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Abstract
In  the  present  work,  the  whey  protein/pectin  complex  was  applied  to  construct  a  stable  multiphase  W/O/W  emulsion  to  co-encapsulate  phenolic
compounds from Carya cathayensis Sarg.  peels.  The ratio of  whey protein/pectin for  the complex was optimized for  better  encapsulation efficiency and
emulsion stability,  and the ratio  influence on complex structure,  interface adsorption behavior,  rheological  properties  of  coated emulsion,  and dynamic
behavior of phenolics in inner water phase was also investigated. Results revealed that whey protein/pectin complex (at a ratio of 1:3) could form stronger
gel-like  network  structures  accounting for  the highest  absorption stability  at  the  emulsion interface  and larger  initial  particle  size.  The coated emulsion
exhibited relatively higher viscosity, the highest storage stability, and encapsulation stability under heating process, with the highest encapsulation ratio of
93.1%.  Furthermore,  molecular  dynamic  behaviors  and  interactions  of  mainly  phenolics  from Carya  cathayensis Sarg.  peels  in  the  inner  water  phase  of
emulsions were visualized and analyzed.
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Introduction

Carya  cathayensis Sarg.  peels  (CCSPs)  contain  various  bioactive
compounds,  such  as  polyphenolics,  flavonoids,  naphthoquinone,
polysaccharides, etc., which could account for its wide application in
traditional Chinese folk medicine for hundreds of years for the treat-
ment  of  rheumatic  arthritis,  constipation,  gynaecological  disorders,
relieving pain,  and other ailments[1,2].  Amongst all  the phytochemi-
cals  of  plants,  phenolic  compounds  are  one  primary  class  of
secondary  metabolites.  The  phenolic  compounds  have  been  paid
increasing  attention  due  to  a  wide  variety  of  bioactivities  such  as
antibacterial, antioxidant, anti-obesity, alleviation of type 2 diabetes,
and other metabolic problems[3−5].  Therefore,  phenolic compounds
have  been  widely  accepted  as  important  sources  of  natural  food
additives, preservatives, dietary supplements, and functional factors
in functional food[6−8]. In our previous work, it was revealed that the
phenolic  compounds  of  CCSPs  mainly  include  phenolic  acids,
flavonols, flavanones, flavan-3-ols, etc., and 15 phenolic compounds
were  analyzed  quantitatively,  positively  contributing  to  various
antioxidation  activities  and  inhibitory  activities  of  glucose/starch
digestion  enzymes,  which  could  be  related  to  multiple  antioxida-
tion and potential for treatment of type 2 diabetes[2,9].

Previous  studies  have  shown  that  the  encapsulation  of  phenolic
compounds  by  food-grade  emulsion  could  protect  the  phenolics

that are susceptible to extreme conditions[10−12].  Emulsions as carri-
ers  for  phenolics  could  enhance  the  bioavailability  and  biological
accessibility  of  embedded  polyphenols  by  slow  release[13,14],  and
could also serve as additives to improve the sensory properties and
nutritional quality of food[15,16]. Multi-phase W/O/W emulsion, which
combine  water  in  oil  (W/O)  and  oil  in  water  (O/W)  emulsions,  is  a
kind of  kinetically  stable system, and the amphipathic  agent at  the
outer  oil/water  interface  is  critical  to  keep  the  W/O/W  emulsion
stable[17]. Therefore, suitable food grade biomacromolecules can be
selected and adjusted to the appropriate proportions to make emul-
sions possess ideal  sensory,  nutritional,  processing,  and other char-
acteristics and stability[18,19].  Compared with food-grade proteins or
polysaccharides  alone,  protein-polysaccharide  complexes  can
generally  exhibit  better-emulsifying  characteristics  due  to  their
better  colloidal  chemical  properties[11,15,20].  Multiphase  emulsions
with  complexes  of  protein-polysaccharides  could  serve  as  good
carriers and protection of unstable compounds, and researchers also
revealed many other ideal characteristics such as controlled release
and  biological  accessibility  improvement  of  the  embedded  bioac-
tive  compounds,  natural  macromolecules  from  food  sources
possessing  good  safety  and  nutritional  properties.  Whey  protein
(BWP),  composed  of α-lactalbumin  and β-lactoglobulin,  has  been
widely  used  to  prepare  food-grade  protein-polysaccharide
complexes[21,22].  Pectin (PEC) is a natural food-grade polysaccharide
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with good hydrogel  characteristics,  which is  linked by  galacturonic
acid  units  via α-1,4  glycosidic  bonds  and  has  complex  anionic
groups, and high methoxy pectin has ideal hydrogel characteristics
because  of  its  higher  degree  of  esterification,  which  has  been
utilized in the current study[23,24]. Due to the diversity and complex-
ity  of  embedded  compounds,  it  is  indispensable  to  construct
customized W/O/W emulsions with specific compositions and ratios
of  protein-polysaccharide.  Furthermore,  the  dynamic  behavior
processes  and  the  interaction  of  embedded  phenolics  in  the  inner
water  phase  of  emulsions  is  not  available  in  the  current  literature,
demanding further investigation for potential future applications.

In  this  work,  a  multiphase  W/O/W  emulsion  based  on  the  whey
protein-pectin (BWP-PEC) complex was constructed, and the protein-
polysaccharide ratio was optimized for encapsulation of  polyphenol
extract of CCSPs to screen a food-grade emulsion system with higher
stability (lower speed of emulsion stratification).  The physico-chemi-
cal  properties  of  multiphase  W/O/W  emulsion  and  the  influence  of
the  BWP-PEC  complex  on  the  stability  of  emulsions  were  investi-
gated  in  various  aspects.  The  dynamic  behavior  and  interaction  of
phenolic compounds from CCSPs in the inner water phase of W/O/W
emulsions  were  explored  by  molecular  dynamic  simulation  to
provide  new  insights  into  the  mechanism  of  different  phenolic
molecule behavior in the inner water phase of W/O/W emulsions. It is
anticipated that the current study can provide a stable carrier for co-
loading  phenolic  compounds  of  CCSPs,  and  reveal  the  possible
mechanisms  of  molecular  behavior  of  embedded  phenolics  in  the
inner water phase by more specific intermolecular interaction. 

