroscopy was used to identify the secondary structure of WPI 

and WPI-Trp and analyze the effect of pH-shifting and heating on the 
secondary structure (Fig. S2 and Table. S1). The untreated WPI exhibi
ted a positive peak at 196 nm for the β-sheet structures and a negative 
peak at 208 nm for the α-helix structures (Gołębiowski et al., 2020; Y. 
Wang et al. (2020), Yang, et al., 2020). For WPI and WPI-Trp, both pH- 
shifting treatment alone and heat treatment alone caused a blue-shift of 
a minimum of ellipticity (Fig. S2) and thus a decrease of α-helix content 
(Table. S1), indicating that the WPI protein was unfolded and short 
peptides were released (C. Zhang et al., 2021). This is consistent with a 
greater surface hydrophobicity of WPI-Trp and WPI treated by pH- 
shifting alone or heating alone because small hydrophobic patches 
were exposed after pH-shifting or heating treatment. The loss of α-helix 
structure indicated that both heating and pH-shifting caused the protein 
to reach a molten-globule state with higher flexibility (Z. Jiang et al., 
2022; Nicolai et al. 2011a). Specifically, for WPI, both pH-shifting alone 
and heating alone resulted in a significant decrease in α-helix content (p 
< 0.05) and a significant increase in β-sheet and β-turn (p < 0.05). 
Conversely, WPI-Trp showed neglectable changes in the content of 
α-helix, β-sheet, and β-turn (p > 0.05). This difference was due to the 
interaction between WPI and Trp, which promoted a more stable sec
ondary structure. The pH-shifting combined with heating treatment 
further decreased the content of α-helix and caused a significant increase 
in random coil for both WPI-Trp NPs and WPI NPs (p < 0.05), suggesting 
the conversion of α-helix into random coil. This conversion 

demonstrated a more disordered structure of the modified whey protein 
with higher flexibility. Previous studies confirm that protein structures 
are less ordered with increasing content of random coil (W. Chen et al., 
2019; H. Jiang et al., 2022; Zhong et al., 2022). In conclusion, both 
heating and pH-shifting contributed to the disorder of WPI, which the 
molten-globule state of denatured protein can explain, and the presence 
of Trp helped stabilize the secondary structure of the protein.

3.4.5. FTIR
FTIR measurement was conducted to analyze the interactions be

tween Trp and WPI, as illustrated in Fig.S3. The amide I band that 
appeared at 1600–1700 cm−1 represented C=O stretching vibrations of 
the peptide bond. The amide II band was closely related to C–N 
stretching vibrations and bending vibration of N–H at 1500 cm−1–1600 
cm−1 (Dai et al., 2017; Zhong et al., 2022). Typical amide I and amide II 
absorption bands of WPI are located at 1629 cm−1, and 1521 cm−1, 
respectively. Compared to WPI, the WPI-Trp nanoparticles bands shifted 
to lower wavenumbers: 1624 cm−1 for amide I and 1517 cm−1 for amide 
II. The alteration of amides I and II suggested that hydrophobic in
teractions between WPI and Trp might occur (Dai et al., 2017). The band 
in the 3200–3500 cm−1 region was associated with the –OH stretching 
vibrations in protein and indicated hydrogen bonding (Hu et al., 2019; 
Wei et al., 2021; Zhong et al., 2022). The spectrum of WPI-Trp NPs had a 
band at 3265 cm−1. Although no significant shifting was observed 
compared with the WPI, the wider and sharper band between 
3200–3500 cm−1 of WPI-Trp NPs suggested the formation of hydrogen 
bonding (Xiao et al., 2015). For Trp, the sharp band at 3394 cm−1, 3010 
cm−1, and 742 cm−1 corresponded to the N–H stretching vibrations of 
the indole ring, aromatic C–H stretching vibrations, and C–H bending 
vibrations in the aromatic ring, respectively (Ivanova, 2006).

