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Abstract: This  study  aimed  to  investigate  the  difference  between  low-temperature  sterilization  methods  including  induced  electric  field
(IEF)  technology  and  the  high-pressure  microjet  (HPM)  and  traditional  thermal  treatment  including  pasteurization  and  ultra-high
temperature  (UHT)  sterilization  on  the  sterilization  effect  and  physicochemical  properties  of  milk.  The  number  of  harmful  colonies,
particle  size,  thermal  properties,  protein  secondary  structure,  and  microstructure  were  characterized.  Results  demonstrated  that
low-temperature  sterilization  methods  were  equally  effective  as  thermal  sterilization  methods.  Differential  scanning  calorimetry  results
indicated  that  UHT  treatment  had  enhanced  the  thermal  stability  of  proteins  in  milk,  while  IEF  treatment  had  improved  the  thermal
stability of fats in milk. IEF sterilizing milk (IM) sample exhibited the largest particle size, followed by UHT sterilization milk (UM), raw
milk (RM), and pasteurization milk (PM) according to the results of microstructure and size distribution. HPM sterilizing milk (HM) had
the smallest particle size due to high pressure. Fourier transformed infrared spectra revealed that UHT sterilization changed the structure
of milk protein due to the interactions between proteins, and protein-lactose. Conversely, the low-temperature sterilization methods had
less  effect  on  the  protein  structure.  In  conclusion,  IEF  and  HPM  have  the  similar  sterilization  effects  to  that  of  thermal  sterilization
methods,  but  have less  effects  on heat  sensitive proteins,  which has reference significance for  the updating of  sterilization technology in
food field.
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1    Introduction
Dairy foods have attracted significant interests because of their vital
contribution  to  human  dietary  health,  especially  regarding  quality
and  safety[1].  Milk,  serving  as  the  main  ingredient  in  dairy  food,  is
abundant in premium proteins,  fats,  lactose,  and an assortment of
vitamins and minerals[2]. It is also rich in various bioactive immune
proteins,  including  immunoglobulins,  lactoferrin,  and
lactoperoxidase,  which  are  crucial  for  boosting  immune
performance and health promotion.

Sterilization  plays  a  crucial  role  in  dairy  production  to  kill
harmful microorganisms and extend the shelf life of products. The
traditional  thermal  sterilization  methods  include  pasteurization
(Figure  1A)[3],  ultra-high  temperature  (UHT)  sterilization
(Figure  1B)[4],  etc,  among  which  pasteurization  is  widely  used  in
industry[5].  However,  although  these  techniques  can  successfully
remove dangerous microbes, alter the milk’s taste[2,6],  they may also
lead  to  the  depletion  of  key  bioactive  components,  especially
immunoglobulins and lactoferrin, which are especially vulnerable to
harm  in  thermal  processing[7].  Thus,  investigating  innovative
sterilization techniques is crucial to avert their deactivation.

As  low-temperature  and  non-thermal  processing  methods,
induced electric field (IEF) (Figure 1C) and high-pressure microjet
(HPM)  (Figure  1D)  demonstrate  significant  promise  in
sterilization[8−9].  The  fundamental  concept  of  IEF  involves
introducing  a  fluctuating  magnetic  field  to  the  food  medium
through  electromagnetic  induction,  which  in  turn  generates  a
alternating voltage, leading to the destruction of the cell membrane
due  to  electrical  failure[10].  Through  the  pasteurization,  UHT,  IEF,
and  HPM  device  diagrams  shown  in Figure  1,  the  differences  in
different sterilization methods can be intuitively seen.

IEF is a new sterilization technology. Yang et al.[8] found that IEF
treatment could kill the harmful microorganisms through electrical
breakdown. IEF treatment is operated at a lower temperature than
heat sterilization, which can effectively reduce the damage of active
proteins e.g. lactoferrin caused by heat treatment, and is conducive
to the retention of nutrients. The IEF can also effectively sterilize the
juice  and  protect  its  internal  active  components.  After  IEF
treatment,  apple  juice  had  stable  quality  during  storage,  and  there
was  no  adverse  effects  on  phenolic,  flavonoid  content,  color  and
volatile compounds[11−13]. He et al.[10] also reported that kiwi juice had
the  least  color  change  and  the  least  loss  of  total  phenols  and  total
flavonoids  after  IEF  treatment,  compared  to  heat  sterilization. IEF
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also  exhibited  little  effect  on  carotenoids  and  trace  active
components  in  orange juice[14].  So  IEF boasts  an extensive  area  for
development and research in treatment and sterilization.

