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ABSTRACT
This review delves into the diverse array of bioactive compounds present in plant- based foods, emphasizing their extraction, 
isolation, identification, characteristics, and emerging applications. Plant- based foods are abundant in bioactive compounds such 
as polyphenols, flavonoids, alkaloids, terpenoids, and carotenoids, which have gained substantial attention for their potential 
health benefits and functional properties. The extraction of these compounds employs both conventional methods, like solvent 
extraction, and modern techniques, including supercritical fluid extraction, ultrasound- assisted extraction, and microwave- 
assisted extraction, all designed to efficiently recover bioactive compounds while maintaining their structural integrity and 
bioactivity. Isolation processes, such as chromatography (HPLC, GC), centrifugation, and filtration, are employed to separate 
and purify these compounds from complex plant matrices. Advanced analytical methods, including mass spectrometry (MS), 
nuclear magnetic resonance (NMR), and infrared spectroscopy (IR), are used for the identification and structural elucidation of 
these bioactive compounds, providing detailed insights into their chemical makeup and properties. The characteristics of these 
compounds, such as antioxidant, anti- inflammatory, antimicrobial, and anticancer activities, have been extensively studied for 
their therapeutic potential. Additionally, the growing applications of bioactive compounds in functional foods, nutraceuticals, 
pharmaceuticals, and cosmeceuticals underscore their expanding significance across various industries. This review offers a 
thorough exploration of bioactive compounds in plant- based foods, covering their extraction and isolation methods, identifica-
tion, properties, and emerging uses, underscoring their vast potential to enhance human health and well- being.

1   |   Introduction

Plant- derived food includes a plethora of bioactive compounds, 
which are inherent substances with potential health benefits. 
The aforementioned substances, including polyphenols, carot-
enoids, flavonoids, and alkaloids, demonstrate a wide range of 
characteristics, encompassing antioxidant activities (Thuphairo 
et al. 2019), anti- inflammatory (Villarreal- Soto et al. 2019), anti-
cancer (Wu et al. 2019), and antimicrobial effects (Gosset- Erard 

et al. 2021). The growing recognition of the health advantages 
linked to bioactive compounds has led to a notable upswing in 
research focusing on the extraction, isolation, identification, 
and characterization of these compounds derived from plant- 
based dietary sources. Furthermore, other businesses, such as 
the food, pharmaceutical, and cosmetics sectors are display-
ing significant enthusiasm in investigating the possible uses of 
these bioactive substances (Shang et al. 2019). In recent years, 
significant advancements have been observed in the sector, 
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principally attributed to the emergence of advanced method-
ologies and technologies employed in the extraction, isolation, 
and characterization of bioactive substances (Essien et al. 2020). 
This advancement has resulted in a more profound comprehen-
sion of the chemical compositions, properties, and prospective 
physiological advantages of these substances, hence facilitating 
their utilization across diverse sectors. Nevertheless, despite the 
notable progress, there are still persistent obstacles associated 
with the extraction, isolation, and identification procedures of 
bioactive compounds obtained from plant- based dietary sources 
(Mahato et al. 2019). This review aims to present a comprehen-
sive overview of the extraction, isolation, identification, char-
acteristics, and emerging applications of bioactive compounds 
obtained from plant- based foods. This article will explore sev-
eral methodologies and technologies utilized in the extraction 
and isolation of these substances while analyzing their chemical 
structures, characteristics, and possible implications for human 
health. Furthermore, this study will investigate the rising appli-
cations of bioactive compounds in diverse sectors, with a partic-
ular focus on the obstacles that need to be addressed in order to 
fully exploit the capabilities of these substances.

2   |   Techniques for the Extraction of Bioactive 
Compounds from Plant- Based Foods

2.1   |   Solvent Extraction

The process of extracting bioactive substances from plant- based 
food is a complex procedure that requires the use of several 
solvents to efficiently dissolve and extract these compounds. 
Solvent extraction is a highly prevalent technology in several 
industries, owing to its inherent advantages in terms of simplic-
ity, efficiency, and cost- effectiveness. The choice of a suitable 
solvent for the extraction of bioactive compounds is contingent 
upon several aspects, including the kind and features of the sol-
vent, its solubility in the selected solvent, and the possible envi-
ronmental effect and toxicity of the solvent.

Water, ethanol, methanol, acetone, and hexane are among the 
commonly utilized solvents for bioactive compound extraction. 
Water, being a polar solvent, is commonly employed for the ex-
traction of polar substances, including phenolic acids and flavo-
noids. Ethanol and methanol, which are both polar solvents, are 
frequently utilized in the extraction of bioactive substances such 
as polyphenols, flavonoids, and alkaloids. In contrast, acetone, 
which is a solvent with non- polar characteristics, is very suit-
able for the extraction of carotenoids. Conversely, hexane, also a 
non- polar solvent, is the favored choice for extracting lipophilic 
substances such as essential oils.

There are several extraction techniques, such as maceration, 
percolation, and Soxhlet extraction. The process of maceration 
entails immersing the plant material in a solvent for a prolonged 
duration, hence facilitating the extraction of compounds. In 
contrast, percolation involves the process of solvent passage 
through a densely packed column containing the plant material. 
The Soxhlet extraction method involves the use ofspecialized 
equipment that enables the continuous circulation of the solvent 
through the plant material, therefore simplifying the extraction 
process.

The selection of solvent and extraction methodology has a cru-
cial role in determining the quantity and quality of the bioac-
tive compounds obtained. Therefore, it is crucial to optimize the 
extraction conditions, which include variables such as the con-
centration of the solvent, duration of extraction, temperature, 
and the ratio of solvent to plant material. These parameters col-
lectively have a significant role in enhancing the efficiency and 
yield of the extraction process.

2.2   |   Ultrasound - Assisted Extraction (UAE)

Ultrasound- assisted extraction (UAE) is a powerful technique 
used to extract various bioactive compounds from plant mate-
rials (Rivera- Mondragón et al.  2019) and animal tissues (Bhat 
et  al.  2022). It is a non- destructive, environmentally friendly, 
and efficient method that has gained significant attention in re-
cent years.

UAE involves the application of high- frequency sound waves 
to a liquid medium containing the sample of interest (Marić 
et  al.  2018). The sound waves create high- pressure zones and 
low- pressure zones in the liquid, which cause cavitation bubbles 
to form and collapse rapidly (Sanou et al. 2023) (Figure 1). These 
bubbles produce intense mechanical forces that disrupt the cell 
walls of the sample and enhance the mass transfer of the bioac-
tive compounds from the solid phase to the liquid phase (Kobus 
et al. 2022).

UAE presents numerous advantages over conventional extraction 
methods. First, it notably shortens extraction time, which is par-
ticularly useful for thermolabile compounds that are sensitive 
to heat (Dassoff and Li 2019). Additionally, UAE enhances the 
yield of bioactive compounds and preserves their quality by min-
imizing degradation and oxidation during the extraction process 
(Rao et al. 2021). Furthermore, UAE is a solvent- free technique, 
eliminating the need for harmful solvents and reducing the envi-
ronmental footprint of the extraction process (Marić et al. 2018). 
UAE has been effectively employed to extract various bioactive 
compounds, including flavonoids (Fan et al. 2022), alkaloids (Qin 
and Xi  2021), phenolic acids (Zhong et  al.  2019), and essential 
oils (Kumar, Chopra, et al. 2023). Its application spans multiple 
industries, such as food, pharmaceuticals, cosmetics, and nutra-
ceuticals, where it is used to extract bioactive compounds from 
diverse sources, as summarized in Table 1.

Despite its advantages, the application of UAE requires care-
ful optimization of the extraction conditions (Barjoveanu 
et al. 2020), such as the ultrasound frequency, power, and dura-
tion (Thong- on et al. 2021), as well as the sample- to- solvent ratio 
and temperature (Kaur et al. 2021). The selection of appropriate 
parameters depends on the nature of the sample and the target 
compound.

Response surface methodology (RSM) is a powerful statistical 
tool that can significantly enhance UAE processes by optimiz-
ing critical variables and improving extraction efficiency. UAE 
is widely used for extracting bioactive compounds, such as poly-
phenols, flavonoids, and essential oils, from plant materials. 
The ultrasound waves create cavitation bubbles that disrupt the 
plant cell walls, increasing solvent penetration and facilitating 
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the release of these compounds. However, the efficiency of UAE 
depends on several key parameters, including ultrasound power, 
extraction time, solvent concentration, temperature, and solid- 
to- liquid ratio. This is where RSM plays a crucial role.

RSM uses a mathematical and statistical approach to model and 
analyze the interactions between multiple factors that influence 
the UAE process. It allows researchers to design experiments sys-
tematically, enabling them to explore the relationships between 
variables and determine the optimal conditions for maximum 
extraction yield. By applying RSM, the extraction process can be 
fine- tuned to achieve the best combination of ultrasound power, 
temperature, solvent type, and extraction time, minimizing the 
need for trial- and- error methods.

One of the main advantages of using RSM is its ability to ac-
count for the synergistic or antagonistic effects between differ-
ent parameters. For example, higher ultrasound power might 
increase the extraction yield up to a certain point, but excessive 
power could lead to degradation of sensitive compounds. RSM 

helps identify these critical thresholds, ensuring the integrity 
of the bioactive compounds is maintained while maximizing 
efficiency.

