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Abstract: Biopolymer  complexes  fabricated  by  proteins  and  neutral  polysaccharides  have  some  specific  and  innovative  functionalities.
A better  understanding  of  the  interactions  among these  biopolymers  might  provide  new insight  into  the  applications  of  the  complexes.
Therefore,  this  study  aimed  to  investigate  the  structural  characteristics  and  molecular  interaction  mechanisms  of  whey  protein  isolates
(WPI) and Auricularia auricular polysaccharides (APs).  The turbidity analysis  confirmed that the pH value and mixing ratio of  the two
polymers  had  strong  effects  on  the  formation  of  the  APs-WPI  complexes.  All  dispersions  formed  soluble  complexes  at  approximately
pH  =  6.0  (pHc).  APs-WPI  self-assembles  exhibited  physically  cross-linked  networks  under  higher  APs  proportions,  while  they  formed
spherical complexes at higher WPI ratios. The addition of APs could alter the secondary structure of WPI, and the most noticeable changes
were located in the regions of β-sheet and β-turn as confirmed by circular dichroism (CD) analysis.  A molecular docking study showed
that the amino acid residues of β-lactoglobulin complexed with the –COOH and –OH groups of APs. Hydrogen bonds and hydrophobic
interactions,  which were nonbonding contributions,  played a key role in the formation of the APs-WPI complex.  This study provided a
basis for the development and application of APs in WPI-based beverages.
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 1    Introduction
The  interactions  between  polysaccharides  and  proteins  endow  the
complexes with wide applications, such as maintaining food quality
and endowing food with specialized functionalities [1]. In aqueous
systems, proteins and polysaccharides can form complex aggregates
through  noncovalent  interactions,  such  as  electrostatic  adsorption,
hydrogen  bonding  and  hydrophobic  interactions  [2],  which  are
affected by the physicochemical characteristics (e.g.,  charge density
and  molar  mass),  concentration  and  ratio  of  polymers,  and  the
solution  conditions  (e.g.,  pH  value,  ionic  strength,  and
temperature).  The  aqueous  pH value  and the  ratio  of  protein  and
polysaccharides  are  important  parameters  affecting  the  formation
of  protein-polysaccharide  complexes.  Studies  have  shown  that
complex aggregates have better functional activities than individual
proteins  or  polysaccharides  [3–5]  and  have  been  widely  used  in
stabilizing emulsions,  encapsulating active components,  improving
protein stability, and developing new composite materials [6–9].

Whey  protein  isolate  (WPI)  has  been  widely  used  to  develop
various  protein-rich  beverages  due  to  its  high  nutritional  value,

commercial  availability,  and  low  cost.  WPI  mainly  consists  of
β-lactoglobulin  (β-Lg), α-lactalbumin  (α-La),  lactoperoxidase,
lactoferrin,  and  bovine  serum  albumin  (BSA)  [10].  Protein-rich
beverages are usually formulated around pH 4.0–6.0 [11]. However,
WPI is sensitive to solution pH value and suffers from poor stability
(aggregation and precipitation) near the isoelectric point (pI), which
limits  its  use  in  the  production  of  beverages  [12].  Therefore,
reducing  the  aggregation  and  precipitation  of  WPI  at  acidic  pH
value  is  significant  for  developing  acidic  protein  beverages.  There
are three approaches to improve protein solubility. A method called
“physical  modification” improves  protein  stability  by  physical
methods,  such  as  pH  value,  heat  treatment  and  ultrasound.
A  previous  study  confirmed  that  pH  2-shifting  treatment  (3  h)
combined with ultrasound could improve the emulsion stability of
WPI  [13].  Another  method  is  by  bioengineering  technology,  such
as turning WPI into whey isolated protein fibrils [14] or developing
a  nanoscale  delivery  system  [15].  These  methods  require  many
steps,  which may be a barrier in the application of WPI.  The final
way is to add a stabilizer, which is an environmentally friendly and
simple.  For  example,  polysaccharides  can  be  used  as  stabilizers  of
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WPI  by  forming  protein-polysaccharide  complexes  [9, 16],  which
can  improve  the  emulsion  stability  of  WPI  and  polysaccharides,
such  as Tremella  fuciformis polysaccharide  [12],  xanthan  gum
(XG) [17], and pectin [18].