Materials and methods
 

Materials and chemicals
Carya  cathayensis Sarg.  peels  (CCSPs,  moisture  content  52.6%

(w/w),  fiber  content  30.9%  (w/w),  ash  content  0.7%  (w/w))  were
collected  from  a  local  farm  market  of  Xihu  district  (Hangzhou,
China). The peels were washed with ultra-pure water, dried at 35 °C
for 24 h with airflow, ground into powder (40 mesh sieves) with an
ultrafine grinder, and stored at 4 °C until extraction.

The whey protein  (BWP,  whey protein  content  ≥ 80%),  propane-
diol,  fast  green,  Folin-Ciocalteu  reagent,  polyglycerol  polyrici-
noleate (PGPR) were all  analytical grade and purchased from Mack-
lin Reagent Co., Ltd. (Shanghai, China). Pectin (PEC, galacturonic acid
(dry  base)  ≥ 74%),  nile  red  were  obtained  from  Aladdin  Chemistry
Co.,  Ltd.  (Shanghai,  China).  Soybean  oil  (food  grade)  was  bought
from  Yihai  Kerry  Co.,  Ltd.  (Shanghai,  China).  Ultra-pure  water  was
used throughout the experiment. 

Extraction and determination of phenolic compounds
Ultrasound assisted extraction (UAE) of phenolic compounds from

CCSPs  was  carried  out  according  to  a  previous  study  with  some
modifications[2].  Briefly,  an  ultrasonic  probe  (6  mm  of  diameter,
Scientz-IID, Ningbo Scientz Biotechnology Co., Ltd, China) was used
for  extraction  with  the  following  parameters:  20  kHz  of  ultrasonic
frequency,  65  °C  of  extraction  temperature,  10  min  of  ultrasonic
time,  40  mL/g  of  solvent  to  solid  ratio,  400  W  of  ultrasonic  power.
Ultra-pure water was utilized for extraction solvent. After extraction,
the  resultant  mixture  was  centrifuged  (5810R,  Eppendorf  AG,
Germany) at 15,000 rpm for 15 min at 4 °C, and the supernatant was
collected and stored at 4 °C for further experiment.

Total  phenolic  content  (TPC)  was  determined  based  on  the
method previously reported with slight modification[9].  In brief, 100
μL  sample  was  mixed  with  500 μL  10-fold  diluted  Folin-Ciocalteu
reagent,  and  then  the  mixture  was  combined  with  500 μL  Na2CO3

solution (7.5%, w/w) and kept in the dark at  room temperature (24
°C) for 60 min. The resultant solution was measured at 765 nm, and
the corresponding blank was subtracted. 

Preparation of the BWP-PEC complex
The BWP-PEC complex was prepared based on a previous method

with slight modifications[25]. Briefly, BWP was dissolved in water and
kept  at  50  °C  with  magnetic  stirring  (RH  digital,  IKA  Co.,  Ltd,
Germany) for 30 min to obtain a BWP stock solution (4%, w/w). Simi-
larly, PEC stock solution (4%, w/w) was prepared by mixing PEC and
water at 50 °C with magnetic stirring for 4 h. BWP-PEC complex was
prepared  by  mixing  the  corresponding  stock  solution  at  different
volume  ratios  (BWP:PEC  =  5:1,  3:1,  1:1,  1:3,  1:5,  v:v)  with  magnetic
stirring  and  heating  at  50  °C  for  3  h,  and  the  total  biopolymer
concentration  was  kept  at  4%  (w/w)  for  all  complex  solutions  with
different  volume  ratios[26,27].  The  final  mixture  was  kept  at  4  °C  for
12 h to complete the hydration of biopolymers. 

Fourier transform infrared spectra (FTIR) analysis
The  structural  changes  of  BWP  and  BWP-PEC  complex  samples

with  different  ratios  were  characterized by  measuring FTIR  (Nicolet
iS50  Spectrometer,  Thermo  Scientific,  Germany).  All  samples  were
freeze-dried  and  embedded  in  KBr  pellets  and  scans  were  per-
formed in wave number range of 4,000−400 cm−1 with a resolution
of 4 cm−1 at an ambient temperature (25 °C). 

Formulation of BWP-PEC complex coating W/O/W
emulsions

The BWP-PEC complex coating W/O/W emulsions were fabricated
based on a previous report with modification[28].  In brief, the CCSPs
extract solution was the inner water phase, meanwhile the oil phase
(soybean oil)  contained 8% PGPR (v/v).  Both inner water phase and
oil phase were magnetically stirred at 50 °C for 10 min, and the basic
W/O  emulsion  was  fabricated  by  dropwise  adding  10  mL  of  inner
water phase into 30 mL of oil phase, and stirring at 800 rpm (55 °C)
for  10  min.  The  resultant  mixture  was  homogenized  with  an  ultra-
sonic probe (6 mm of diameter, Scientz-IID, Ningbo Scientz Biotech-
nology  Co.,  Ltd,  China)  with  working  parameters  of  80  W, 55  °C,
25 kHz, 3 min, 1 s ON and 1 s OFF, and stored at 4 °C for 30 min to
obtain the basic W/O emulsion. Then, 10 mL of basic W/O emulsion
was similarly dropwise added into 30 mL of outer phase containing
BWP or BWP-PEC complex with varying BWP:PEC ratio as mentioned
previously.  The mixture was magnetically stirred at 800 rpm (55 °C)
for  10  min  and  ultrasonicated  for  3  min  at  55  °C  with  the  above-
mentioned  working  parameters  to  produce  the  final  W/O/W  emul-
sions (Fig. 1a), which were stored at 4 °C for further experiments. 

Confocal laser scanning microscopy (CLSM) analysis
The microstructure of W/O/W emulsion was observed by confocal

laser  scanning  microscopy  (TCSSP8,  Leica  Microsystems,  Germany)
based on the reported methods with slight modification[29]. Thirty μL
100-fold  diluted  W/O/W  emulsion  was  loaded  on  glass  slides  with
coverslips for optical microscopy observation. For CLSM, 50 μL mixed
dye (0.1% Nile red (w/w, in propanediol) and 0.1% Fast green (w/w, in
water)  with  a  volume  ratio  of  1:1)  was  added  in  500 μL  100-fold
diluted  W/O/W  emulsion  and  kept  at  25  °C  for  30  min  to  stain  the
protein and lipid. Then, 30 μL of stained emulsion sample was loaded
on glass slides with coverslips for CLSM observation. Fast green was
excited  at  a  wavelength  of  633  nm  and  detected  within  a  range  of
640−700 nm. Nile red was excited at  561 nm and detected within a
range of 570−620 nm. 