HPM,  a  prevalent  method  for  liquid  homogenization[15],  is
extensively  utilized  in  food  processing.  This  technology  employs
high-pressure pumps to channel milk into microchannels to refine
and standardize it with the created intense shear, impact, and hole
forces during rapid flow[9]. Previous study revealed that the diameter
of  the fat  sphere in HPM-treated milk could be minimized to less
than  a  micron  to  enhance  the  emulsion’s  physical  stability[16−17],
which could make dairy products’ flavors gentler and softer,  while
also improve the digestibility and absorption speed of the nutrients
in milk[18]. The brief duration of treatment and cooler temperatures
enable  HPM  to  maintain  the  function  of  milk’s  bioactive
components  more  effectively[19−20],  particularly  certain  heat-sensitive
substances  like  immunoglobulin  and  lactoferrin[21].  HPM  is  also
capable  of  maintaining  the  synergistic  techno-functionality  of
perilla protein isolate[22]. Besides the application in homogenization,
HPM may also be a useful method for sterilization. Nonetheless, the
study of HPM in sterilization remains limited, which is meaningful
for further study.

This study aimed to make sure the sterilization effect of IEF and
HPM,  and  compare  the  sterilization  effect  and  physicochemical
properties  of  milk  treated  by  both  thermal  sterilization  and
low-temperature sterilization methods. Bovine milk samples treated
by  pasteurization,  UHT,  IEF,  and  HPM  were  prepared,  and  the
total  number  of  colonies,  particle  size,  thermal  properties,  protein
secondary  structure,  and  microstructure  were  determined.  The
results  can  provide  theoretical  basis  for  the  evaluation  of  new
sterilization technology. 

2    Materials and methods
 

2.1    Materials
Raw  milk  (RM),  pasteurization  sterilized  milk  (PM),  and  UHT
sterilized  milk  (UM)  for  commercial  use  were  provided  by
Heilongjiang  Feihe  Dairy  Co.,  Ltd.  (Harbin,  China).  Milk  was
transported  to  the  laboratory  preserved  at  4  °C.  Colony  counting
tablets were purchased from Guangdong Dayuan Oasis Food Safety
Technology  Co.,  Ltd.  (Guangzhou,  China).  The  chemical  reagents

used  were  sourced  from  Sigma-Aldrich  Chemical  Co.  (St.  Louis,
MO, USA). 

2.2    IEF,  pasteurization,  HPM,  and  UHT  treatments  of
milk
Partial  of  blended  RM  was  served  as  control  group.  PM  and  UM
were  heated  at  72  °C  for  15  s  and  at  130  °C  for  5  s,  respectively
according to the previous methodology[23].  IEF sterilized milk (IM)
was  prepared  by  a  IEF  apparatus  (NIF-10,  INDUC  Scientific  Co.,
Ltd.,  Wuxi,  China)  according  to  the  method  of  Yang  et  al.[8] with
some  modifications.  The  flow  rate,  excitation  voltage,  and
frequency  were  set  as  8  L/h,  800  V,  and  50  kHz  according  to
preliminary  experiment.  The  temperature  of  IM was  55  °C.  HPM
sterilized  milk  (HM)  was  prepared  by  a  laboratory-scale  high
pressure  processor  (HPP.L2-600/2,  Suzhou  Microflow
Nanobiotechnology Co., Ltd., Suzhou, China) for 60 min at 25 °C.
The pressure rose at a rate of 500 psi, eventually reached a pressure
release  of  40  000  psi.  All  samples  were  kept  at  4  °C  for  further
analysis. 