In  recent  years,  the  interaction  behaviors  between  protein  and
commercial  polysaccharides  such  as  pectin,  xanthan  and
carrageenan  systems  have  been  studied  [19–21]. Auricularia
auricula polysaccharides  (APs)  mainly  contain β-D-glucan
(Figure  1)  [22, 23].  Polysaccharides  with  high  molecular  weight
(MW)  can  increase  viscosity  of  acidified  milk  drinks,  therefore,
contributing  to  their  stability  [12, 24].  APs  show  a MW of
approximately 2.5 × 103 kDa, being a high MW polysaccharide [22].
Meanwhile,  APs  exhibit  many  biological  activities  (antidiabetic,
anticoagulation, antitumor and antioxidant),  and excellent thermal
stability  [25, 26].  The  rheological  results  showed  that  the  APs
aqueous solution had higher viscosity than xanthan, a pronounced
thickening  agent  [23].  APs  can  interact  with  a  variety  of  proteins
including  WPI  and  can  relieve  astringency  of  the  WPI  solution
induced  in  acidic  pH value  [27],  thereby  improving  the  WPI
stability [28].
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Figure 1    Chemical structure of APs.
 

The current strategies to study the interactions between WPI and
polysaccharides  under  different  pH  values  include  circular
dichroism (CD), X-ray diffraction (XRD), atomic force microscopy
(AFM),  and  Fourier  transform  infrared  spectroscopy  (FTIR)
analysis. Solution turbidity is closely related to the light scattering of
dissolved  particles.  It  has  also  been  used  as  an  indicator  of  the
interaction  behavior  of  protein-polysaccharide  systems  [29].  FTIR
could  be  used  to  indicate  interaction  force  in  the  complex  and
identify  the  interaction  mechanism  between  APs  and  WPI.  CD
spectra  were  used  to  characterize  the  protein  secondary  structure
changes associated with the binding of APs to WPI. AFM, a type of
scanning  probe  microscopy,  is  a  powerful  technology  to  visualize
biopolymers,  such  as  polysaccharides  and  proteins,  up  to  a  single
molecular  level  in “near-native” conditions.  XRD  analyses  were
performed  to  obtain  crystal  structures.  The  size  of  the  particle
can  be  assessed  in  terms  of  its  stability  in  the  solution
system  [28, 30–33].  Furthermore,  molecular  docking  can  directly
reveal  the  interactions  between  two  atoms  or  molecules,  which  is,
therefore,  widely  used  to  provide  microscopic  insights,  such  as
binding sites, interaction types, and structural changes [34–36].

To date, little is known about how the interactions between APs
and  WPI  are  realized.  As Auricularia  auricula is  the  main  fungus
cultivated  in  China,  the  in-depth  exploitation  of Auricularia
auricula is necessary. APs have been extracted and used in different
forms.  Little  is  known  about  the  effects  of  APs  on  WPI  stability.
Therefore,  in  this  study,  the  interaction  mechanism  between  APs
and  WPI  was  explored  to  provide  a  theoretical  basis  for  the
application of APs in WPI-based beverages.

 2    Materials and methods

 2.1    Materials
Senwang Auricularia  auricular was  supplied  by  Greater  Khingan
(Heilongjiang,  China).  Commercial  whey  protein  isolates  (water
7%, protein 80%, carbohydrate 3%, total fat 6%, and ash 4%) were
supplied  by  Shanghai  Yuanye  Bio-technology  Co.,  Ltd.  (Shanghai,
China).

 2.2    Extraction and component analysis of APs
APs  were  extracted  using  previously  described  methods  [37].
Briefly,  dry Auricularia  auricula powder  (10  g)  was  immersed  in
1.6  L  of  1%  (m/V)  sodium  hydroxide  solution  at  80  °C  for  3  h.
Then,  the  sample  was  centrifuged  at  6  789  × g for  10  min.  The
supernatant  was  precipitated  with  95%  ethanol  (1:4, V/V)  at  4  °C
overnight and centrifuged at 6 789 × g for 10 min. The precipitates
were  resuspended  in  distilled  water  and  lyophilized  to  obtain  the
APs.  The  polysaccharide  and  protein  contents  of  the  extracted
products  were  determined  by  the  phenol-sulfuric  method  and
Bradford’s  method,  respectively  [25].  The contents  of  uronic  acids
and total phenolic compounds were determined using the carbazole
sulfuric  acid  method  [38]  and  the  Folin-Ciocalteu  method  [39],
respectively.

 2.3    Preparation of the APs-WPI solution
APs  (1%)  stock  dispersion  (m/m)  and  4%  WPI  stock  dispersion
(m/m)  were  prepared  by  dissolving  APs  and  WPI  in  deionized
water  overnight  at  4  °C,  which  were  adjusted  to  pH 7.0.  The  APs
stock  dispersion  was  then  centrifuged  at  6  789  × g for  15  min  to
separate  the supernatant.  The binary mixtures  of  APs and WPI at
different ratios (at a total concentration of 0.2%) were prepared by
mixing  the  two  solutions  under  agitation  for  2  h  at  room
temperature followed by pH value adjustment [29].