Differential scanning calorimetry (DSC)
The  thermal  properties  of  the  W/O/W  emulsion  were  characte-

rized by a differential  scanning calorimeter (DSC30,  Mettler-Toledo,
Switzerland).  Forty mg of emulsion was loaded into a crucible with
a cover and placed in the calorimeter. The measurement was carried
out  from −40  to  100  °C  at  a  rate  of  5  °C/min  under  a  nitrogen
atmosphere. 
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Adsorption stability
The adsorption stability  of  BWP or  the BWP-PEC complex on the

surface of the W/O/W emulsion was evaluated by centrifugal proto-
col as described elsewhere with some modification[30]. Briefly, all the
emulsions were centrifuged under 2,000, 4,000, 6,000, 8,000, 10,000
rpm  at  4  °C  for  15  min,  respectively.  The  subnatant  was  collected
and diluted 150 times and then the absorbance (A) was measured at
600  nm  using  a  UV-vis  spectrophotometer  (UV-2550,  Shimadzu,
Japan).  The  absorbance  of  the  corresponding  initial  emulsion  was
also  measured  (A0),  and  the  desorption  rate  was  calculated  as  the
following equation:

Desorption rate (%) = (A/A0)×100% (1)
 

Rheological behavior analysis
The  rheological  properties  were  measured  using  a  rotational

rheometer  (MCR302,  Anton  Paar,  Austria)  based  on  reported  work
with  some  modifications[31].  The  measurement  system  was
composed of  two concentric  parallel  circle plates with a 1 mm gap
and a thermostatic circulation system for temperature maintenance
of  samples  during  measuring.  0.7  mL  emulsion  sample  was  added
into the gap,  and the shear rate varied from 0.1 to 100 s−1 at  25 °C
for  viscosity  measurement.  For  the  frequency sweep,  a  static  strain
of 0.1% (within the linear viscoelastic region) was set with an angu-
lar frequency ranging from 0.1 to 100 rad/s at 25 °C, and the storage
modulus (G') and loss modulus (G'') were recorded. 

Encapsulation efficiency
The emulsion was centrifuged at 15,000 rpm (4 °C) for 15 min and

the subnatant was collected. Similarly, a blank emulsion containing
ultrapure water as inner water phase served as a reference, and the
TPC was measured according to the methods above. Encapsulation

efficiency was calculated as follows:

Encapsulatio nefficiency (%) = [1− (A0/At)]×100% (2)
where, A0 was the amount of TPC added into the emulsion, and At was
the amount of TPC measured in the separated subnatant phase. 

Particle size and zeta potential
Particle  size  and  zeta  potential  of  the  W/O/W  emulsion  was

measured using a dynamic light scattering analyzer (Zetasizer Nano
ZS90,  Malvern  Instruments  Ltd.,  UK)  according  to  a  previous  work
with slight modifications[12].  All  emulsion samples were diluted 100
times  with  ultrapure  water  to  eliminate  multiple  scatter.  One  mL
diluted emulsion was  loaded into  a  sample  cell,  and working para-
meters were a wavelength of 633 nm, detector angle of 90° for parti-
cle size analysis, while a voltage of 150 V for zeta potential measure-
ment  was  used.  All  the  samples  were  measured  20  times  and  the
average values calculated and recorded. 

Turbiscan stability analysis
The  destabilization  process  of  the  emulsion  was  real-time  evalu-

ated  and  recorded  by  a  Turbiscan  analyzer  (Lab  Expert,  Formu-
laction, France), which was worked out based on the static multiple-
light  scattering  and  the  dispersion  waas  measured  via  transmitted
light  and  back-scattered  light  detectors[32].  Eighteen  mL  emulsion
was  loaded  into  glass  sample  bottles,  kept  at  25  °C,  and  scanned
every  30  min  for  24  h.  The  Turbiscan  stability  index  (TSI)  was  cal-
culated  by  the  corresponding  Turbiscan  software  based  on  the
following equation:

TSI =
∑

i

∑
h |Scani (h)−Scani−1 (h)|

H
(3)

where, i represented scan numbers changed from 1 to n, Scani(h) and
Scani-1(h)  were  the  i  scan  and  i-1  scan  at  specific  height  h,  and  H
indicated the height from the bottom to the meniscus of emulsion. 

Stability of emulsion at high temperature
The  stability  for  the  encapsulation  ratio  of  different  emulsions

under  high  temperature  (90  °C)  were  evaluated.  All  the  emulsion
samples were sealed and stored under 90 °C[28], and collected at 0, 2,
4,  and 6 h.  Encapsulation ratio was measured according to a previ-
ous method. 

Molecular dynamic simulation analysis
Molecular  dynamic  simulation  was  performed  with  GROMACS

2019.6  package  using  Amber  (99SB-ildn)  force  field[33] as  recently
described  elsewhere  with  slight  modification[2].  The  structure  of
molecules,  including  procyanidin  B1,  2,3-dihydroxybenzoic  acid,
pinocembrin,  and  procyanidin  B3  were  generated  in  Chem3D  and
optimized  using  density  functional  theory  (DFT)  under  B3LYP/6-
311G**  level.  Topology  information  was  generated  using  the
ANTECHAMBER  module  of  the  AmberTools  package.  Restrained
electrostatic potential (RESP) charge was involved and calculated by
Multiwfn[34].

Procyanidin  B1,  2,3-dihydroxybenzoic  acid,  pinocembrin,  and
procyanidin  B3  dissolved  in  water  were  generated  by  Packmol
(http://leandro.iqm.unicamp.br/m3g/packmol/home.shtml)  in  cube
boxes  of  12  nm  ×  12  nm  ×  12  nm,  respectively[35,36].  Each  box
consists  of  40  phenolic  compound  molecules  (Procyanidin  B1/2,3-
dihydroxybenzoic  acid/pinocembrin/procyanidin  B3)  and  9988
water  molecules.  To facilitate the observation of  molecular  moving
behavior, the system temperature was set at 338.15 K to accelerate
the molecular motion, and 100 ns of simulation with a step value of
2 fs was performed. Other parameters and processes were the same
as recorded in previous work[2]. Moreover, Multiwfn was adopted to
analyze  the  average  noncovalent  interaction  (aNCI)  based  on  the
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Fig.  1    Visual  appearance  of  W/O/W  emulsion  at  day  0  and  the
corresponding FTIR spectra of BWP and BWP-PEC complexes.
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reduced  density  gradient  (RDG)  method[37].  The  corresponding
thermal  fluctuation  index  (TFI)  analysis  was  also  carried  out  with
Multiwfn[34]. 

