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Abstract. This systematic review evaluates the application of 
microparticulated whey protein (MWP) and their derivatives as fat replacer 
in yogurt and cheese, based on synthesis of 15 studies. The findings 
consistently showed that MWP effectively mimics the functional properties 
of fat, offering promising solution for creating healthier, low-fat dairy 
products. In both yogurt and cheese models, MWP was found to 
significantly improve texture and rheology. It enhanced desirable textural 
attributes by forming a more compact, interconnected protein network. In 
yogurt, this also led to enhanced water holding capacity and reduced 
syneresis. The MWP's effectiveness is highly dependent on its specific 
characteristics, such as particle size and the ratio of native to denatured 
proteins. The microparticulated form is essential; simple protein isolates do 
not yield the same textural benefits. MWP also positively impacted sensory 
attributes. In yogurt, it imparted a smoother, creamier mouthfeel, resulting 
in higher overall sensory scores. In cheese, MWP generally improved 
functional properties by softening low-fat cheeses, restoring elasticity, or 
enhancing spreadability. Studies on petit-suisse, Caciotta, processed cheese, 
and Cheddar consistently showed better texture, higher moisture retention, 
and more cohesive microstructures compared to low-fat controls. While not 
always fully replicating the sensory profile of full-fat products, MWP-
fortified low-fat versions consistently outperformed fat-free controls. 
Overall, MWP serves as a versatile, clean-label fat mimetic that successfully 
addresses the quality challenges of fat reduction, supporting the 
development of nutritious and appealing dairy foods. 

1 Background 
 
The demand for reduced-fat dairy products has surged globally due to growing health 
consciousness, yet fat reduction often compromises sensory properties such as creaminess 
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and smooth mouthfeel—critical attributes for consumer acceptance. Microparticulated whey 
protein (MWP) is defined as spherical protein aggregates with particle sizes typically ranging 
from 0.1 to 10 µm, designed to replicate the structural and sensory properties of fat globules 
in reduced-fat food systems. Microparticulated Whey Protein (MWP) offers a compelling 
solution: these micron-sized, spherical whey protein aggregates (typically 0.1–10 μm) 
emulate the lubrication and texture of fat droplets, enabling calorie reduction while 
preserving mouthfeel quality [1]. Because MWP is derived from milk proteins and 
demonstrates its highest compatibility within protein-rich, aqueous matrices, dairy products 
represent the most suitable model systems for its application. In these products, fat strongly 
influences structural, rheological, and sensory attributes, making them ideal for evaluating 
the ability of MWP to replace or replicate fat functionality. 

In yogurt, removal of fat leads to weaker casein networks and increased syneresis, 
resulting in a grainy and watery mouthfeel. Traditional strategies—using stabilizers like 
hydrocolloids or skim milk powder—bulk the matrix but fail to replicate the sensory profile 
of fat. MWP compensates by functioning as a tribological fat mimetic: the spherical particles 
reduce friction between casein-protein aggregates, lowering oral friction (‘ball-bearing’ 
effect) and thereby restoring viscosity and creaminess without imparting a starchy or gummy 
texture [1]. In stirred yogurt, the incorporation of extruded MWP significantly reduced 
syneresis and increased firmness. These improvements were correlated with particle sizes in 
the 0.1–10 μm range, as smaller particles more effectively integrated into the casein gel 
network, thereby strengthening structural integrity and improving water retention [2], [3]. 

Similarly, in cheese, fat serves structural and textural functions by creating lubrication 
and creating matrix weaknesses that allow melting. Fat reduction typically yields a firmer, 
drier texture. In reduced-fat cheese, MWP acts as a filler within the protein matrix, 
interrupting the dense casein network typically formed when fat is removed. This structural 
modification enhances meltability, reduces hardness, and improves flowability—parameters 
strongly associated with consumer perception of texture quality in cheese [3] 

The production of MWP generally begins with whey protein concentrates or isolates 
obtained through membrane separation technologies such as ultrafiltration or microfiltration. 
These protein solutions are subsequently subjected to a combination of thermal and 
mechanical processes, most commonly heating to 80–90 °C to induce protein unfolding and 
aggregation, followed by the application of high shear through homogenization to refine the 
size and shape of the resulting particles. Spray-drying is commonly used to stabilize MWP 
into powder form, and parameters such as inlet temperature and drying rate critically 
determine particle morphology. These morphological features in turn influence dispersibility 
in dairy matrices and functional outcomes such as viscosity enhancement and water retention 
[4].  