 2.4    Turbidimetric analysis
The pH-dependent turbidity was measured against a wavelength of
600  nm  using  a  752  ultraviolet  (UV)-visible  spectrophotometer
(Jinghua  Instruments,  China)  calibrated  with  ultrapure  water  to
100%  transmittance  (%T).  Turbidity  was  defined  as  100%T.  The
pH  value  of  0.2%  APs-WPI  solutions  (m/m)  was  adjusted  using
0.1 mol/L HCl under stirring and monitored by a digital pH meter.
Then,  the  samples  were  vortexed  for  5–8  s,  followed  by  quiescent
storage  at  4  °C for  48  h.  Measurements  of  solution turbidity  were
performed in triplicates at room temperature [40].

 2.5    Structural characterization of the APs-WPI powder
The  freeze-dried  powders  of  the  APs-WPI  solution  at  pHopt (the
maximum  soluble  complex  formation  pH)  and  pHc (the  start  of
soluble  complex  formation  or  tangent  lines  on  either  side  of
inflection  points  at  pH  higher  than  pHopt)  were  subjected  to  the
following analysis [29].

Particle  size  analysis  of  WPI  and  APs-WPI  samples  was
conducted  using  a  laser  diffraction  particle  size  analyzer
(BT‐9300, Dandong Baite Instrument Co., Ltd.) at pHopt. FTIR
analysis  was  conducted  by  mixing  the  samples  with  potassium
bromide  to  obtain  pellets  for  FTIR  detection.  FTIR  spectra  were
recorded at wavenumbers of 400–4 000 cm–1 using Frontier Mid-IR
FTIR  (PE,  USA).  XRD  spectra  for  the  APs,  WPI,  and  APs-WPI
were  directly  recorded  through  powder  XRD  analysis  using  a
Bruker  D8  ADVANCE  A25X  (Bruker,  Germany)  equipped  with
Cu-Kα1 radiation  (λ =  0.154  18  nm)  as  the  X-ray  source  (40  kV,
10 mA) in the 2θ range of 10°−80°.
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 2.6    AFM observations
The  APs-WPI  solutions  at  different  ratios  were  adjusted  to  pHopt
under  magnetic  agitation,  and  then  the  images  of  the  different
ratios of complexes were revealed by AFM. AFM morphology was
obtained  by  scanning  samples  on  a  Nanoscope  IIIa  Multi-Mode
AFM  (DI,  USA).  One  microliter  of  soluble  complex  solution
(diluted  400  ×  with  deionized  water)  was  dripped  onto  a  mica
surface at room temperature for 24 h. Tapping mode was used for
collecting the AFM images.

 2.7    CD analysis
WPI  and  different  ratios  of  APs-WPI  at  pHc and  pHopt solution
samples  were  diluted  to  0.1  mg/mL  and  measured  by  a  CD
spectrophotometer  (V100,  Applied  Photophysics,  UK).  The  CD
spectral tests were conducted under a nitrogen atmosphere at room
temperature  using  a  quartz  cell  with  a  1  cm  path.  Absorption
spectra  of  the  above  samples  were  recorded  between  190  and
260 nm using the following instrumental parameters: bandwidth of
1.00  nm  and  scanning  speed  of  20  nm/min.  Each  spectrum  was
obtained  in  triplicate.  Data  analysis  was  performed  using
DichroWeb to calculate the protein secondary structure.

 2.8    Molecular docking
The  SMINA  software  was  used  as  a  molecular  docking  tool  to
investigate the binding processes between β-glucan and WPI. In the
docking  experiments,  structures  of β-Lg, α-La,  lactoperoxidase,
lactoferrin,  and  BSA  were  extracted  from  the  PDB  database,  with
the  PDB  codes  5IO5,  1HFY,  3GC1,  1B1X,  and  4F5S,  respectively.
The  chemical  structures  of β-glucan  (CID:  439262)  were  obtained
from the PubChem database. The Mol2 files were produced by the
RDKit  software  package  to  energy  minimization  and  add  polar
hydrogen. PDBQT files of β-glucan and WPI were generated from
traditional PDB files by Smina. The best-scoring mode was judged
by  Vina  from  nine  results  and  analyzed  by  PyMol  software.
Table 1 showed the docking parameters used in this study.
  
Table 1    Presentation of docking parameters.

