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Abstract: Whole egg is a nutrient-dense matrix, yet its application in beverages is often constrained by poor colloidal stability and “eggy”
off-flavor.  This  study  elucidated  dose-dependent  effects  of  mixed  lactic  acid  bacteria  inoculation  on  the  physicochemical  properties,
protein  structural  evolution,  and flavor  quality  of  a  fermented  whole-egg  beverage  (WEB).  A 1:1  (V/V)  mixture  of L.  delbrueckii subsp.
bulgaricus and Streptococcus thermophilus (total  viable  count:  (1.1  ±  0.1)  ×  109 CFU/mL)  was  inoculated  into  pasteurized  whole  egg
beverage matrix at 0%, 1%, 3%, 5% and 7% (V/V), corresponding to groups WE, FWE-1%, FWE-3%, FWE-5% and FWE-7%. Fermentation
proceeded  at  42  °C  for  4  h,  followed  by  36  h  ripening  at  4  °C.  All  samples  were  characterized  using  dispersion  metrics,  spectroscopy,
electrophoresis, in  vitro digestion,  gas  chromatography-ion  mobility  spectrometry,  electronic  nose,  electronic  tongue,  and  sensory
evaluation.  Fermentation  acidified  WEB,  to  pH  4.15–4.36,  decreased  relative  turbidity  (normalized  to  the  control),  and  improved
dispersion  uniformity  (minimum  polydispersity  index  was  0.305  at  7%).  Soluble  protein  content  increased  to  10.24–12.27  mg/g  (vs.
2.53  mg/g  in  the  control),  and  antioxidant  capacity  was  enhanced,  with  1,1-diphenyl-2-picrylhydrazyl  radical  and  2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonic  acid)  cation  radical  scavenging  rates  reaching  95.84%  (FWE-5%  group)  and  82.14%  (FWE-7%  group),
respectively.  Second-derivative ultraviolet,  intrinsic fluorescence, and Fourier transform infrared spectroscopy amide I redshift  indicated
protein  conformational  remodeling,  supported  by  sodium  dodecyl  sulfate-polyacrylamide  gel  electrophoresis  showing  progressive
degradation  of  high-molecular-weight  subunits.  These  changes  improved  nutritional  functionality,  with in  vitro protein  digestibility
maximized at 3% inoculation. Flavor analyses revealed fermentation-driven reconfiguration of volatile and taste profiles, including aroma
enrichment and reduced bitterness. Sensory results identified 3% inoculation as optimal, delivering the highest overall  acceptability with
balanced sourness and diminished eggy odor. This research provides a scientific basis for optimizing inoculation levels in fermented WEB
and offers new perspectives for the development of functional egg-based fermented products.
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 1    Introduction
Eggs are a nutrient-dense food, offering high-quality protein, lipids,
vitamins  (A,  B,  D,  E),  and  essential  minerals  (Ca,  P,  K,  Fe,  Zn).
Their  high  nutritional  density  and  excellent  digestibility  have
established them as a superior protein source[1].  From a nutritional
perspective,  the  essential  amino  acid  profile  and  bioavailability  of
egg  white  proteins  are  comparable  to  those  of  milk  proteins.
Additionally,  yolk  components  such  as  phospholipids  and
carotenoids  provide  benefits  related  to  neurodevelopment,  lipid
metabolism,  and  antioxidant  defense[2].  Despite  these  advantages,
egg processing faces two major constraints:  limited flavor diversity
and  a  high  cholesterol  content[3].  The  higher  fat  and  cholesterol
levels  in  yolk  raise  health  concerns,  especially  for  patients  with
cardiovascular disease[4]. Moreover, deep processing of eggs remains
underdeveloped.  Current  products  focus  largely  on  fresh  eggs,
salted  eggs,  preserved  eggs,  and  primary  ingredients  such  as  egg

white or yolk powders. These forms limit the high-value utilization
of  egg resources.  Whole  egg beverages  (WEB),  which are  typically
prepared from liquid whole egg, offer a nutrient-rich matrix and a
distinctive  taste.  However,  their  relatively  high  cholesterol  and
triglyceride contents limit their market potential as a health food[5].
Therefore, the development of low-cholesterol WEB has become an
important direction for new product development.

Lactic acid bacteria (LAB) fermentation technology can improve
the  flavor  and  nutritional  attributes  of  egg  products  through  pH
reduction,  organic  acid  accumulation,  and  enhanced  proteolysis[6].
Probiotic  strains  may  also  lower  cholesterol  through  multiple
mechanisms, including bile salt deconjugation by bile salt hydrolase
(BSH),  short-chain  fatty  acid  production,  cholesterol  assimilation
into cell membranes, and conversion of cholesterol to coprostanol,
which has  a  lower  intestinal  absorption rate[7].  Several  studies  have
further shown that BSH-active Lactobacillus strains can upregulate
hepatic  cytochrome  P450  family  7  subfamily  A  member  1  via  the
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farnesoid  X  receptor  pathway,  which  accelerates  cholesterol
catabolism  to  bile  acids[8].  In  dairy  (e.g.,  yogurt)  fermentations,
starter cultures such as Streptococcus thermophilus and Lactobacillus
bulgaricus convert  lactose  to  lactic  acid  and  generate  aroma-active
metabolites,  including  diacetyl  and  ethyl  acetate,  which  contribute
fresh  dairy  notes  and  mild  acidity[9].  Fermentation  also  promotes
protein  reorganization  and  network  formation,  which  supports  a
smooth  texture  and  stable  gel  structure[2].  These  observations
highlight the potential of LAB fermentation for the development of
functional  foods  with  improved  sensory  quality  and  lipid-related
health attributes.

In  recent  years,  egg-based  fermented  yogurt  alternatives,
prepared from liquid whole egg or egg white,  have been proposed
to  obtain  yogurt-like  texture  and  sensory  properties  through  LAB
fermentation.  Evidence  indicates  that  egg  components  provide  a
favorable  matrix  for  LAB  growth  and  can  yield  desirable  gel
strength,  emulsification  stability,  and  sensory  quality.  However,
previous  studies  have  primarily  examined  the  effects  of
fermentation  on  egg  protein  functionality[10−11].  A  comprehensive
understanding  of  how  the  key  parameters  of  the  fermentation
process—particularly  the  inoculum  dose—systematically  regulate
the  physicochemical  properties,  protein  conformation,  and  flavor
quality  of  whole-egg  fermented  beverages  remains  lacking.  The
inoculum dose determines the initial microbial load and metabolic
intensity,  and  thus  represents  a  critical  variable  that  controls
acidification, texture development, and flavor formation. However,
the dose-response relationship between the inoculum level and the
molecular  structure  and  colloidal  stability  of  proteins  in  the
whole-egg matrix remains unclear.

In this study, liquid whole egg served as the main substrate and
was supplemented with milk and stabilizers to prepare a fermented
WEB using a composite LAB starter. We investigated the effects of
inoculation  levels  (0%,  1%,  3%,  5%,  and  7%, V/V)  on  pH,  zeta
potential,  particle  size  distribution,  and  protein  higher-order
structure,  as characterized by ultraviolet  (UV) absorption, intrinsic
fluorescence,  and  surface  hydrophobicity,  etc.  of  the  product.
A  multidimensional  flavor  evaluation  framework  was  further
applied,  including  gas  chromatography-ion  mobility  spectrometry
(GC-IMS),  electronic  nose,  electronic  tongue,  and  sensory
evaluation,  to  assess  product  quality  from  microstructural  and
sensory perspectives. This work aims to clarify how inoculum dose
regulates protein conformational evolution and flavor development
in  fermented  WEB,  thereby  providing  a  basis  for  process
optimization and product development.

 2    Materials and methods

 2.1    Materials
Fresh  eggs,  sterilized  milk,  and  granulated  sugar  were  purchased
from  Shanxi  Jiayuan  Supermarket  (Jinzhong,  China).  The  mixed
bacterial  culture  (Lactobacillus  delbrueckii subsp. bulgaricus and
S. thermophilus) was provided by the Dairy Products Laboratory at
Shanxi  Agricultural  University.  Sodium  carboxymethyl  cellulose
(CMC-Na)  and  guar  gum  were  provided  by  Shandong  Chengyu
Biotechnology  Co.,  Ltd.  (Tai’an,  China).  Nile  red,  fluorescein
isothiocyanate (FITC), 2,4,6-tripyridyl-s-triazine (TPTZ), 1,1-diphenyl-
2-picrylhydrazyl  (DPPH),  2,2′-azino-bis(3-ethylbenzothiazoline-6-
sulfonic  acid)  reagents,  and  biochemical  reagents  such  as  Folin-
Ciocalteu  reagent,  chymotrypsin,  trypsin,  and  alkaline  protease
were  purchased  from  Aladdin  Reagents  (Shanghai)  Co.,  Ltd.
(Shanghai, China).