2.3    Microbiological analysis
The  microorganisms  of  samples  including  total  colony  count,
Escherichia  coli, Staphylococcus  aureus,  and Salmonella counts
under different sterilization treatment were measured according to
the  method  of  Bastin  et  al.[24] with  minor  adjustments  in  the
extremely  sterile  table  aseptic  environments.  The  specific  culture
process  was  to  complete  the  process  of  diluting  the  bacterial
solution and sampling the colony counting tablets in a super-clean
table,  and  then  transferred  to  the  incubator  for  18–24  h  at  34  °C.
The  whole  process  ensures  that  there  is  no  interference  from
miscellaneous  bacteria  and  pollutants.  Samples  were  diluted  with
sterilized  distilled  water  to  the  proper  concentration,  and  placed
into colony counting tablets for total colony count, E. coli, S. aureus,
and Salmonella counts, to incubate for 18–24 h. Each concentration
was repeated for three times. 

2.4    Particle size measurement
A  Malvern  3000  zetasizer  (Malvern  Instruments,  Worcestershire,
UK)  was  used  to  determine  the  particle  size  of  milk  samples  with
different  sterilization  treatment  at  25  °C  following  the  method  of
Sun  et  al.[25].  Each  sample  was  measured  at  least  three
measurements. 
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Figure 1    Diagram of sterilization devices of (A) pasteurization, (B) UHT, (C) IEF, and (D) HPM.
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2.5    Differential scanning calorimetry (DSC) measurement
The  thermal  characteristics  of  milk  samples  were  assessed  using  a
differential  scanning  calorimeter  (Mettler  Toledo,  DSC  3,  Zurich,
Switzerland) with the slightly modified method of Sun et al.[23]. The
samples  were  freeze-dried  using  a  freeze-dryer  (Alpha  1–2,  Marin
Christ  Inc.,  Osterode,  Germany)  prior  to  being  measured.  The
specimen  (5  mg)  was  heated  from  30  to  200  °C  at  a  pace  of
10 °C/min, using a sealed blank disk as a benchmark. 

2.6    Fourier  transformed  infrared  (FTIR)  spectroscopy
measurement
FTIR  spectra  of  samples  were  obtained  to  track  milk’s  structural
changes  under  various  sterilization  methods  using  a  Rheonaut
rheometer (Thermo Scientific HAAKE, MARS 40, Waltham, USA)
equipped  with  a  Nicolet  iS10  spectrometer  (Thermo  Fisher
Scientific,  Waltham,  USA).  The  infrared  spectra  of  freeze  dried
samples were documented between 400–4 000 cm−1, with a total of
32 scans. 

2.7    Confocal  laser  scanning  microscope  (CLSM)
observation
The  microstructure  of  milk  samples  was  measured  by  a  FV3000
CLSM  (Olympus,  Oberkochen,  Japan).  Samples  with  1  g/mL
protein were stained using a hybrid fluorescent solution, including
0.02 g/mL fat red for fat visualization, and 0.012 g/mL rhodamine B
for  protein  detection.  Approximately  300  μL  of  dyed  emulsions
were applied to the microscope slides, followed by the application of
cover  slips  over  the  concave  slides.  The  argon  krypton  laser
stimulated  rhodamine  B  and  fat  red  at  wavelengths  of  543  and
633  nm.  Observations  were  conducted  with  a  63  ×  oil  immersion
lens.  A  minimum  of  three  samples  from  every  sample  were
examined  to  capture  typical  micrographs  of  the  samples[25].
Measurements  were  conducted  three  times,  selecting  the  most
representative vision for analysis. 

2.8    Sodium  dodecyl  sulfate-polyacrylamide  gel
electrophoresis (SDS-PAGE) analysis
SDS-PAGE  was  used  to  confirm  the  distribution  of  protein
molecular  weights  among  milk  samples  with  different  sterilization
treatment[23].  The samples were diluted with deionised water to the
protein concentration of 5 mg/mL. The loading buffer and samples
were mixed at a ratio of 1:4 (V/V), and heated in boiling water for
5 min. Then, 10 µL of the sample and the marker were loaded onto
a  polyacrylamide  precast  gel  and  separated  under  the  following
electrophoresis  conditions:  concentrated  gel  working  constant
voltage,  80  V;  separation  gel  working  voltage,  120  V;  and
electrophoresis was stopped when the dye moved to the bottom of
the  precast  gel  (1  cm).  After  electrophoresis,  the  gels  were  stained
with Coomassie brilliant blue, destained with distilled water. 