PDB ID X-center Y-center Z-center

1B1X 34.563 12.278 22.073

1HFY 9.146 11.478 10.650

3GC1 7.513 −0.601 22.046

4F5S 34.888 23.988 98.761

5IO5 22.237 61.576 22.504
 

 2.9    Statistical analysis
All of the measurements were conducted in triplicate, and the data
are presented as the mean ± standard deviation. Statistical analysis
of  the  data  was  performed  using  One-Way  ANOVA  in  Origin
Pro  8  software  to  determine  the  statistical  significance  at  the
P < 0.05 level.

 3    Results and discussion

 3.1    The  chemical  composition  of  APs  and  effect  of  pH
value on WPI-APs complex behavior
The APs used in this study contained a total polysaccharide content

of  82.17%,  uronic  acid  content  of  6.98%,  polyphenol  content  of
7.07%, and no protein detected.

The turbidity measurement has long been applied to identify the
boundary pH value of phase behaviors based on optical properties
at  the  mesoscale  under  low  biopolymer  concentrations  [41].
Figure  2 showed  the  turbidity  of  WPI,  APs,  and  their  mixtures
(with different ratios, m/m) over pH 2.0–7.0. The absorbance values
of the APs dispersion remained constant over a wide range of  pH
values, indicating that the APs had stable solubility over acidic and
neutral pH value conditions. The WPI absorbance behavior did not
change over pH value range of 6.0–7.0, because of the negative net
charge  of  WPI  at  this  pH  value  range,  resulting  in  electrostatic
repulsion in the solution.  Further lowering the pH value led to an
increase  in  absorbance,  and  the  maximum turbidity  was  observed
at  pH  4.5  (corresponding  to  the  pI  of  WPI).  At  pH  values  lower
than  the  pI  of  WPI,  the  aggregation  intensity  decreased  with  a
decrease in absorbance. Similar results have been reported for basil
seed  gum-WPI  [29],  pea  protein  isolate-high  methoxyl  pectin  [5],
and pea protein isolate-pectin [42].
  

APs/WPI = 1:3
APs/WPI = 1:4
APs/WPI = 1:6

APs/WPI = 1:9
APs/WPI = 3:1
WPI
APs

APs/WPI = 1:1

2.0

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0
2 3 4 5 6 7

pH

O
D

6
0

0
 n

m

Figure 2    Effect  of  APs  to  WPI  ratio  (m/m)  on  turbidity  of  APs-WPI  complex
system over pH 2.0–7.0 at 25 °C.
 

The binary solution of APs-WPI at a mixing ratio of 1:9 (m/m)
showed a different pH-dependent absorbance mode compared with
the  corresponding  individual  solutions,  where  the  turbidity
increased  in  two  steps,  revealing  three  distinct  pH  points  on  the
curve.  The  turbidity  remained  almost  unchanged  over  pH  7.0  to
approximately 6.5, while the turbidity increased slightly after further
decrease  of  the  solution’s  pH  value.  Therefore,  pH  6.5  was
designated pHc in this study, which was indicative of the beginning
of  soluble  complex  formation  between  WPI  and  APs.  The
absorbance  value  increased  rapidly  when  the  pH  value  was  lower
than  6.5  due  to  the  aggregation  of  complexes,  leading  to  the
formation of particles that showed phase separation. The maximum
absorbance  of  the  APs-WPI  solution  was  observed  at  pHopt =  4.5.
The turbidity decreased rapidly when pH value decreased from 4.5
to 3.5 and then showed a gradual reduction with a further pH value
decrease.  The  abrupt  decrease  in  turbidity  below  pHopt could  be
attributed to the solubilization of complexes and aggregates due to
hydrophobic  interactions  and  hydrogen  bonding  between
components,  indicating  that  lower  pH  value  promoted  the
interactions between N–H, C–O, or COO– groups in WPI and the
hydroxyl groups of APs through hydrogen bonding and molecular
hydrophobic  effects.  Previous  studies  have  reported  similar  results
for soy protein and β-glucan [43].
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A slight increase in turbidity was observed at pH 2.0, suggesting
that the solution of APs-WPI enhanced miscibility. β-Lg is a dimer
at  neutral  pH  value,  and  as  the  pH  value  decreases,  the  structure
shifts  to  the  monomer  form,  which  eventually  predominates  at
pH 2.0 [44]. Furthermore, whey proteins carry a net positive charge
at pH 2.0, and at low pH values, weak local dipoles of carbohydrate
residues  may  be  formed  in  the  APs  chain.  Compatibility
enhancement of weakly charged polyelectrolytes as well as protein-
neutral  polysaccharide  systems  has  been  previously  investigated,
suggesting  that  weak  biopolymer  interactions  enhance
miscibility [45].