Additionally, RSM reduces the number of experimental runs re-
quired to optimize the UAE process, saving time and resources. 
It provides a visual representation of how each factor affects the 
extraction through response surface plots, making it easier to 
predict outcomes and make informed decisions. Overall, inte-
grating RSM into UAE processes leads to improved efficiency, 
higher yields, and enhanced quality of extracted bioactive 
compounds.

UAE is an innovative technique for extracting bioactive com-
pounds from various sources. It presents numerous advantages 
over conventional methods, such as shorter extraction times, en-
hanced yields and quality of bioactive compounds, and a lower 
environmental impact. Its broad use across various industries 
underscores its potential as a valuable tool for obtaining high- 
value compounds efficiently.

FIGURE 1    |    3D scheme of cavitation mechanism of action. (A) Bubbles formation by sound waves; (B) maximum growth size of bubbles; (C) bub-
bles burst, particles dispersion, and cell disruption occur.

 20487177, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fsn3.70351 by Iraq H

inari N
PL

, W
iley O

nline L
ibrary on [11/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4 of 33 Food Science & Nutrition, 2025

T
A

B
L

E
 1

    
|  

  D
iff

er
en

t e
xt

ra
ct

io
n 

m
et

ho
ds

.

E
xt

ra
ct

io
n 

m
et

ho
d

So
u

rc
es

C
on

di
ti

on
s

R
es

ul
ts

R
ef

er
en

ce
s

U
ltr

as
ou

nd
- 

as
si

st
ed

 e
xt

ra
ct

io
n

O
ra

ng
e 

(C
itr

us
 

si
ne

ns
is)

 p
ee

l
• 

U
ltr

as
ou

nd
 p

ow
er

: 1
00

, 2
50

, a
nd

 4
00

 W
• 

U
ltr

as
ou

nd
 ir

ra
di

at
io

n 
tim

e:
 5

, 1
7.

5,
 a

nd
 3

0 m
in

• 
C

on
ce

nt
ra

tio
n 

of
 e

th
an

ol
 in

 w
at

er
: 0

%
, 2

5%
, a

nd
 5

0%

Th
e 

op
tim

um
 e

xt
ra

ct
io

n 
co

nd
iti

on
s o

f b
io

ac
tiv

e 
or

an
ge

 p
ee

l c
om

po
un

ds
 u

si
ng

 U
A

E 
co

rr
es

po
nd

ed
 to

 th
e 

m
ax

im
um

 te
st

ed
 v

al
ue

s o
f u

ltr
as

on
ic

 p
ow

er
, e

xt
ra

ct
io

n 
tim

e,
 a

nd
 

pe
rc

en
ta

ge
 o

f e
th

an
ol

 in
 w

at
er

M
on

te
ro

- C
al

de
ro

n 
et

 a
l. 

(2
01

9)

C
us

ta
rd

 a
pp

le
• 

So
lv

en
t: 

w
at

er
• 

Po
w

er
: 3

0 W
• 

Ti
m

e:
 1

50
 s

• 
75

%
 d

ut
y 

cy
cl

e
• 

Li
qu

id
–s

ol
id

 ra
tio

: 1
0 m

L/
g

• 
Li

pi
d 

ex
tr

ac
tio

n 
yi

el
d 

(c
on

tr
ol

): 
30

.1
6%

• 
Li

pi
d 

ex
tr

ac
tio

n 
yi

el
d 

(U
A

E)
: 3

3.
6%

Pa
na

da
re

 e
t a

l. 
(2

02
0)

M
ai

de
nh

ai
rt

re
e 

se
ed

• 
U

ltr
as

ou
nd

 tr
ea

tm
en

t (
A

): 
37

3 W
, 4

1 m
in

, a
nd

 5
2°

C
• 

U
ltr

as
ou

nd
 tr

ea
tm

en
t (

B)
: 4

00
 W

, 4
0 m

in
, a

nd
 5

0°
C

• 
U

ltr
as

ou
nd

 tr
ea

tm
en

t (
A

): 
5.

91
%

• 
U

ltr
as

ou
nd

 tr
ea

tm
en

t (
B)

: 5
.8

9%
W

an
g,

 X
io

ng
, a

nd
 

H
ua

ng
 (2

02
3)

M
ai

ze
• 

E
xt

ra
ct

io
n 

te
m

pe
ra

tu
re

: 5
4.

7°
C

• 
U

ltr
as

on
ic

 p
ow

er
: 2

50
 W

• 
E

xt
ra

ct
io

n 
tim

e:
 4

2.
8 m

in
• 

Li
qu

id
–s

ol
id

 ra
tio

: 2
7.

9 m
L/

g

Th
e 

op
tim

um
 e

xt
ra

ct
io

n 
ra

te
 w

as
 0

.5
6%

, w
hi

ch
 w

as
 m

or
e 

ef
fic

ie
nt

 th
an

 th
at

 o
f t

he
 

si
m

pl
e 

w
at

er
 e

xt
ra

ct
io

n 
an

d 
al

co
ho

lic
 se

di
- m

en
ta

tio
n 

m
et

ho
d

So
ng

, X
io

ng
, a

nd
 

H
ua

ng
 (2

02
3)

G
in

kg
o 

bi
lo

ba
 

le
av

es
• 

U
ltr

as
ou

nd
 p

ow
er

: 2
88

–3
60

 W
• 

U
ltr

as
ou

nd
 ti

m
e:

 4
0–

50
 m

in
• 

Li
qu

id
–s

ol
id

 ra
tio

: 1
5–

35
 m

L/
g

Th
e 

op
tim

um
 y

ie
ld

 w
as

 5
.3

7%
 a

t a
 li

qu
id

 to
 m

at
er

ia
l r

at
io

 o
f 3

0 m
L/

g,
 a

n 
ul

tr
as

on
ic

 
po

w
er

 o
f 3

40
 W

 a
nd

 a
n 

ex
tr

ac
tio

n 
tim

e 
of

 5
0 m

in
Li

 e
t a

l. 
(2

02
3)

Bo
m

ba
y 

lo
cu

st
s

• 
U

ltr
as

on
ic

at
io

n 
po

w
er

 (1
00

%
): 

75
0 W

• 
A

m
pl

itu
de

: 4
0%

, 6
0%

, a
nd

 8
0%

• 
Fr

eq
ue

nc
y:

 2
0 k

H
z

• 
Pu

ls
e 

m
od

e:
 5

 s 
on

- t
im

e 
an

d 
5 s

 o
ff-

 tim
e.

• 
U

ltr
as

on
ic

at
io

n 
tim

e:
 1

0,
 2

0,
 a

nd
 3

0 m
in

.
• 

Te
m

pe
ra

tu
re

: c
on

tr
ol

le
d 

at
 2

5°
C

–3
5°

C

60
%

 a
m

pl
itu

de
 fo

r 2
0 m

in
 c

ou
ld

 b
e 

a 
pr

om
is

in
g 

co
nd

iti
on

 fo
r e

xt
ra

ct
in

g 
th

e 
pr

ot
ei

n 
fr

om
 

Bo
m

ba
y 

lo
cu

st
 w

ith
 le

ss
 a

dv
er

se
 e

ffe
ct

K
in

gw
as

ch
ar

ap
on

g 
et

 a
l. 

(2
02

1)

W
as

te
 b

io
m

as
s

• 
U

ltr
as

ou
nd

 p
ow

er
: 3

20
 W

• 
U

ltr
as

ou
nd

 fr
eq

ue
nc

y:
 3

5 k
H

z
• 

So
lv

en
t: 

Et
ha

no
l 7

0%
 v

/v
• 

Tr
ea

tm
en

t (
1)

: 6
0 m

in
, a

nd
 2

5°
C

.
• 

Tr
ea

tm
en

t (
2)

: 6
0 m

in
, a

nd
 5

0°
C

To
ta

l p
he

no
lic

 c
on

te
nt

 (m
g 

G
A

E/
g)

• 
Tr

ea
tm

en
t (

1)
: 1

3.
68

• 
Tr

ea
tm

en
t (

2)
: 1

9.
1

Ba
rj

ov
ea

nu
 e

t a
l. 

