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Abstract
In this paper, using a single-step method, resveratrol (RES)-loaded egg white protein (EWP) nanospheric particles were successfully prepared. The micelle

behavior,  micromorphology,  molecular  structure  changes,  and  emulsifying  properties  of  the  nanoparticle  were  analyzed,  and  the  molecular  interaction

between EWP and RES and the environmental response stability of the nanoparticle was characterized. The results show that I373/I385 dropped from 1.1 to

about 0.8, indicating that high concentration of ethanol induced EWP to form a more hydrophobic and less polar structure. RES promoted the uniformity of

the  nanoparticle  and formed a  tightly-packed spherical  three-dimensional  structure  by  characterizing microstructure.  Raman and infrared spectroscopy

revealed enhanced hydrogen bonding between EWP and RES,  increased g-g-g and t-g-t disulfide bonds,  and the formation of three-dimensional helical

structures due to the opening of flexible structural intervals.  Molecular docking analysis identified hydrogen bonds and hydrophobic interactions as the

main  forces  facilitating  the  binding  between  RES  and  EWP.  Particle  size  analysis  showed  that  D3,2 decreased  from  30.51  to  17.88 μm,  indicating  better

emulsion  stability.  The  preservation  of  RES  at  0.4  mg/mL  was  94.49%  in  50  mM  NaCl  and  83.68%  in  500  mM  NaCl,  with  no  significant  stability  change

(p > 0.05) over 48 h, revealing a concentration dependence of salt ions and storage stability of RES in the nanoparticle. This study establishes a foundation for

exploring the incorporation of high-value hydrophobic compounds into EWP.
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Introduction

Resveratrol  (3,5,4′-trihydroxystilbene,  RES)  is  a  polyphenolic
compound  present  in  various  plants,  including  berries,  grapes,
peanuts,  and  wine[1].  RES  reduces  inflammation,  inhibits  tumor
growth,  and  protects  the  heart  and  blood  vessels.  However,  RES
exhibits poor chemical stability depending on environmental factors
such  as  temperature  and  pH.  That  is,  RES  is  stable  under  acidic
conditions  and  degrades  rapidly  under  neutral  or  alkaline  environ-
ments[2].  The half-life of trans-RES was found to be 329 d at a pH of
1.2  but  only  3.3  min  at  a  pH  of  10.0[2].  The  degradation  degree  of
trans-RES  was  found  to  be  17%  at  125  °C  but  increased  to  70%  at
175 °C[3]. Environmental stresses limit the use of RES in the food and
medical  industries  due  to  its  instability.  Hence,  the  preparation  of
controlled, green, and safe nanoparticles to reduce the environmen-
tal sensitivity of RES is an important focus at present.  Such systems
are  essential  for  the  practical  utilization  and  controlled  develop-
ment of RES.

Current food-grade encapsulation materials are mainly composed
of  proteins,  polysaccharides,  and  lipids,  and  exhibit  excellent
biodegradability and high human safety and nutritional value. Such
materials  have  been widely  adopted to  carry,  encapsulate,  protect,
and  deliver  various  bioactive  compounds  with  improved  stability
and  utilization.  For  instance,  Chen  et  al.[4] used  maize  protein,
pectin,  and chitosan to  synthesize  particles  with a  multilayer  struc-
ture  to  transport  and  encapsulate  coenzyme  Q10  and  piperine.
Peñalva et al.[5] enhanced the oral availability of RES by encapsulat-
ing  it  with  casein,  achieving  significantly  higher  availability
compared to  an oral  solution of  RES.  Although these nanoparticles

were  found  to  have  good  encapsulation  and  stabilization  effects
during laboratory testing, several limitations were observed, includ-
ing gelation of casein, susceptibility to pH, and high equipment and
solvent requirements for the preparation of corn protein-nanoparti-
cles. Thus, these systems are not widely used industrially. In contrast,
EWP has attracted the attention of scientists due to its biocompati-
bility, low cost, and ability to be applied without additional process-
ing,  and  thus,  is  frequently  employed  in  bio-
material delivery[6,7]. Kleemann et al.[8] applied EWP to prepare aero-
gels to encapsulate fish oil. The findings indicated a greater loading
capacity  compared  to  whey  protein  and  casein.  Zhu  et  al.[9]

prepared various nanostructural EWPs to embed vitamins A, D, and
E,  demonstrating  the  excellent  anti-degradation  stability  of  the
prepared  systems.  Despite  the  excellent  performance  of  EWP
nanoparticles,  EWP  still  has  limitations[10].  Ovalbumin,  the  primary
protein  in  egg  whites,  comprises  approximately  50%  hydrophobic
amino  acids.  However,  a  significant  majority  of  these  hydrophobic
residues are situated deep within the molecular framework, leaving
only  a  minor  fraction  exposed  on  the  surface.  Consequently,  this
arrangement leads to lower amphiphilicity and diminished emulsifi-
cation  capacity  of  EWP.  The  delivery  of  hydrophobic  active
compounds  is  challenging,  necessitating  the  careful  selection  of
appropriate  encapsulation  materials  to  ensure  their  stability.  In
response to the above problems, we were surprised to find that the
depolymerization-aggregation  process  of  EWP  during  ethanol
induction led to EWP nanospheres with better stability.

Preliminary research by our research team revealed that EWP can
be  applied  as  a  carrier  for  pro/hydrophobic  active  compound
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nanoparticles[11].  Through  pre-experiments,  we  found  that  EWP
exhibited  excellent  RES  encapsulation  properties.  Therefore,  we
investigated  the  effects  of  RES  on  the  molecular  structure  and
functional  activity  of  EWP-promoted  spherical  nanoparticles
induced  by  ethanol.  This  study  provides  a  research  and  theoretical
basis  for  improving  RES  utilization  and  expanding  EWP-derived
nanoparticles. 