The  formation  of  these  large  complexes  explained  the
aggregation  behaviors  of  WPI  and  APs.  APs  molecules  could
provide  binding  sites  available  for  the  interaction  with  WPI.  WPI
molecules adsorbed on the surface of APs became accessible to APs
molecules,  resulting  in  the  formation  of  some  local  protein
domains.  These  local  protein  domains  could  act  as  joints  between
WPI-APs  complexes,  leading  to  the  formation  of  larger
interpolymer  complexes  with  higher  turbidity  via  polymer  chain
entanglements.  In  fact,  protein  association  or  aggregation  can  be
described  as  a  surface-induced  process  involving  a  nucleation
step [46]. Changes in pH value that induce protein conformational
and  compositional  changes,  modification  of  intermolecular
interactions and increased polysaccharide solubility are expected to
influence the flow behavior of the system [45].

Changes  in  the  biopolymer  ratio  can  also  affect  protein-
polysaccharide  complex  formation,  further  shifting  the  critical
phase transition boundary pH values [47]. Therefore, the formation
of complexes in the APs-WPI as a function of mixing ratio (3:1, 1:1,

1:3,  1:4,  1:6,  and  1:9, m/m)  was  also  investigated  through
turbidimetry  analysis  (Figure  2).  pHc remained  constant  at  all
biopolymer mixing ratios,  while  pHopt shifted to lower values with
the  decrease  of  WPI  ratio.  This  trend  has  also  been  reported
previously  by  other  researchers  [5, 29, 48].  Soluble  complex
formation  at  pHc is  a  transition  at  the  molecular  level  and  is  not
affected  by  the  mixing  ratio  and  the  total  macromolecular
concentration  [31].  When  the  mixing  ratio  of  APs/WPI  greater
than 1:4, the turbidity increased within a narrow range, suggesting
that the number of APs chains was in an excessive state. A similar
phenomenon  was  reported  for  ovalbumin-XG  and  lysozyme-
XG [49].  In addition,  the increasing ratio of  APs/WPI from 1:9 to
3:1 favors the formation of the APs-WPI complex due to the lower
amounts of WPI molecules in the APs-WPI complexes at a higher
mixing ratio. Therefore, the amount of WPI molecules available per
APs  chain  played  an  important  role  in  the  formation  of  the
complexes.  The  most  stable  complexes  formed  at  a  ratio  of  1:9
(APs/WPI)  for  the  binding  site  reached  maximum  saturation.
These  results  were  also  confirmed  by  the  appearance  of  the
APs-WPI  complexes  as  a  function  of  ratio  as  shown  in Figure  3.
Phase  separation  occurred  around  the  plateau  pH  value.  The
mechanism  of  phase  separation  could  be  attributed  to
thermodynamic  incompatibility,  caused  by  the  excluded  volume
effect, rather than depletion flocculation [50].

 3.2    Effects  of  pH  value  and  the  APs/WPI  ratio  on  the
secondary structure of WPI
Table 2 listed the secondary structure content of different APs-WPI
complexes  at  pHopt.  A  decrease  in α-helix  contents  was  found  at

 

Table 2    Composition of the secondary structure of WPI and different ratio of APs-WPI.

pH Sample
α-Helix β-Sheet β-Turn Random coil

Content (%) Percentage of
change (%) Content (%) Percentage of

change (%) Content (%) Percentage of
change (%) Content (%) Percentage of

change (%)

4.5

WPI 14.10 34.20 23.40 31.50

APs/WPI = 1:3 12.10 –14.18 32.80 –4.09 23.20 –0.85 31.90 1.27

APs/WPI = 1:4 13.20 –6.38 31.80 –7.02 22.90 –2.14 32.20 2.22

APs/WPI = 1:6 13.40 –4.96 31.50 –7.89 23.20 –0.85 31.90 1.27

APs/WPI = 1:9 12.70 –9.90 31.40 –8.19 22.30 –4.70 32.10 1.59

4.0
WPI 13.30 30.90 23.80 31.90

APs/WPI = 1:1   9.90 –25.56 34.80 3.64 23.30 –2.10 32.00 3.13

3.0
WPI 14.10 31.00 23.40 31.50

APs/WPI = 1:3   7.60 –46.01 37.00 19.35 23.00 –1.71 32.40 2.86

 

(A) (B) (C) (D)

(E) (F) (G)