Although numerous studies have explored the functional properties of MWP, the 
available findings remain fragmented and have not yet been systematically integrated to 
provide a clear understanding of its performance across different dairy matrices. To fill this 
gap, the present systematic review focuses specifically on the application of MWP in yogurt 
and cheese—two dairy products where creaminess and texture are essential—and critically 
assesses physicochemical, structural, and sensory outcomes. By concentrating on yogurt and 
cheese as primary model systems, this review aims to clarify the current state of MWP 
technology, elucidate its sensory advantages, and identify areas requiring further 
investigation to support wider industrial adoption. 

2 Methods 
A systematic literature search was conducted using the ScienceDirect database to identify 

relevant studies investigating the application of microparticulated whey protein (MWP) in 
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yogurt and cheese. Search terms included “microparticulated whey protein” OR “whey 
protein microparticles” OR “whey protein microgels” OR “protein-based fat replacer” 
combined with matrix-related terms such as “yogurt” and “cheese”. The initial search yielded 
516 records. 

Abstracts and full-texts of these studies were then reviewed for eligibility according to 
the following inclusion criteria: (i) studies written in English, (ii) research articles (not 
reviews, book chapters, or conference abstracts), and (iii) studies reporting on compositional, 
structural, textural, sensory, or functional outcomes. Studies focusing on other dairy or non-
dairy systems were excluded. 

Following this content-based screening, 23 articles were retained. After removing 
duplicates and studies with insufficient methodological detail, 15 articles were included in 
the final review. Data were systematically extracted on study design, such as treatments of 
the studies, dairy product type, analytical approaches, and key outcomes related to texture, 
microstructure, sensory, and functional properties. 

3 Results and Discussion 
The application of microparticulated whey proteins (MWPs) consistently improved the 
physicochemical, rheological, and sensory attributes of reduced- and low-fat dairy products 
by serving as an effective fat mimetic. While fat provides lubrication and structural integrity 
through its dispersed globules, MWPs successfully replicate this function by integrating into 
the protein matrix. This section details the specific effects of MWPs in yogurt and cheese, 
highlighting the unique mechanisms at play in each product. 

3.1 Textural and Rheological Outcomes in Yogurt 

Across multiple studies, MWPs consistently enhanced textural and rheological properties 
in reduced- and low-fat yogurts. The most common improvements were increases in 
firmness, viscosity, and gel strength, which closely mirrored the structural roles of fat in full-
fat controls. For instance, supplementation with WPC in semi-skimmed high-protein yogurts 
significantly improved firmness, consistency, and apparent viscosity compared with MWP, 
whereas low-fat stirred yogurts containing high native-to-denatured (N/D) ratio MWPs 
demonstrated elevated viscosity, yield stress, and elastic modulus (G′) at protein levels of 5% 
[5]. Similar patterns were observed with liquid extruded MWPs (eMWPs), which formed 
firmer gels than powdered MWPs in reduced-fat yogurts, and with WPEGM containing milk 
fat, which generated superior hardness and consistency compared with vegetable oil variants 
[2]. Notably, particle size showed a negative correlation with viscosity, highlighting the role 
of submicron particles (<3 μm) as effective fillers. However, excessive WPC addition (>5%) 
induced lumpiness due to protein aggregation, contrasting with MWPs’ inert filler function 
that prevented such defects but yielded softer gels [6]. 

The underlying mechanism can be explained by MWPs’ interactions with casein micelles 
during acidification, forming denser protein networks through disulfide bonding and 
hydrophobic interactions. High native protein content supports stronger integration into the 
casein matrix, increasing gel rigidity, while smaller particle sizes act as active fillers that 
reduce serum separation and enhance viscoelasticity. These observations align with the “ball 
model” of yogurt gelation, where MWPs fill structural voids and reinforce the protein matrix.  
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3.2 Microstructural Outcomes in Yogurt 

Microstructural analyses consistently confirmed these rheological trends. Yogurts 
fortified with MWPs displayed denser, more interconnected protein networks than low-fat 
controls, as shown by confocal laser scanning microscopy (CLSM) and scanning electron 
microscopy (SEM). For example, MWP addition produced finer, more uniform pore 
structures, whereas WPC led to irregular aggregates with weak connectivity [6]. Similarly, 
high native/soluble protein MWPs (<1 μm) yielded homogeneous networks comparable to 
full-fat yogurts, while low-native MWPs generated looser matrices. In fat-free yogurts, 
monodisperse fractal aggregates (MFA) produced denser matrices and smaller pores 
compared to polydisperse aggregates (PFA) or whey protein isolate (WPI) [7]. Research 
about whey protein emulsion gel microparticles [8] formed compact voids, in contrast to the 
branched networks of vegetable oil-based variants. Together, these findings confirm that 
MWPs promote compact gel structures, thereby mimicking full-fat microstructures. 