(2
02

0)

M
ac

ad
am

ia
 

in
te

gr
ifo

lia
• 

C
ap

ac
ity

: 2
.7

5 L
• 

U
ltr

as
ou

nd
 p

ow
er

: 8
0 W

• 
U

ltr
as

ou
nd

 fr
eq

ue
nc

y:
 3

7 k
H

z
• 

Ti
m

e:
 5

, 1
0,

 a
nd

 1
5 m

in

• 
Th

e 
ul

tr
as

ou
nd

- a
ss

is
te

d 
ex

tr
ac

tio
n 

pr
od

uc
ed

 th
e 

ex
tr

ac
t w

ith
 th

e 
gr

ea
te

st
 y

ie
ld

 a
nd

 
th

e 
la

rg
es

t a
m

ou
nt

 o
f p

he
no

lic
 c

on
te

nt
, r

es
ul

tin
g 

in
 th

e 
ex

tr
ac

t (
SO

N
) h

av
in

g 
th

e 
m

os
t 

ef
fe

ct
iv

e 
an

tio
xi

da
nt

 a
nd

 a
nt

i- s
ki

n 
ag

in
g 

ac
tiv

iti
es

.
• 

Be
st

 re
su

lts
 w

er
e 

ac
hi

ev
ed

 fr
om

 th
e 

15
 m

in
 tr

ea
tm

en
t f

ol
lo

w
ed

 b
y 

th
e 

5 m
in

 tr
ea

tm
en

t 
th

en
 th

e 
10

 m
in

 tr
ea

tm
en

t

So
m

w
on

gi
n 

et
 a

l. 
(2

02
3)

(C
on

tin
ue

s)

 20487177, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fsn3.70351 by Iraq H

inari N
PL

, W
iley O

nline L
ibrary on [11/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



5 of 33

E
xt

ra
ct

io
n 

m
et

ho
d

So
u

rc
es

C
on

di
ti

on
s

R
es

ul
ts

R
ef

er
en

ce
s

Br
oi

le
r c

hi
ck

en
 

tr
ac

he
a

• 
C

ap
ac

ity
: 3

00
 m

L
• 

Pr
ob

e:
 2

5-
 m

m
 d

ia
m

et
er

 c
yl

in
dr

ic
al

 ti
ta

ni
um

 a
llo

y
• 

So
lv

en
t: 

w
at

er
• 

Th
e 

pr
ob

e 
w

as
 im

m
er

se
d 

in
to

 th
e 

w
at

er
 a

t a
 d

ep
th

 o
f 5

 cm
• 

Pu
ls

e 
m

od
e:

 o
n-

 tim
e 

5 s
 a

nd
 o

ff-
 tim

e 
5 s

.
• 

Te
m

pe
ra

tu
re

: 2
5°

C
• 

U
ltr

as
ou

nd
 in

te
ns

iti
es

: 9
.8

0,
 1

7.
46

 a
nd

 2
7.

56
 W

·c
m

−2

• 
U

ltr
as

ou
nd

 ti
m

e:
 1

0,
 2

0 
an

d 
30

 m
in

C
on

ve
nt

io
na

l e
xt

ra
ct

io
n 

by
 p

ep
si

n 
re

su
lte

d 
in

 3
.1

%
 y

ie
ld

. T
ra

ch
ea

 c
ol

la
ge

n 
yi

el
d 

w
as

 
in

cr
ea

se
d 

to
 6

.2
8%

, a
fte

r u
ltr

as
ou

nd
 w

ith
 a

n 
in

te
ns

ity
 o

f 1
7.

46
 W

·c
m

−2
 fo

r a
n 

ex
po

su
re

 
tim

e 
of

 2
0 m

in

K
ae

w
ba

ng
ke

rd
 

et
 a

l. 
(2

02
3)

Te
ne

br
io

 
m

ol
ito

r l
ar

va
e

• 
Su

sp
en

si
on

 p
H

: 1
0

• 
Te

m
pe

ra
tu

re
: 2

5°
C

• 
U

ltr
as

ou
nd

 p
ow

er
: 4

 W
/c

m
−2

• 
U

ltr
as

ou
nd

 fr
eq

ue
nc

y:
 2

8 k
H

z
• 

U
ltr

as
ou

nd
 ti

m
e:

 0
, 1

0,
 2

0,
 3

0,
 4

0,
 a

nd
 5

0 m
in

Th
e 

tr
ea

tm
en

t w
ith

 m
od

ifi
ed

 m
ol

ec
ul

ar
 st

ru
ct

ur
es

 a
nd

 h
ig

he
r i

n 
vi

tr
o 

di
ge

st
ib

ili
ty

 
w

hi
ch

 o
bt

ai
ne

d 
w

ith
 a

n 
ul

tr
as

ou
nd

- a
ss

is
te

d 
ex

tr
ac

tio
n 

pr
oc

es
si

ng
 ti

m
e 

(3
0 m

in
) a

nd
 

co
ul

d 
ac

t a
s a

 n
ov

el
 a

nd
 su

st
ai

na
bl

e 
pr

ot
ei

n 
so

ur
ce

 th
at

 c
ou

ld
 b

e 
po

te
nt

ia
lly

 a
pp

lie
d 

to
 

m
an

y 
fo

od
 fo

rm
ul

at
io

ns

Zh
an

g 
et

 a
l. 

(2
02

3)

M
ic

ro
w

av
e-

 as
si

st
ed

 
ex

tr
ac

tio
n

A
ro

m
at

ic
 p

la
nt

s
O

pt
im

um
 c

on
di

tio
ns

 w
er

e 
st

ud
ie

d 
w

ith
 th

e 
fo

llo
w

in
g 

so
lv

en
ts

:
• 

20
%

 (v
/v

) a
qu

eo
us

 m
et

ha
no

l s
ol

ut
io

n
• 

80
%

 (v
/v

) a
qu

eo
us

 m
et

ha
no

l s
ol

ut
io

n

Th
e 

op
tim

um
 e

xt
ra

ct
io

n
co

nd
iti

on
s w

er
e:

• 
Fo

r c
hl

or
og

en
ic

 a
ci

d,
 5

0%
 m

ic
ro

w
av

e 
po

w
er

, 3
0 s

 m
ic

ro
w

av
e 

ir
ra

di
at

io
n,

 1
:2

0 
(g

/m
L)

 
ra

tio
 o

f s
ol

id
 to

 li
qu

id
, a

nd
 2

0%
 (v

/v
) a

qu
eo

us
 m

et
ha

no
l s

ol
ut

io
n 

as
 e

xt
ra

ct
an

t
• 

Fo
r g

en
ip

os
id

ic
 a

ci
d,

 5
0%

 m
ic

ro
w

av
e 

po
w

er
, 4

0 s
 m

ic
ro

w
av

e 
ir

ra
di

at
io

n,
 1

:2
0 

(g
/m

L)
 

ra
tio

 o
f s

ol
id

 to
 li

qu
id

, a
nd

 8
0%

 a
qu

eo
us

 m
et

ha
no

l s
ol

ut
io

n

Zh
an

g 
et

 a
l. 

(2
01

1)

G
ra

pe
 p

om
ac

e
• 

M
ic

ro
w

av
e 

fr
eq

ue
nc

y:
 2

45
0 M

H
z

• 
pH

 v
al

ue
s: 

1,
 2

 a
nd

 3
.

• 
So

lid
–l

iq
ui

d 
ra

tio
: 1

:1
0 

(w
/v

)
• 

R
ad

ia
tio

n 
po

w
er

: 2
80

, 4
20

 a
nd

 5
60

 W
.

• 
E

xp
os

ur
e 

tim
e:

 6
0,

 9
0 

an
d 

12
0 s

.
• 

Te
m

pe
ra

tu
re

: 2
5°

C

Th
e 

op
tim

al
 c

on
di

tio
ns

 fo
r p

ec
tin

 e
xt

ra
ct

io
n 

w
er

e 
56

0 W
, p

H
 o

f 1
.8

 fo
r 1

20
 s

Sp
in

ei
 a

nd
 O

ro
ia

n 
(2

02
2)

G
in

ge
r

• 
M

ic
ro

w
av

e 
fr

eq
ue

nc
y:

 2
.4

5 ×
 10

9 H
z

• 
M

ic
ro

w
av

e 
po

w
er

: 4
00

, 6
00

, a
nd

 8
00

 W
.

• 
R

ea
ct

io
n 

tim
e:

 1
, 3

, a
nd

 5
 m

in

Th
e 

op
tim

al
 c

on
di

tio
ns

 w
er

e 
m

ic
ro

w
av

e 
po

w
er

 o
f 4

00
 W

 a
nd

 a
n 

ex
tr

ac
tio

n 
tim

e 
of

 1
 m

in
U

ta
m

a-
 an

g 
et

 a
l. 

(2
02

1)

Be
rb

er
is

 ro
ot

s
• 

M
ic

ro
w

av
e 

po
w

er
: 1

00
 a

nd
 3

00
 W

.
• 

Ir
ra

di
at

io
n 

tim
e:

 2
 a

nd
 5

 m
in

.
• 

Sa
m

pl
e-

 to
- s

ol
ve

nt
 ra

tio
: 2

0 
an

d 
50

 g/
m

L.
• 

So
lv

en
t p

H
: 2

.5
 a

nd
 6

.
• 

So
lv

en
t c

on
ce

nt
ra

tio
n:

 2
0%

 a
nd

 8
0%

Th
e 

op
tim

um
 c

on
di

tio
ns

 w
er

e:
• 

Fo
r B

er
be

ri
ne

 a
nd

 P
al

m
at

in
e:

 1
00

 W
, 2

 m
in

, 5
0 g

/m
L,

 p
H

 2.
5,

 a
nd

 8
0%

 c
on

ce
nt

ra
tio

n.
• 

Fo
r t

ot
al

 p
he

no
ls

: 3
00

 W
, 5

 m
in

, 5
0 g

/m
L,

 p
H

 2.
5,

 a
nd

 2
0%

 c
on

ce
nt

ra
tio

n

Be
lw

al
 e

t a
l. 

(2
02

0)

Sw
er

tia
 c

hi
ra

ta
• 

So
lv

en
ts

: e
th

an
ol

, a
qu

eo
us

 e
th

an
ol

 (2
5%

–7
5%

 v
/v

) a
nd

 w
at

er
.