Statistical analysis
Statistical  analysis  was  conducted  with  SPSS  software  (24,  IBM,

USA), and results were reported as means ± standard deviation (SD).
One-way  analysis  of  variance  (ANOVA)  was  applied  with  Duncan's
test,  which  was  considered  statistically  significantly  different  at
p < 0.05. 

Result and discussion
 

FTIR analysis of the BWP-PEC complex
FTIR  was  performed  to  evaluate  the  influence  of  interactions  of

macromolecule  polymers  on  the  structure  of  the  BWP  or  BWP-PEC
complex. As depicted in Fig. 1b, the broad band around 3,400 cm−1

represent  stretching  vibration  of  O-H  groups,  while  specific  peaks
around 3,295,  2,925,  1,655,  and 1,535 cm−1 depicted the stretching
vibration of N-H, C-H of saturated CH2 and CH3, C=O of amide I and
amide II, respectively[25,38]. Peaks at 1,452 and 1,076 cm−1 were refer-
ent to the bending vibration of C-H and C-N[25]. With the increasing
of PEC ratio in the BWP-PEC complex, the broad band around 3,400
cm−1 shifted  towards  the  higher  wavenumber,  meanwhile  the
specific  peak  at  3,295 cm−1 gradually  weakened,  which might  indi-
cate formation of hydrogen bonds between BWP and PEC influenc-
ing the original stretching vibration of O-H and N-H[39].  Besides, the
specific  peaks  in  BWP  at  1,655  and  1,535  cm−1 gradually  shifted  to
1,644 and 1,540 cm−1 with  increasing ratio  of  PEC,  which might  be
attributed  to  newly  formed  hydrogen  bonds  and  other  interaction
influenced  the  stretching  vibration  of  C=O  in  amide  I  and  amide
II[25].  Furthermore,  as  the  PEC  ratio  increased  in  the  complex,  peak
intensity  around  1,742  cm−1 enhanced,  which  might  be  related  to
the increased amount  of  C=O groups  from PEC;  another  enhanced
peak  near  1,019  cm−1 might  reflect  C-O-C  of  either  group  in  the
saccharide  structure  from  PEC[38].  The  peak  around  1,396  cm−1

decreased  as  the  PEC  ratio  increased  suggesting  that  the -COO-
group  was  influenced,  possibly  due  to  the  formation  of  complexes
changing  the  original  structure  of  the  group,  while  newly  formed
peaks  around  1,101−1,103  cm−1 might  represent  glucosidic  bonds
or other new characteristic signals during the formation of BWP-PEC
complexes[18,23]. 

Thermal characteristic analysis
Thermal  analysis  could  determine  the  thermal  properties  of  the

emulsion,  which  could,  to  some  extent,  suggest  structural  proper-
ties. Supplementary  Fig.  S1 depicts  the  DSC  plot  of  the  W/O/W
emulsion  coated  by  the  BWP  or  the  BWP-PEC  complex  under
temperature variations from −40 to 100 °C. It could be observed that
no freezing peak appeared from −40 to 0 °C,  and all  the emulsions
possessed  only  one  major  endothermic  peak  within  the  range  of
6.23−10.62 °C during the heating process, which reflected the melt-
ing  of  the  aqueous  phase[40],  meanwhile  suggesting  that  the  oil
phase  did  not  crystallize  and  the  emulsion  remained  stable  during
the heating process from −40 to 100 °C[28,41]. 

Storage stability of the emulsion
Table  1 shows  the  particle  (droplet)  size  and  zeta  potential

changes  of  coated  emulsions  before  and  after  16  d  of  storage  at
ambient  temperature.  Generally,  as  the  PEC  ratio  increased  in  the
BWP-PEC  complex,  the  newly  prepared  emulsion  (0  d)  possessed
bigger  particle  sizes,  which  could  possibly  be  attributed  to
enhanced  viscosity  of  the  complex  derived  from  the  higher  PEC
ratio,  thus  generating  a  thicker  coating  layer  and  gel-like  network

structure.  After  16  d  of  storage,  the  particle  size  of  each  emulsion
increased  to  a  different  extent:  the  average  particle  size  of  each
emulsion  coated  by  different  macromolecules  (BWP  and  complex
with BWP:PEC ratio of  5:1,  3:1,  1:1,  1:3,  1:5)  increased by 163.64 nm
(22.09%),  277.07  nm  (37.49%),  168.21  nm  (21.06%),  159.70  nm
(15.71%),  78.66  nm  (7.32%),  167.00  nm  (12.30%),  respectively.  It
could  be  observed  that  the  emulsion  coated  by  the  complex  at
BWP:PEC = 1:3 showed the lowest increasing percentage of particle
size,  which obviously maintained the stability  of  droplet  size in the
emulsion  system.  This  result  might  be  related  to  its  excellent  coat-
ing effect and relatively higher system viscosity.

Zeta  potential  analysis  (Table  1)  showed  that  all  the  newly
prepared  emulsion  (0  d)  possessed  negative  zeta  potential  (abso-
lute value higher than 15 mV), demonstrating all the newly prepared
emulsion systems possessed short-term stability. After 16 d storage,
negative  zeta  potential  values  also  were  obtained  for  all  tested
emulsions.  However,  compared  with  the  emulsions  at  0  d,  zeta
potential  values  increased  to  different  extent:  zeta  potential  of
emulsions  coated  by  different  macromolecules  (BWP  and  complex
with  BWP:PEC  ratio  of  5:1,  3:1,  1:1,  1:3,  1:5)  enhanced  by  32.72
(59.48%),  13.63 (32.53%),  10.53 (24.64%),  3.80 (9.87%),  1.53 (4.04%),
2.07 (5.85%). Similar to the results in particle size analysis, the lowest
enhancement ratio of  zeta potential  appeared in emulsions coated
by the complex at 1:3 of BWP:PEC ratio, reflecting its better stability
of keeping zeta potential at the emulsion interface. 