Materials and methods
 

Material
Newly laid eggs, each within the weight range of 55 to 65 g, were

sourced  from  a  grocery  store  in  Guangzhou,  China.  RES  (of  98%
purity) was acquired from Xi'an Qiuhe Biotechnology Co., Ltd. (Xi'an,
China).  8-aniline-1-naphthalenesulfonic  acid  (ANS)  and  5,5′-dithio-
bis-(2-nitrobenzoic  acid)  (DTNB)  were  obtained from Sigma-Aldrich
(St.  Louis,  MO,  USA).  All  other  chemical  substances  employed were
of a standard suitable for analytical purposes. 

Preparation of EWP nanoparticles loaded with RES
Eggs  were  thoroughly  washed and the  EWP were  extracted.  The

EWP  was  homogenized  at  1,500  rpm  for  10  min  and  then  refriger-
ated for 4 h. After removing the surface foam, the nitrogen content,
representing  protein  concentration,  was  determined  using  the
Kjeldahl  method.  The  concentration  of  EWP  was  standardized  to
10% (w/w),  and a  trace amount  of  sodium azide,  specifically  0.02%
by  weight,  was  incorporated  to  prevent  bacterial  contamination.
RES was dissolved in  an ethanol  solution with a  volume fraction of
30%  to  80%  (v/v)  to  prepare  concentrations  ranging  from  0.01  to
0.40 mg/mL. The EWP was also adjusted to different concentrations,
spanning  from  0.1  to  2.0  mg/mL.  The  RES  ethanol  solution  was
thoroughly combined with the EWP solution in equal  volumes and
then  allowed  to  rest  and  stabilize  before  being  refrigerated.  A
subset  of  these  samples  underwent  ethanol  removal  via  rotary
evaporation  at  a  temperature  of  55  °C,  followed  by  a  72-h  freeze-
drying process. 

Interaction of EWP with resveratrol 

Pyrene fluorescence
The fluorescence of pyrene was quantified by preparing a pyrene-

acetone  mixture  with  a  pyrene  concentration  of  200 μM.  To  this
mixture,  2  mg/mL  of  EWP  solution  was  introduced  at  varying
ethanol  concentrations.  Subsequently,  a  suitable  volume  of  the
pyrene-acetone  mixture  was  added  to  achieve  a  final  pyrene
concentration  of  1 μM  in  the  samples.  After  agitating  the  samples
for  12  h  to  ensure  thorough mixing,  the fluorescence spectra  were
recorded.  For  the  fluorescence  measurements,  an  excitation  wave-
length of 335 nm was used, and the emission was monitored over a
range of 350 to 600 nm. 

Molecular force
The changes in  molecular  force in  the nanoparticle  were charac-

terized  by  sulfhydryl  content,  molecular  flexibility,  and  surface
hydrophobicity. Other experimental details are listed in the Supple-
mentary File 1. 

Intrinsic fluorescence
EWP  was  prepared  at  2  mg/mL,  and  RES  concentrations  varied

from 0 to 0.4 mg/mL. The experimental setup utilized an excitation
wavelength of 280 nm and an emission spectrum ranging from 290
to 500 nm. The intrinsic fluorescence of RES was evaluated by main-
taining a constant RES concentration of 0.1 mg/mL while varying the
EWP  concentration  from  0  to  2  mg/mL.  Fluorescence  measure-
ments  were  performed  using  a  320  nm  excitation  wavelength  and
an emission spectrum between 330 and 550 nm. The slit widths for
both excitation and emission were maintained at 5 nm[12]. 

Molecular docking
The 3D structure of ovalbumin (PDB ID: 1OVA) was obtained from

the  RCSB  Protein  Data  Bank.  Concurrently,  the  3D  structure  of  RES
was obtained from the PubChem database. Molecular docking anal-
yses were conducted using Autodock Vina software, version 1.1.2[13].
The  grid  for  the  docking  simulations  was  configured  as  a  cubic
lattice with dimensions of 3.8 nm on each side. The protein's search
space  was  defined  with  coordinates  centered  at  22.7  Å  ×  61.6  Å  ×
18.9 Å, and docking was performed with an exhaustiveness of 1000.
The  Lamarckian  Genetic  Algorithm  was  employed  for  the  docking
calculations.  Subsequently,  the  most  favorable  docking  configura-
tions  were  selected  and  further  analyzed  using  the  open-source
PyMOL software, version 2.5. 

Turbidity
Twenty milligrams of freeze-dried nanoparticles were added to 10

mL  of  deionized  water.  The  solution's  turbidity  was  evaluated  by
measuring its absorbance at 600 nm with a Shimadzu UV2600 spec-
trophotometer.  Each  experimental  trial  was  performed  three  times
to ensure reproducibility. 

Encapsulation efficiency
Fresh specimens were centrifuged at 5,000 rpm for 30 min at 4 °C.

This  process  was  carried  out  to  separate  and  collect  a  supernatant
that  contained  unbound  RES.  The  concentration  of  the  free  RES  in
the  supernatant  was  ascertained  by  referencing  a  standard  curve,
which  was  calibrated  using  absorbance  measurements  at  a  wave-
length  of  360  nm.  This  curve  was  generated  by  assessing  the
absorbance  of  RES  across  a  spectrum  of  concentrations,  from  1  to
25 μg/mL. The encapsulation efficiency of RES was then determined
using the following formula:

Encapsulation e f f iciency (%) =
Total resveratrol−Free resveratrol

Total resveratrol
×

100%
(1)

 

Raman
The  freeze-dried  samples  were  mounted  onto  glass  slides  and

then covered with aluminum foil to protect them from light. Raman
spectroscopy  measurements  employed  a  785  nm  excitation  wave-
length  and  a  300  mW  emission  power.  Raman  spectra  were
obtained  across  a  wavenumber  range  of  400  to  1,800  cm−1.  Scan-
ning  was  repeated  at  least  three  times  for  each  sample.  Baseline
correction and attribution of  the Raman spectrum were performed
by OMINIC software.