• 
1 g

 p
ow

de
re

d 
le

av
es

 w
er

e 
he

at
ed

 a
t 7

5°
C

 te
m

pe
ra

tu
re

 w
ith

 5
0 m

L 
of

 
di

ff
er

en
t s

ol
ve

nt
s f

or
 1

 h
.

• 
M

ic
ro

w
av

e 
po

w
er

: 4
50

 W
.

• 
Ti

m
e:

 2
 m

in

M
ax

im
um

 M
an

gi
fe

ri
n 

qu
an

tit
y 

w
as

 o
bs

er
ve

d 
w

ith
 5

0%
 e

th
an

ol
K

au
r e

t a
l. 

(2
02

1)

(C
on

tin
ue

s)

T
A

B
L

E
 1

   
 | 

   
(C

on
tin

ue
d)

 20487177, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fsn3.70351 by Iraq H

inari N
PL

, W
iley O

nline L
ibrary on [11/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



6 of 33 Food Science & Nutrition, 2025

E
xt

ra
ct

io
n 

m
et

ho
d

So
u

rc
es

C
on

di
ti

on
s

R
es

ul
ts

R
ef

er
en

ce
s

C
en

te
lla

 
as

ia
tic

a 
(L

.)
• 

Et
ha

no
l p

er
ce

nt
ag

e:
 4

0%
–8

0%
.

• 
M

ic
ro

w
av

e 
po

w
er

: 1
00

–2
00

 W
.

• 
E

xt
ra

ct
io

n 
tim

e 
5–

10
 m

in

O
pt

im
al

 c
on

di
tio

ns
: 8

0%
 e

th
an

ol
, p

ow
er

 1
00

 w
at

ts
, 7

.5
 m

in
Th

on
g-

 on
 e

t a
l. 

(2
02

1)

Tr
ig

on
el

la
 

fo
en

um
 

gr
ac

eu
m

 se
ed

• 
Sa

m
pl

e-
 so

lv
en

t r
at

io
: 1

:5
 (w

/v
).

• 
So

lv
en

ts
: A

ce
to

ne
, e

th
an

ol
, h

ex
an

e 
an

d 
pe

tr
ol

eu
m

 e
th

er
.

• 
So

lv
en

t c
on

ce
nt

ra
tio

n:
 4

0%
, 6

0%
, 8

0%
 a

nd
 1

00
%

.
• 

E
xt

ra
ct

io
n 

tim
e:

 1
.5

, 3
.0

, 4
.5

 a
nd

 6
.0

 m
in

.
• 

Fi
xe

d 
po

w
er

 o
f 1

80
 W

O
pt

im
um

 D
io

sg
en

in
 e

xt
ra

ct
io

n 
co

nd
iti

on
s w

er
e:

• 
So

lv
en

t: 
Et

ha
no

l.
• 

So
lv

en
t c

on
ce

nt
ra

tio
n:

 8
0%

.
• 

Ex
tr

ac
tio

n 
tim

e:
 6

 m
in

A
ry

a 
an

d 
K

um
ar

 (2
02

1)

H
et

er
op

hy
lla

ea
 

pu
st

ul
at

a
• 

Pl
an

t m
at

er
ia

l w
as

 su
bj

ec
te

d 
to

 o
ne

 h
ou

r e
xt

ra
ct

io
n 

w
ith

 2
0 m

L 
of

 h
ex

an
e 

to
 e

lim
in

at
e 

ch
lo

ro
ph

yl
ls

 a
nd

 fa
tt

y 
co

m
po

ne
nt

s.
 T

he
 

re
m

ai
ni

ng
 v

eg
et

ab
le

 m
at

er
ia

l o
f e

ac
h 

sa
m

pl
e 

(s
te

m
s a

nd
 le

av
es

) w
as

 
ex

tr
ac

te
d 

at
 a

 c
on

st
an

t t
em

pe
ra

tu
re

 o
f 5

0 
C

 (m
ax

im
um

 te
m

pe
ra

tu
re

 
of

 th
e 

ul
tr

as
on

ic
 b

at
h)

 d
ur

in
g 

15
, 3

0,
 4

5 
an

d 
60

 m
in

, u
si

ng
 2

0 m
L 

of
 

be
nz

en
e.

 E
ac

h 
sa

m
pl

e 
w

as
 th

en
 e

xt
ra

ct
ed

 w
ith

 e
th

yl
 a

ce
ta

te
, a

ft
er

 
be

in
g 

tr
ea

te
d 

w
ith

 b
en

ze
ne

 fo
r 1

 h
. T

he
 p

ar
am

et
er

s (
te

m
pe

ra
tu

re
, 

am
ou

nt
 o

f s
ol

ve
nt

 a
nd

 e
xt

ra
ct

io
n 

tim
e)

 a
pp

lie
d 

in
 th

e 
et

hy
l a

ce
ta

te
 

ex
tr

ac
tio

ns
 w

er
e 

th
e 

sa
m

e 
as

 th
os

e 
fo

r b
en

ze
ne

.
• 

Ir
ra

di
at

io
n 

po
w

er
: 4

50
, 6

30
 a

nd
 9

00
 W

.
• 

Ti
m

e:
 1

5,
 3

0 
an

d 
60

 m
in

• 
So

lv
en

t: 
Et

hy
l a

ce
ta

te
.

• 
Ir

ra
di

at
io

n 
po

w
er

: 9
00

 W
.

• 
Ti

m
e:

 1
5 m

in

Ba
rr

er
a 

Vá
zq

ue
z 

et
 a

l. 
(2

01
4)

W
et

 o
le

ag
in

ou
s 

ye
as

t b
io

m
as

s
• 

So
lv

en
t: 

C
hl

or
of

or
m

 a
nd

 m
et

ha
no

l 2
:1

 (v
/v

)
• 

Ir
ra

di
at

io
n 

po
w

er
: 6

00
 W

 d
ur

in
g 

th
e 

he
at

in
g 

pr
oc

es
s a

nd
 5

00
 W

 
du

ri
ng

 th
e 

ho
ld

in
g 

pr
oc

es
s.

• 
R

ea
ct

io
n 

te
m

pe
ra

tu
re

: 6
0°

C
–1

00
°C

.
• 

R
at

io
 o

f v
ol

um
e 

of
 c

hl
or

of
or

m
/m

et
ha

no
l t

o 
th

e 
w

ei
gh

t o
f w

et
 

ol
ea

gi
no

us
 b

io
m

as
s: 

2:
1 

to
 8

:1
.

• 
R

ea
ct

io
n 

tim
e:

 2
–1

5 m
in

O
pt

im
um

 e
xt

ra
ct

io
n 

co
nd

iti
on

s w
er

e:
• 

R
ea

ct
io

n 
te

m
pe

ra
tu

re
: 9

0°
C

.
• 

R
at

io
 o

f v
ol

um
e 

of
 ch

lo
ro

fo
rm

/m
et

ha
no

l t
o 

th
e 

w
ei

gh
t o

f w
et

 o
le

ag
in

ou
s b

io
m

as
s: 

6:
1.

• 
R

ea
ct

io
n 

tim
e:

 W
he

n 
th

e 
tim

e 
w

as
 ra

is
ed

 fr
om

 1
0 

to
 1

5 m
in

, t
he

 li
pi

d 
co

nt
en

t (
w

t/
w

t; 
%

) i
nc

re
as

ed
 w

ith
 a

 c
om

pa
ra

tiv
el

y 
lo

w
 ra

te
 c

om
pa

re
d 

to
 th

e 
fir

st
 1

0 m
in

 o
f r

ea
ct

io
n 

an
d 

th
is

 in
di

ca
te

s t
he

 a
cc

om
pl

is
hm

en
t o

f t
he

 e
xt

ra
ct

io
n 

pr
oc

es
s

Pa
te

l e
t a

l. 
(2

01
9)

H
ig

h-
 pr

es
su

re
 

ho
m

og
en

iz
at

io
n

C
oc

on
ut

 
m

es
oc

ar
p

• 
R

ot
at

io
na

l s
pe

ed
: 1

12
00

 g
• 

Ti
m

e:
 2

.5
, 5

, 7
.5

 a
nd

 1
0 m

in
O

pt
im

um
 e

xt
ra

ct
io

n 
co

nd
iti

on
s w

er
e 

11
20

0 g
 fo

r 1
0 m

in
Ya

ng
 e

t a
l. 

(2
02

1)

O
ka

ra
• 

Sh
ea

r s
pe

ed
: 2

80
0,

 1
12

00
, a

nd
 2

52
00

 g.
• 

Sh
ea

r t
im

e:
 1

0 m
in

O
pt

im
um

 c
on

di
tio

ns
 w

er
e 

25
20

0 g
 fo

r 1
0 m

in
Li

u,
 Y

i, 
et

 a
l. 

(2
02

1)

Ru
ta

 ch
al

ep
en

si
s

• 
O

ri
fic

e 
di

am
et

er
: 1

50
 μ

m
 a

t 1
00

 M
Pa

 fo
r u

p 
to

 1
0 

pa
ss

es
.