Figure 3    Effect of the APs to WPI ratio (m/m) and pH value on the appearance of APs-WPI complex. (A)–(G) represented the APs to WPI ratio of 0:1, 1:1, 1:3, 1:4, 1:6,
1:9, and 3:1, respectively. The solution pH value was from 7.0 to 2.0 in a 0.5 stepwise from the left to the right.
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rates  of  14.18%,  6.38%,  4.96%,  9.90%,  25.56%,  and  46.01%  in  the
APs-WPI  samples  of  1:3,  1:4,  1:6,  1:9,  1:1,  and  3:1  (APs/WPI),
respectively. The β-sheet contents were also decreased for APs/WPI
less  than  1  (1:3,  1:4,  1:6,  1:9)  at  rates  of  4.09%,  7.02%,  7.89%,  and
8.19%, respectively. However, the increases observed in the β-sheet
content  were  3.64%  and  19.35%  for  ratios  of  3:1  and  1:1,
respectively. The increase in β-sheet contributed to the exposure of
the hydrophobic region of the protein, indicating that the addition
of  polysaccharides  exposes  the  hydrophobic  group  of  the  protein
and  increases  hydrophobicity  significantly  [51].  Meanwhile,  the
decreases observed in β-turn contents were 0.85% (1:3), 2.14% (1:4),
0.85% (1:6), 4.70% (1:9), 2.10% (1:1), and 1.71% (3:1), respectively.
However,  the  observed  random  coil  contents  were  1.27%  (1:3),
2.22% (1:4),  1.27% (1:6),  1.59% (1:9),  3.13% (1:1),  and 2.86% (3:1),
respectively,  indicating  partial  molecular  unfolding  and  refolding
progress  when  the  addition  of  APs  significantly  disrupted  the
α-helix  of  WPI  and  increased  its  flexibility  [10]. Table  2
summarized  contents  of α-helix, β-sheet, β-turn,  and  random coil
in  the  WPI  secondary  structure  at  pHc.  Compared  with  pHopt,
decreased α-helix  and β-sheet  contents  were  found.  However,  the
increment β-turn and random coil contents increased in pHc. In the
structure  of  proteins, β-sheet  and β-turn  structures  are  associated
with hydrogen bonds [52]. Therefore, it could be hypothesized that
the interaction between APs and WPI may be affected by pH value
by breaking or forming hydrogen bonds.

The  secondary  structural  changes  of  proteins  can  also  be
monitored  by  FTIR spectroscopy,  which  is  complementary  to  CD
spectroscopy. As shown in Figures 4(A) and 4(B), two characteristic
absorptions  of  polysaccharides  at  3  200–3  600  cm−1 and  2  800–
3 000 cm−1 were due to the stretching vibration of single bond –OH
and  C–H.  The  absorption  at  1  700–1  750  cm−1 was  the  special
absorption  of  uronic  acid.  The  FTIR  spectra  of  the  APs  samples
exhibited  an  absorption  peak  at  890  cm−1,  which  was  the
characteristic peak of the β-glucan configuration [23]. However, the
absorption  at 890  cm−1 was  not  detected  for  APs-WPI  complex,
presumably  due  to  the  binding  of β-glycosidic  bonds  to  WPI.  A
specific band in the 1 200–1 000 cm–1 region was attributed to the
ring vibrations overlapped with stretching vibrations of C–OH side
groups and the C–O–C glycosidic band vibration. The absorptions
at 1 145, 1 075,  and 1 042 cm–1 indicated  a  pyranose  form  of
sugar  [53]. The  amide  Ⅰ and Ⅱ bands  of  WP  showed  typical
bands at  1 641,  1 546,  and 1 385 cm–1 correspond to amide Ⅰ (C
double bond O stretching, 1 600–1 700 cm–1 region), amide Ⅱ (N
single  bond  H  bending,  1  480–1  600  cm–1 region),  and  C  single
bond  H  and  C  single  bond  N  bending,  respectively,  which  are
representative  of  protein  secondary  structure  involving  hydrogen
bonding  [54].  When  the  ratio  of  APs/WPI  was  1:9,  the  amide  I
peaks  of  different  APs/WPI  ratios  were  observed  at  1 649.88  cm–1

(APs/WPI = 1:9), 1 650.40 cm–1 (APs/WPI = 1:1), and 1 654.28 cm–1

(APs/WPI = 3:1) at pH 6.0. The amide I peaks of WPI-APs samples
shifted toward higher wavenumbers after the interaction with APs,
suggesting  that  the  ratio  of  APs/WPI  affected  the  structure  of
complexes. The  amide  Ⅱ peaks  shifted  from  1 548.48  cm–1