After complexation with WPI, the characteristic bands of Trp at 3394 
cm−1 and 3010 cm−1 disappeared, and the intensity of the band at 742 

Fig. 5. Surface hydrophobicity (H0) of WPI-Trp and WPI with different treatments (A) WPI-Trp, and (B) WPI; Free sulfhydryl group content of WPI-Trp and WPI (C) 
WPI-Trp, and (D) WPI. Different letters indicate a significant difference (p < 0.05).
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cm−1 decreased, indicating interactions between the indole ring and 
WPI. These interactions were probably related to the hydrogen bonding 
and the hydrophobic interaction between the indole ring of Trp and 
WPI. No new bands were detected in the FTIR spectra of WPI-Trp NPs 
compared with the WPI, suggesting that the interactions between WPI 
and Trp were mainly non-covalent bonding.

3.4.6. DPPH and ABTS radical scavenging activity of WPI-Trp NPs
Relative ABTS and DPPH radical scavenging capacities of Trp, WPI, 

and WPI-Trp were measured to assess the impact of pH-shifting and 
thermal treatments on antioxidant activity (Fig. 6). DPPH is a stable, oil- 
soluble free radical that can be used to measure radical scavenging ac
tivity (Ji et al., 2022). WPI-Trp after heat treatment demonstrated a 
lower DPPH radical scavenging capacity and showed the lowest DPPH 
radical scavenging capacity at 5 mg/mL. After heat treatment, the 
exposed hydrophobic residues and hydrophobic interaction between 
WPI-Trp particles resulted in aggregation, resulting in low solubility in 
the DPPH solution. At 5 mg/mL, due to the low solubility of heated WPI- 
Trp and WPI samples in the DPPH solution, the DPPH radical scavenging 
capacity was the lowest. The DPPH radical scavenging capacity was not 
influenced by the pH-shifting treatment of WPI-Trp significantly (p >
0.05), while the DPPH scavenging capacity of WPI alone increased 
significantly (p < 0.05).

For the WPI, after pH-shifting treatment, interior amino acids of WPI 
were exposed, which enhanced the capacity to scavenge free DPPH 
radicals. For the WPI-Trp NPs obtained by pH-shifting combined with 
heating, the DPPH scavenging capacity of WPI-Trp was reduced, 
although the encapsulation of Trp was greatest under these conditions. 
This may be because the complexation of Trp with WPI stabilized the 
Trp and blocked access to the DPPH. The reducing effect of DPPH 
scavenging capacity has been shown in a previous study where the 
binding of whey protein concentrate with quercetin reduced the DPPH 
scavenging capacity because the hydrophobic cavity of whey protein 
concentrates isolated the quercetin from DPPH (Ji et al., 2022).

ABTS radical is water-soluble and can be scavenged by antioxidants 
when the absorbance of ABTS is reduced (Meira et al., 2012). Due to the 

difference in solubility, the relative radical scavenging capacity of ABTS 
was higher than DPPH, and thus, the ABTS radical scavenging capacity 
was demonstrated at a low sample concentration (0.05 mg/mL). Free 
Trp showed strong relative ABTS radical scavenging capacity and was 
not influenced by treatments (Fig. 6F). The ABTS radical scavenging 
capacity of pH-shifting combined with heating WPI-Trp NPs was 
significantly lower (p < 0.05), suggesting the most significant content of 
free Trp was encapsulated. The pH-shifting combined with heating 
treatment was found to induce the strongest complexation of WPI-Trp 
nanoparticles. Nevertheless, the encapsulation of Trp caused lower 
antioxidant capacity because it was incorporated within the protein, and 
steric hindrance inhibited access to the radicals.