The  normalization  procedure  employed  the  Raman  peak  at
1,004  cm−1,  which  corresponds  to  the  internal  standard  of  pheny-
lalanine,  to  account  for  the  intensity  fluctuations  observed  in  each
Raman peak. The spectral fitting was carried out using two software
packages:  Origin 9.1  and PeakFit  4.12.  The numbers  of  buried tyro-
sine  (Nburied)  and  exposed  tyrosine  (Nexposed)  were  calculated  as
follows:

0.5Nburied +1.25Nexposed = I850/I830 (2)

Nburied +Nexposed = 1 (3)
 

Interaction mechanism and morphology
To better verify the physicochemical properties of nanoparticles, a

series  of  experiments  at  different  resveratrol  concentrations  were
performed.  X-ray  diffraction  (XRD)  and  Fourier-transform  infrared
(FTIR)  spectroscopy  were  employed  to  elucidate  the  interaction
mechanisms within the nanoparticles. Transmission electron micro-
scopy  (TEM)  and  atomic  force  microscopy  (AFM)  were  utilized  to
analyze the shape and structure of the nanoparticles.  Other experi-
mental details are listed in the Supplementary File 1. 
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Interfacial tension and emulsifying capacity of
nanoparticles

The  nanoparticles  were  reconstituted  in  deionized  water  to  a
concentration of 1 mg/mL. The interfacial tension of the nanoparti-
cles was measured at 25 °C using the platinum ring method with a
DSA100  instrument  from  Krüss  GmbH  (Hamburg,  Germany).  The
nanoparticles  were  dissolved  overnight  to  achieve  a  0.5%  (w/w)
concentration.  An emulsion was prepared by homogenizing 40 mL
of nanoparticle suspension with 10 mL of corn oil at 10,000 rpm for
2  min.  Following  homogenization,  100 μL  of  the  emulsion  was
extracted  from  the  bottom  layer  and  combined  with  4.9  mL  of
a  0.1%  sodium  dodecyl  sulfate  (SDS)  solution.  The  absorbance  of
the mixture was recorded at 500 nm both initially and after 10 min.
The  emulsifying  activity  index  (EAI)  and  stability  index  (ESI)  of  the
emulsion  were  calculated  using  the  formulas  in  Eqns  (4)  and  (5),
respectively.

EAI (M2/g) =
2×2.303×DF ×A0

C×0.2×10000
(4)

ES I (min) =
A0

A0−A10
×10 (5)

where, DF is set at 100. The initial concentration of the hydrolysates is
denoted by C (g/mL). The emulsion is formed using 20% corn oil. The
absorbance  readings,  A0 and  A10,  indicate  the  optical  density  of  the
diluted emulsion at the initial time and after 10 min, respectively. 

Characterization of emulsion properties
The  emulsions  were  subjected  to  laser  diffraction  analysis  to

determine  the  average  particle  size.  This  measurement  was  con-
ducted  at  25  °C  and  a  stirring  speed  of  1,200  rpm.  The  refractive
indices  were  set  at  1.33  for  water  as  the  dispersing  medium  and
1.462  for  the  particles.  The  average  surface  particle  size  (D3,2),  as
determined,  was  indicative  of  the  overall  particle  size  distribution.
The emulsion was diluted by a factor of 200 before measuring the ζ-
potential  using  a  nanoparticle  size  potentiostat.  The  samples  were
allowed  to  equilibrate  for  120  s  before  testing,  with  the  tempera-
ture  maintained  at  25  °C.  Freshly  prepared  emulsions  were  centri-
fuged  at  12,000  g  for  1  h  at  20  °C.  The  lower  aqueous  phase  was
extracted  with  a  pipette  through  a  0.45 μm  membrane  filter.  The
protein  content  in  this  phase  was  quantified  using  the  Coomassie
Brilliant  Blue  method,  with  a  calibration  curve  based  on  bovine
serum  proteins.  Similarly,  the  resveratrol  content  was  determined
following  a  previously  established  method,  and  the  interfacial
resveratrol content was calculated accordingly. 

Stability of RES in the spherical nanoparticles
Spherical  nanoparticles  with  varying  RES  concentrations

(0.01−0.40 mg/mL) were evaluated for ionic stability at NaCl concen-
trations  ranging  from  0-500  mM  and  for  storage  stability  at  40  °C
over 48 h. RES content was assessed using a previously established
method, and the RES residual rate was calculated. 

Data analysis
Each  experimental  trial  was  repeated  three  times  to  ensure

consistency  and  reliability.  Statistical  evaluation  was  conducted
using analysis of variance (ANOVA) and Duncan's multiple range test
for  mean  comparisons.  The  analyses  were  performed  using  IBM
SPSS  software,  version  21.0. p <  0.05  was  set  to  reflect  statistical
significance.  The  graphical  representations  of  the  findings  were
created using Origin software, version 9.1. 