The consistent formation of denser microstructures is theoretically attributed to MWPs’ 
pre-denatured state, which enhances dispersion and incorporation into the casein gel. 
Smaller, monodisperse particles promote cohesive, fractal-like networks, consistent with 
diffusion-limited aggregation theory, whereas polydisperse or larger particles disrupt 
connectivity and create weak, open structure). 

3.3 Sensory Outcomes in Yogurt 

Sensory evaluation studies generally indicated improvements in creaminess, body, and 
overall acceptability following MWP incorporation. Reduced-fat yogurts with eMWPs 
scored higher for creaminess and smoothness than full-fat references, effectively masking 
fat-free roughness [2]. High N/D MWPs increased body and delayed meltdown, while MFA-
fortified yogurts were perceived as firmer and smoother compared to PFA or WPI controls 
[7]. Aroma was also positively affected: MWPs enhanced fruity-buttery volatiles (e.g., 
acetaldehyde, diacetyl), while WPC contributed more ketone- and acid-derived volatile [6]. 
Divergent findings included slightly sourer notes in high-native MWPs, likely due to flavor 
binding capacity [5].  

These outcomes support the role of MWPs as fat mimetics, where small particles provide 
lubrication in the oral cavity and mimic fat’s creamy perception through tribological effects. 
Furthermore, pre-denatured proteins reduce protein-flavor binding, improving volatile 
release, while high-native proteins may exert the opposite effect. 

3.4 Functional Outcomes in Yogurt 

MWP addition uniformly reduced syneresis and improved storage stability. eMWPs, due 
to their hydration ability, decreased whey separation more effectively than powdered MWPs 
[2]. MFA, PFA, and WPI all reduced syneresis at higher inclusion levels, though MFA was 
most effective due to its monodispersity [7]. WPEGM variants also exhibited enhanced water 
retention, maintaining stability for up to three weeks [8]. These results can be explained by 
MWPs’ increased water-binding capacity, which stabilizes the gel network against 
gravitational drainage, as predicted by capillary drainage models. 

3.5 Cheese: Texture and Functional Outcomes 

From all the data collected, the cheeses analyzed in this study were limited to soft cheese 
(spread and petit-suisse), semi-hard cheese (Caciotta), hard cheese (Cheddar), and cheese 
powder. In cheese, MWPs consistently improved rheology, mainly by softening low-fat 
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cheeses and restoring elasticity. In reduced-fat spreads and petit-suisse, MWPs maintained 
texture similar to full-fat variants even at 40% fat reduction [9]. Low-fat Caciotta fortified 
with MWPC and exopolysaccharide (EPS)-producing cultures showed softer, springier 
textures [10]. Whey protein microcoagulate (WPM) addition in processed cheese increased 
hardness and viscosity in a dose-dependent manner but preserved pseudoplastic behavior 
[11]. Similarly, Cheddar with microgel WPMs demonstrated reduced hardness and improved 
fluidity, mimicking the effects of fat [12]. Semihard cheeses with denatured whey protein 
concentrate (DWPC) showed reinforced networks, acting as active fillers comparable to 
caseins [13]. These results indicate that MWPs act either as inert fillers (softening) or active 
fillers (rigidifying), depending on particle state and cheese type. 

Functionally, MWPs improved yield, moisture retention, and stability. Low-fat Caciotta 
with MWPC showed significant increases in yield and moisture, approaching full-fat values 
[10], [14]. DWPC aggregates enhanced water binding in semihard cheeses [13], while cheese 
powders with microparticulated proteins displayed better reconstitution and flowability [15]. 
These functional gains can be explained by MWPs’ hydrophilic surfaces, which bind water 
and improve curd stability, in line with Darcy’s law for fluid retention in porous matrices. 

3.6 Cheese: Microstructural and Sensory Outcomes 

Microstructural studies confirmed that MWPs restored compactness and reduced porosity 
in reduced-fat cheeses. For example, CLSM analyses revealed that WPM microgels were 
evenly distributed within Cheddar, loosening dense casein networks [12]. Similarly, petit-
suisse with MWPs showed smooth, integrated particles without large aggregates [9]. Sensory 
analyses aligned with these microstructural improvements: MWPs increased flavor intensity, 
creaminess, and acceptability, offsetting typical low-fat defects [10], [12], [15]. These 
findings reflect MWPs’ role as fat replacers, providing oral lubrication and flavor 
enhancement consistent with tribological principles. 