 2.2    Preparation of fermented WEB
Fresh  eggs  were  washed,  and  shells  were  disinfected  with  75%
(V/V)  ethanol.  Eggs  were  cracked,  homogenized manually  using a
hand-held  blender  for  2  min,  and  filtered  through  four  layers  of
cheesecloth. The filtrate was pasteurized in a water bath at 58.8 °C
for 5 min and then cooled to room temperature.  The egg mixture
(10%, V/V),  milk  (8%, V/V),  sucrose  (6  g/100  mL),  and  purified
water  (74%, V/V)  were  mixed  thoroughly.  A  composite  stabilizer
(0.3 g/100 mL; CMC-Na:guar gum = 5:1, m/m) was added, and the
mixture  was  stirred  in  a  60  °C  water  bath  until  fully  dissolved.
Viable  counts  of  the  starter  strains  were  determined  by  the
pour-plate method: L. delbrueckii subsp. bulgaricus was counted on
MRS agar, yielding (1.0 ± 0.1) × 109 CFU/mL, while S. thermophilus
was counted on M17 agar, yielding (1.2 ± 0.1) × 109 CFU/mL. After
blending the two strains at a 1:1 (V/V) ratio, the composite starter
culture exhibited a total viable density of (1.1 ± 0.1) × 109 CFU/mL.
This  mixed  starter  (1:1, V/V)  was  then  inoculated  into  the
pasteurized  whole-egg  matrix  at  1%,  3%,  5%,  or  7%  (V/V)  of  the
total  volume,  corresponding  to  initial  cell  loads  in  the  beverage  of
approximately 1.1 × 107, 3.3 × 107, 5.5 × 107, and 7.7 × 107 CFU/mL,
respectively;  an  uninoculated  sample  served  as  the  control  group
(WE, 0%), and the five groups were denoted as WE (0%), FWE-1%,
FWE-3%, FWE-5%, and FWE-7%. Fermentation was conducted at
42 °C for 4 h, followed by ripening at 4 °C for 36 h. After ripening,
the  fermented  samples  were  divided  into  two  portions:  one  was
stored at 4 °C, and the other was freeze-dried using a Freezone 4.5L
lyophilizer  (Labconco,  Kansas  City,  MO,  USA).  The  freeze-dried
powders were immediately sealed and stored at 4 °C in the dark for
long-term preservation.

The samples  for  determination of  intrinsic  fluorescence spectra,
surface hydrophobicity, and in vitro protein digestibility (IVPD) are
freeze-dried  powders,  while  beverages  are  used  as  samples  unless
otherwise specified.

 2.3    Determination of color
After calibration with a standard black and white tile, the brightness
value  (L*),  redness  value  (a*),  and  yellowness  value  (b*)  were
measured  using  a  colorimeter  (CR-400,  Konica  Minolta,  Tokyo,
Japan). Measurements were performed in triplicate[12].

 2.4    Determination of pH
Samples  (10  mL)  were  collected  at  0,  10,  20,  30,  and  40  h  during
ripening.  The  pH  was  measured  with  a  calibrated  pH  meter
(PHB-4, Mettler-Toledo, Zurich, Switzerland) at 20–22 °C.

 2.5    Determination  of  zeta  potential  and  average  particle
size
Each sample (1 mL) was diluted 100-fold with phosphate buffered
saline  (PBS),  filtered  through  a  0.45  µm  syringe  filter,  and
transferred to a disposable cuvette (0.75 mL). Zeta potential, particle
size  and  polydispersity  index  (PDI)  were  measured  using  a
Zetasizer Nano ZS90 (Malvern Instruments, Malvern, UK)[13].

 2.6    Determination of turbidity
Samples were mixed thoroughly,  and absorbance was measured at
860 nm using a UV-Vis spectrophotometer (TU-1901, Beijing Puxi
General  Technology  Co.,  Ltd.,  Beijing,  China).  Turbidity  was
expressed as absorbance at 860 nm (A860 nm).
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 2.7    Stability evaluation
The  stability  of  the  post-mature  samples  (0–40  h)  was  evaluated
using a centrifugation precipitation method. Samples (10 mL) were
weighed  (m,  g),  centrifuged  at  6  500  r/min  for  20  min,  and  the
supernatant  was  discarded.  The  precipitate  was  weighed  (W,  g).
The precipitation rate was calculated using a standard formula, with
three parallel replicates for each group[14]. The precipitation rate was
calculated as formula (1):

Precipitation rate (%) =
W
m

× 100 (1)

 2.8    Determination of soluble protein content
Soluble  protein  content  was  determined  by  the  Bradford  method.
Samples were diluted 100-fold; 100 µL of diluted sample was mixed
with 5 mL of Coomassie brilliant blue G250 reagent (0.05 g/100 mL
in 95% ethanol  and 85% phosphoric  acid).  After  mixing and brief
incubation,  absorbance  was  measured  at  595  nm.  Soluble  protein
content was calculated from a calibration curve[15].

 2.9    Determination of UV spectra
The sample was diluted 100-fold in PBS and scanned from 230 to
400  nm  using  a  UV-Vis  spectrophotometer  (U1901PC,  Beijing
Puxi  General  Technology  Co.,  Ltd.,  Beijing,  China).  Spectra  were
recorded  with  a  2  nm  bandwidth  and  1  nm  intervals.  Three
replicates  were  averaged,  and  the  second-derivative  spectra  were
calculated[16].

 2.10    Determination of intrinsic fluorescence spectra
Lyophilized samples were reconstituted to 0.1 mg/mL. Fluorescence
spectra  were  recorded  using  a  spectrofluorometer  (RF-5301,
Shimadzu,  Kyoto,  Japan)  with  excitation  at  295  nm  and  emission
scanned from 310 to 450 nm (scan rate: 1 200 nm/min; slit width:
5 nm).

 2.11    Determination of surface hydrophobicity
Lyophilized  samples  were  dissolved  to  1  mg/mL.  Sample  solution
(1 mL) was mixed with 200 µL bromophenol blue (BPB, 1 mg/mL).
After  incubation at  25 °C for  10 min,  samples  were centrifuged at
2  000  r/min  for  15  min  at  4  °C.  The  supernatant  was  diluted
10-fold, and absorbance was measured at 595 nm. PBS was used as
the  blank[17].  Surface  hydrophobicity  was  expressed  as  the  binding
amount of BPB, and was calculated as formula (2):

Surface hydrophobicity (μg) = ABlank −ASample

ABlank
×200 μg (2)

 2.12    Determination  of  Fourier  transform  infrared  (FTIR)
spectroscopy
Samples  (1  mg)  were  mixed  with  KBr,  ground,  and  pressed  into
pellets.  FTIR  spectra  were  collected  using  a  spectrometer
(TENSOR27, Bruker, Germany) from 500 to 4 000 cm−1 (resolution
4 cm−1). Each sample was measured in triplicate.

 2.13    Confocal  laser  scanning  microscopy  (CLSM)
observation
Samples (0.5 mL) were mixed with 50 µL of dye solution containing
Nile  red and FITC (1  mg/mL each;  1:1, V/V).  After  incubation in
the  dark  at  room  temperature  overnight,  samples  were  observed

using  a  CLSM  (Olympus  FV1200,  Tokyo,  Japan).  Lipids  were
imaged  at  568  nm/600  nm  (excitation  wavelength/emission
wavelength),  and  proteins  at  488  nm/520  nm.  Images  were
acquired at 10× magnification[18].

 2.14    Sodium  dodecyl  sulfate-polyacrylamide  gel
electrophoresis (SDS-PAGE)
SDS-PAGE  was  performed  using  12%  resolving  and  4%  stacking
gels. Samples were denatured for 5 min, centrifuged at 8 000 × g for
5  min,  and  10  µL  of  the  supernatant  was  loaded.  Electrophoresis
was conducted at  90 V for  30 min and then at  110 V for  90 min.
Gels  were  stained  with  Coomassie  brilliant  blue  R250  for  1  h,
destained with deionized water for 12 h, and imaged[19].