Results and discussion
 

Micellar behavior of ethanol-induced EWP
Pyrene is a strongly hydrophobic fluorescent probe and the ratio

of the third to fifth peak (I373/I385)  decreased with reductions in the

microenvironment  polarity  and  increases  in  the  hydrophobicity
where pyrene was located[14,15]. Figure 1a illustrates the changes in
pyrene fluorescence intensity within EWP as the ethanol concentra-
tion  is  altered.  The  fluorescence  intensity  of  pyrene  decreased  as
ethanol concentration increased. The significant decrease in pyrene
fluorescence  intensity  at  ethanol  concentrations  below  50%  (v/v)
indicates  that  ethanol  modifies  the  protein  surface  group  distribu-
tion,  leading  to  fluorescence  quenching  of  pyrene.  Fluorescence
intensity  reductions  were  negligible  at  ethanol  concentrations
exceeding  50%,  likely  due  to  protein  denaturation  caused  by  high
ethanol  levels,  disrupting  the  EWP-pyrene  complex.  The  I373/I385 of
pyrene  in  sodium  phosphate  buffer  was  1.1.  No  statistically  signifi-
cant variations were observed (p > 0.05) when the ethanol concen-
tration  ranged  from  10%  to  30%.  At  these  concentrations,  ethanol
molecules  predominantly  existed  in  monomeric  form  within  the
aqueous  solution,  and  their  increased  presence  had  a  minimal
impact on the microenvironment surrounding the dispersed pyrene
molecules.  However,  a  significant  decrease  in  the  I373/I385 ratio  was
noted  (p <  0.05)  as  the  ethanol  concentration  increased  to
40%−50%.  This  change  suggests  that  EWP  started  to  aggregate,
causing  pyrene  molecules  to  migrate  towards  the  hydrophobic
regions  within  the  nanoparticles.  Consequently,  the  microenviron-
ment  experienced  a  reduction  in  polarity  and  an  increase  in
hydrophobicity.  As  the  ethanol  concentration  increased  to  70%,
I373/I385 rapidly  decreased  to  about  0.8,  indicating  that  a  more
hydrophobic  and  less  polar  microenvironmental  structure  was
formed at this point.  Combined with the change of pyrene fluores-
cence intensity and I373/I385, the most appropriate ethanol induction
concentration is 50%. 

Encapsulation efficiency of EWP-loaded RES
The  appearance  of  EWP  loaded  with  RES  is  shown  in Fig.  1b.  As

the  RES  concentration  increased,  the  nanoparticle  changed  from
turbid  to  more  transparent.  Protein  aggregation  often  results  in
increased  turbidity,  which  can  qualitatively  assess  the  extent  of
aggregation. The nanoparticle turbidity is  shown in Fig.  1d.  Turbid-
ity  significantly  decreased  (p <  0.05)  in  groups  with  0.3  and  0.4
mg/mL RES, whereas no significant change was observed in groups
with  0.02  and  0.05  mg/mL  RES.  This  suggests  that  adding  RES
resulted  in  the  uniform  dispersion  of  EWP  and  the  formation  of  a
stable and homogeneous nanoparticle.

The encapsulation efficiency is an important indicator for evaluat-
ing  a  carrier's  ability  to  encapsulate  functional  compounds. Figure
1c depicts  the  influence  of  varying  protein  and  ethanol  concentra-
tions on the encapsulation efficiency of RES at a fixed concentration
of 0.2 mg/mL. When the ethanol concentration was 30%, the encap-
sulation  rate  of  RES  increased  from  25.82%  to  60.56%  as  the  EWP
concentration  increased.  This  indicates  that  the  carrier  proportion
facilitated  RES  embedding  through  hydrogen  bond  formation
between  EWP  and  RES.  At  0.4  mg/mL  RES,  the  encapsulation  effi-
ciency  initially  rose  and  then  declined  with  ethanol  concentrations
increasing  from  30%  to  80%.  The  maximum  encapsulation  rate  of
RES occurred at 0.4 mg/mL EWP and 50% ethanol, reaching 84.14%.
This  suggests  that  an appropriate increase in ethanol  leads EWP to
expose more -OH which can interact with RES through intermolecu-
lar hydrogen bonds[16],  while high ethanol concentrations denature
the  protein,  thus  reducing  the  RES  encapsulation  rate.  Meanwhile,
the  water  solubility  of  RES  improved  with  increasing  ethanol
concentration[16].  High  ethanol  concentrations  disrupted  hydrogen
bonds,  leading to  further  disturbance of  the protein's  hydrophobic
regions[17]. This hindered the interaction between EWP and RES and
reduced the encapsulation rate of RES. 

RES modulates the molecular structure of EWP
The  presence  of  free  sulfhydryl  groups  is  indicative  of  the  struc-

tural  alterations  and  functional  attributes  of  proteins,  which  are
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closely  linked  to  the  solubility  and  gel-forming  abilities  of
proteins[18,19]. Figure  2a demonstrates  a  significant  decrease  (p <
0.05)  in  free  sulfhydryl  groups in  EWP at  RES concentrations  below
0.02  mg/mL.  This  decrease  implies  that  at  low  RES  concentrations,
some  of  the  free  sulfhydryl  groups  located  on  the  EWP  surface
become  encapsulated  within  the  protein's  interior.  Conversely,  as
the RES concentration increased further, there was a notable rise in
the free sulfhydryl content (p < 0.05). This increase suggests that the
introduction  of  higher  RES  concentrations  led  to  the  exposure  of
EWP's  molecular  structure  and  facilitated  the  conversion  between
sulfhydryl  and  disulfide  groups,  thereby  elevating  the  content  of
free sulfhydryl groups.