• 
A

ft
er

 e
ac

h 
pa

ss
, t

he
 su

sp
en

si
on

s w
er

e 
co

ol
ed

 d
ow

n 
in

 a
 tu

be
- in

- t
ub

e 
he

at
 e

xc
ha

ng
er

 se
t a

t 5
°C

, t
o 

en
su

re
 th

at
 th

e 
pr

od
uc

t t
em

pe
ra

tu
re

 w
as

 
al

w
ay

s b
el

ow
 2

5°
C

W
he

n 
co

m
pa

ri
ng

 th
e 

ef
fe

ct
 o

f m
ac

er
at

io
n 

an
d 

hi
gh

- p
re

ss
ur

e 
ho

m
og

en
iz

at
io

n 
on

 th
e 

re
co

ve
ry

 o
f q

ue
rc

et
in

 a
nd

 ru
tin

, i
t c

an
 b

e 
ob

se
rv

ed
 th

at
, i

n 
bu

ta
no

l, 
ru

tin
 in

cr
ea

se
d 

m
or

e 
th

an
 2

9.
8%

 a
nd

 in
 e

th
yl

 a
ce

ta
te

, q
ue

rc
et

in
 in

cr
ea

se
d 

m
or

e 
th

an
 4

52
.7

%

G
al

i e
t a

l. 
(2

02
0)

(C
on

tin
ue

s)

T
A

B
L

E
 1

   
 | 

   
(C

on
tin

ue
d)

 20487177, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fsn3.70351 by Iraq H

inari N
PL

, W
iley O

nline L
ibrary on [11/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



7 of 33

E
xt

ra
ct

io
n 

m
et

ho
d

So
u

rc
es

C
on

di
ti

on
s

R
es

ul
ts

R
ef

er
en

ce
s

A
lg

al
 c

el
l

• 
Pr

es
su

re
 a

pp
lie

d:
 v

ar
ie

d 
be

tw
ee

n 
10

,0
00

 (6
8.

94
8 M

Pa
) t

o 
45

,0
00

 P
SI

 
(3

10
.2

64
 M

Pa
).

• 
A

ve
ra

ge
 th

ro
ug

hp
ut

: 5
0 m

L/
m

in
.

• 
O

ri
fic

e 
di

am
et

er
s: 

10
0,

 1
30

, a
nd

 1
90

 μ
m

.
• 

Te
m

pe
ra

tu
re

 2
5°

C
–7

0°
C

.
• 

N
um

be
r o

f p
as

se
s: 

1–
6 

pa
ss

es

• 
H

ig
h-

 pr
es

su
re

 h
om

og
en

iz
at

io
n 

pr
ov

ed
 to

 b
e 

an
 e

ffe
ct

iv
e 

te
ch

ni
qu

e 
to

 ru
pt

ur
e 

ce
ll 

w
al

ls
.

• 
A

n 
in

iti
al

 p
ar

tia
l f

ac
to

ri
al

 d
es

ig
n 

sh
ow

ed
 th

at
 th

e 
ou

tle
t d

ia
m

et
er

 o
f t

he
 n

oz
zl

e 
do

es
 

no
t s

ig
ni

fic
an

tly
 a

ffe
ct

 th
e 

de
gr

ee
 o

f c
el

l w
al

l l
ys

es
.

• 
Th

e 
m

os
t s

ig
ni

fic
an

t p
ar

am
et

er
s w

er
e 

th
e 

pr
es

su
re

 d
iff

er
en

tia
l a

cr
os

s t
he

 n
oz

zl
e 

an
d 

th
e 

nu
m

be
r o

f p
as

se
s t

hr
ou

gh
 th

e 
ho

m
og

en
iz

er
.

• 
Th

e 
co

nc
en

tr
at

io
n 

of
 th

e 
al

ga
l c

ul
tu

re
 a

nd
 th

e 
le

ve
l o

f s
tr

es
s o

f t
he

 c
ul

tu
re

 w
er

e 
al

so
 

si
gn

ifi
ca

nt
 b

ut
 to

 a
 le

ss
er

 d
eg

re
e

Sa
m

ar
as

in
gh

e 
et

 a
l. 

(2
01

2)

M
ic

ro
al

ga
e 

Pa
ra

ch
lo

re
lla

 
ke

ss
le

ri

• 
A

ve
ra

ge
 th

ro
ug

hp
ut

: 1
0 L

/h
.

• 
H

om
og

en
iz

in
g 

pr
es

su
re

: f
ix

ed
 in

 th
e 

ra
ng

e 
of

 4
00

 to
 1

20
0 b

ar
 

(1
 ba

r =
 10

5 P
a)

.
• 

N
um

be
r o

f p
as

se
s: 

va
ri

ed
 fr

om
 1

 to
 1

0.
• 

In
iti

al
 te

m
pe

ra
tu

re
 o

f s
us

pe
ns

io
ns

 b
ef

or
e 

pr
oc

ed
ur

e 
w

as
 2

2°
C

• 
Te

m
pe

ra
tu

re
 e

le
va

tio
n 

af
te

r t
re

at
m

en
t n

ev
er

 e
xc

ee
de

d 
30

°C
.

• 
Be

fo
re

 e
ac

h 
pa

ss
 th

ro
ug

h 
th

e 
ho

m
og

en
iz

er
, t

he
 su

sp
en

si
on

 w
as

 c
oo

le
d 

to
 2

2°
C

C
om

pa
re

d 
to

 u
ltr

as
on

ic
at

io
n 

tr
ea

tm
en

t o
nl

y,
 th

e 
pr

el
im

in
ar

y 
ul

tr
as

on
ic

at
io

n 
of

 m
or

e 
co

nc
en

tr
at

ed
 su

sp
en

si
on

s f
ol

lo
w

ed
 b

y 
hi

gh
- p

re
ss

ur
e 

ho
m

og
en

iz
at

io
n 

of
 su

sp
en

si
on

s 
al

lo
w

ed
 in

cr
ea

si
ng

 th
e 

ex
tr

ac
tio

n 
ef

fic
ie

nc
y 

an
d 

de
cr

ea
si

ng
 th

e 
en

er
gy

 c
on

su
m

pt
io

ns

Zh
an

g 
et

 a
l. 

(2
01

9)

So
yb

ea
n 

ok
ar

a
• 

Fl
ow

 ra
te

: 1
0 L

/h
.

• 
A

liq
uo

ts
 o

f 1
50

 m
L 

of
 o

ka
ra

 d
is

pe
rs

io
n 

at
 2

0°
C

 w
er

e 
su

bj
ec

te
d 

to
 

si
ng

le
- p

as
s a

t a
 p

re
ss

ur
e 

of
 5

0,
 1

00
 a

nd
 1

50
 M

Pa
 a

nd
 a

t 5
 p

as
se

s a
t 

15
0 M

Pa
.

• 
Sa

m
pl

e 
te

m
pe

ra
tu

re
 w

as
 m

ea
su

re
d 

im
m

ed
ia

te
ly

 a
ft

er
 tr

ea
tm

en
t.

• 
A

ft
er

 tr
ea

tm
en

ts
, a

ll 
th

e 
sa

m
pl

es
 w

er
e 

co
ol

ed
 a

t r
oo

m
 te

m
pe

ra
tu

re
 

(2
0°

C
) b

y 
im

m
er

si
on

 in
to

 a
n 

ic
e 

ba
th

 u
nd

er
 g

en
tle

 m
ix

in
g

• 
H

ig
h-

 pr
es

su
re

 h
om

og
en

iz
at

io
n 

ca
n 

be
 u

se
d 

as
 a

n 
ef

fic
ie

nt
 to

ol
 to

 in
du

ce
 a

 p
ro

gr
es

si
ve

 
di

sr
up

tio
n 

of
 o

ka
ra

 n
at

iv
e 

st
ru

ct
ur

e,
 le

ad
in

g 
to

 th
e 

re
le

as
e 

of
 e

nt
ra

pp
ed

 p
ro

te
in

s a
nd

 
so

lu
bl

e 
fib

er
s.

• 
H

ig
h-

 pr
es

su
re

 h
om

og
en

iz
at

io
n 

m
ig

ht
 th

us
 b

e 
ap

pl
ie

d 
as

 a
 p

re
- tr

ea
tm

en
t t

o 
fa

vo
r 

ex
tr

ac
tio

n 
of

 p
ro

te
in

s a
nd

 fi
be

rs
, a

llo
w

in
g 

ok
ar

a 
by

- p
ro

du
ct

 to
 b

e 
tu

rn
ed

 in
to

 a
dd

ed
- 

va
lu

e 
in

gr
ed

ie
nt

s f
or

 th
e 

fo
od

 in
du

st
ry

Fa
ya

z 
et

 a
l. 

(2
01

9)

Pe
an

ut
s

• 
D

ef
at

te
d 

pe
an

ut
 fl

ou
r w

as
 d

is
pe

rs
ed

 in
to

 d
is

til
le

d 
w

at
er

 a
t t

he
 ra

tio
 

of
 1

:1
0,

 a
dj

us
te

d 
to

 p
H

 8.
5 

w
ith

 1
 M

 N
aO

H
, a

nd
 fi

na
lly

 st
ir

re
d 

us
in

g 
a 

m
ag

ne
tic

 st
ir

re
r f

or
 1

 h
.