Collectively, evidence across yogurt and cheese models demonstrates that MWPs and 
their derivatives consistently improve textural, structural, sensory, and functional properties 
in reduced- and low-fat products. The most critical factors are particle size (<3–4 μm) and 
degree of denaturation (70–90%), which determine whether MWPs act as active or inert 
fillers. While yogurt studies emphasized improvements in firmness, microstructure, and 
aroma release, cheese applications highlighted enhanced elasticity, moisture retention, and 
yield. Divergences—such as lumpiness at high WPC concentrations in yogurt or reduced 
meltability in some WPM cheeses—reflect matrix-specific interactions. These results 
collectively support MWPs as versatile, sustainable fat replacers that valorize whey 
byproducts while meeting consumer demands for healthier dairy products [9], [10], [12], 
[13], [14], [15]. 

 

Conclusion 
This systematic review concludes that microparticulated whey proteins (MWPs) effectively 
function as multifunctional fat replacers and protein fortifiers in yogurt and cheese, 
consistently enhancing texture, microstructure, sensory quality, and moisture retention while 
reducing syneresis. Evidence across studies shows that MWP performance is strongly driven 
by particle size and degree of denaturation, enabling MWPs to reinforce casein networks and 
mimic structural and tribological roles of fat. These properties make MWPs promising 
ingredients for developing healthier, lower-fat dairy products without compromising 
consumer acceptance. Future research should optimize MWP production parameters and 
explore their application in emerging hybrid dairy-plant systems. 
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co

rr
el

at
io

n 
be

tw
ee

n 
eM

W
P 

pa
rti

cl
e 

si
ze

 (0
.1

–1
0 

μm
) a

nd
 v

is
co

si
ty

; s
m

al
le

r 
pa

rti
cl

es
 (<

3 
μm

) e
nh

an
ce

d 
fir

m
ne

ss
 a

nd
 c

re
am

in
es

s. 

N
/A

 

R
ed

uc
ed

-f
at

 e
M

W
P 

yo
gu

rts
 sc

or
ed

 h
ig

he
r f

or
 

cr
ea

m
in

es
s, 

th
ic

kn
es

s, 
an

d 
sm

oo
th

ne
ss

 th
an

 fu
ll-

fa
t 

co
nt

ro
ls

. S
m

al
l p

ar
tic

le
s 

(<
3 

μm
) b

oo
st

ed
 

cr
ea

m
in

es
s p

er
ce

pt
io

n.
 A

ll 
M

W
P 

yo
gu

rts
 im

pr
ov

ed
 

sm
oo

th
ne

ss
, m

as
ki

ng
 fa

t-
fr

ee
 ro

ug
hn

es
s. 

eM
W

P 
yo

gu
rts

 w
er

e 
pr

ef
er

re
d 

ov
er

 fu
ll-

fa
t a

nd
 m

ar
ke

t 
pr

od
uc

ts
 d

ue
 to

 e
nh

an
ce

d 
te

xt
ur

e.
 

eM
W

P 
yo

gu
rts

 h
ad

 
lo

w
er

 sy
ne

re
si

s 
th

an
 p

ow
de

re
d 

M
W

Ps
, l

in
ke

d 
to

 
be

tte
r h

yd
ra

tio
n 

an
d 

pa
rti

cl
e 

si
ze

/d
ry

 
m

at
te

r e
ff

ec
ts

. 

Ex
tru

de
d 

M
W

Ps
 in

 
su

sp
en

si
on

 o
ut

pe
rf

or
m

 
po

w
de

re
d 

fo
rm

s, 
re

du
ci

ng
 sy

ne
re

si
s a

nd
 

im
pr

ov
in

g 
te

xt
ur

e.
 

Pa
rti

cl
e 

si
ze

 c
rit

ic
al

ly
 

de
te

rm
in

es
 

in
st

ru
m

en
ta

l a
nd

 
se

ns
or

y 
qu

al
iti

es
; 

sm
al

le
r e

M
W

Ps
 y

ie
ld

 
fir

m
er

, c
re

am
ie

r 
pr

od
uc

ts
. 

Lo
w

-f
at

 
st

irr
ed

 
yo

gu
rt 

[1
6]

 

Fo
ur

 M
W

Ps
 w

ith
 v

ar
yi

ng
 

co
m

po
si

tio
ns

 a
nd

 
pr

op
er

tie
s a

dd
ed

 a
s f

at
 

re
pl

ac
er

s, 
co

m
pa

re
d 

to
 

fu
ll-

fa
t (

FF
Y

) a
nd

 lo
w

-f
at

 
(L

FY
) y

og
ur

ts
. 