Turbiscan stability analysis
Turbiscan was performed to obtain the dynamic process of emul-

sion stability during 24 h storage by recording backscattering spec-
tra at specific time interval. The intensity of backscattering depends
on  the  volume  of  dispersed  phase  and  droplet  size  at  specific
height,  thus  characterizing  the  real-time  emulsion  stability  by
measuring light dispersion[42]. As shown in Fig. 2, the backscattering
intensity  at  the  bottom  layer  (0−8  mm)  and  meniscus  of  emulsion
(36−44  mm)  exhibited  obvious  changes  during  24  h  storage  of
emulsions.  It  could  be  observed  that  the  backscattering  spectra  at
the  bottom  layer  gradually  decreased  with  extension  of  storage
time,  indicating  that  the  light  transmittance  of  bottom  liquid  layer
increased  and  gradually  formed  relatively  clear  transparent  water
phase  under  the  effect  of  gravity  migration  and  density  difference
amongst  various  phases[32].  Meanwhile,  the  top  part  of  the  emul-
sion rose, suggesting the droplets of emulsions coated by the BWP
or BWP-PEC complex floated up driven by the density difference of
the  emulsion  droplets  in  the  surrounding  continuous  phase,  and

 

Table 1.    Particle size and zeta potential of W/O/W emulsion at day 0 and 16.

Emulsion
Particle size (nm) Zeta potential (mV)

Day 0 Day 16 Day 0 Day 16

BWP 740.76 ±
22.53cB

904.40 ±
26.24cA

−55.03 ±
0.59dB

−22.30 ±
0.46aA

BWP:PEC 5:1 739.13 ±
24.06cB

1016.20 ±
24.74cA

−41.90 ±
0.82cB

−28.27 ±
0.29bA

BWP:PEC 3:1 798.86 ±
26.58cB

967.07 ±
87.65cA

−42.73 ±
1.32cB

−32.20 ±
0.26cA

BWP:PEC 1:1 1016.30 ±
43.35bB

1176.00 ±
68.11bA

−38.50 ±
0.96bB

−34.70 ±
0.46dA

BWP:PEC 1:3 1074.67 ±
28.57bA

1153.33 ±
40.87bA

−37.90 ±
0.35bA

−36.37 ±
1.38eA

BWP:PEC 1:5 1357.00 ±
23.43aB

1524.00 ±
97.02aA

−35.40 ±
0.17aB

−33.33 ±
0.12cA

Values are shown as mean ± standard error (n = 3);  different lowercase letters in
the  same  column  represent  significant  difference  in  the  column  direction  (p <
0.05);  different  capital  letters  in  the  same  row  within  'particle  size'  or  'zeta
potential' group represent significant difference between the corresponding data
of Day 0 and Day 16 (p < 0.05).
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gradually  gathered  at  the  top  forming  a  paste-like  layer[43].  By
comparison,  a  relatively  higher  PEC  ratio  in  the  BWP-PEC  complex
could result in a less descending range of backscattering intensity at
the  bottom  layer  of  the  emulsion,  and  less  increasing  range  at  the
top  of  the  emulsion  layer,  suggestion  a  relatively  higher  PEC  ratio
(BWP:PEC  =  1:3  and  1:5)  in  the  complex  could  affiliate  to  maintain
the emulsion stability at the bottom and top layers.

TSI  (Turbiscan  stability  index)  value  represented  the  changes  of
emulsion droplet  size distribution at  different  heights.  As  shown in
Supplementary Fig. S2, the TSI value for each emulsion increased to
different extents as the storage time extended. The TSI of emulsion
coated  by  BWP  increased  dramatically  higher  than  that  of  the
BWP-PEC  complex  with  longer  storage  time,  reflecting  relatively
lower  stability  of  BWP  coating  emulsion.  By  contrast,  the  emulsion
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Fig. 2    Backscattering of W/O/W emulsion coated with BWP and BWP-PEC over 24 h.
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coated by BWP-PEC complex with a higher PEC ratio (BWP:PEC =1:3
and 1:5)  showed the slowest TSI  increasing trend and lowest even-
tual  TSI  growth,  demonstrating  these  two  complexes  could  main-
tain  excellent  emulsion  stability.  Similar  results  were  obtained  by
Gao et al. in their work concerning the influence of protein-chitosan
complex on emulsion stability[42]. 

Microstructure analysis of the W/O/W emulsion
The microstructure of the emulsion coated by BWP and BWP-PEC

complex was observed by optical  microscopy and CLSM. As shown
in Fig. 3, it  could be observed that the oil  phase completely coated
single  or  multiple  co-existing  inner  water  phases,  and  meanwhile
was  surrounded  by  the  outer  water  phase  (Fig.  3a−f).  Different

coating  materials  (BWP  or  BWP-PEC  complex)  however  showed
differing microstructure, droplet size, and encapsulation effect.

CLSM images (Fig. 3) showed the BWP or BWP-PEC complex with
green  fluorescence  coating  the  oil  phase  with  red  fluorescence,
which  verified  the  BWP  or  complex  absorbed  on  the  surface
between the outer water phase and oil phase and formed a coating
layer.  Generally,  the droplet size of  the W/O/W emulsion coated by
the  BWP-PEC  complex  was  bigger  than  the  one  coated  by  BWP,
which might  be  related to  stronger  gel-network,  and a  thicker  and
more complete coating layer at the surface formed by the BWP-PEC
complex[20,25].  Compared  with  the  emulsion  coated  with  BWP,  the
emulsion  with  more  compact  and  a  thicker  coating  layer  of  the
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Fig.  3    Optical  microscopy  of  W/O/W  emulsion  coated  with  (a)  BWP,  (b)  BWP:PEC  =  5:1,  (c)  BWP:PEC  =  3:1,  (g)  BWP:PEC  =  1:1,  (h)  BWP:PEC  =  1:3,  (i)
BWP:PEC = 1:5. (d)−(f), (j)−(l) represent the corresponding (a)−(c), (g)−(i) confocal laser scanning microscopy.
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BWP-PEC complex might influence the encapsulation efficiency and
emulsion stability. 