 2.15    Determination of antioxidant capacity
Samples ((2.0 ± 0.1) g) were extracted with 20 mL of methanol by
vortexing  for  5  min,  then  centrifuged  at  5  000  × g for  10  min  at
4  °C,  and  the  supernatant  was  collected.  Three  independent
replicates  were  performed  for  each  assay.  The  DPPH  assay,  the
ABTS  assay,  and  the  ferric  reducing  antioxidant  power  (FRAP)
assay  were  performed  according  to  the  methods  described  in
references[20−22] with  slight  modifications.  For  the  DPPH  assay,  a
100 µL aliquot of sample extract was mixed with 3.9 mL of DPPH
solution  (60  µmol/L  prepared  in  methanol)  and  incubated  in  the
dark at room temperature for 30 min, after which absorbance was
measured at 515 nm[20]. For the ABTS assay, a working solution was
prepared  by  mixing  ABTS  (7  mmol/L)  and  potassium  persulfate
(2.45 mmol/L) in a  1:1  (V/V)  ratio and incubating in the dark for
12–16 h at room temperature; the solution was diluted with ethanol
to  an  absorbance  of  0.70  ±  0.02  at  734  nm.  A  20  µL  aliquot  of
sample  extract  was  mixed  with  180  µL  of  the  ABTS  working
solution in a 96-well plate and incubated in the dark for 6 min, and
absorbance  was  measured  at  734  nm[21].  For  the  FRAP  assay,  the
FRAP working reagent was prepared fresh by mixing 300 mmol/L
acetate buffer (pH 3.6), 10 mmol/L TPTZ in 40 mmol/L HCl, and
20 mmol/L FeCl3 in a 10:1:1 (V/V) ratio. A 200 µL aliquot of sample
extract  was mixed with 1.8  mL of  FRAP reagent  and incubated at
37  °C  for  30  min  in  the  dark;  the  absorbance  of  the  formed
Fe2+-TPTZ  complex  was  measured  at  593  nm[22].  Results  were
calculated  using  a  FeSO4 standard  curve  and  expressed  as
millimolar Fe2+ equivalents.

 2.16    Determination of IVPD
IVPD  was  determined  using  a  multi-enzyme  system  (31  mg
chymotrypsin, 16 mg trypsin, and 13 mg alkaline protease dissolved
in 10 mL of  water,  pH 8.00 ± 0.05).  Lyophilized powder  (2.5  mg)
was dissolved in 10 mL water and incubated at 37 °C for 1 h. The
pH was adjusted to 8.0, 1 mL enzyme solution was added, and the
pH  change  after  10  min  was  recorded[23].  IVPD  was  calculated  as
formula (3):

IVPD(%) = 65.6+ 18.10×ΔpH10 min (3)

Where ΔpH10 min is the change in pH from 8.00 to the value after
10 min of hydrolysis.

 2.17    GC-IMS analysis
Volatile  compounds  were  analyzed  using  headspace  GC-IMS
(FlavourSpec,  G.A.S.,  Dortmund,  Germany).  Fresh  samples
((4.00  ±  0.01)  g)  was  placed  into  a  20  mL  headspace  vial  and
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incubated at 60 °C for 20 min with agitation (500 r/min). A 500 µL
aliquot of headspace gas was injected using a heated syringe (80 °C)
in  split  injection  mode.  Separation  was  performed  on  an
MXT-WAX column (30 m × 0.53 mm, 1  µm) at  60  °C.  Nitrogen
(≥  99.99%)  served  as  carrier  gas  with  the  following  program:
2 mL/min for 2 min, ramp to 100 mL/min over 18 min, and hold
for 10 min.  The drift  tube temperature was 45 °C, with a drift  gas
flow  of  150  mL/min.  Ionization  used  a  tritium  source  (3H,
110  MBq)  at  5  kV  (≈  500  V/cm).  For  identification, n-ketones
(C4–C9)  were  used  to  calculate  retention  index  (RI).  Compounds
were  assigned  by  matching  drift  time  and  RI  against  the  GC-IMS
NIST library.

 2.18    Electronic nose analysis
An electronic nose (PEN3, Airsense Analytics, Schwerin, Germany)
was  used.  Sample  (3.0  mL)  was  diluted  to  25  mL with  water,  and
5  mL  was  transferred  to  a  sealed  headspace  vial.  Sensors  were
cleaned for  240 s  and zeroed for  10  s.  The injection flow rate  was
300  mL/min,  and  acquisition  time  was  90  s.  The  PEN3 electronic
nose  system  was  equipped  with  a  sensor  array  of  10  metal  oxide
semiconductor  sensors,  each  sensitive  to  different  volatile
compounds:  W1C:  aromatic,  W5S:  broad-range,  W3C:  aromatic,
W6S:  hydrogen,  W5C:  aromatic  aliphatics,  W1S:  broad,  W1W:
organic  sulfur,  W2S:  alcohol,  W2W:  sulfur  chlorinated,  and  W3S:
methane aliphatics.

 2.19    Electronic tongue analysis
Samples  (10  mL)  were  placed  in  dedicated  vials  for  an  electronic
tongue  (SA402B,  Beijing  Ensoft  Technology  Co.,  Ltd.,  Beijing,
China).  Sensors  were  rinsed  in  cleaning  solution  (90  s)  and
reference  solution  (120  s  ×  2).  After  a  30  s  stabilization  period,
measurements  were  recorded  for  30  s.  Sensors  C00,  AE1,  CA0,
CT0,  and  AAE  were  tested  in  four  cycles;  the  first  cycle  was
discarded, and the mean of the remaining three cycles was used.

 2.20    Sensory evaluation
This  study  strictly  adhered  to  ethical  standards.  All  participants
signed  written  informed  consent  forms,  confirming  their  right  to
withdraw  at  any  time  without  penalty.  Prior  to  evaluation,  each
panelist  received  comprehensive  disclosure  regarding  the  study’s
requirements,  procedures,  and  potential  risks,  including  allergen
information for  eggs  and dairy.  The protocol  was  reviewed by the
Ethics  Committee  of  Shanxi  Agricultural  University.  Because  the
study  involved  only  sensory  evaluation  of  commercially  available
edible  products  and no invasive  procedures,  it  met  the  criteria  for
ethical  exemption according to institutional guidance.  Fifteen food
science  students  (8  females  and  7  males;  aged  22–26  years)  were
recruited  as  panelists.  All  participants  underwent  preliminary
screening  and  a  two-week  systematic  training  program  covering
basic  taste  identification,  intensity  scaling,  and  product

characteristic  familiarization.  After  meeting  repeatability  and
consistency  criteria,  the  final  evaluation  panel  was  established.
According to ISO 8586:2023, a minimum of 8–12 trained panelists
is  generally  acceptable  for  descriptive  sensory  analysis;  thus,  our
panel of 15 trained panelists meets the recommended requirement.
To  minimize  positional  and  carryover  effects,  samples  were
presented to  each panelist  in  a  randomized order,  and the  serving
sequence was balanced across sessions. A structured scale was used
for the evaluation. Five key sensory attributes were defined for the
fermented  WEB  samples:  color  (uniformity  and  typicality),  odor
(fermented  aroma  intensity  and  absence  of  off-odors),  texture
(smoothness  and  velvety  mouthfeel),  taste  (sweet-sour  balance,
bitterness/astringency,  and  aftertaste),  and  overall  acceptability.
Attributes  were  scored  on  a  10-point  scale  (1  =  extremely
low/unacceptable;  10  =  extremely  high/highly  preferred).  The
sensory evaluation methodology was designed and implemented in
accordance  with  relevant  ISO  guidelines  (ISO  8586:2023;  ISO
6658:2017)  to  ensure  procedural  standardization  and  result
reliability.  Personal  identifying  information  collected  during  the
informed  consent  process  (e.g.,  names  and  signatures)  was  stored
securely  and  is  not  disclosed  in  this  manuscript,  ensuring
participants’ privacy  and  confidentiality  in  compliance  with
applicable data protection standards.

 2.21    Statistical analysis
All  measurements  were  performed  in  triplicate,  and  results  are
expressed as mean ± standard deviation. Differences among groups
were  analyzed  using  one-way  analysis  of  variance  followed  by
Duncan’s  multiple  range  test  (P <  0.05).  Multivariate  analyses
(principal  component  analysis  (PCA)  and  partial  least  squares
discriminant  analysis  (PLS-DA))  were  used  to  visualize  group
separation.  Hierarchical  clustering  and  heatmaps  were  generated
based on the signal intensities of key volatiles.