N
/A

 

FF
Y

 h
ad

 a
 c

om
pa

ct
 

ne
tw

or
k 

w
ith

 fa
t g

lo
bu

le
s 

as
 li

nk
s. 

LF
Y

 sh
ow

ed
 a

 
po

ro
us

 n
et

w
or

k 
w

ith
 se

ru
m

 
ch

an
ne

ls
. H

ig
h 

na
tiv

e/
so

lu
bl

e 
pr

ot
ei

n 
M

W
Ps

 fo
rm

ed
 d

en
se

, 

Fr
ac

ta
l d

im
en

si
on

 
qu

an
tif

ie
d 

ne
tw

or
k 

ro
ug

hn
es

s;
 h

ig
h 

na
tiv

e 
M

W
Ps

 (M
3,

 M
C

) m
at

ch
ed

 
FF

Y
 c

om
pl

ex
ity

. P
C

A
 

gr
ou

pe
d 

hi
gh

 n
at

iv
e 

M
W

Ps
 w

ith
 F

FY
 a

nd
 lo

w
 

 

M
W

P 
m

ic
ro

st
ru

ct
ur

e 
de

te
rm

in
es

 fa
t r

ep
la

ce
r 

ef
fic

ac
y.

 H
ig

h 
na

tiv
e/

so
lu

bl
e 

pr
ot

ei
n 

M
W

Ps
 c

re
at

e 
de

ns
e 

ne
tw

or
ks

 a
ki

n 
to

 fu
ll-

fa
t y

og
ur

t. 
Fr

ac
ta

l a
nd
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Pr
od

uc
ts

 
T

re
at

m
en

ts
 

T
ex

tu
re

 O
ut

co
m

es
 

M
ic

ro
st

ru
ct

ur
es

 
Se

ns
or

y 
O

ut
co

m
es

 
O

th
er

s 
C

on
cl

us
io

n 
ho

m
og

en
eo

us
 n

et
w

or
ks

 
lik

e 
FF

Y
; l

ow
 n

at
iv

e 
M

W
Ps

 y
ie

ld
ed

 lo
os

er
 

st
ru

ct
ur

es
 li

ke
 L

FY
. 

na
tiv

e 
w

ith
 L

FY
, 

va
lid

at
in

g 
vi

su
al

 a
nd

 
fr

ac
ta

l a
na

ly
se

s. 
H

ig
h 

na
tiv

e/
so

lu
bl

e 
pr

ot
ei

ns
 a

nd
 

sm
al

l p
ar

tic
le

s (
<1

 μ
m

) 
m

im
ic

ke
d 

fu
ll-

fa
t s

tru
ct

ur
e 

vi
a 

ca
se

in
 in

te
ra

ct
io

ns
. 

PC
A

 a
na

ly
se

s 
ob

je
ct

iv
el

y 
gu

id
e 

M
W

P 
se

le
ct

io
n 

fo
r 

de
si

re
d 

lo
w

-f
at

 
pr

op
er

tie
s. 

Lo
w

-f
at

 
st

irr
ed

 
yo

gu
rt 

[5
] 

Te
n 

M
W

P 
po

w
de

rs
 a

dd
ed

 
to

 re
ac

h 
4.

25
%

 o
r 5

.0
%

 
to

ta
l p

ro
te

in
, c

om
pa

re
d 

to
 

fu
ll-

fa
t (

3.
5%

 fa
t/p

ro
te

in
) 

an
d 

lo
w

-f
at

 c
on

tro
ls

. 

A
ll 

yo
gu

rts
 w

er
e 

sh
ea

r-
th

in
ni

ng
. M

W
P 

ad
di

tio
n,

 
es

pe
ci

al
ly

 a
t 5

.0
%

 p
ro

te
in

, 
im

pr
ov

ed
 rh

eo
lo

gy
. H

ig
h 

na
tiv

e-
to

-d
en

at
ur

ed
 (N

/D
) r

at
io

 
M

W
Ps

 in
cr

ea
se

d 
vi

sc
os

ity
, 

yi
el

d 
st

re
ss

, a
nd

 e
la

st
ic

 m
od

ul
us

 
fo

r g
el

-li
ke

 te
xt

ur
e.