(APs/WPI  =  1:1)  toward 1 544.18  cm–1 (APs/WPI  =  1:9)  at  pHc,
suggesting  that  APs  interacted  with  WPI  via  hydrophobic
interactions  to  change  the  secondary  structure  of  WPI  [55].  The
amide  A  peaks  (3 000–3 600  cm–1)  changed  in  wavenumber  and
intensity,  suggesting  that  the  introduction  of  APs  could  also

contribute  to  an  increase  in  the  hydrogen  bonding  of  complex
complexes [56]. This result was consistent with other studies on the
complex  coacervation  of  chia  seed  protein  isolate-chia  seed
gum [57], lactoferrin-sodium alginate [40], and pea protein isolate-
beet  pectin  solution  [47].  Furthermore,  environmental  pH  value
imposed slight peak shifts on the complex coacervate. Compared to
that of APs/WPI (1:9),  the amide I peak at 1 654.22 cm–1 (pH 4.5)
shifted  to  1  649.88  cm–1 (pH  6.0).  These  results  indicated  that  the
overall  intermolecular  interaction  might  be  affected  by
environmental  pH value  conditions  [58].  However,  the  content  of
β-turns  in  WPI  secondary  structure  plays  an  important  role  in
maintaining hydrogen bonds between polyphenol and WPI and the
forces  between  polyphenol  and  WPI  were  both  hydrogen  bonds
and van der Waals forces [59, 60]. Therefore, it is hypothesized that
the  changes  in  protein  secondary  structure  and  hydrogen  bond
formation may be partly contributed by the polyphenols in APs.
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Figure 4    FTIR  spectra  of  APs-WPI  solution  on  at  (A)  pHc and  (B)  pHopt.
(C)  The  XRD  spectra  of  the  WPI,  APs,  and  APs-WPI  (1:1,  3:1,  and  1:9,
respectively) at pHopt.
 

Figure  4(C) showed the diffractograms of  different  ratios  of  the
APs-WPI complex at pHopt and its individual components, showing
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that  the structures  of  both biopolymers were basically  amorphous.
However, two broad peaks observed in WPI indicated the presence
of  crystalline  regions  and  noncovalent  bonds  [32].  The  APs-WPI
complex  presented  two  refraction  peaks  similar  to  those  of  WPI,
suggesting  that  the  APs-WPI  complexes  retained  the  amorphous
packaging  properties  of  pure  WPI  [61].  Notably,  the  intensities  of
the  peaks  were  different  for  different  ratios  of  the  APs-WPI
complexes.  The  increased  APs  ratio  caused  decreased  refraction
strength  because  APs  were  amorphous,  thus  leading  to  a  decrease
in  the  crystallinity  of  the  complex.  Similar  results  were  also  found
for Flammulina  velutipes polysaccharides  (FVPs)/WPI
and  epigallocatechin-3-gallate  (EGCG)/soy  whey  wastewater
(SWW) [30, 62].

 3.3    Size distribution and morphology
The  average  particle  size  of  complexes  in  aqueous  solution  was
measured  to  monitor  protein-polysaccharide  complex  formation
and  microstructural  change  of  complexes.  The  particle  size
distributions  of  the  various  ratios  of  protein-polysaccharide
complexes at pHopt are shown in Figure 5. With the increase in the
APs ratio,  the particle size of the APs-WPI decreased significantly.
The particle  size  of  WPI was  (5.583 ± 0.401)  μm at  pH 4.5,  while
the  size  of  the  complex  (APs/WPI  ratio  of  1:9)  decreased  to
(0.417 ± 0.020) μm at pH 4.5. Furthermore, the largest particle sizes
were  observed  for  the  APs-WPI  complexes  obtained  with  an
APs/WPI ratio of 3:1, with particle sizes in the APs/WPI and WPI
complex  solutions  of  approximately  (4.867  ±  0.252)  and
(2.630 ± 0.252) μm at pHopt (pH = 3), respectively.

AFM  was  used  to  further  characterize  the  morphology  of  the
APs-WPI  complexes  at  different  pHopt values.  It  was  directly
observed  the  extended  stiff  chain  conformation  by  AFM.  For
lyophilized  droplets  of  WPI  solution,  the  structural  surface  was
relatively intact, while the internal particles mainly exhibit spherical
structures.  As  presented  in Figure  6,  the  surfaces  of  the  APs-WPI

complexes (3:1, m/m) under pHopt were irregular schistose, rounded
edges,  and  tight  and  compact  network-like  structures  at  pH  3.0.
When  the  APs  ratio  increased,  most  polysaccharide  chains
primarily  turned  and  assembled  to  form  string-like  nanofibers
and  tended  to  form  a  continuous  phase,  such  as  thin  film  or
lamella  [35].  Moreover,  the  network  was  clearly  observed  as  the
APs fraction incorporated into the gel  formulation increased.  This
result  suggested  that  the  gel  network  might  arise  from  the  APs
chains. A similar phenomenon was found for XG and β-Lg and for
peanut polysaccharide (PPS) and co-dissolution of residual protein
from  byproduct  (PPSI)  [8, 63].  A  reasonable  explanation  was  that
the  high  polysaccharide  ratio  was  favorable  for  the  formation of  a
stable  biopolymer  web  to  encapsulate  protein,  and  consequently,
the aggregated molecules could not form precipitation.