 3    Results and discussion

 3.1    Effect of inoculation level on the color of WEB
Fermentation  significantly  altered  the  color  profile  of  the  WEB
(Table  1).  The  WE  group  showed  a  significantly  lower L* (31.88)
compared  to  all  FWE  groups  (P <  0.05),  indicating  that
fermentation  effectively  enhanced  the  apparent  brightness  of  the
product.  This  improvement  was  primarily  attributed  to  the
degradation  of  macromolecular  proteins  by  proteases  secreted  by
LAB,  which reduced the  particle  size.  According to  Mie  scattering
theory,  smaller  particles  exhibit  higher  scattering  efficiency  for
visible  light,  thereby  enhancing  the  perceived  brightness[24].  The
absolute a* of the FWE groups showed a decreasing trend with the
inoculum level increased compared to WE group, indicating a shift
in color towards a more neutral  tone.  The organic acids produced

 

Table 1    Effect of fermentation on the color of WEB.

Group L* a* b*
WE 31.88 ± 0.21b 0.41 ± 0.01e 3.59 ± 0.08c

FWE-1% 64.34 ± 0.26a 0.03 ± 0.00b 15.82 ± 0.15a

FWE-3% 63.79 ± 0.38a 0.07 ± 0.01a 15.70 ± 0.34a

FWE-5% 64.18 ± 0.54a –0.12 ± 0.01d 15.32 ± 0.08b

FWE-7% 63.73 ± 0.26a –0.09 ± 0.01c 15.21 ± 0.09b

Note: Different lowercase letters in the same column represent significant differences at P < 0.05.
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during  fermentation  significantly  lowered  the  system’s  pH,  which
in  turn  affected  the  charge  state  and  dispersibility  of  yolk
carotenoids.  The  acidic  environment  likely  induced  partial
degradation or conformational changes in the carotenoids, thereby
reducing their color-contributing effect[25].  The b* showed an initial
increase  followed  by  a  decrease  with  the  inoculum  level  increased
compared  to  WE  group.  The b*  of  all  FWE  groups  were
significantly  higher  than  that  of  the  WE  group  (3.59).  At  low
inoculation  levels  (1%–3%),  fermentation  likely  promoted  the
synthesis  and  release  of  yellow  metabolites,  such  as  carotenoid
derivatives.  In  contrast,  at  high  inoculation  levels  (5%–7%),
excessive  acidification  destabilized  the  carotenoids,  leading  to  a
subsequent  decline  in  the b*[26−27].  In  summary,  fermentation
synergistically  improved  the  color  of  WEB  through  protein
degradation-enhanced  light  scattering  (increased L*)  and  pH
regulation-metabolite synthesis (changes in a* and b*).

 3.2    Effect  of  inoculation  level  on  the  pH of  WEB during
ripening
During  the  ripening  period,  the  pH  of  the  WE  group  remained
relatively  stable  (7.74–8.21),  whereas  the  pH  of  all  FWE  groups
were  significantly  lower  than  that  of  the  WE  group.  As  ripening
progressed,  the  pH  of  the  FWE  groups  showed  an  overall
downward  trend,  eventually  decreasing  to  4.15–4.36  (Figure  1A).
This  decline  was  attributed  to  the  continuous  accumulation  of
organic  acids,  primarily  lactic  acid  and  acetic  acid,  produced  by
LAB  metabolizing  lactose  and  sucrose[28].  The  pH  decline  kinetics
exhibited  a  distinct  two-phase  pattern.  In  the  early  ripening
stage  (0–20  h),  the  acidification  rate  was  the  fastest,  as  the

microorganisms were in the logarithmic growth phase and actively
produced  acids.  During  the  mid-to-late  stage  (20–40  h),
acidification entered a plateau phase, and no significant differences
in  pH were  observed among the  inoculated groups.  Notably,  after
40  h  of  ripening,  the  pH  of  the  FWE-1%  group  (4.15)  was
significantly lower than that of the FWE-3% (4.36), FWE-5% (4.33),
and FWE-7% (4.30) groups, while no significant difference existed
among the latter three groups. A plausible explanation is that high
inoculum  levels  intensify  competition  for  nutrients  and  space,
which  can  shorten  the  exponential  phase  and  reduce  net  acid
production during the late stage. In contrast, a lower inoculum level
may  sustain  active  growth  for  longer,  supporting  continued  acid
production[29].

 3.3    Effect  of  inoculation  level  on  the  zeta  potential  and
average particle size of WEB
Zeta  potential  analysis  (Figure  1B)  revealed  that  compared  to  the
WE  group  (–6.54  mV),  the  absolute  zeta  potential  values  of  the
FWE-1%,  FWE-5%,  and  FWE-7%  groups  increased  significantly
(P <  0.05),  with  the  FWE-7%  group  reaching  the  maximum
absolute  value  (13.93  mV).  Only  the  FWE-3%  group  (−6.21  mV)
showed  no  significant  difference  from  the  WE  group.  This  was
because the 3% inoculation level resulted in moderate organic-acid
production,  which  caused  a  slight  decline  in  system  pH  that
remained  well  above  the  isoelectric  point  of  major  egg/milk
proteins  around  4.6–4.7.  As  a  result,  the  surface  charges  of  the
protein  particles  were  neither  substantially  neutralized  nor
redistributed.  Meanwhile,  the  gentle  proteolytic  activity  derived
from  LAB  avoided  the  excessive  hydrolysis-driven  exposure  of
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negatively  charged  residues  seen  in  the  FWE-5%  and  FWE-7%
groups as well  as the localized acidification heterogeneity found in
the  FWE-1%  group,  allowing  the  FWE-3%  system  to  preserve  a
near-native  protein  architecture  while  accumulating  appreciable
flavor-active metabolites. Increased absolute zeta potential indicated
enhanced  surface  charge  density  on  the  particles,  which  stemmed
from  two  synergistic  fermentation  effects.  LAB  metabolism
generated  organic  acids  that  altered  the  system  pH  and  ionic
environment,  while  protease  hydrolysis  exposed  more  charged
amino acid residues such as aspartic and glutamic acids. These two
effects  worked  together  to  strengthen  electrostatic  repulsion
between  particle  surfaces,  preventing  particle  approach  and
aggregation to effectively inhibit sedimentation and improve system
stability[30].  Furthermore,  lactic  acid  produced  during  fermentation
lowered the system pH. As the pH approached the isoelectric point
of casein between 4.6 and 4.7, partial protein aggregation occurred
due  to  charge  neutralization,  forming  a  gel  network.  However,
fermentation  in  the  FWE-7%  group  enhanced  electrostatic
repulsion  through  a  charge-density  compensation  mechanism,
delaying  sedimentation  formation[31].  Particle  size  analysis  results
(Figures 1C and D) showed a significant increase in the particle size
distribution  of  the  FWE  groups  within  the 10–1  000  nm  range.
Among  them,  the  FWE-3%  group  had  the  highest  proportion  of
particles  in  the  10–100  nm  range,  while  the  FWE-7%  group
exhibited  a  bimodal  distribution.  The  average  particle  size  of  the
FWE-5%  group  (86.53  nm)  was  closest  to  that  of  the  WE  group
(82.56  nm),  whereas  the  FWE-7%  group  had  the  largest  average
particle  size  (153.90  nm).  Regarding  the  PDI,  the  FWE-7%  group
(0.31)  showed  a  24.39%  reduction  compared  to  the  WE  group
(0.44),  indicating  that  high  inoculum  fermentation,  despite
increasing the average particle size (likely due to rearrangement of
protein-lipid  aggregates),  significantly  improved  the  uniformity  of
particle  size  distribution[32].  This  is  because,  under  high  inoculum
conditions,  proteases  hydrolyzed  the  heterogeneous
macromolecular  protein  aggregates  more  thoroughly,  generating
more  uniformly  sized  nanoparticles[33].  The  bimodal  distribution
observed in the FWE-7% group can be attributed to the formation
of  two  distinct  colloidal  particle  populations  during  fermentation:
the  small-particle  peak  corresponds  to  low-molecular-weight
peptides and protein fragments produced by enzymatic hydrolysis,
while the large-particle peak likely originates from casein-based gel
microparticles formed near the isoelectric point[34].