 
D

en
at

ur
at

io
n 

le
ve

l o
ut

w
ei

gh
ed

 
in

iti
al

 p
ar

tic
le

 si
ze

; h
ig

h 
na

tiv
e 

M
W

Ps
 in

te
gr

at
ed

 b
et

te
r, 

re
du

ci
ng

 g
ra

in
in

es
s. 

N
/A

 

H
ig

h 
N

/D
 M

W
Ps

 
en

ha
nc

ed
 c

re
am

in
es

s, 
vi

sc
os

ity
, b

od
y,

 a
nd

 sl
ow

 
m

el
td

ow
n,

 m
at

ch
in

g 
fu

ll-
fa

t. 
Lo

w
 N

/D
 M

W
Ps

 g
av

e 
sm

oo
th

er
, r

op
ie

r t
ex

tu
re

 
w

ith
 h

ig
he

r s
yn

er
es

is
 a

nd
 

so
ur

 ta
st

e 
fr

om
 fl

av
or

 
bi

nd
in

g.
 S

tro
ng

 c
or

re
la

tio
n 

be
tw

ee
n 

rh
eo

lo
gy

 a
nd

 
se

ns
or

y 
at

tri
bu

te
s e

na
bl

es
 

pr
ed

ic
tiv

e 
te

st
in

g.
 

N
/A

 

H
ig

h 
na

tiv
e 

pr
ot

ei
n 

M
W

Ps
 e

xc
el

 a
s f

at
 

re
pl

ac
er

s, 
fo

rm
in

g 
ne

tw
or

ks
 li

ke
 fu

ll-
fa

t 
yo

gu
rt.

 D
en

at
ur

at
io

n 
co

nt
ro

l i
s e

ss
en

tia
l; 

in
st

ru
m

en
ta

l-s
en

so
ry

 
co

rr
el

at
io

ns
 a

id
 

fo
rm

ul
at

io
n 

op
tim

iz
at

io
n.

 

Fa
t-f

re
e 

se
t-

ty
pe

 y
og

ur
t 

[7
] 

Pr
e-

fo
rm

ed
 m

on
od

is
pe

rs
e 

fr
ac

ta
l a

gg
re

ga
te

s (
M

FA
) 

an
d 

po
ly

di
sp

er
se

 fr
ac

ta
l 

ag
gr

eg
at

es
 (P

FA
) a

dd
ed

 
to

 sk
im

 m
ilk

 a
t 0

.2
–1

.5
%

 
(w

/w
), 

w
ith

 n
at

iv
e 

w
he

y 
pr

ot
ei

n 
is

ol
at

e 
(W

PI
) a

s 
co

nt
ro

l. 

G
′, 

yi
el

d 
st

re
ss

, a
nd

 fi
rm

ne
ss

 
ro

se
 w

ith
 c

on
ce

nt
ra

tio
n.

 M
FA

 
yo

gu
rts

 w
er

e 
st

ro
ng

er
 a

nd
 

fir
m

er
 th

an
 P

FA
, e

sp
ec

ia
lly

 a
t 

hi
gh

 le
ve

ls
, o

ut
pe

rf
or

m
in

g 
W

PI
. P

FA
 y

ie
ld

ed
 w

ea
ke

st
 g

el
s 

du
e 

to
 p

ol
yd

is
pe

rs
ity

. 

C
LS

M
 re

ve
al

ed
 d

en
se

r 
M

FA
 n

et
w

or
ks

 w
ith

 
sm

al
le

r p
or

es
, e

xp
la

in
in

g 
fir

m
ne

ss
. P

FA
 a

nd
 W

PI
 

sh
ow

ed
 o

pe
n 

st
ru

ct
ur

es
 

w
ith

 la
rg

er
 p

or
es

, d
is

ru
pt

ed
 

by
 la

rg
er

 a
gg

re
ga

te
s. 

Tr
ia

ng
le

 te
st

s d
et

ec
te

d 
te

xt
ur

e 
di

ff
er

en
ce

s a
t 

≥0
.5

%
 p

ro
te

in
; M

FA
 w

er
e 

le
ss

 fi
rm

 th
an

 W
PI

. A
t 

1.
5%

, M
FA

 d
iff

er
ed

 fr
om

 
PF

A
. R

an
ki

ng
 c

on
fir

m
ed

 
fir

m
ne

ss
 in

cr
ea

se
d 

w
ith

 
co

nc
en

tra
tio

n,
 w

ith
 M

FA
 

sl
ig

ht
ly

 le
ss

 fi
rm

 th
an

 
W

PI
. T

ex
tu

ra
l d

iff
er

en
ce

s 
on

ly
, n

o 
fla

vo
r i

m
pa

ct
s. 