The adaptability of a protein's structure is intricately connected to
its  conformation,  with  a  particular  emphasis  on  the  proportion  of
high β-turns  present[20]. Figure  2b demonstrates  the  impact  of  RES
addition on the molecular flexibility of EWP. The flexibility of protein
molecules  significantly  increased  (p <  0.05)  with  a  higher  RES
proportion.  This  indicates  that  the  addition  of  RES  caused  the
flexible regions of EWP to expand, with more rigid structures being
opened and rearranged to form flexible parts.

Surface hydrophobicity influences protein's  solubility,  emulsifica-
tion  ability,  and  gelling  characteristics.  Changes  in  hydrophobicity
primarily  result  from  the  exposure  of  hydrophobic  aliphatic  and
aromatic amino acid residues during protein unfolding[21]. Figure 2c
illustrates  the  changes  in  surface  hydrophobicity  of  EWP  with  the

addition of RES. Surface hydrophobicity significantly decreased (p <
0.05)  with  increasing RES concentration.  This  observation is  consis-
tent  with  prior  research  indicating  that  elevated  ethanol  levels
reduce  protein  surface  hydrophobicity[11].  The  active  site  of  solubi-
lized  RES  binds  to  the  surface  hydrophobic  groups  of  EWP,  while
changes in the microenvironment encapsulate certain aromatic and
aliphatic amino acids within EWP, reducing surface hydrophobicity. 

Interaction between EWP and RES
The  intrinsic  fluorescence  technique  was  employed  to  ascertain

the  interactions  between  EWP  and  RES,  with  the  findings  depicted
in Fig. 3. Figure 3a specifically illustrates the impact of RES addition
on  the  fluorescence  spectrum  of  EWP.  RES  interacted  with  EWP  to
form complexes,  reducing the intrinsic  fluorescence.  When the RES
concentration  ranged  from  0−0.2  mg/mL,  the  fluorescence  emis-
sion  peak  of  EWP  was  red-shifted  from  332  to  363  nm,  and  signifi-
cant  quenching  occurred.  This  suggests  that  the  addition  of  RES
shifted the protein fluorescent chromophore to a more hydrophilic
environment[22]. The fluorescence intensity of EWP increased signifi-
cantly as the EWP concentration increased (Fig.  3b),  indicating that
EWP  interacted  with  RES  markedly.  Further,  the  fluorescence  emis-
sion  peak  was  slightly  blue-shifted,  indicating  that  the  number  of
polar groups exposed of the EWP was decreased[22].

Fluorescence  quenching  can  result  from  mechanisms  such  as
excited  state  reactions,  molecular  rearrangements,  energy  transfer,
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ground  state  complex  formation,  and  dynamic  collisional  inter-
actions.  Stern-Volmer  plots  illustrate  the  relationship  between
fluorescence intensity with and without a quencher by plotting the
ratio  of  initial  fluorescence  intensity  (F0)  to  quenched  fluorescence
intensity  (F)  against  the  concentration  of  RES  [Q]. Ksv denotes  the

dynamic  quenching  constant,  and Kq represents  the  bimolecular
quenching constant. Figure 3c demonstrates a linear relationship for
RES concentrations ranging from 0.05 to 0.3 mg/mL. The quenching
rate  constant  of  6.82  ×  109 M−1·s−1 is  notably  lower  than  the  maxi-
mum dynamic diffusion quenching constant of 2.0 × 1010 M−1·s−1 for
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biomolecule  interactions.  This  discrepancy  suggests  that  the  fluo-
rescence  quenching  of  EWP  by  RES  is  primarily  due  to  dynamic
quenching[23].  The quenching behavior likely arises from conforma-
tional changes in EWP induced by the addition of RES.

The  interaction  between  EWP  and  RES  was  analyzed  using  a
double  logarithmic  plot  to  determine  the  binding  affinity  (Ka)  and
the number of  binding sites  (n). Figure 3d demonstrates that  there
was  a  linear  relationship  between  Log[Q]  and  the  concentration
range from −2.0 to −0.5. The interaction type can be deduced from
entropy (ΔS)  and enthalpy (ΔH) changes:  negative ΔS and ΔH indi-
cate  hydrogen  bonding,  positive ΔS  and ΔH  suggest  hydrophobic
interactions,  and  positive ΔS  with  negative ΔH  imply  electrostatic
interactions[24].  The Ka of  EWP and RES was 3.843 L/mol  and n was
0.464. Further, ΔG < 0, suggesting that the bonds between EWP and
RES were  spontaneous  reactions[25].  Moreover, ΔS was  0.997  mol·k,
ΔH  was −3,040.040  J/mol, ΔS  >  0,  and ΔH  <  0,  indicating  that  the
interaction between EWP and RES was an electrostatic interaction. 

Crystallization behavior and microstructure of
nanoparticles

The crystallinity degree was detected by XRD. The XRD spectrum
is shown in Fig. 4a. The major peak in the spectrum at 19.7° reflects
the  ovalbumin  peak[26].  As  the  RES  concentration  increased,  new
peaks appeared in the spectrum, such as 8.5°, 22.3°, 23.1°, 26.0°, and
31.0°, while some peaks disappeared, such as 43.5°, 44.3°, 50.5°, and
74.5°.  This  indicates  that  the  addition  of  RES  significantly  affected
the crystallinity of EWP. The XRD-fitted peaks from 15.0° to 60.0° are
shown  in Fig.  4b.  As  RES  increased,  the  peaks  at  22.3°,  23.1°,  and
31.0°  became  sharper  and  narrower,  likely  due  to  the  rise  in  free

sulfhydryl groups in the protein, facilitating the formation of regular
crystals.  The  three  peaks  at  43.5°,  44.3°,  and  50.5°  became  flatter,
wider,  and  even  disappeared  as  the  RES  concentration  increased.
The addition of RES led to a reduction in the surface hydrophobicity
and more hydrophilic  groups resulted in a reduction in crystallinity
at 40−50°. The protein crystallinity obtained from the simulations is
shown in Fig. 4c. The crystallinity of EWP significantly increased (p <
0.05)  within  the  RES  concentration  range  of  0  to  0.2  mg/mL.
However,  upon  further  increasing  the  RES  concentration,  the  crys-
tallinity of EWP significantly decreased (p < 0.05). In a related study,
Ran  &  Yang[27] explored  how  varying  concentrations  of  konjac
glucomannan  affected  the  crystallinity  of  soybean  isolate  protein
complexes.  The  authors  observed  that  the  complexes  formed
ordered crystals, aligning with the findings of the present study.