 3.4    Effect of inoculation level on the turbidity of WEB
As  shown  in Figure  1E,  fermentation  with  compound  strains
significantly reduced the turbidity of the WEB (P < 0.05). The WE
group  exhibited  the  highest  turbidity  (60.94%),  whereas  the
turbidity of the FWE groups decreased significantly overall. Among
them, no significant difference (P > 0.05) was observed between the
FWE-1%,  FWE-3%,  and  FWE-7%  groups,  while  the  FWE-5%
group (56.16%) showed significantly higher turbidity than the other
inoculated groups (P < 0.05). The primary mechanism for turbidity
reduction  is  the  degradation  and  reconstruction  of  light-scattering
particles  by  the  protease  system  of  LAB.  When  particles  or
aggregates  larger  than  0.1  μm  are  present  in  the  beverage  system,
they  cause  light  refraction  and  scattering,  resulting  in  a  cloudy
appearance[35].  The  turbidity  of  whole-egg  liquid  mainly  originates
from the colloidal dispersions formed by globular proteins, such as
ovalbumin  (~45  kDa),  ovotransferrin  (~78  kDa),  and  ovomucin
(~28  kDa),  in  the  aqueous  phase.  The  protease  system  of  LAB
consists  of  extracellular  proteases  and  intracellular  peptidases.

Extracellular  proteases  degrade  proteins  into  oligopeptides,  which
intracellular peptidases further hydrolyze into low molecular weight
peptides  and  free  amino  acids[6].  Therefore,  when  proteins  are
hydrolyzed from large aggregates into nanosized small peptides, the
single-particle  scattering cross-section decreases sharply,  leading to
a significant reduction in the macroscopic turbidity of the system[36].
The  abnormally  high  turbidity  observed  in  the  FWE-5%  group
deserves attention. Combined with pH data analysis,  the rapid pH
decline during fermentation in this group may have approached the
isoelectric  point  region  of  whole-egg  proteins  within  a  short  time.
The  competition  between “turbidity  reduction  via  enzymatic
hydrolysis” and “turbidity  increase  due  to  isoelectric  aggregation”
likely  resulted  in  the  higher  final  turbidity  in  the  FWE-5%  group
compared  to  the  other  inoculation  groups.  In  contrast,  the
FWE-7%  group  exhibited  stronger  protease  activity  and  more
thorough  hydrolysis,  where  the  reduction  of  the  scattering
cross-section  by  small  peptides  became  the  dominant  factor,
allowing the turbidity to return to a level comparable to that of the
low-inoculation groups.

 3.5    Effect  of  inoculation  level  on  the  stability  of  WEB
during ripening
As  shown  in Figure  2A,  the  precipitation  rate  in  the  WE  group
initially  decreased  and  then  gradually  increased  as  ripening
proceeded,  while  the  precipitation  rates  of  the  FWE  groups
followed  a  generally  declining  trend  and  eventually  stabilized.
During the early ripening period (0–10 h), the precipitation rate in
the FWE groups was significantly higher than that in the WE group
(P <  0.05).  However,  by  40  h,  the  precipitation  rates  of  FWE-1%
(21.01%)  and  FWE-3%  (21.30%)  fell  below  that  of  the  WE  group
(22.25%). Over the entire process, fluctuations in the FWE-1% and
FWE-3%  groups  were  significantly  lower  than  those  in  the
FWE-5% and FWE-7% groups  (P <  0.05).  FWE-5% exhibited  the
highest  precipitation  rate  throughout  (25.71%–40.87%),
significantly  exceeding  all  other  groups  (P <  0.05),  indicating  a
negative effect of high inoculum on long-term system stability. This
phenomenon  may  relate  to  a  shift  in  the  substrate  equilibrium.
When  the  inoculum  exceeded  3%,  the  rapid  proliferation  of  LAB
accelerated nutrient  consumption.  Excessive lactic  acid production
induced  a  marked  pH  decline,  which  approached  the  isoelectric
point  of  casein  (pH  ≈  4.6).  As  pH  neared  this  point,  electrostatic
repulsion  between  protein  molecules  weakened,  hydrophobic
interactions  increased,  leading  to  the  contraction  of  the  colloidal
network  and  enhanced  syneresis.  Excessive  whey  separation,  and
thus  poorer  stability,  occurred  in  groups  with  higher  inocula[37].  In
the  later  ripening  stage  (e.g.,  40  h),  the  precipitation  rate  of
FWE-5%  sometimes  dropped  below  that  of  the  control  (WE)
group. This may be explained by the excessively acidic environment
(very low pH) inhibiting subsequent metabolic activity of LAB, which
could  moderate  protein  aggregation  caused  by  over-acidification.
Moreover,  the  high  early  acidity  also  suppressed  further  bacterial
proliferation, slowing the subsequent acidification rate and thereby
reducing whey separation in the later phase[38].

 3.6    Effect  of  inoculation  level  on  the  surface  soluble
protein content of WEB
The soluble protein content of the FWE groups (10.24–12.27 mg/g)
was  significantly  higher  than  that  of  the  WE  group  (2.53  mg/g),
approximately  4.5-fold  greater  (P <  0.05)  (Figure  2B).  This
substantial increase primarily resulted from the stepwise hydrolysis
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of  whole-egg  macromolecular  protein  by  the  protease  system  of
LAB[39]. In the early fermentation stage, endogenous proteases drove
the  initial  hydrolysis.  Subsequently,  the  microbial  enzyme  system
enhanced  protein  hydrolysis  sensitivity  by  altering  the
conformation  of  amino  acid  residues  and  the  spatial  structure  of
polypeptide  chains,  thereby  increasing  the  soluble  protein
content[40].  Furthermore,  the  pH decrease  induced by fermentation
shifted  the  system  away  from  the  isoelectric  point  of  the  proteins,
increasing their net charge and solubility, and further promoted the
release  of  soluble  proteins.  Notably,  the  effect  of  different
inoculation  concentrations  on  protein  content  showed  a  gradient.
FWE-1%  (12.27  mg/g)  and  FWE-5%  (11.78  mg/g)  had  relatively
high  levels  with  no  significant  difference  (P >  0.05),  whereas
FWE-3% (10.24 mg/g) and FWE-7% (10.74 mg/g) exhibited lower
contents. This phenomenon reflects the complexity of the dynamic

“substrate-enzyme-product” balance  in  microbial  fermentation
systems.  An  excessively  high  inoculum  may  reduce  proteolytic
efficiency  due  to  mechanisms  such  as  intensified  nutrient
competition among cells, accumulation of organic acids that inhibit
protease activity at optimal pH, or feedback inhibition by hydrolysis
products,  deviating  the  system  from  its  optimal  enzymatic
efficiency[41].

 3.7    Effect  of  inoculation  level  on  the  second  derivative
UV spectra of WEB
The  second-derivative  UV  spectra  (Figure  2C)  displayed  a
double-peak  (288,  296  nm)  and  double-trough  (283,  292  nm)
pattern  in  the  282–297  nm  range.  The  peak  at  288  nm  was
attributed to the combined effects of tyrosine (Tyr) and tryptophan
(Trp) residues[42]. Changes in the microenvironment of Tyr residues
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can  be  characterized  by  the  amplitude  ratio  (r,  where r = a/b,
defined  as  the  ratio  of  the  distance  between  positive  and  negative
absorption peaks and troughs). A higher r value typically indicates
that  Tyr  residues,  which  were  originally  buried,  become  more
exposed to the surface and undergo relocation toward hydrophobic
regions  and  changes  in  three-dimensional  positioning  as  the
protein  structure  depolymerizes  and  unfolds  during  hydrolysis.  In
contrast,  the r value  for  Trp  shows  less  correlation  with  solvent
polarity[43].  The r value of the WE group (0.203 7) was significantly
lower than that of all FWE groups (P < 0.05) (Figure 2C). FWE-5%
(0.767  2)  and  FWE-7%  (0.762  9)  exhibited  significantly  higher r
values  than  FWE-1%  and  FWE-3%  (P <  0.05),  and  FWE-1%
(0.599 3) was significantly higher than FWE-3% (0.433 0) (P < 0.05).
The  significant  increase  in r values  in  the  high-inoculum  groups
indicates  that  extensive  proteolysis  during  fermentation  induced
substantial unfolding of the tertiary structure of whole-egg proteins,
exposing Tyr residues originally buried in hydrophobic cores to the
polar  solvent.  This  result  aligns  with  findings  reported  by
Chang et al.[44], who observed protein structural unfolding (indicated
by increased fluorescence intensity) induced by LAB fermentation.
The relatively lower r values observed in the low-inoculum groups
(1%  and  3%)  suggest  that  stronger  hydrophobic  interactions  and
residual  aggregation  persisted  between  protein  molecules,
indicating incomplete conformational unfolding.