• 
Th

e 
re

su
lta

nt
 d

is
pe

rs
io

n 
w

as
 d

iv
id

ed
 fu

rt
he

r i
nt

o 
th

re
e 

al
iq

uo
ts

.
• 

O
ne

 a
liq

uo
t a

pp
lie

d 
to

 h
ig

h-
 pr

es
su

re
 h

om
og

en
iz

at
io

n 
un

de
r 0

.1
 M

Pa
 

w
as

 u
se

d 
as

 c
on

tr
ol

.
• 

Th
e 

ot
he

r t
w

o 
al

iq
uo

ts
 w

er
e 

su
bj

ec
te

d 
to

 th
e 

hi
gh

- p
re

ss
ur

e 
ho

m
og

en
iz

at
io

n 
un

de
r 4

0 
or

 8
0 M

Pa

• 
H

ig
h-

 pr
es

su
re

 h
om

og
en

iz
at

io
n 

tr
ea

tm
en

t i
nc

re
as

ed
 th

e 
ex

tr
ac

tio
n 

yi
el

d 
an

d 
hy

dr
ol

ys
is

 d
eg

re
e 

of
 P

PI
.

• 
G

el
 fi

ltr
at

io
n 

ch
ro

m
at

og
ra

ph
y 

sh
ow

ed
 th

at
 th

e 
hi

gh
- p

re
ss

ur
e 

ho
m

og
en

iz
at

io
n 

tr
ea

tm
en

t i
nc

re
as

ed
 th

e 
en

zy
m

at
ic

 h
yd

ro
ly

si
s o

f P
PI

, a
s i

nd
ic

at
ed

 b
y 

sm
al

le
r p

ep
tid

es
.

• 
H

ig
h-

 pr
es

su
re

 h
om

og
en

iz
at

io
n 

tr
ea

tm
en

t i
nc

re
as

ed
 re

du
ci

ng
 p

ow
er

, D
PP

H
 ra

di
ca

l 
sc

av
en

gi
ng

 a
nd

 h
yd

ro
xy

l r
ad

ic
al

 sc
av

en
gi

ng
 a

ct
iv

iti
es

 o
f t

he
 P

PI
 h

yd
ro

ly
sa

te
s.

• 
H

ig
h-

 pr
es

su
re

 h
om

og
en

iz
at

io
n 

tr
ea

tm
en

ts
 a

t h
ig

he
r p

re
ss

ur
e 

(u
p 

to
 4

00
 M

Pa
) p

ro
ve

d 
to

 im
pr

ov
e 

fo
od

 fu
nc

tio
na

l p
ro

pe
rt

ie
s

D
on

g 
et

 a
l. 

(2
01

1)

M
ic

ro
al

ga
e 

C
hl

or
el

la
 v

ul
ga

ri
s

• 
O

ri
fic

e 
di

am
et

er
: 1

00
 μ

m
.

• 
Pr

es
su

re
: 1

50
 M

Pa
• 

Fl
ow

 ra
te

: 1
55

 m
L/

m
in

.
• 

N
um

be
r o

f p
as

se
s: 

1–
10

.
• 

To
 p

re
ve

nt
 e

xc
es

si
ve

 h
ea

tin
g,

 a
ft

er
 e

ac
h 

pa
ss

, t
he

 su
sp

en
si

on
s w

er
e 

co
ol

ed
 a

t 2
5°

C
 b

y 
pa

ss
in

g 
th

ro
ug

h 
a 

tu
be

- in
- t

ub
e 

he
at

 e
xc

ha
ng

er
, 

lo
ca

te
d 

do
w

ns
tr

ea
m

 o
f t

he
 o

ri
fic

e 
va

lv
e

• 
H

ig
h-

 pr
es

su
re

 h
om

og
en

iz
at

io
n 

w
as

 a
bl

e 
to

 d
is

ru
pt

 c
om

pl
et

el
y 

th
e 

m
ic

ro
al

ga
e 

ce
lls

, 
fa

vo
ri

ng
 a

n 
in

st
an

ta
ne

ou
s a

nd
 e

ff
ic

ie
nt

 re
le

as
e 

of
 a

ll 
th

e 
in

tr
ac

el
lu

la
r m

at
er

ia
l, 

in
cl

ud
in

g 
a 

la
rg

e 
am

ou
nt

 o
f p

ro
te

in
s.

• 
R

el
ea

se
 w

as
 1

0.
3-

 fo
ld

 h
ig

he
r t

ha
n 

by
 P

EF
.

• 
D

es
pi

te
 th

e 
hi

gh
er

 e
xt

ra
ct

io
n 

ef
fic

ie
nc

y,
 th

e 
fo

rm
at

io
n 

of
 la

rg
e 

am
ou

nt
s o

f f
in

el
y 

si
ze

d 
ce

ll 
de

br
is

 b
y 

hi
gh

- p
re

ss
ur

e 
ho

m
og

en
iz

at
io

n 
si

gn
ifi

ca
nt

ly
 c

om
pl

ic
at

es
 a

ny
 

do
w

ns
tr

ea
m

 se
pa

ra
tio

n 
pr

oc
es

s

C
ar

ul
lo

 e
t a

l. 
(2

01
8)

(C
on

tin
ue

s)

T
A

B
L

E
 1

   
 | 

   
(C

on
tin

ue
d)

 20487177, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fsn3.70351 by Iraq H

inari N
PL

, W
iley O

nline L
ibrary on [11/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



8 of 33 Food Science & Nutrition, 2025

E
xt

ra
ct

io
n 

m
et

ho
d

So
u

rc
es

C
on

di
ti

on
s

R
es

ul
ts

R
ef

er
en

ce
s

En
zy

m
e-

 as
si

st
ed

 
ex

tr
ac

tio
n

Br
ow

n 
se

aw
ee

ds
• 

pH
: 4

.5
–8

• 
Te

m
pe

ra
tu

re
: 4

0°
C

–6
0°

C
• 

Bu
ff

er
 u

se
d:

 0
.1

 M
 a

ce
ta

te
 a

nd
 0

.1
 M

 p
ho

sp
ha

te

• 
Th

e 
yi

el
d 

of
 th

e 
en

zy
m

at
ic

 e
xt

ra
ct

s o
f d

iff
er

en
t s

ea
w

ee
ds

 ra
ng

ed
 fr

om
 3

0.
3 ±

 1.
3 

to
 9

2.
9%

 ±
 2.

2%
 w

hi
le

 th
e 

yi
el

d 
of

 w
at

er
 e

xt
ra

ct
s r

an
ge

d 
fr

om
 1

8.
7%

 ±
 0.

3%
 to

 
50

.8
%

 ±
 1.

3%

H
ab

ee
bu

lla
h 

et
 a

l. 
(2

02
0)

Sw
ee

t c
he

rr
y 

(P
ru

nu
s a

vi
um

 
L.

) p
om

ac
e

• 
En

zy
m

es
 q

ua
nt

ity
: 1

–1
20

 μ
L/

g
• 

pH
: 3

.0
–8

.0
• 

Te
m

pe
ra

tu
re

: 3
0°

C
–7

0°
C

• 
Ti

m
e:

 3
0–

30
0 m

in

• 
O

pt
im

al
 e

xt
ra

ct
io

n 
co

nd
iti

on
s f

or
 e

xt
ra

ct
in

g 
no

n-
 ex

tr
ac

ta
bl

e 
po

ly
sa

cc
ha

ri
de

s (
N

EP
s)

 
us

in
g 

en
zy

m
e-

 as
si

st
ed

 e
xt

ra
ct

io
n 

(E
A

E)
 w

ith
 D

ep
ol

, P
ro

m
od

, a
nd

 P
ec

tin
as

e 
en

zy
m

es
 

w
er

e 
fo

un
d 

to
 b

e 
at

 a
 te

m
pe

ra
tu

re
 o

f 7
0°

C 
an

d 
a 

pH
 o

f 1
0.

0.
 T

he
 id

ea
l e

xt
ra

ct
io

n 
tim

e 
w

as
 4

0 m
in

 fo
r b

ot
h 

D
ep

ol
 a

nd
 P

ro
m

od
 e

nz
ym

es
, w

he
re

as
 1

8.
4 m

in
 w

as
 o

pt
im

al
 fo

r 
Pe

ct
in

as
e 

en
zy

m
e.

 T
he

 o
pt

im
um

 e
nz

ym
e 

co
nc

en
tr

at
io

ns
 w

er
e 

14
0 μ

L 
of

 P
ro

m
od

 p
er

 
gr

am
 o

f s
am

pl
e,

 9
0 μ

L 
of

 D
ep

ol
 p

er
 g

ra
m

 o
f s

am
pl

e,
 a

nd
 2

 μ
L 

of
 P

ec
tin

as
e 

pe
r g

ra
m

 o
f 

sa
m

pl
e

D
om

ín
gu

ez
- R

od
rí

gu
ez

 
et

 a
l. 