The  TEM  results  are  shown  in Fig.  4d.  EWP  aggregated  more
significantly  and  formed  larger  micelles  upon  the  addition  of  50%
ethanol (v/v) compared to the control group. Ethanol disrupted the
EWP  structure,  exposing  the  polar  groups,  which  interacted  and
caused EWP to aggregate and form nanoparticles.  After  adding 0.4
mg/mL  RES,  EWP  formed  a  homogeneous  spherical  structure,  indi-
cating  that  hydrogen  bonds  were  formed  between  RES  and  the
exposed  polar  groups  of  the  EWP,  and  RES  was  encapsulated  into
the interior of the EWP. The reduction in polar group interactions led
to decreased aggregation of EWP. This is consistent with the results
presented  in Fig.  1d and  further  demonstrates  that  RES  promoted
the homogeneity and stability of EWP.

The  obtained  AFM  images  are  presented  in Fig.  4e (dried
samples).  In  the  control  group,  EWP  showed  irregularity,  while  the
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addition  of  50%  ethanol  significantly  reduced  the  diameter  of  the
EWP particles,  dispersing the particles more uniformly and creating
a finer structure. Meanwhile, the line scan of the AFM height image
showed that the number of height peaks was significantly reduced,
and  the  diameter  decreased  from  38.7  to  12.5  nm.  After  adding
0.4 mg/mL of  RES,  the EWP was more uniformly dispersed,  exhibit-
ing  spherical  nanoparticles  and  a  significant  reduction  in  micelles.
The line scan showed only one distinct peak at 20.0 nm, confirming
the TEM conclusion that RES prompted EWP to form uniform spheri-
cal nanostructures. 

Molecular structure analyses of nanoparticles 

Raman analysis
Figure 5a displays the Raman spectra of the nanoparticles, cover-

ing wavenumbers from 400 to 1,800 cm−1. The 760 cm−1 peak signi-
fies  the  encapsulation  of  tryptophan  residues[28].  A  decrease  in  the
absorption peak intensity indicated greater exposure of tryptophan
to  a  polar  environment  in  the  nanoparticles.  The  1,450  cm−1 peak
indicates  microenvironmental  polarity,  associated  with  C-H

bending  and  stretching  vibrations  of  aliphatic  amino  acid
residues[29].  With  an  increasing  concentration  of  RES,  the  trypto-
phan  residues  predominantly  adopted  an  encapsulated  state,  and
the  hydrophobic  interactions  involving  aliphatic  amino  acid
residues  were  diminished.  The  amide  I  (1,600−1,700  cm−1)  and
amide  III  (1,230−1,350  cm−1)  spectral  regions  can  be  analyzed  to
infer  protein  secondary  structure.  At  a  RES  concentration  of  0.05
mg/mL, a peak appeared at 1,637 cm−1,  indicating increased α-heli-
cal content in EWP.

Alterations in the microenvironment of tyrosine residues indicate
the  exposure  of  the  embedding  group,  whereas  the  tyrosine
bimodal ratio I850/I830 reflects the strength of hydrogen bonding[30].
A ratio between 0.9−2.5 indicates high tyrosine exposure and weak
hydrogen  bonding[30].  The  ratio  of  I850 to  I830 showed  a  significant
decrease  (p <  0.05)  as  the  concentration of  RES  increased (Fig.  5b),
indicating that tyrosine residues were encapsulated inside the EWP,
while the phenolic group of tyrosine became a hydrogen donor and
the strength of  the hydrogen bonds increased. Figure 5c illustrates
the encapsulation and exposure patterns of tyrosine residues within
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the nanoparticles. As the concentration of RES increased, there was
a  tendency  for  tyrosine  residues  to  become  more  'encapsulated',
which is in line with the observations presented in Fig. 5b. The intro-
duction  of  RES  resulted  in  the  enhancement  of  hydrogen  bonding
strength and the stabilization of helical structures, which in turn led
to a reduced exposure of tyrosine residues.

The  Raman  spectral  range  of  500−550  cm−1 indicates  disulfide
bonds,  with  specific  conformations  identified  as  gauche-gauche-
gauche (500−510 cm−1),  gauche-gauche-trans (515−525 cm−1),  and
trans-gauche-trans  (535−545  cm−1)[31]. Figure  5d illustrates  the
impact  of  ethanol  and  RES  on  the  disulfide  bond  conformations  in
EWP.  A  notable  decrease  (p <  0.05)  in  the  g-g-g  conformation
occurred  at  RES  concentrations  of  0.01−0.1  mg/mL,  while  a  signifi-
cant increase (p < 0.05) was observed at 0.2 to 0.4 mg/mL. The g-g-t
conformation  increased  to  a  peak  at  0.1  mg/mL  of  RES  before
decreasing to a trough at 0.4 mg/mL. The t-g-t conformation signifi-
cantly  decreased  (p <  0.05)  at  RES  concentrations  of  0.01−0.1  and
0.2−0.4  mg/mL,  with  the  control  group  showing  the  highest
percentage  of  t-g-t  conformations.  The  incorporation  of  RES  led  to
the exposure of  free sulfhydryl  groups,  an increase in  cross-linking,
and alterations in the types of disulfide bonds, which contributed to
improved  structural  elasticity.  These  findings  align  with  the  free
sulfhydryl content results shown in Fig. 2a. 