 3.8    Effect of inoculation level on the intrinsic fluorescence
spectra of WEB
As shown in Figure 2D,  all  groups exhibited a  significant  intrinsic
fluorescence  emission  peak  near  340  nm,  attributable  to  the
fluorescence emission of aromatic residues in proteins, such as Trp,
Tyr,  and  phenylalanine  (Phe).  The  maximum  emission  peaks  for
both  the  WE  and  FWE  groups  were  located  in  the  320–340  nm
range,  indicating  that  the  fluorescence  spectra  of  the  system  were
predominantly  contributed by Trp[45−46].  As  the  inoculum increased
from 1% to 7%, the fluorescence emission peak underwent a slight
red  shift  (from  330  to  335  nm),  suggesting  that  the
microenvironment  of  Trp  residues  became  more  polar.  Protein
unfolding  induced  by  fermentation  likely  relocated  Trp  residues
from  hydrophobic  cores  to  more  hydrophilic  surface  regions.
FWE-5% showed the  highest  fluorescence  intensity,  indicating  the
greatest  degree  of  protein  unfolding  and  the  largest  number  of
exposed Trp residues under this inoculation condition. In contrast,
the  fluorescence  intensity  of  FWE-7%  was  lower  than  that  of
FWE-3% and FWE-5% (though still  significantly higher than WE,
P <  0.05).  This  suggests  that  an  excessively  high  inoculum  led  to
insufficient substrate concentration, limiting the ability of proteases
to  further  expose  Trp  residues.  Additionally,  small  peptides
generated  from  excessive  hydrolysis  may  have  undergone
re-aggregation or formed complexes with fermentation metabolites
(e.g.,  organic  acids,  polyphenols),  resulting  in  fluorescence
quenching and a reduced quantum yield[47].

 3.9    Effect  of  inoculation  level  on  the  surface
hydrophobicity of WEB
As shown in Figure 2E, the surface hydrophobicity of all fermented
whole  egg  (FWE)  groups  was  significantly  higher  than  that  of  the
whole  egg  (WE)  group  (89.28  μg).  The  FWE-1%  (104.21  μg)  and
FWE-7%  (105.46  μg)  groups  showed  the  relatively  higher  values,
with  no  significant  difference  between  them  (P >  0.05).  This
phenomenon  was  attributed  to  the  profound  conformational

rearrangement  of  proteins  during  fermentation.  The  proteolytic
system  of  LAB  hydrolyzed  peptide  chains,  thereby  exposing
originally  buried  hydrophobic  amino  acid  residues  (e.g.,  Leu,  Phe,
Ile)  to  the  molecular  surface[48].  Concurrently,  organic  acids
produced by fermentation decreased the system pH to 4.0–4.5, near
the  protein  isoelectric  point.  This  reduced  electrostatic  repulsion
and  prompted  the  reorientation  and  surface  exposure  of
hydrophobic  regions[49].  The  synergistic  effect  of  proteolysis  and
acid-induced  conformational  changes  collectively  enhanced  the
surface  hydrophobicity  of  the  FWE  system[50].  The  increased
exposure  of  Tyr  residues  and  the  observed  fluorescence  redshift
further  corroborated that  fermentation promoted the unfolding of
protein tertiary structures.

 3.10    Effect  of  inoculation  level  on  the  FTIR  spectra  of
WEB
FTIR spectra (Figure 3A) revealed the effect of fermentation on the
secondary structure of proteins in the WEB. All samples showed a
significant  O–H  stretching  vibration  absorption  peak  in  the
3 400–3 500 cm−1 region. This peak reflected the hydrogen-bonding
network  of  water  molecules  and  protein  hydroxyl  groups.  In  the
characteristic  protein  absorption  region  (1  500–1  700  cm−1),  the
amide  I  band  (1  600–1  700  cm−1,  primarily  attributed  to  C=O
stretching  vibrations)  and  the  amide  II  band  (1  500–1  600  cm−1,
attributed  to  the  coupling  of  C–N  stretching  and  N–H  bending
vibrations)  were  clearly  identifiable[51].  The  amide  I  band  peak
positions  for  the  FWE-5%  and  FWE-7%  groups  shifted  slightly
toward lower wavenumber. The amide I band is highly sensitive to
the  protein  backbone  vibrations  and  hydrogen-bonding  network.
This redshift was attributed to the reorganization of intermolecular
hydrogen  bonds  induced  by  fermentation.  The  altered  hydrogen-
bonding  pattern  of  peptide  C=O  groups  lowers  the  vibrational
energy level. This change occurs during the transition from α-helix
to β-sheet or random coil structures[52].  Increased inoculation levels
corresponded  to  a  weakening  of  absorption  peaks  in  the  FTIR
spectra.  This  indicated  a  reduction  in  the  overall  ordered  protein
structure,  particularly  in α-helix  content.  Fermentation-driven
proteolytic  hydrolysis  disrupted  the  regular  arrangement  of  the
peptide  backbone[53].  These  spectral  changes  were  consistent  with
the  SDS-PAGE  results.  As  the  inoculation  level  increased,
high-molecular-weight  protein  bands  gradually  disappeared,  and
low-molecular-weight  bands  intensified.  This  confirmed  that
proteins  underwent  a  transition  from  an  ordered  to  a  looser
conformation  under  enzymatic  action.  This  structural  loosening
not  only  improved  protein  digestibility  by  increasing  enzymatic
accessibility  but  also  exposed  originally  buried  hydrophobic  and
aromatic  amino  acid  residues  to  the  molecular  surface.  This
mechanism  aligns  with  the  observed  increase  in  surface
hydrophobicity and the changes in UV second-derivative spectra.

 3.11    Effect  of  inoculation  level  on  the  CLSM  images  of
WEB
CLSM  images  (Figure  3B)  provided  a  direct  visualization  of  the
microstructural  reconfiguration  of  the  WEB  induced  by
fermentation.  The  WE  group  exhibited  dense  red  fat  fluorescence
spots with large particle sizes,  while the green protein fluorescence
was uniformly yet dispersedly distributed. This pattern reflected the
natural,  independent  structural  state  of  fat  and native  proteins.  As
the  inoculation  level  increased  from  1%  to  3%,  the  number  of  fat
fluorescence  spots  decreased,  and  their  distribution  became  more
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homogeneous.  Concurrently,  the  protein  fluorescence  intensified
and  gradually  formed  a  network  structure.  This  indicated  that  fat
emulsification/dispersion  and  protein  denaturation/cross-linking
occurred  simultaneously.  This  process  led  to  the  encapsulation  of
fat  droplets[54].  The  FWE-5%  group  presented  the  most  typical
structure, fat fluorescence was nearly absent. Intense and uniformly
distributed protein fluorescence formed a dense three-dimensional
emulsion gel  network[23].  In  contrast,  although the  FWE-7% group
maintained  a  highly  emulsified  state,  its  protein  network  was
excessively  dense.  This  structural  over-cross-linking  may adversely
affect  the  final  product’s  texture[54].  In  contrast,  an excessively  high
inoculation level may impair the product texture. This impairment
is due to structural over-compaction.

 3.12    Effect of inoculation level on the SDS-PAGE profiles
of WEB
The SDS-PAGE profile (Figure 3C) revealed the graded regulatory
effect  of  fermentation  on  the  subunit  composition  of  whole  egg
proteins.  All  sample  bands  were  primarily  concentrated  in  the
48–110 kDa range. A band at approximately 48 kDa corresponded
to major protein components such as ovalbumin. The unfermented

whole  egg  (WE)  group  exhibited  the  most  complete  and  intense
high-molecular-weight  (>  45  kDa)  protein  bands.  In  the  FWE-1%
group,  the  intensity  of  bands  in  this  region  slightly  decreased,
indicating  the  initial  stage  of  proteolysis[44].  The  FWE-3%  group
showed  a  significant  reduction  in  band  intensity.  Band  smearing
was  also  observed.  This  suggested an accelerated hydrolysis  phase.
In  the  FWE-5%  and  FWE-7%  groups,  the  high-molecular-weight
protein  bands  were  almost  absent.  This  confirmed  the  thorough
degradation of native proteins into low-molecular-weight fragments.
In  contrast,  the  intensity  of  low- and  medium-molecular-weight
protein  bands  (<  45  kDa)  progressively  increased  with  a  higher
inoculation level.  A distinct  new band appeared in the 30–35 kDa
region for the FWE-3% group. The FWE-5% and FWE-7% groups
showed  very  clear  and  dense  band  clusters  in  the  region  below
20 kDa. This verified the further breakdown of hydrolytic products
into  smaller  peptides[55].  The  extracellular  proteases  in  the  LAB
system  first  degraded  proteins  into  oligopeptides.  These  were
subsequently  hydrolyzed  into  low-molecular-weight  peptides  and
amino  acids  by  intracellular  peptidases[56].  Concurrently,
heat-induced conformational  changes  likely  reduced the  structural
stability  of  the  proteins,  making  them  more  susceptible  to
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enzymatic  breakdown[57].  The  stepwise  increase  in  the  inoculation
level  raised  both  microbial  count  and  protease  activity,  thereby
accelerating  this  cascade  of  hydrolysis.  This  systematic  shift  in
subunit distribution toward lower molecular weights influences the
rheological  properties  of  the  beverage.  It  may  also  significantly
enhance its digestibility and reduce potential allergenicity[56].