Absorption stability of the coated layer at the
emulsion interface

To  evaluate  the  stability  of  the  BWP  or  the  BWP-PEC  complex
absorbed at the emulsion interface between the oil phase and outer
water  phase,  centrifugation  test  was  performed  at  2,000,  4,000,
6,000,  8,000,  10,000  rpm  to  distinguish  adsorption  capacity.  Given
almost  no  distinguishable  difference  of  desorption  ratio  of  BWP  or
the  BWP-PEC  complex  amongst  all  emulsions  under  low-speed
centrifugation  (lower  than  1,000  rpm),  2,000−10,000  rpm  was
selected  to  facilitate  and  accelerate  the  desorption  process,  and
gradient  increase  of  centrifuge  speed  could  show  the  different
absorption capacity of the food-grade macromolecules at emulsion
interface. Under the same centrifuge speed, a lower desorption ratio
suggested  BWP  or  BWP-PEC  complex  possessed  higher  absorption
stability  at  the emulsion interface.  As shown in Supplementary Fig.
S3, the emulsion coated with BWP exhibited the highest desorption
ratio  among  the  tested  samples,  indicating  the  lowest  absorption
stability,  while  two  BWP-PEC  complexes  (BWP:PEC  =  1:5  and  1:3)
possessed  relatively  lower  desorption  ratio  at  the  emulsion  inter-
face, reflecting better absorption capacity. The complex of BWP:PEC
= 1:3 showed the lowest desorption ratio at the emulsion interface,
denoting the highest surface absorption stability. 

Rheological properties of the coated emulsion
Polysaccharides  are  generally  regarded  as  food  thickener  in  the

food industry, which could increase the stability, prevent delamina-
tion or precipitation[44].  In emulsion systems, polysaccharides could
also  serve  as  stabilizers  via  increasing  viscosity  of  the  aqueous
phase. Figure 4a depicts the viscosity of the emulsion coated by the
BWP  or  BWP-PEC  complex  varied  as  the  shear  rate  increased.  A
declining  trend  of  viscosity  for  all  the  samples  was  observed  with
the  shear  rate  increasing  from  0.1  to  100  s−1,  which  matches  the
properties of pseudo-plastic fluid[45].

The  viscosity  of  all  emulsions  dramatically  decreased  with  the
shear  rate  ranging  from  0.1  to  10  s-1,  reflecting  an  obvious  shear-
thinning  process.  The  emulsions  coated  by  a  BWP-PEC  complex  of
BWP:PEC =  1:3  or  1:5  possess  relatively  higher  viscosity,  which  was
followed  by  a  coated  emulsion  with  a  complex  of  BWP:PEC  =  1:1.
In  comparison,  BWP  or  BWP-PEC  complex  at  a  ratio  of  3:1  and  5:1
coating  emulsions  exhibited  relatively  lower  viscosity.  It  was  obvi-
ous  that  the  complex  with  a  high  ratio  of  PEC  possessed  higher
viscosity,  which  was  consistent  with  higher  emulsion  interface
absorption  stability  of  complexes  with  relatively  higher  PEC  ratio,
and  could  possibly  enhance  bridging  flocculation  effects,  subse-
quently facilitating stability of the emulsion interface[46,47].

To  characterize  stored  elastic  energy  and  dissipate  viscous
energy,  storage  modulus  (G')  and  loss  modulus  (G'')  of  emulsions
were  measured  by  frequency  sweep  tests  (Fig.  4b).  G'  values  were
higher than the corresponding G'' for all the samples with no cross-
over  between  G'  and  G''  as  frequency  increased,  which  reflected
elastic  behavior  properties,  suggesting  the  formation  of  gel-
networks with similar structures with some gel properties[46,48].  PEC
showed  negative  change  in  aqueous  solution,  while  BWP  carried  a
positive charge below its  isoelectric  point.  Therefore,  BWP and PEC
combined  to  form  a  complex  by  electrostatic  interaction.  Mean-
while,  due  to  large  numbers  of  methoxyl  groups  in  PEC,  electro-
static  repulsion  between  pectin  chains  drove  them  to  disperse,
which  facilitated  the  formation  of  a  structure  similar  to  a  gel-
network. As PEC ratio increased in the BWP-PEC complex, G' value of
the  corresponding  emulsion  increased  (Fig.  4b).  Considering  a
higher  G'  value generally  indicates  a  stronger  network structure[22],

a higher PEC ratio in the BWP-PEC complex could affiliate to form a
gel-like  network  structure  in  emulsion  system,  which  might  be
attributed to more compact cross-linked structure generated from a
higher  ratio  of  PEC  and  BWP  by  electrostatic  interaction.  This
phenomenon  was  also  consistent  with  a  higher  PEC  ratio  in  BWP-
PEC complex assisting its absorption stability at the emulsion inter-
face, consequently forming a more stable coating layer. 

Encapsulation efficiency
The  encapsulation  efficiency  of  TPC  from  CCSPs  is  shown  in

Supplementary  Fig.  S4.  As  the  PEC  ratio  increased  in  the  BWP-PEC
complex,  the  encapsulation  ratio  of  TPC  by  emulsion  gradually
increased,  and  then  dramatically  decreased  after  the  ratio  of
BWP:PEC  was  1:3,  where  the  highest  encapsulation  ratio  was
obtained  (93.1%)  and  significantly  higher  than  other  emulsions.
Increased  PEC  ratio  in  the  BWP-PEC  complex  could  increase  the
viscosity  and  generate  a  stronger  network  structure,  which  may
result  in  higher  encapsulation efficiency  before  the  BWP:PEC =  1:3.
However,  a  higher  PEC  ratio  (BWP:PEC  =  1:5)  could  decrease  the
surface  absorption  stability  of  the  BWP-PEC  complex,  which  may
lead to lower encapsulation efficiency. It could also be observed that
the  BWP:PEC  =  1:3  forms  a  better  W/O/W  emulsion  droplet  struc-
ture  (Fig.  3),  which  may  also  account  for  the  best  encapsulation
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Fig. 4    (a0 Viscosity vs shear rate from 0 to 100 1/s of W/O/W emulsions
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efficiency.  Similar  points  were also reported by Choi  & Chang,  who
suggested  that  the  electrostatic  interaction  between  protein  and
pectin  could  promote  the  layer  formed  at  the  emulsion  interface,
which might  be  responsible  for  the  appropriate  ratio  of  PEC in  the
BWP-PEC complex increasing the encapsulation ratio[49]. However, it
could be observed that excessive PEC increased the viscosity of the
emulsion  system,  which  might  hinder  the  formation  of  gel-like
network  structures  at  the  emulsion  interface,  thus  showing  nega-
tive effects on the encapsulation process. 