(2
02

1)

C
itr

us
 fi

be
r

• 
En

zy
m

es
 q

ua
nt

ity
: 0

.4
5%

• 
pH

: 4
.5

–6
.5

• 
Te

m
pe

ra
tu

re
: 5

0°
C

• 
Ti

m
e:

 1
20

 m
in

• 
Li

qu
id

 to
 su

bs
tr

at
e 

ra
tio

: 1
:2

0

• 
A

m
on

g 
th

e 
m

od
ifi

ca
tio

n 
m

et
ho

ds
 in

 th
is

 re
se

ar
ch

, t
he

 c
om

bi
na

tio
n 

of
 x

yl
an

as
e 

tr
ea

tm
en

t a
nd

 w
at

er
 m

ed
ia

 b
al

l m
ill

in
g 

(W
M

BM
) w

as
 th

e 
m

os
t e

ffe
ct

iv
e 

w
ay

 to
 

m
od

ify
 c

itr
us

 fi
be

r.
• 

Th
e 

co
m

bi
na

tio
n 

of
 x

yl
an

as
e 

hy
dr

ol
ys

is
 a

nd
 d

ry
 m

ic
ro

ni
za

tio
n 

ha
d 

fe
w

 
im

pr
ov

em
en

ts
 o

f c
itr

us
 fi

be
r's

 p
ro

pe
rt

ie
s c

om
pa

re
d 

to
 x

yl
an

as
e-

 W
M

BM
 tr

ea
tm

en
t

So
ng

 e
t a

l. 
(2

02
1)

Ba
na

na
 p

ee
l

• 
En

zy
m

es
 q

ua
nt

ity
: 5

FP
U

/m
L

• 
pH

: 6
.0

–7
.0

• 
Te

m
pe

ra
tu

re
: 5

0°
C

• 
Ti

m
e:

 1
20

 h
• 

Li
qu

id
 to

 su
bs

tr
at

e 
ra

tio
: 1

:2
0

• 
Th

e 
en

zy
m

at
ic

 h
yd

ro
ly

si
s w

as
 su

pe
ri

or
 to

 d
ilu

te
- a

ci
d 

hy
dr

ol
ys

is
 b

y 
pr

ov
id

in
g 

hi
gh

er
 

le
ve

ls
 o

f s
ol

ub
le

 fi
be

rs
 o

f c
el

lo
de

xt
ri

ns
 a

nd
 w

at
er

- s
ol

ub
le

 c
el

lu
lo

se
 w

ith
ou

t t
he

 
oc

cu
rr

en
ce

 o
f a

ny
 d

eg
ra

de
d 

by
pr

od
uc

ts

Ph
ir

om
- o

n 
an

d 
A

pi
ra

ks
ak

or
n 

(2
02

1)

O
at

 fl
ou

rs
• 

En
zy

m
es

 q
ua

nt
ity

: 0
.0

1%
• 

pH
: 5

.0
–9

.0
• 

Te
m

pe
ra

tu
re

: 1
00

°C
• 

Ti
m

e:
 1

5–
75

 m
in

• 
Li

qu
id

 to
 su

bs
tr

at
e 

ra
tio

: 1
:5

• 
Th

e 
fr

ee
 a

nd
 c

on
ju

ga
te

d 
ph

en
ol

ic
 fr

ac
tio

ns
 m

ar
ke

dl
y 

in
cr

ea
se

d,
 re

su
lte

d 
in

 a
 

m
od

ifi
ca

tio
n 

in
 th

e 
pr

op
or

tio
n 

of
 th

e 
ph

en
ol

ic
 fr

ac
tio

ns
 a

nd
 th

e 
pr

om
ot

io
n 

of
 

an
tio

xi
da

nt
 a

ct
iv

iti
es

 in
 o

at
s

C
he

n 
et

 a
l. 

(2
02

0)

C
of

fe
e 

co
pr

od
uc

ts
 

(C
C

P)
• 

En
zy

m
es

 q
ua

nt
ity

: 5
 −

 15
 U

• 
pH

: 5
.0

–6
.0

• 
Te

m
pe

ra
tu

re
: 5

0°
C

• 
Ti

m
e:

 3
0–

20
 m

in
• 

Li
qu

id
 to

 su
bs

tr
at

e 
ra

tio
: 1

:2
5

• 
En

zy
m

at
ic

 re
ac

tio
n 

w
ith

 a
t l

ea
st

 5
 U

 o
f c

el
lu

la
se

 fo
r 3

0 m
in

 w
as

 su
ff

ic
ie

nt
 to

 m
ax

im
iz

e 
th

e 
te

ch
no

lo
gi

ca
l p

ro
pe

rt
ie

s o
f C

C
P 

w
ith

in
 c

on
di

tio
ns

.
• 

Th
es

e 
re

su
lts

 im
pl

y 
th

e 
po

te
nt

ia
l t

o 
ob

ta
in

 su
st

ai
na

bl
e 

fo
od

 in
gr

ed
ie

nt
s f

ro
m

 
m

od
ifi

ed
 C

C
P,

 b
ri

ng
in

g 
ab

ou
t i

m
pr

ov
ed

 te
ch

no
lo

gi
ca

l p
ro

pe
rt

ie
s a

nd
 si

gn
ifi

ca
nt

 
an

tio
xi

da
nt

 st
at

us

Be
lm

ir
o 

et
 a

l. 
(2

02
1)

Bl
ac

kc
ur

ra
nt

• 
En

zy
m

es
 q

ua
nt

ity
: 1

08
 U

/g
• 

pH
: 5

.0
–6

.0
• 

Te
m

pe
ra

tu
re

: 6
0°

C
• 

Ti
m

e:
 1

0–
90

 m
in

• 
Li

qu
id

 to
 su

bs
tr

at
e 

ra
tio

: 0
.1

:1
5 

an
d 

0.
2:

15

• 
N

o 
si

gn
ifi

ca
nt

 d
iff

er
en

ce
s b

et
w

ee
n 

th
e 

am
ou

nt
 o

f t
ot

al
 a

nt
ho

cy
an

in
s e

xt
ra

ct
ed

 b
y 

ul
tr

as
ou

nd
- a

ss
is

te
d 

ex
tr

ac
tio

n 
an

d 
en

zy
m

e-
 as

si
st

ed
 e

xt
ra

ct
io

n
Jo

sé
 A

lia
ño

 G
on

zá
le

z 
et

 a
l. 

(2
02

2)

Eg
gp

la
nt

 
(S

ol
an

um
 

m
el

on
ge

na
 

L.
) p

ee
l

• 
Te

m
pe

ra
tu

re
: 3

5°
C

–6
0°

C
• 

Ti
m

e:
 1

–4
.5

0 h
• 

En
zy

m
e 

co
nc

en
tr

at
io

n:
 5

%
–1

5%
 E

/S

• 
Th

e 
op

tim
um

 c
on

di
tio

n 
of

 E
A

E 
pa

ra
m

et
er

s (
Te

m
pe

ra
tu

re
 3

7.
32

°C
, E

nz
ym

e 
co

nc
en

tr
at

io
n 

5%
 a

nd
 T

im
e 

1 h
) w

as
 a

ch
ie

ve
d 

to
 a

tta
in

 m
ax

im
um

 re
sp

on
se

 p
ro

pe
rt

ie
s. 

Th
e 

pr
ed

ic
te

d 
op

tim
um

 v
al

ue
 o

f e
ac

h 
re

sp
on

se
 w

as
 7

1.
45

%
 fo

r T
Y,

 5
78

.6
65

 (m
g 

C
3G

/l
) 

fo
r T

A
C

, 2
04

0.
87

 (m
g 

G
A

E/
L)

 fo
r T

PC
, 7

9.
91

%
 fo

r D
PP

H
 a

nd
 2

9.
90

 (m
m

ol
 A

A
E/

10
0 g

) 
fo

r F
R

A
P.

• 
En

zy
m

e-
 as

si
st

ed
 e

xt
ra

ct
io

n 
w

as
 cl

ea
rly

 re
co

gn
iz

ed
 a

s a
n 

ef
fe

ct
iv

e 
w

ay
 to

 e
xt

ra
ct

 
bi

oa
ct

iv
es

 fr
om

 e
gg

pl
an

t p
ee

l n
am

el
y,

 to
ta

l a
nt

ho
cy

an
in

s, 
ph

en
ol

ic
s, 

an
d 

an
tio

xi
da

nt
 

ac
tiv

ity

A
m

ul
ya

 a
nd

 u
l 

Is
la

m
 (2

02
3)

T
A

B
L

E
 1

   
 | 

   
(C

on
tin

ue
d)

 20487177, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fsn3.70351 by Iraq H

inari N
PL

, W
iley O

nline L
ibrary on [11/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



9 of 33

2.3   |   Microwave- Assisted Extraction (MAE)

Microwave extraction has gained significant attention for its 
effectiveness and efficiency in extracting bioactive compounds 
from plant materials (Lee et  al.  2016). This technique uti-
lizes electromagnetic waves, typically within the 300 MHz to 
300 GHz frequency range, to heat and extract compounds from 
plant matrices (Belwal et al. 2017). The process works by induc-
ing an interaction between these electromagnetic waves and the 
polar molecules present in both the solvent and plant material 
(Pellati et al. 2013). This interaction transforms electromagnetic 
energy into thermal energy, generating heat that facilitates the 
extraction of bioactive compounds (Hoang et  al.  2007; Wang 
et al. 2017), as illustrated in Figure 2.