H
ig

he
r p

ro
te

in
 

re
du

ce
d 

sy
ne

re
si

s 
eq

ua
lly

 fo
r M

FA
, 

PF
A

, a
nd

 W
PI

, 
em

ph
as

iz
in

g 
w

at
er

-
ho

ld
in

g 
ca

pa
ci

ty
 

ov
er

 g
el

 st
re

ng
th

.  

Pr
e-

fo
rm

ed
 w

he
y 

ag
gr

eg
at

es
 c

on
tro

l f
at

-
fr

ee
 y

og
ur

t t
ex

tu
re

. 
M

on
od

is
pe

rs
ity

 y
ie

ld
s 

fir
m

er
 g

el
s;

 
po

ly
di

sp
er

si
ty

 so
fte

r 
on

es
. T

he
y 

en
ab

le
 

pr
ot

ei
n-

en
ric

he
d 

yo
gu

rts
 w

ith
 g

oo
d 

sy
ne

re
si

s a
nd

 d
es

ira
bl

e 
so

ftn
es

s. 

Lo
w

 fa
t 

yo
gu

rt 
[8

] 

W
he

y 
pr

ot
ei

n 
em

ul
si

on
 

ge
l m

ic
ro

pa
rti

cl
es

 
(W

PE
G

M
) f

ro
m

 

V
-E

G
 h

ad
 la

rg
er

 p
ar

tic
le

s, 
w

ea
ke

ni
ng

 st
ru

ct
ur

e.
 M

-E
G

 
im

pr
ov

ed
 h

ar
dn

es
s, 

SE
M

 sh
ow

ed
 u

ni
fo

rm
 M

-
EG

 n
et

w
or

ks
 w

ith
 sm

al
l 

vo
id

s;
 V

-E
G

 h
ad

 b
ra

nc
he

d,
 M

-E
G

 sc
or

ed
 h

ig
he

st
, V

-
EG

 n
ex

t, 
bo

th
 p

re
fe

rr
ed

 
ov

er
 sk

im
. V

-E
G

 o
ff

er
ed

 

B
ot

h 
im

pr
ov

ed
 

st
ab

ili
ty

 w
ith

 le
ss

 
w

he
y 

se
pa

ra
tio

n;
 

W
PE

G
M

 e
ff

ec
tiv

el
y 

re
pl

ac
e 

fa
t, 

bo
os

tin
g 

te
xt

ur
e 

an
d 

st
ab

ili
ty

. 
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Pr
od

uc
ts

 
T

re
at

m
en

ts
 

T
ex

tu
re

 O
ut

co
m

es
 

M
ic

ro
st

ru
ct

ur
es

 
Se

ns
or

y 
O

ut
co

m
es

 
O

th
er

s 
C

on
cl

us
io

n 
ve

ge
ta

bl
e 

oi
l (

V
-E

G
) o

r 
m

ilk
 fa

t (
M

-E
G

) a
dd

ed
 a

s 
fa

t r
ep

la
ce

rs
, c

om
pa

re
d 

to
 

m
ilk

/s
ki

m
 p

ow
de

rs
 a

nd
 

na
tiv

e 
w

he
y/

oi
l. 

co
ns

is
te

nc
y,

 a
nd

 v
is

co
si

ty
 

m
or

e,
 d

ue
 to

 st
ab

le
 m

ilk
 fa

t 
cr

os
s-

lin
ki

ng
. B

ot
h 

en
ha

nc
ed

 
te

xt
ur

e 
ov

er
 sk

im
 c

on
tro

l. 

he
te

ro
ge

ne
ou

s s
tru

ct
ur

es
, 

m
at

ch
in

g 
lo

w
er

 w
at

er
-

ho
ld

in
g 

ca
pa

ci
ty

. 

cr
ea

m
ie

r c
ol

or
 w

ith
ou

t 
of

f-
fla

vo
rs

; a
ro

m
a 

si
m

ila
r. 

V
-E

G
 m

at
ch

ed
 M

-
EG

 fo
r 1

4 
da

ys
, 

di
ve

rg
in

g 
af

te
r 2

1.
 

M
ilk

 fa
t v

er
si

on
s e

xc
el

 
in

 p
ro

pe
rti

es
, b

ut
 

ve
ge

ta
bl

e 
oi

l p
ro

vi
de

s 
he

al
th

ie
r, 

co
lo

r-
ap

pe
al

in
g 

al
te

rn
at

iv
es

 
w

ith
 sh

or
t-t

er
m

 
eq

ui
va

le
nc

e.
 