Stability of emulsion at high temperature
Given  that  food  processing  often  involves  heating  operations

(such  as  sterilization,  concentration,  etc.),  the  heating  processes
would result in structural changes of biopolymers, which may influ-
ence  their  interface  adsorption  and  encapsulation  properties,  and
the emulsion systems were stored at 90 °C for 6 h to evaluate encap-
sulation  stability  of  the  emulsion  under  high  temperature.  It  could
be  observed  from Supplementary  Fig.  S5 that  the  encapsulation
ratio  of  all  emulsions  dramatically  decreased  in  the  first  2  h,  and
thereafter the general encapsulation ratio remained relatively stable
as the heating time extended from 2 h to 6 h. It should be noted that
the  emulsion  coated  by  BWP  displayed  a  larger  reduction  of  the
encapsulation  ratio  as  heating  time  increased  continuously,  while
other emulsions coated by the BWP-PEC complex showed generally
stability  or  slightly  decreased  the  encapsulation  ratio  under  the
same heat process,  which might be related to a tighter and thicker
coating  layer  formed  by  the  BWP-PEC  complex  at  the  emulsion
interface[49].  Besides,  BWP  denatured  and  condensed  during  the
heating process,  and prolonged heating would reduce the amount
of protein adsorbed at the emulsion interface, leading to the forma-
tion  of  flocculent  precipitate  and  demulsification  phenomenon,
which  showed  a  negative  effect  on  the  encapsulation  stability[50].
Meanwhile, BWP and PEC in the complex might conjugate through
Maillard  reactions[51,52],  and  affect  the  exposure  of  hydrophobic
groups  inside  the  original  BWP,  subsequently  gradually  forming
tighter coating layers during heating and in turn improving the ther-
mal  stability  of  the  emulsion[53,54].  The  emulsion  coated  by  the
complex  of  BWP:PEC  =  1:3  possessed  the  highest  encapsulation
ratio  throughout  6-h  heating,  indicating  this  ratio  of  complex
contributed  excellent  encapsulation  stability  during  heating  to  the
coated emulsion. 

Molecular dynamic simulation of phenolics dissolving
in the inner water phase

The  dissolution  behavior  of  mainly  phenolic  compounds  from
CCSPs in the inner water phase of the emulsion was investigated by
molecular  dynamic  simulation  analysis,  which  reveals  the  dynamic
behavior of phenolics molecules and their interaction with the inner
water  phase  of  W/O/W  emulsion.  As  reported  in  our  previous
work[2],  procyanidin  B1,  2,3-dihydroxybenzoic  acid,  pinocembrin,
and  procyanidin  B3  were  the  main  phenolic  compounds  in  CCSPs,
which were involved in the current study.

It can be seen from Fig. 5a that procyanidin B1, pinocembrin, and
procyanidin  B3  in  the  water  phase  exhibited  a  trend  to  form  large
molecular clusters from 0 to 100 ns. This phenomenon might be due
to  the  hydrogen  bond  and  van  der  Waals  interaction  between
molecules of procyanidin B1, pinocembrin, or procyanidin B3, which
drove them together to form large cluster. However, 2,3-dihydroxy-
benzoic  acid  evenly  dispersed  in  the  water  phase  throughout  the
100 ns. This might be attributed to its relatively small molecular size
with only one aromatic ring, two phenolic hydroxyl groups, and one
carboxyl group, which could easily form hydrogen bonds with water
molecules.  Meanwhile,  the  hydrophobic  group  is  relatively  small,
thus  contributing  to  its  even  distribution  in  the  water  phase.
Besides,  it  should  be  noted  that  2,3-dihydroxybenzoic  acid  could

form  multilayer  structures  with  2−4  molecules  stacked  by  the
aromatic  ring  plane  in  water,  which  might  be  due  to  the  sponta-
neous  formation  of π-π stacking  on  the  aromatic  ring  plane,  con-
sequently  reducing  the  exposure  of  hydrophobic  aromatic  rings  in
the water phase.

Solvent  accessible  surface  area  (SASA)  is  a  critical  index  that
reflects  the  contact  area  between  phenolic  compound  molecules
and water  molecules.  From Fig.  5b,  SASA values  of  procyanidin B1,
pinocembrin, and procyanidin B3 dramatically decreased in the first
10 ns and remained relatively stable and fluctuated from 10 to 100
ns. In contrast, 2,3-dihydroxybenzoic acid remained relatively stable
and fluctuated throughout the 100 ns,  which is consistent with the
visualized  dynamic  behavior  of  phenolic  compounds  in Fig.  5a.  It
should be noted that procyanidin B1 and procyanidin B3 possessed
two  C6-C3-C6  skeleton  units  (containing  four  aromatic  rings),
pinocembrin  possessed  one  C6-C3-C6  skeleton  unit  (including  two
aromatic  rings),  and  2,3-dihydroxybenzoic  acid  had  only  one
aromatic  ring  for  each  molecule.  By  comparison,  as  depicted  in
Fig.  5c,  the  average  SASA  per  2,3-dihydroxybenzoic  acid  molecule
(2.01  nm2)  was  slightly  smaller  than procyanidin  B1 (2.51  nm2)  and
procyanidin  B3  (2.81  nm2)  that  possessed  four  aromatic  rings,
and  higher  than  pinocembrin  (1.27  nm2)  that  possessed  two
aromatic rings, which was consist with the large cluster formation of
procyanidin  B1,  pinocembrin,  and  procyanidin  B3  and  even  distri-
bution of 2,3-dihydroxybenzoic acid exhibited in Fig. 5a.