 

6

5

4

3

2

1

0

WPI APs-WPI

c c c

e

b
a a a a

d d

f

pH
 3

.5
-A

Ps/
W

PI=
1:

1

pH
 3

.0
-A

Ps/
W

PI=
3:

1

pH
 4

.5
-A

Ps/
W

PI=
1:

4

pH
 4

.5
-A

Ps/
W

PI=
1:

6

pH
 4

.5
-A

Ps/
W

PI=
1:

9

pH
 4

.5
-A

Ps/
W

PI=
1:

3

P
ar

ti
cl

e 
si

ze
 (

μ
m

)

Figure 5    Changes  in  the  particle  size  of  WPI  and  APs-WPI  solution  at  pHopt.
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(P < 0.05).
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 3.4    Analysis of binding sites between β-glucan and WPI
The binding process between the amino acid residues of WPI and
β-glucan in  APs  was  obtained by  molecular  docking analysis.  The
binding  energy  between β-Lg, α-La,  lactoperoxidase,  lactoferrin,
BSA,  and β-glucan  is –6.4, –8.3, –8.7, –8.9,  and –7.8  kcal/mol,
respectively.  As  shown  in Figure  7(A), β-Lg  interacted  with  APs
through hydrogen bonds (Asn 109,  Asn 90,  Asn 88,  and Ser 116),
while  APs  interacted  with α-La  through  Glu  49  (van  der  Waals
force),  Thr 33 (hydrogen bond) and Ala 106 (hydrogen bond).  As
shown in Figure 7(B), the amino acid residues in lactoferrin related
to APs binding were Gln 600 (hydrogen bond), Arg 688 (hydrogen
bond), Arg 91 (hydrogen bond), Arg 249 (hydrogen bond), Ala 322
(hydrogen bond), and Lys 404 (van der Waals force) (Figure 7(C)).
APs  interacted  with  lactoperoxidase  through  hydrogen  bonds
(Arg 255,  Gln 423,  Arg 400,  ARG 248,  and His  351),  as  shown in
Figure  7(D),  while  APs  interacted  with  BSA  through  hydrogen
bonds  (Val  342,  Gln  220,  and  Lys  294)  and  hydrophobic

interactions  (Asp  450)  (Figure  7(E)).  APs  interacted  with  WPI
mainly  through  noncovalent  binding,  changing  the  structure  of
WPI  (Figure  8).  These  hydrogen  bonds  enhanced  the  strength  of
noncovalent  bonding during the interaction process  and stabilized
the  spatial  conformation  of  the β-glucan  and β-glucan-WPI
complex  [37].  Furthermore,  van  der  Waals  forces  between  the
β-glucan  and  WPI  residues  significantly  supported  the  spatial
conformation  of  the  complex.  Cyclodextrins  interacted  with
pullulanase  through  hydrogen  bonds,  van  der  Waals  forces  and
hydrophobic  interactions.  Phenylalanine  476  is  the  key  amino
acid  residue  in  pullulanase  for  cyclodextrin  recognition  and
binding [36].  Similar results  were reported in which the –OH and
–COOH  groups  of  sodium  alginate  formed  hydrogen  bonds  with
amino acid residues of β-Lg [40, 64].

 4    Conclusion
This  study  showed  the  compounding  behavior  of  APs  and  WPI
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under  different  conditions  (pH  value  and  mixing  ratio)  via
noncovalent  interactions.  The  results  confirmed  that  APs  could
interact  with  WPI  via  hydrogen  bonding  and  hydrophobic
interactions.  The  turbidity  profiles  revealed  that  the  interaction
behavior  was  affected  by  the  pH  value  and  mixing  ratio  of
WPI-APs.  As  the  mass  ratio  of  WPI  to  APs  increased,  the  critical
pH value of the complex shifted toward higher values, as more WPI
molecules  were  available  for  binding  to  the  APs  chains.  The
interactions between APs and WPI might also be pH-dependent via
breaking  or  forming  hydrogen  bonds.  The  FTIR,  CD,  and  XRD
results  showed  the  differences  in  secondary  structures  and
conformation  between  APs-WPI  and  WPI.  Of  note  from  the
current  study,  the  optimization  of  pH  value  and  mixing  ratio  of
protein-polysaccharide complexation were the prerequisites for the
desired  microstructure  and  stability  properties  of  the  compound
solutions. Further work will be done in the application of APs-WPI
complexes in the area of acidified emulsions.
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