FTIR analysis
Figure  6a presents  the  FTIR  spectrum  of  the  nanoparticles.  The

region  between  3,200  and  3,400  cm−1 is  attributed  to  the -OH
stretching  vibrations  associated  with  intermolecular  hydrogen
bonding[32].  A  decrease  in  the  absorption  peak  at  3,273  cm−1 with
increasing RES  concentration  suggests  that  RES  interacts  with  EWP
through  hydrogen  bonding.  The  peak  at  1,066  cm−1 indicates  the
vibration  of  C-C  and  C-O  bonds,  as  well  as  the  bending  of  the  C-H
bond[33].  The  518  cm−1 peak,  indicating  C-C  skeletal  stretching,
suggests that RES addition modifies the EWP structure[34]. The amide
I  band,  ranging  from  1,700  to  1,600  cm−1,  illustrated  in Fig.  6b,
denotes  the  protein's  secondary  structure.  With  increasing  RES
concentration,  the  absorption  peaks  between  1,600−1,640  cm−1

remain  unchanged,  whereas  those  in  the  1,640−1,650  cm−1,
1,650−1,660 cm−1, and 1,660−1,700 cm−1 ranges diminish. This indi-
cates  that  the  interaction  between  RES  and  EWP  affects  its
secondary structure.

The secondary structure proportions of EWP were examined using
PeakFit  4.12  software,  as  illustrated  in Fig.  6c.  The β-sheet,  random
structure,  and β-turn  proportions  remained  stable  (p >  0.05)  at  RES
concentrations  of  0−0.05  mg/mL  but  significantly  decreased  (p <
0.05)  at  concentrations  of  0.1−0.4  mg/mL.  The α-helical  content
significantly  rose  (p <  0.05)  at  RES  concentrations  of  0−0.01  and
0.05−0.1  mg/mL,  suggesting  a  conversion  of β-turns  to α-helices,
which contributed to a stable nanoparticle network structure.

The  total  hydrogen  bonding  (THB)  within  the  protein  molecule
is  illustrated  in Fig.  6d.  THB  levels  remained  unchanged  (p >  0.05)
at  RES  concentrations  of  0−0.05  and  0.1−0.4  mg/mL,  except  for  a
significant  increase  (p <  0.05)  at  0.1  mg/mL.  This  suggests  that
spherical  nanoparticles  are  formed  through  hydrogen  bonding
interactions.  The  protein's  three-dimensional  structure  was  deter-
mined using the ratio of α-helical to random structures[35]. Figure 6e
illustrates the helical/coil ratio of EWP, indicating no significant alter-
ations  in  the  3D  structure  at  RES  concentrations  below  0.1  mg/mL
(p > 0.05). The spatial structure of EWP expanded with a higher RES
proportion  (p <  0.05),  suggesting  that  RES  addition  promotes
cross-linking  and  the  development  of  a  distinct  three-dimensional
helical structure.

Molecular  docking,  an  effective  and  straightforward  technique,
offers  comprehensive  insights  into  the  interactions  between  small
molecules  and  biomolecules[36]. Figure  6f illustrates  the  binding

modes and sites of RES and EWP, analyzing the possible interactions.
RES  formed  two  hydrogen  bonds  with  Lys19(A)  and  Ser257(A)
residues  (binding  energies  of −3.02  and −3.08  kcal/mol,  respec-
tively),  and  also  engaged  in  hydrophobic  interactions  with
Glu256(A),  Glu253(A),  Val383(A),  Leu252(A),  and  Asn24(A),
Arg381(A).  The  primary  binding  forces  between  RES  and  EWP  are
hydrogen bonding and hydrophobic interactions, aligning with FTIR
observations of hydrogen bonding (Fig. 6a). 

Emulsifying properties of nanoparticles
To assess how varying concentrations of RES influence the interfa-

cial properties of EWP, the surface tension of the nanoparticles was
measured, as depicted in Fig. 7a. The surface tension did not signifi-
cantly  change  (p >  0.05)  at  RES  concentrations  below  0.02  mg/mL,
but it showed a noticeable decrease (p < 0.05) at higher concentra-
tions.  This  suggests  that  RES  enhances  the  surface  activity  of  the
nanoparticles. Figure 7b illustrates the progressive increase in both
the  EAI  and  ESI  of  EWP  with  the  inclusion  of  RES  (p <  0.05).  RES
decreased  the  nanoparticles'  surface  hydrophobicity,  promoting
hydrogen bond formation between EWP and water molecules. This
leads to conformational changes and the extension of the α-helical
structure  in  proteins,  thereby increasing the molecular  flexibility  of
the  nanoparticles.  Consequently,  EWP  diffused  more  easily  at  the
oil-water  interface,  improving  emulsification  properties.  The  addi-
tion  of  RES  also  increased  the  number  of  free  sulfhydryl  groups  in
the  nanoparticles,  promoting  the  diffusion  of  EWP  to  the  oil-water
interface.  The  covalent  interchange  between  SH  and  SS  groups
among interfacial proteins further improved emulsion stability.