Figure  5d shows  the  quantitative  description  of  the  average
hydrogen  bond  number  per  phenolic  compound  molecule  formed
with  water  calculated  from  40  to  100  ns.  The  average  hydrogen
bond  number  of  procyanidin  B1  and  procyanidin  B3  formed  with
water  phase  (7.82,  7.84  hydrogen  bonds,  respectively)  were  very
close and were much higher than that of 2,3-dihydroxybenzoic acid
and  pinocembrin  with  water,  which  were  related  to  similar  struc-
tures between procyanidin B1 and procyanidin B3, and ten hydroxyl
groups and two non-hydroxyl group oxygen atoms that could serve
as  hydrogen  bond  donors  or  acceptors  on  procyanidin  B1  and
procyanidin  B3  molecules.  Despite  large  molecule  clusters  being
formed by procyanidin B1 and procyanidin B3, two C6-C3-C6 skele-
ton units led to large space occupation for each molecule and inter-
space in the cluster, which allowed water molecules to pass through
and  form  hydrogen  bonds  with  groups  inside  the  cluster.  Mean-
while,  pinocembrin  possessing  two  hydroxyl  groups  and  two  non-
hydroxyl  group  oxygen  atoms  formed  fewer  average  hydrogen
bonds  than  2,3-dihydroxybenzoic  acid  (2.23,  2.82  hydrogen  bonds,
respectively).  Large  molecule  clusters  of  pinocembrin  might  limit
the  exposure  of  hydroxyl  group  and  non-hydroxyl  group  oxygen
atoms to water molecules and form hydrogen bonds. Moreover, the
average lifetime of hydrogen bonds shown in Fig.  5e represent the
stability of the hydrogen bond in the water phase. The average life-
time of the hydrogen bond of procyanidin B1 and procyanidin B3 in
water  were  36.68  and  34.78  ps,  which  were  higher  than  that  of
pinocembrin  (31.28  ps)  and  2,3-dihydroxybenzoic  acid  (25.48  ps),
suggesting  the  hydrogen  bond  formed  of  procyanidin  B1  and
procyanidin  B3  in  the  water  phase  were  more  stable  than  that
formed of pinocembrin and 2,3-dihydroxybenzoic acid.

Given  the  dynamic  process  concerning  the  specific  noncovalent
interaction  between  phenolic  compound  molecules  and  water
molecules,  the average noncovalent interaction (aNCI)  and thermal
fluctuation index (TFI, indicating the stability of noncovalent interac-
tion between phenolic compound molecules and water molecules)
was  performed  to  quantitively  characterize  the  different  nonco-
valent  interaction  contribution,  such  as  typical  hydrogen  bond,
π-hydrogen bond, van der Waals interaction, steric effect,  and their
stability (thermal fluctuation properties)[2]. As shown in Supplemen-
tary Fig. S6, for the aNCI analysis, the red area shows the steric effect,
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which was mainly  generated in the center  of  aromatic  rings and in
the  vicinity  of  oxygen  atoms.  The  green  area  surrounding  the
phenolic compound molecules represent van der Waals interaction,
and  the  area  color  gradually  changed  from  green  to  blue  near  the
aromatic  ring  surface  center  indicating  weak π-hydrogen  bond
interaction regions.  The dark blue region near  the hydroxyl  groups
suggests typical hydrogen bonds. It should be noted that two adja-
cent  hydroxyl  groups  on  an  aromatic  ring  of  phenolic  compounds

could form intramolecular  hydrogen bonds,  which might  influence
the  hydrogen  bond  formation  with  water  molecules.  TFI  analysis
demonstrated the stability of the noncovalent interaction displayed
in a NCI analysis, and the color calibration changed from red to dark
blue  indicating  that  the  interaction  varied  from  weak  to  stable.
From TFI analysis, it could be observed that the relatively weak inter-
actions mainly appeared in the steric effect region near the oxygen
atoms, π-hydrogen bond close to aromatic ring surface,  and partial
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Fig. 5    Molecular dynamic simulation analysis. (a) Snapshots of procyanidin B1, 2,3-dihydroxybenzoic acid, pinocembrin, and procyanidin B3 in the water
system at 0 and 100 ns, respectively. (b), (c) Solvent accessible surface area (SASA) of four of the above-mentioned phenolics in water varied from 0 to 100
ns and corresponding average SASA (per phenolic molecule) calculated from 40 to 100 ns. (d) Average hydrogen bond number (per phenolic molecule)
from 40 to 100 ns. (e) Average lifetime of hydrogen bonds between the four above-mentioned phenolics and water.
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van der Waals interaction regions surrounding phenolic compound
molecules,  while  relatively  stable  interaction  was  basically  distri-
buted  in  the  center  of  the  ring  structure  (steric  effect),  and  in  the
vicinity  of  the  hydroxyl  group  (typical  hydrogen  bond).  Similarly,
Xing  et  al.  visualized  the  dynamic  behavior  of  glabridin  and  isoli-
quiritigenin  in  different  liquid  phases,  and  partially  revealed  the
interaction mechanism[55]. 

Conclusions

The current study showed the whey protein/pectin complex as a
potential  alternative  to  build  a  stable  W/O/W  emulsion  for  co-
microencapsulating  phenolic  compounds  from Carya  cathayensis
Sarg.  peels.  The  proportion  of  whey  protein  and  pectin  in  the
complex  were  optimized  for  co-encapsulation  of  phenolics  from
Carya  cathayensis Sarg.  peels.  When  the  ratio  of  whey  protein  and
pectin  reached  1:3,  the  whey  protein/pectin  complex  could  form  a
more  stable  gel-like  network  structure,  possessing  the  highest
absorption stability at the interface of the W/O/W emulsion, exhibit-
ing the highest encapsulation efficiency, the best emulsion storage
stability,  and  relatively  high  encapsulation  stability  under  heating.
Moreover,  the  dynamic  behaviors  and  the  interaction  with  water
molecules of  main phenolic  compounds (including procyanidin B1,
2,3-dihydroxybenzoic  acid,  pinocembrin,  and  procyanidin  B3)  from
Carya cathayensis Sarg.  peels in the inner water phase of the emul-
sion  were  quantitively  characterized.  Overall,  the  whey  protein/
pectin complex coated W/O/W emulsion could be a stable carrier for
co-loading phenolic compounds from Carya cathayensis Sarg. peels,
which  provided  an  essential  reference  for  further  research  on  co-
loading  phenolics  with  different  dynamic  properties.  Furthermore,
it  is  necessary  to  investigate  the  application  of  emulsions  in  real
food systems and its influence on food properties, which is the basis
for its application in the food and cosmetics industries. 
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