 3.13    Effect of inoculation level on the antioxidant activity
of WEB
The  DPPH  radical  scavenging  activity  showed  an  initial  increase
followed  by  a  decrease  with  the  inoculum  level  increased
(Figure 3D). The DPPH radical scavenging activity of the FWE-5%
group reached the peak value of 95.84%. In contrast,  the FWE-7%
group  showed  a  significant  decline  to  84.24%.  For  ABTS  cation
radical scavenging activity (Figure 3E), the FWE-3%, FWE-5%, and
FWE-7%  groups  recorded  values  of  81.21%,  78.70%,  and  82.14%,
respectively. All these values were higher than that of the WE group
(77.59%). The ferric ion (Fe3+) reducing capacity also increased with
fermentation  (Figure  3F).  The  FWE-1%  and  FWE-5%  groups
showed  the  higher  OD700  nm values  (0.33  and  0.32,  respectively).
Under  moderate  inoculation  (5%),  microbial  metabolism  was
highly  active.  Proteases  effectively  hydrolyzed  the  substrate.  This
process  released  low-molecular-weight  bioactive  peptides.  These
peptides  were  rich  in  hydrophobic  amino  acids,  such  as  valine,
leucine, and proline. Such peptides have been confirmed to possess
the  strongest  radical  scavenging  capacity[58].  Conversely,  an
excessively  high  inoculation  level  (7%)  intensified  nutritional
competition and caused a sharp pH drop in the early fermentation
stage.  The  over-accumulation  of  metabolic  by-products,  such  as
organic  acids  and  H2O2,  inhibited  the  activity  of  key  antioxidant
enzymes.  This  led  to  the  significant  decrease  in  DPPH scavenging
activity[59].  During  fermentation,  LAB  produce  various  active
substances,  including  peptides,  organic  acids,  polyphenols,  and
flavonoids.  These  compounds  collectively  form  the  material  basis
for the antioxidant activity. A moderate inoculation level favors the
sufficient  generation  of  these  substances.  The  metabolic  inhibition
effect  caused  by  excessively  rapid  acid  production  at  a  high
inoculation  level  was  more  pronounced  in  the  DPPH  and  FRAP
assays[60−61].

 3.14    Effect of inoculation level on the IVPD of WEB
The  results  of  simulated  gastrointestinal  digestion  (Figure  4A)
showed  that  the  digestibility  of  the  WE  group  was  81.0%.  All
fermented whole egg (FWE) groups showed increased digestibility.
The increase varied in degree. The FWE-3% group had the highest
digestibility  at  84.9%.  The  FWE-1%,  FWE-5%,  and  FWE-7%
groups  followed  with  values  of  83.0%,  83.5%,  and  83.6%,
respectively.  The lipids in egg yolk exist  in the form of lipoprotein
complexes.  Their  natural  compact  structure  partially  limits  the
accessibility  of  digestive  enzymes[62].  During  fermentation,  LAB
proteases  and  lipases  cooperatively  hydrolyzed  these  lipoprotein
complexes.  This  partial  degradation  of  apoprotein  components
(e.g.,  apovitellenin)  exposed  more  enzymatic  cleavage  sites[63].
Simultaneously,  the  fermentation-induced  rearrangement  of
protein secondary structures (consistent with FTIR spectra results)
disrupted  the  native  compact  conformation.  This  made  the
substrate  more  accessible  to  digestive  enzymes[64].  Additionally,  the
acidic  environment  may  have  promoted  the  partial

dephosphorylation  of  phosvitin,  further  weakening  its  inherent
resistance  to  digestion[65].  The  optimal  digestibility  in  the  FWE-3%
group  may  be  attributed  to  the  optimal  metabolic  activity  of  the
microbiota under this condition. It  produced a suitable amount of
proteases  and  lipases  without  causing  excessive  protein  hydrolysis
or nutrient loss. An excessively high inoculation level (7%) likely led
to  over-acidification  of  the  system.  This  could  inhibit  enzymatic
activity  or  induce  excessive  protein  aggregation,  which  was
unfavorable for further improvement of digestion efficiency.

 3.15    Effect of inoculation level on the GC-IMS of WEB
This  study identified a  total  of  26 volatile  compounds,  comprising
alcohols (6), esters (7), ketones (5), aldehydes (5), hydrocarbons (1),
and pyrazines (2) (Table S1). The two-dimensional fingerprint plot
(Figure  4B)  and  the  differential  topographic  map  (Figure  4C)
visualize  the  distribution  and  intensity  variation  of  volatiles  across
groups. Compared with the WE group, the FWE groups generated
seven  additional  characteristic  volatiles,  namely  1-penten-3-ol,
2-methyl-1-propyl  acetate,  2-heptanone,  3-hydroxy-2-butanone
(acetoin), n-pentanal,  1-octene,  and  methylpyrazine  (Figure  4D),
whose  formation  can  be  mechanistically  attributed  to  three
synergistic  pathways:  i)  LAB-driven  central  metabolism,  which
directly yields ketones, alcohols, and pyrazines, and promotes ester
biosynthesis  via  intracellular  esterases;  ii)  oxidative  degradation  of
polyunsaturated  fatty  acids  abundant  in  yolk  phospholipids  and
milk  fat,  generating  aldehydes,  unsaturated  alcohols,  and  alkenes;
and  iii)  esterification  between  the  hydrolysis-derived  short-chain
fatty  acids  and  alcohols,  enriching  the  ester  profile[66−69].  PCA
(Figure  4E)  captured  89.03%  of  the  total  variance  (PC1,  62.85%;
PC2,  26.18%),  with the WE group clearly  separated from all  FWE
groups along PC1, reflecting a substantial shift in the volatile profile
driven  by  fermentation-related  organic-acid  accumulation[70].  The
tight  clustering  among  FWE  groups  in  the  PC  space  suggests
convergence of the core metabolite composition once fermentation
has  proceeded  sufficiently,  irrespective  of  inoculation  level.  The
sensory contribution of each volatile, however, depends not only on
its  concentration  but  also  on  its  odor  threshold:  low-threshold
compounds such as  2-heptanone and 3-hydroxy-2-butanone exert
strong  flavor  impact  even  at  low  concentrations,  whereas
high-threshold compounds such as 1-octene contribute marginally
despite higher abundance[71]. The (E)-2-butenyl acetate, 1-propanol,
and  ethyl  butyrate  characteristic  of  the  WE  group  constitute  the
original  flavor  baseline  of  the  unfermented  matrix;  during
fermentation,  these  precursors  are  preferentially  metabolized  or
transformed  by  LAB  intracellular/extracellular  enzymes[72],  leading
to  their  marked  reduction  or  disappearance.  Among  the
fermentation-induced  compounds,  3-hydroxy-2-butanone  notably
enhances  the  creamy-sweet  note  of  the  product;  methylpyrazine,
owing  to  its  extremely  low  odor  threshold,  imparts  the
roasted-nutty  and  caramel-like  aroma  typical  of  thermally
processed yolk lipids[73]; and benzaldehyde—derived from both lipid
peroxidation  and  LAB-mediated  transamination  of  Phe—
contributes  a  characteristic  almond  note  that  further  enriches  the
aromatic complexity of the fermented beverage[74].