2.9    Statistical analysis
Data were carefully analyzed by SPSS 22.0 software (IBM SPSS Inc.,
Chicago,  USA).  The  analysis  was  conducted  with  a  confidence
interval of 95% to confirm its statistical relevance. If not specifically
stated,  every  experiment  was  conducted  thrice  (n =  3)  to  confirm
the accuracy of the measurements. A one-way analysis of variance,
employing  a  standard  linear  modeling  approach,  was  used  to
identify  variations  in  average  values.  Significant  differences  were
marked by distinct letters (P < 0.05). 

3    Results and discussion
 

3.1    Sterilization effect of different treatments
As  shown  in Table  1,  it  could  be  observed  that  the  total  colony
count, S. aureus, Salmonella,  and E. coli bacteria for PM, UM, IM,
and HM were nearly 0, which were significantly lower than those of
RM.  It  demonstrated  that  low-temperature  sterilization
technologies  such  as  IEF  and  HPM  can  achieve  the  same
sterilization  effectiveness  as  traditional  heat  treatment  methods.
Results  were  in  accordance  with  previous  studies  which  also
reported that the non-thermal effects generated by electromagnetic
fields had sterilization effect[8,26].
 
 

Table 1    Total  colony  count, E.  coli, S.  aureus,  and Salmonella  count  of  milk
samples treated by different sterilization methods (CFU/mL).

Group Total colony
count

E. coli
count

S. aureus
count

Salmonella
count

RM 7.4 × 105 1.21 × 104 1 × 102 3.1 × 103

PM 0 0 0 0
UM 0 0 0 0
IM 0 0 0 0
HM 0 0 0 0

  

3.2    Particle size of milk
As  shown  in Figure  2,  HM  exhibited  the  smallest  particle  size
compared  with  the  other  groups.  The  dissolution  of  milk
components caused by HPM may be responsible for the decrease in
milk  particle  size[27].  The  hydrophobic  interaction  between  the
molecules  of  micelles  can  be  reduced by  high  pressure.  Therefore,
casein  micelles  are  destroyed  under  high  pressure  and  micellar
calcium phosphate[28−29].  Within the particle  size  range of  1–10 μm,
the  particle  size  peak strength  of  PM was  the  highest,  followed by
RM, UM, and IM. For particle sizes greater than 20 μm, the particle
size  peak  strength  of  IM was  significantly  larger  than  those  of  the
UM,  RM,  and  PM  samples,  which  was  attributed  to  the  protein
aggregation  or  the  binding  of  fat  and  protein  caused  by  electric
field[30].  Furthermore, UM showed larger particle size than those of
RM and PM. This is  because that high temperature treatment can
lead  to  the  denaturation  and  aggregation  of  milk  protein[31].
Sun  et  al.[23] reported  the  similar  results  that  the  particle  sizes  of
UHT infant formula protein model samples were larger than those
of pasteurized samples. 
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3.3    DSC analysis of milk
As  shown  in Figure  3,  each  sample  exhibited  two  endothermic
peaks in the 25–50 °C range, which represent the melting process of
solid fat in milk as reported by Szulc et al.[32] and Brozek et al.[33]. The
two  endothermic  peak  temperatures  of  RM  are  32.8  and  37.2  °C,
respectively.  PM  showed  the  similar  endothermic  peak
temperatures  (32.7  and  37.4  °C)  to  those  of  RM.  The  decreased
temperatures of UM (28.0 and 36.6 °C) and HM (27.8 and 35.8 °C)
and  the  increased  temperatures  of  IM  (32.6  and  39.9  °C)  of  the
endothermic  peaks  indicated  that  IEF  can  improve  the  thermal
stability  of  milk  fat,  while  UHT  and  HPM  can  reduce  its  thermal
stability.  The  fat  in  milk  typically  exhibits  polymorphism  during
melting  and  crystallization  processes[34],  so  IEF  treatment  can
transform the crystal structure of milk fat into a more stable form.

The  endothermic  peaks  in  the  75–125  °C  range  shown  in
Figure 3 represented the denaturation of milk proteins according to
the  previous  studies[32].  Compared  to  RM  (92.7  °C),  the  protein
denaturation  temperature  of  PM,  IM,  and  HM  shifted  towards
lower values (90.4,  86.4,  and 86.9 °C).  Conversely,  UHT treatment
increased  the  temperature  of  protein  denaturation  with  the
endothermic  peak  to  120.9  °C,  which  was  related  to  the  Maillard
reaction between proteins and lactose molecules in milk under heat
treatment  conditions[23].  Previous  studies  by  Liu  et  al.[35] also
demonstrated  that  glycation  reactions  can  enhance  the  thermal
stability of proteins. 