Generally,  protein-based  emulsions  are  more  stable  when  the
average  droplet  size  is  smaller,  as  smaller  particles  in  the  emulsion
influence  the  D3,2 value[37,38]. Figure  7c illustrates  the  particle  size
distributions  of  emulsions  subjected  to  varying  concentrations  of
RES. Increasing RES concentrations significantly reduced D3,2 values
(p <  0.05),  suggesting  smaller  protein  aggregates,  reduced  droplet
size, and enhanced emulsion stability. These findings align with the
ESI results presented in Fig. 7b.

The ζ-potential  is  a crucial  and quantifiable indicator for evaluat-
ing  the  stability  of  emulsions.  Emulsions  with  higher  absolute ζ-
potential  values  are  considered  more  stable[38].  It  is  generally
accepted that absolute ζ-potential values exceeding 60 mV indicate
exceptional stability of the emulsion system[39]. Figure 7d shows the
ζ-potential  of  the  nanoparticles,  indicating  a  significant  increase
(p <  0.05)  in  the  absolute  surface  charge  of  EWP  from −42.17  to
−72.33 mV as the concentration of RES rises.  At RES concentrations
above  0.05  mg/mL,  absolute ζ-potential  values  exceeded  60  mV,
indicating  that  RES  reactive  groups  increased  the  negative  charge
on  EWP  surfaces,  thereby  enhancing  nanoparticle  electrostatic
stability. Figure 7e demonstrates  a  significant  increase (p <  0.05)  in
both  the  interfacial  protein  content  and  RES  concentration  of  the
nanoparticles.  As a phenolic compound, RES can interact with EWP
through  non-covalent  bindings  to  form  protein-polyphenol
complexes.  Incorporating  RES  added  hydroxyl  groups  to  the
nanoparticles,  enhancing  protein-polyphenol  complex  adsorption
at  the  oil-water  interface.  This  resulted  in  an  increased  content  of
interfacial  protein  and  interfacial  RES,  further  enhancing  the  stabil-
ity of the emulsion system. 

Nanoparticle environmental stability 

Ionic stability
Figure  8a demonstrates  the  ionic  stability  of  nanoparticles

containing  embedded  RES.  It  was  evident  that  the  stability  of  RES
incorporated  within  the  nanoparticles  significantly  declined
(p <  0.05)  with an increase in  NaCl  concentration across  all  groups.
This  suggests  that  the  ionic  strength  plays  a  pivotal  role  in  the
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stability of the RES-loaded nanoparticles. For the low RES group, the
preservation  rate  decreased  rapidly  as  compared  to  the  high  RES
concentration  group.  For  instance,  in  the  0.01  mg/mL  group,  RES
preservation  was  59.53%  at  50  mM  NaCl  and  32.49%  at  500  mM
NaCl,  while for  the 0.4 mg/mL group,  RES preservation was 94.49%
at  50  mM  NaCl  and  83.68%  at  500  mM  NaCl.  At  a  constant  NaCl
concentration,  increasing  the  RES  concentration  significantly
enhanced the RES preservation rate (p < 0.05). The addition of NaCl
influenced  the  ambient  ion  concentration;  the  electrostatic  charge
on the protein surface was altered and the protein aggregated. This
affected the stability of the active compounds. EWP formed a tighter

structure with RES through hydrogen bonding, and RES was encap-
sulated inside the protein  molecule  to  reduce the outside environ-
ment  contact.  Fu  et  al.[40] conducted  a  study  where  they  observed
that the Z-average diameter of bovine serum protein-RES nanocom-
plexes  expanded  from  33.58  ±  2.97  nm  to  95.5  ±  3  nm  when  NaCl
was present, coinciding with a temperature rise from 70 to 90 °C.
 

Storage stability
Figure 8b shows the activity retention of RES at different storage

times. For the lower RES groups (0.01 and 0.02 mg/mL),  RES degra-
dation  was  faster,  decreasing  from  68.45%  at  2  h  to  3.31%  at  48  h
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with  the  addition  of  0.01  mg/mL  RES.  As  the  concentration  of  RES
increased,  there  was  a  corresponding  improvement  in  its  storage
stability.  Notably,  at  a  concentration  of  0.4  mg/mL,  the  stability  of
RES  remained  largely  unchanged  (p >  0.05)  throughout  a  storage
period of 48 h. This suggests that EWP formed a better closed sphe-
rical network structure with the addition of a high concentration of
RES, avoiding the oxidative breakdown of RES due to free exposure
to the external  environment.  Khan et  al.[41] encapsulated RES using
hollow maize ethanol-soluble protein-chitosan composite particles,
enhancing its retention activity at 25 °C from 46% to 78% compared
to the control group. 

Conclusions

The  spherical  nanoparticles  of  EWP  with  superior  dispersion  and
stability  were  successfully  prepared  using  a  one-step  method.
Higher concentrations of RES resulted in a better encapsulation rate,
ionic environmental stability, and storage stability of the nanoparti-
cle.  The  addition  of  RES  induced  a  dynamic  quenching  of  intrinsic
fluorescence  of  EWP  through  electrostatic  interactions,  increased
the α-helix  content,  and  formed  a  more  stable  network  structure.
The  TEM  and  AFM  observations  demonstrated  that  the  addition  of
RES  promoted  the  formation  of  a  uniform  spherical  structure  of
EWP.  The  spherical  nanoparticle  structure  had  better  structural  fle-
xibility, the tyrosine residues tended to be 'encapsulated', the hydro-
gen bond strength was increased, and the disulfide bond conforma-
tion  was  significantly  changed.  The  addition  of  RES  increased  the
ζ-potential  and  decreased  the  D3,2 of  the  nanoparticles,  resulting
in  better  emulsifying  activity  and  emulsion  stability.  This  study
establishes a foundation for loading hydrophobic active substances
onto EWP. These findings also offer a foundation for a future in-vivo
activity study of nanoparticles. 
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