Y
og

ur
t [

17
] 

Te
n 

M
W

P 
ty

pe
s a

dd
ed

 to
 

lo
w

-f
at

 m
ilk

 a
t 4

.2
5%

 o
r 

5.
0%

 p
ro

te
in

, c
om

pa
re

d 
to

 fu
ll-

fa
t a

nd
 lo

w
-f

at
 

co
nt

ro
ls

. 

M
W

P 
ra

is
ed

 v
is

co
si

ty
 a

nd
 

el
as

tic
ity

, m
or

e 
at

 h
ig

he
r l

ev
el

s. 
H

ig
h 

na
tiv

e 
β-

la
ct

og
lo

bu
lin

 
M

W
Ps

 m
at

ch
ed

 fu
ll-

fa
t 

vi
sc

os
ity

; h
ig

h-
de

na
tu

re
d 

M
W

Ps
 a

ct
ed

 a
s i

na
ct

iv
e 

fil
le

rs
. 

Ef
fe

ct
iv

e 
M

W
Ps

 fo
rm

ed
 

co
m

pa
ct

 n
et

w
or

ks
 w

ith
 

sm
al

l a
gg

re
ga

te
s l

ik
e 

fu
ll-

fa
t; 

in
ef

fe
ct

iv
e 

on
es

 h
ad

 
op

en
, v

oi
d-

fil
le

d 
st

ru
ct

ur
es

. 
M

ic
ro

pa
rti

cu
la

tio
n 

en
ab

le
d 

ac
tiv

e 
fil

le
r r

ol
e,

 u
nl

ik
e 

no
n-

m
ic

ro
pa

rti
cu

la
te

d 
W

PI
, v

ia
 e

nh
an

ce
d 

pr
ot

ei
n 

in
te

ra
ct

io
ns

. 

N
/A

 
N

/A
 

M
W

Ps
 im

pr
ov

e 
lo

w
-

fa
t y

og
ur

t r
he

ol
og

y 
an

d 
m

ic
ro

st
ru

ct
ur

e.
 

H
ig

h 
na

tiv
e 

β-
la

ct
og

lo
bu

lin
 c

on
te

nt
 

is
 k

ey
 fo

r s
tro

ng
 

ne
tw

or
ks

. 
M

ic
ro

pa
rti

cu
la

tio
n 

m
ak

es
 w

he
y 

pr
ot

ei
ns

 
ac

tiv
e 

fil
le

rs
, 

su
rp

as
si

ng
 n

at
iv

e 
is

ol
at

es
. 

Lo
w

 fa
t 

yo
gu

rt 
[1

8]
 

Th
er

m
al

-d
en

at
ur

ed
 w

he
y 

pr
ot

ei
n-

m
ilk

 fa
t e

m
ul

si
on

 
ge

l m
ic

ro
pa

rti
cl

es
 (W

PI
-

EG
s)

 a
dd

ed
 a

t 0
.5

–1
.5

%
 

fa
t, 

co
m

pa
re

d 
to

 se
pa

ra
te

 
w

he
y/

fa
t (

LF
), 

sk
im

 
(S

M
P)

, a
nd

 fu
ll-

fa
t 

(W
M

P)
. 

W
PI

-E
G

s b
oo

st
ed

 fi
rm

ne
ss

, 
co

ns
is

te
nc

y,
 c

oh
es

iv
en

es
s, 

an
d 

vi
sc

os
ity

; 1
.5

%
 le

ve
l w

as
 

fir
m

es
t. 

Fr
eq

ue
nc

y 
sw

ee
ps

 
sh

ow
ed

 h
ig

he
r G

′ a
nd

 G
′′,

 
m

ai
nt

ai
ni

ng
 G

′>
G

′′ 
fo

r g
el

 
be

ha
vi

or
. 

SE
M

 d
is

pl
ay

ed
 c

om
pa

ct
 

W
PI

-E
G

 n
et

w
or

ks
 w

ith
 

sm
al

l p
or

es
; m

ic
ro

pa
rti

cl
es

 
em

be
dd

ed
 in

 c
as

ei
n,

 
av

oi
di

ng
 o

pe
n 

st
ru

ct
ur

es
. 

W
PI

-E
G

s i
m

pr
ov

ed
 

vi
sc

os
ity

, t
ex

tu
re

, 
lu

br
ic

at
io

n,
 a

nd
 a

ro
m

a 
sc

or
es

 o
ve

r s
ki

m
; 1

.5
%

 
w

as
 h

ig
he

st
, w

ith
 h

ea
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