3.4    FTIR spectra analysis of milk
As shown in Figure 4A, the wavenumber of the first  characteristic
peak of RM is 3 281.91 cm–1.  The characteristic peaks of PM, UM,
IM,  and  HM  increased  to  3  281.36,  3  285.16,  3  289.15,  and

3 288.1 cm–1, respectively. The shifted peaks in the range of 3 000 to
3 500 cm–1 indicated the presence of O–H stretching vibrations and
suggested  the  formation of  hydrogen bonds  between molecules  in
the milk samples[36].

The  peaks  in  the  wavenumber  range  of  1  600–1  700  cm–1

represent amide I vibration caused by the stretching of C=O bonds,
while  the  peaks  in  the  wavenumber  range  of  1  500–1  600  cm–1

represent  amide  vibration  caused  by  the  C–N  stretching  coupled
with  N–H  bending  vibration[37].  As  shown  in Figure  4A,  the
characteristic peak positions of amide I vibration for RM, PM, UM,
IM,  and  HM  were  1  644.96,  1  645.32,  1  640.48,  1  645.36,  and
1  645.38  cm–1,  respectively.  The  characteristic  peak  positions  of
amide II  vibration for RM, PM, UM, IM, and HM were 1 539.34,
1  539.39,  1  537.33,  1  539.23,  and  1  539.39  cm–1,  respectively.  The
shift  of  characteristic  peaks  of  PM,  IM,  UM,  and  HM  samples
suggested that different sterilization treatments have a certain effect
on the protein structure. The characteristic peak shift of HM might
be  caused  by  protein  depolymerization  under  high  pressure.  The
absorption peak positions of PM and UM in the 1 500–1 700 cm–1

range  shifted  compared  to  RM,  which  was  due  to  the  Maillard
reaction between lactose and proteins[38]. This also explains the C=O
stretching  vibrations  and  N–H  bending  vibrations[39].
Sereechantarerk  et  al.[40] mentioned  that  electric  field  technology
might alter the protein structure in milk, and the shift in absorption
peak positions in the 1 500–1 700 cm–1 range for IM compared to
RM supported this point. Additionally, in this study, all five samples
exhibited  two  distinct  absorption  peaks  in  the  2  800–3  000  cm–1

range, with varying positions, related to –CH stretching vibrations,
suggesting  that  different  sterilization  methods  altered  the
hydrocarbon chain disorder in the samples[41].
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Figure 3    The DSC curves of milk samples treated by different sterilization methods. (A) RM, (B) PM, (C) UM, (D) IM, and (E) HM.
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This  study  referenced  the  method  by  Gao  et  al.[42],  employing
OMNIC  and  Peakfit  software  to  perform  Fourier
self-deconvolution and second derivative operations on the amide I

band  data  of  various  samples.  The  relative  contents  of β-sheet
(1  600–1  640  cm–1),  random  coil  (1  640–1  650  cm–1), α-helix
(1 650–1 660 cm–1), and β-turn (1 660–1 700 cm–1) were shown in
Figure 4B. The β-sheet is considered a major component of protein
secondary  structure[43].  There  were  no  significant  differences  in
secondary  structure  relative  content  between  PM,  IM,  HM,  and
RM. However, the β-sheet relative content in UM was significantly
reduced  compared  to  RM,  indicating  a  decrease  in  hydrogen
bonding between molecules. Combined with the conclusions drawn
from Figure  4A,  it  could  be  concluded  that  the  Maillard  reaction
occurring  between  lactose  and  protein  has  led  to  partial
depolymerization of the protein molecules. 