3.5. Molecular docking

To investigate the interaction mechanism between Trp and WPI, we 
used molecular docking. The simulated nanocomplex of WPI-Trp and 
the three main protein species of WPI were investigated (α-LA, β-LG, and 
BSA), specifically the optimal docking for hydrogen bonding and hy
drophobic interactions (Fig. 7). The amine group in the Trp can form two 
hydrogen bonds with Glu-49 and Gln-43 residues in α-LA, while other 
amino acids (Ile-41, Gln −54, His-32, Val-42, Thr-33, Trp-104, Tyr-103, 
and Phe-53) constituted a hydrophobic pocket to complex with Trp 
(Fig. 7A). In the case of β-LG, Trp-19 and Glu-44 constituted two 
hydrogen bonds with the amine group in the indole ring, and Glu-158 
formed another hydrogen bond with the amino group of Trp. Amino 
acid residues of β-LG contributed to the hydrophobic interaction (Thr- 
18, Tyr-20, Glu-157, Gln-159, and Leu-156) with Trp. In terms of BSA, 
two hydrogen bonds were formed between the amino acid residues (Leu- 
189 and Ser-192), and Arg-458, Ile-455, Leu-454, Ala-193, Arg-435, Tyr- 
451, and Ser-428 were responsible for the hydrophobic interaction 
during the binding. In terms of the binding affinity (Table. S2), α-LA was 
predicted to exhibit the highest binding score (−7.9 kcal/mol), followed 
by BSA (−6.6 kcal/mol) and β-LG (−5.8 kcal/mol), indicating that the 
α-LA showed the highest binding performance with the Trp. Thus, our 
molecular docking results suggest that the formation of the WPI-Trp 

Fig. 6. Antioxidant activity of WPI-Trp, WPI, and Trp with different treatments (A) DPPH radical scavenging capacity of WPI-Trp, (B) DPPH radical scavenging 
capacity of WPI, (C) DPPH scavenging capacity of Trp, (D) ABTS radical scavenging capacity of WPI-Trp at 0.05 mg/mL, (E) ABTS radical scavenging capacity of WPI 
at 0.05 mg/mL, and (F) ABTS radical scavenging capacity of Trp at 0.05 mg/mL. Different letters indicate a significant difference (p < 0.05).
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complex was mainly driven by hydrophobic interactions and hydrogen 
bonding.

3.6. Proposed mechanism of the formation of WPI-Trp NPs

Based on the data we’ve collected, we propose the following mech
anism for the formation of WPI-Trp NPs. The process begins with the 
unfolding and refolding of whey protein during pH-shifting to place the 
protein into the molten globule state, where the interior hydrophobic 
residues are exposed. Among these exposed residues, according to a 
previous study, Methionine and Proline were prone to bind with Trp 
(Samanta et al., 2000). Free Trp was then encapsulated into the hy
drophobic cavity of the protein. Next, thermal treatment on the WPI-Trp 
after pH-shifting induced aggregation. During the heating process, whey 
proteins were denatured, and the interaction between exposed hydro
phobic residues, exposure of reactive −SH group, and exchange re
actions between −SH and S-S occurred, all of which contributed to the 
complexation of WPI-Trp NPs (Iametti et al., 1996; Raikos, 2010; Ryan 
& Foegeding, 2015).

4. Conclusions

The effect on the formation of WPI-Trp nanoparticles of pH-shifting 
alone, heating alone, and pH-shifting combined with heating was 
studied. A fluorescence study revealed that pH-shifting and heating 
under certain conditions produced WPI-Trp nanoparticles. Modifying 
the WPI structure by thermal and pH-shifting treatment was the main 
factor for the encapsulation of Trp by WPI. The treatment of pH-shifting 
encouraged the exposure of hydrophobic residues, including inner flu
orophores (Tyrosine, Tryptophan, and Phenylalanine), indicated by the 
increase of surface hydrophobicity and fluorescence emission 
maximum. The exposure of hydrophobic residues increased the binding 
sites for Trp. Heat treatment then encouraged the aggregation of WPI, 
which was accompanied by increased turbidity and particle size. This 
process also facilitated the further encapsulation of the added Trp. Based 
on the aggregation-induced emission, encapsulation of added Trp was 
confirmed. pH-shifting combined with heat treatment created WPI-Trp 
nanoparticles that were less thermally sensitive than particles pro
duced through heating alone. Non-covalent interactions, including 
hydrogen bonding and hydrophobic interaction, were the main driving 
force for the complexation of WPI-Trp nanoparticles. This study pro
vides a facile, new technique to form WPI-Trp-NPs by pH-shifting 

followed by heating. The fabrication of these new stable WPI-Trp-NPs 
extends the application of Trp in dairy products, including whey bev
erages. For beverage applications, future studies will be focused on 
scale-up production, assessing sensory characteristics, evaluating stor
age stability, and investigating thermal stability.
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org/10.1016/j.foodres.2024.115031.
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