 3.16    Effect  of  inoculation  level  on  the  electronic  nose
response of WEB
Electronic  nose  PCA  (Figure  5A)  showed  that  PC1  (99.4%)  and
PC2 (0.31%) explained 99.71% of the variance.  Substantial  overlap
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electronic nose analysis, (D) PCA score plot of electronic tongue analysis, (E) radar chart of electronic tongue components and (F) bioplot score plot of electronic tongue
analysis of WEB.
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was  observed  among  FWE-3%,  FWE-5%,  and  FWE-7%,  which
indicates similar aroma patterns for these groups. By contrast, WE
and  FWE-1%  separated  from  the  other  samples,  which  suggests
that  fermentation  intensity  at  low  inoculation  produced  a  distinct
aroma  profile.  Sensor  response  analysis  (Figure  5B)  showed  that
sensors W1C, W3S, W3C, W6S, and W5C exhibited no significant
changes among the groups. This suggests that the inoculation level
had  no  significant  effect  on  aromatic  compounds  and  long-chain
alkanes. The response values of sensors W1W, W2W, and W5S for
the  FWE-7%  group  were  significantly  higher  than  those  for  other
groups.  This  indicates  that  fermentation  increased  the  content  of
terpenes, nitrogen oxides, and sulfur-containing compounds in the
WEB. Loadings analysis (Figure 5C) revealed that W1W and W1S
contributed the most to PC1 and PC2, respectively. This means the
odor differences in the fermented beverages were primarily  driven
by terpenes  and methane derivatives[75].  During fermentation,  LAB
release  enzymes  such  as  transaminases  and  decarboxylases.  These
enzymes  convert  amino  acids  into  aroma  compounds  like
branched-chain  aldehydes,  alcohols,  and  carboxylic  acids  through
transamination  and  decarboxylation  reactions[40].  Simultaneously,
lipids  are  broken down into  free  fatty  acids  by  lipases.  These  fatty
acids are then oxidized to generate volatile flavor substances such as
alcohols, aldehydes, and acids. These combined metabolic pathways
shape the distinctive aroma profile of the fermented WEB[76−77].

 3.17    Effect  of  inoculation  level  on  the  electronic  tongue
response of WEB
In the PCA results from the electronic tongue analysis (Figure 5D),
PC1  (99.06%)  and  PC2  (0.42%)  together  explained  99.48%  of  the
total  variance.  The WE group clustered closely  with the  FWE-3%,
FWE-5%,  and  FWE-7%  groups  in  the  PC  space.  This  close
clustering  indicated  that  their  taste  profiles  were  similar,  with  no
significant  difference.  In  contrast,  the  FWE-1%  group  was

significantly different from all other groups. The sensor radar chart
(Figure  5E)  showed  that  the  sensors  for  sourness,  saltiness,
bitterness,  astringency,  and  aftertaste  had  the  most  significant
responses  to  the  different  groups.  The  responses  for  umami  and
richness  were  largely  consistent  across  groups.  Based  on  the
evaluation  of  indices  above  the  taste-less  point  (Figure  5E),  the
FWE-3%  group  showed  the  highest  score  for  richness,  which  is
associated  with  umami  aftertaste.  This  result  suggests  that  the
FWE-3% group had the best mouthfeel. Sourness increased with a
higher  inoculation  level.  This  increase  resulted  from  the
accumulation  of  organic  acids  produced  during  fermentation.
These  organic  acids  included  lactic  acid  and  acetic  acid.  The  WE
group  had  significantly  lower  saltiness  and  astringency  but
significantly higher bitterness than the FWE groups (P < 0.05). This
indicated  fermentation  effectively  reduced  the  content  of  bitter
compounds[78].  The  inoculation  level  had  no  obvious  effect  on  the
beverage’s aftertaste. Saltiness and sourness contributed the most to
PC1 and PC2, respectively (Figure 5F). This indicated that saltiness
and  sourness  were  the  primary  taste  dimensions  affected  by  the
inoculation level in the fermented beverage. This is consistent with
the  radar  chart  results  in Figure  5E.  The  catabolism  by  LAB
significantly reduced the content of bitter amino acids in the WEB.
The  sourness  of  the  fermented  beverages  increased  significantly
(P <  0.05).  This  increase  indicated  a  reduction  in  the  content  of
sweet  amino  acids.  The  FWE-3%  group  showed  a  significant
increase  in  richness  (umami  aftertaste),  meaning  its  content  of
umami amino acids was higher. Therefore, the optimal inoculation
level was determined to be 3%.

 3.18    Effect of inoculation level on the sensory evaluation
of WEB
The  sensory  evaluation  results  (Figure  6A)  showed  that  the  WE
group  scored  significantly  lower  than  all  FWE  groups  on  all
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attributes  except  texture.  This  confirmed  that  fermentation
effectively  improved  the  overall  sensory  quality  of  the  WEB.  The
color scores were similar across groups (8–9), all presenting a light
yellow  hue.  The  scores  for  odor,  taste,  and  overall  acceptability
initially increased and then decreased with higher inoculation levels,
peaking at FWE-3%. Under this condition, the organic acids, amino
acids,  and  volatile  aroma  compounds  produced  by  fermentation
were  most  balanced.  This  imparted  a  well-balanced  sweet-sour
taste, eliminated eggy odor, and created a mellow, smooth character
to the beverage[79].  When the inoculation level increased to 5% and
7%,  the  sensory  scores  decreased  significantly.  This  suggests  that
over-fermentation  induced  off-flavors  or  textural  defects[80].  The
trend  for  overall  acceptability  was  consistent  with  the  scores  for
individual attributes.  This further verified that 3% was the optimal
inoculation level. This result strongly aligned with the findings from
the  electronic  tongue  and  electronic  nose  analyses.  The  electronic
tongue  indicated  the  highest  richness  for  FWE-3%,  and  the
electronic nose identified it as the comprehensively optimal group.

 3.19    The correlation analysis among various indicators of
WEB
The  Pearson  correlation  heatmap  (Figure  6B)  systematically
revealed  the  intrinsic  relationships  among  physicochemical
properties,  sensory  attributes,  and  functional  activities  under
different  inoculation  levels.  Color  value  showed  a  significant
positive  correlation  with  IVPD  (P <  0.05).  This  suggests  that  the
mild  unfolding  of  proteins  and  microbial  metabolites  during
fermentation may induce  Maillard  reactions  or  carotenoid  release.
Concurrently,  the  structural  changes  exposed  cleavage  sites  for
enzymes,  synergistically  promoting  the  improvement  in
digestibility[81].  pH  was  significantly  positively  correlated  with
turbidity  and  FRAP  (P <  0.05).  The  pH  reduction  caused  by
fermentation  was  accompanied  by  protein  aggregation.  This
aggregation led to increased turbidity. At the same time, the release
of  reductive  amino  acids  or  peptides  enhanced  the  FRAP.  Color
value  was  significantly  negatively  correlated  with  FRAP  and  pH
(P <  0.05).  This  shows  that  protein  aggregation  in  the  acidic
environment  increased  turbidity  while  reducing  color  clarity[82].
Notably, sensory attributes (odor, color, taste) were all significantly
negatively correlated with pH, turbidity, and FRAP (P < 0.05). This
indicates that while a lower pH was beneficial for improving some
antioxidant  indicators,  excessive  acidification-induced  protein
aggregation  and  increased  turbidity  significantly  impaired  the
product’s appearance and taste[83].

 4    Conclusion
This  study  systematically  elucidated  the  dose-dependent  effects  of
LAB  inoculation  level  on  the  physicochemical  properties,  protein
conformation, and flavor quality of fermented WEB. Fermentation
improved appearance and dispersion uniformity (PDI of FWE-7%
group  decreased  to  0.31)  and  enhanced  antioxidant  capacity
(DPPH  radical  and  ABTS  cation  radical  scavenging  rates  reached
95.84%  (FWE-5%  group)  and  82.14%  (FWE-7%  group),
respectively).  It  also  induced  protein  secondary-structure
rearrangement  and  macromolecular  degradation,  thereby
increasing protein bioaccessibility. Flavor profiling showed that 3%
inoculation  delivered  the  most  favorable  balance  between  aroma
enrichment  and  suppression  of  eggy  odor,  consistent  with  the
highest  sensory  scores.  This  work  establishes  a  quantitative  link
between  inoculation  gradients  and  protein  conformational

evolution  during  WEB  fermentation  and  strengthens  mechanistic
understanding  of  fermentation-driven  structure-function
relationships. Comprehensive quality characterization was achieved
by  integrating  GC-IMS,  electronic  nose,  and  electronic  tongue
datasets.  Further  studies  should  clarify  cholesterol  metabolic
dynamics  during  fermentation  and  validate  the in  vivo efficacy  of
fermentation-derived  bioactive  peptides;  lipidomics  and
peptidomics  are  recommended,  along  with  polysaccharide-protein
composite  strategies  to  enhance  long-term  colloidal  stability.
Overall,  these  findings provide a  practical  basis  for  precise  process
control  and  product  development  of  egg-based  functional
fermented beverages.
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