3.5    CLSM analysis of milk
As  shown  in Figure  5,  there  were  significant  differences  in  the
CLSM  images  of  milk  samples  treated  with  various  sterilization
methods.  The particles in HM could hardly be observed in CLSM
images  due  to  high  pressure,  so  result  was  not  given  here.  After
pasteurization  and  UHT  treatment,  the  size  of  the  fat  globules  in
the samples significantly increased, while the PM samples exhibited
some  larger  protein  particles,  but  most  protein  particles  were
smaller  and  more  densely  packed.  The  UM  samples  had  larger
protein particles but were more loosely distributed. This was due to
the  aggregation  and  denaturation  of  proteins  during  the  Maillard
reaction  between  proteins  and  lactose  under  heat  treatment
conditions[44],  which  was  consistent  with  previous  DSC  analysis
results. Additionally, irregular shapes of fat globules were observed
in  the  UM  samples,  due  to  the  destruction  of  the  membrane
structure  on  the  surface  of  the  fat  globules  caused  by  ultra-high
temperature[45].  The  IM  samples  had  larger  protein  particles  but
smaller  fat  globules,  and  they  were  more  dispersed  compared  to
UM and PM. The reason for  this  phenomenon is  that  the electric
field  causes  adsorption  on  certain  charged  groups  of  protein
molecules,  leading  to  protein  aggregation[46].  As  the  temperature
increases, proteins in milk gradually aggregated on the surface of fat
globules  and  combine  with  fat.  Therefore,  fat  globule  particles  in
PM  and  UM  were  larger,  while  IEF,  as  a  low-temperature
pasteurization method, resulted in fat globules in IM samples being
finer  and more dispersed[47].  The findings  reported by Yang et  al.[8]

were consistent with this study. 

 

4 000 3 600 3 200

3 288.10 2 917.17
2 850.41

2 849.82
1 645.36

1 640.482 851.96
2 921.31

3 285.16

3 281.36 2 917.04
2 850.58

2 850.67 1 539.341 644.96

1 539.391 645.32

2 917.613 281.91

(A)

(B)

1 537.33

1 539.23

1 539.391 645.38

2 916.103 289.15

2 800
Wavenumber (cm−1)

2 400 2 000 1 600

100

80

RM

RM

PM

PM

UM

UM

Group
IM

IM

HM

HM

50505151

18 18 18

18
β-Turn
α-Helix
Random coil
β-Sheet

19

17

17 17 17

17

1515151515

48

60

Re
la

tiv
e 

co
nt

en
t (

%
)

40

20

0

1 200
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3.6    SDS-PAGE analysis of milk
As  shown  in Figure  6, β-lactoglobulin  (β-Lg),  casein,  and  bovine
serum  albumin  (BSA)  are  the  main  components  of  whey  protein.
There were no significant differences in the bands corresponding to
the  main  proteins  among  the  samples,  indicating  that  different
pasteurization  methods  do  not  significantly  affect  the  content  of
these  proteins  in  cow’s  milk,  which  was  similar  to  the  results
observed  by  Yang  et  al.[8].  For  the  bands  corresponding  to  protein
molecular  weights  in  the  range  of  70–180  kDa,  the  bands  in  the
UM sample were less prominent compared to other samples, which
might be due to the denaturation of protein structures under ultra-
high  temperature  treatment,  leading  to  the  Maillard  reaction
between  lactose  and  proteins,  resulting  in  a  reduction  in  protein
molecular weight[48].
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Figure 6    The  SDS-PAGE  images  of  milk  samples  treated  by  different
sterilization methods. 

4    Conclusion
The  low-temperature  IEF,  and  HPM  technologies  had  similar
sterilization  effects  to  that  of  traditional  thermal  sterilization
methods including pasteurization and UHT, the thermal stability of
proteins  in  milk  was  improved  by  UHT,  while  IEF  enhanced  the
thermal  stability  of  fats  in  milk.  HM had the  smallest  particle  size
due  to  high  pressure.  Thermal  sterilization  can  change  the
secondary structure of milk protein by Maillard reaction as well as
protein  aggregation.  Under  high  temperatures,  fat  globules  also
aggregate  on  the  protein  surface,  increasing  the  particle  size,
whereas  IEF  treatment  helps  disperse  the  fat  globules  in  milk.
Currently,  the  specific  mechanisms  by  which  technologies  such  as
IEF, HPP, UHT, and pasteurization affect the proteins and fats in milk
during the sterilization process are not well understood. Therefore,
further  theoretical  research  is  needed  to  explore  how  these
sterilization  technologies  impact  the  nutritional  components  in
milk and how they can be applied to create operational dairy food. 
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