The efficiency of microwave extraction is influenced by several 
key factors, including the power and frequency of the micro-
wave radiation, the solvent used, and the characteristics of the 
plant material (Belwal et al. 2018). High power and frequency 
enhance extraction efficiency by promoting rapid and uniform 
heating, whereas low power and frequency may result in incom-
plete extraction and potential thermal degradation of the com-
pounds (Jacotet- Navarro et  al.  2016; Zill- e- Huma et  al.  2011). 
The choice of solvent is critical for both extraction efficiency and 
selectivity (Kaur et al. 2020). Polar solvents like water, ethanol, 
and methanol are preferred in microwave extraction due to their 
strong dielectric properties, which enable effective interaction 
with the polar molecules in the plant matrix (Assefa et al. 2019). 
In contrast, non- polar solvents such as hexane and ethyl acetate 
are less commonly used because of their lower dielectric prop-
erties and limited ability to dissolve polar compounds (Kaur 
et al. 2020).

The characteristics of plant material, including particle size, 
moisture content, and chemical composition, can significantly 
influence extraction efficiency (Zou et al. 2013). Finer particles 
increase surface area, enhancing mass transfer between the sol-
vent and plant matrix. However, high moisture content can cause 
superheating, leading to thermal degradation of the extracted 
compounds (Khakpour et  al.  2023). Microwave extraction of-
fers distinct advantages over conventional methods, making it a 
promising alternative for extracting bioactive compounds from 
plants (Belwal et al. 2017; Pellati et al. 2013). One key advantage 
is the reduced processing time; microwave extraction is rapid 

and efficient, cutting extraction times significantly compared 
to traditional methods like Soxhlet and maceration (Armenta 
et al. 2017; Jo et al. 2020; Phoboo et al. 2011). This efficiency is 
due to the uniform heating generated by electromagnetic waves, 
which accelerates mass transfer between the solvent and plant 
matrix (Kellogg et al. 2017; Wang, Hu, et al. 2016). Moreover, 
microwave extraction often achieves higher yields than conven-
tional techniques by penetrating deeper into the plant matrix 
and accessing compounds that are otherwise difficult to extract 
(H.- F. Zhang et al. 2011). Electromagnetic waves induce selec-
tive heating of polar molecules, facilitating the release of target 
compounds (Wang, Ding, and Ren 2016).

2.3.1   |   Improved Selectivity

Microwave extraction can selectively extract specific com-
pounds from the plant matrix by using solvents with specific 
properties and optimizing the extraction conditions (Maran and 
Prakash 2015). This is because microwave extraction can selec-
tively heat the polar molecules in the plant matrix and minimize 
the extraction of unwanted compounds such as fats, waxes, and 
chlorophyll (Rahmani et al. 2020).

2.3.2   |   Cost- Effective

Microwave extraction can be cost- effective compared to con-
ventional methods due to its reduced processing time, lower 
solvent consumption, and higher extraction yields (Pangestu 
et al. 2020). This can lead to significant savings in terms of en-
ergy, labor, and equipment costs.

2.3.3   |   Environmentally Friendly

Microwave extraction can be a more environmentally friendly 
option compared to conventional methods that use large amounts 
of solvents and generate high volumes of waste (Karbuz and 
Tugrul 2021). Microwave extraction can use smaller amounts of 
solvents and generate less waste, leading to a more sustainable 
extraction process (Rodsamran and Sothornvit 2019; Thu Dao 
et al. 2021).

The efficiency of microwave extraction is influenced by several 
factors, including the power and frequency of the microwave 
radiation, the nature of the solvent used, and the characteris-
tics of the plant material (Table  1). Optimization of these fac-
tors is crucial for achieving maximum extraction efficiency and 
selectivity.

Preparing samples with a high- speed homogenizer before 
microwave- assisted extraction (MAE) can significantly en-
hance the efficiency and yield of bioactive compound extraction. 
A high- speed homogenizer is used to pre- treat the sample by 
breaking down plant or biological tissue into smaller, more uni-
form particles, thereby increasing the surface area exposed to 
the extraction solvent. This preparatory step plays a crucial role 
in improving mass transfer and facilitating the release of target 
compounds, such as polyphenols, flavonoids, and essential oils, 
during the MAE process.

FIGURE 2    |    3D scheme of microwave- assisted extraction.
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When samples are homogenized at high speeds, the cell walls 
and other structural barriers are disrupted, allowing easier ac-
cess to intracellular components. This breakdown of cellular 
structures ensures that the solvent penetrates more effectively, 
leading to enhanced interaction between the solvent and the tar-
get compounds. As a result, the homogenized samples respond 
better to microwave energy, which heats the solvent and sample 
more uniformly. The uniform heating during MAE further ac-
celerates the extraction process by causing localized cell rupture 
and enhancing solubility and diffusion rates of bioactive com-
pounds into the solvent.

The synergy between homogenization and MAE is particularly 
important for hard- to- extract compounds or when dealing with 
tough plant matrices. The increased surface area and reduced 
particle size after homogenization allow the microwave energy 
to act more effectively, reducing the time needed for extraction 
while increasing the yield. This not only improves extraction ef-
ficiency but also helps to preserve the integrity of heat- sensitive 
compounds that might degrade with prolonged microwave 
exposure.

Moreover, high- speed homogenization as a pre- treatment step 
minimizes the need for excessive solvent use, leading to a more 
sustainable and environmentally friendly extraction process. 
In combination, these techniques offer a powerful approach for 
maximizing the extraction of valuable bioactive compounds in 
industries like food, pharmaceuticals, and cosmetics, while re-
ducing energy consumption and processing time.

2.4   |   High- Pressure Homogenization

High- pressure homogenization (HPH) is a green extraction 
method that has gained increasing attention in recent years 
due to its ability to extract bioactive compounds from natural 
sources without the use of harsh chemicals or solvents (Tan and 
Kerr 2015). This technique offers several advantages over tradi-
tional extraction methods, such as reduced energy consumption, 
lower environmental impact, and the ability to produce high- 
quality products (Patrignani et al. 2020).

HPH is a green extraction method that applies intense mechan-
ical forces to a mixture of two immiscible liquids, such as oil 

and water, to extract bioactive compounds from natural sources 
(Zhu et  al.  2016) (Figure  3). The mechanism of action behind 
HPH involves a series of physical phenomena that occur during 
the homogenization process.

The first step in the mechanism of action is the creation of high- 
energy zones within the homogenizer. As the mixture passes 
through a narrow gap at high pressure, intense turbulence and 
shear forces are generated (Bevilacqua et al. 2019). This leads to 
the creation of a large interfacial area between the two immisci-
ble liquids and the breakup of larger droplets into smaller ones 
(Georget et al. 2014).

The second step in the mechanism of action involves the re-
lease of intracellular compounds from natural sources. HPH is 
highly effective at disrupting plant cells and releasing trapped 
intracellular compounds, including phytochemicals, vitamins, 
and minerals (Zhu et al. 2016). This is achieved by applying high 
pressure, which breaks down the cell walls and facilitates the 
release of these bioactive compounds. The resulting extracts are 
typically rich in valuable compounds and have a wide range of 
applications in industries such as food, cosmetics, and nutraceu-
ticals (Saricaoglu et al. 2019; Wang et al. 2018; Wu et al. 2020).

The third step in the mechanism of action is the preservation of 
bioactive compounds during the extraction process (Zhou 2021). 
Unlike traditional extraction methods that use high tempera-
tures and harsh chemicals, HPH operates at low temperatures 
and without the use of solvents or chemicals, which reduces the 
risk of degradation of bioactive compounds. The short process-
ing time and the ability to control the temperature during the 
extraction process also minimize the risk of degradation of bio-
active compounds (Quan et al. 2020; Sentandreu et al. 2020).

HPH is an environmentally friendly extraction method that of-
fers several advantages over traditional techniques. One major 
benefit of HPH is its efficiency in extracting bioactive compounds 
from natural sources such as plants, fruits, and vegetables 
(Betoret et al. 2017). The process uses high pressure to disrupt 
plant cells and release intracellular compounds, resulting in ex-
tracts that are typically rich in phytochemicals, vitamins, and 
minerals (Martínez- Monteagudo et al. 2017). These extracts have 
diverse applications, including in food, cosmetics, and nutraceu-
ticals (Zamora and Guamis 2015), as outlined in Table 1.

FIGURE 3    |    3D scheme of high- pressure homogenization extraction.
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Additionally, HPH excels in producing high- quality products 
with minimal degradation of bioactive compounds (Sharabi 
et al. 2018). This advantage stems from its short processing times 
and controlled temperatures, which help preserve the integrity 
of the compounds. Unlike traditional methods that often require 
high temperatures and harsh chemicals, HPH operates at lower 
temperatures and without solvents or chemicals, thus reducing 
the risk of degradation (Karacam et al. 2015; Moscovici Joubran 
et al. 2019; Saricaoglu et al. 2019; Silva et al. 2010; Suárez- Jacobo 
et al. 2011; Wellala et al. 2020).

However, HPH is a green extraction method that offers several 
advantages over traditional extraction methods. It provides ef-
ficient extraction of bioactive compounds from natural sources 
with minimal degradation and has a low environmental impact 
due to the absence of solvents or chemicals. As the demand for 
sustainable and environmentally friendly extraction methods 
continues to grow, HPH is expected to become an increasingly 
popular choice in various industries.

2.5   |   Enzyme- Assisted Extraction (EAE)

Enzyme- assisted extraction (EAE) is an advanced technique 
used for extracting bioactive compounds from plant- based 
foods (see Table 1). This method involves the use of specific 
enzymes that break down the cell walls of plant materials, 
thereby facilitating the release of bioactive compounds. EAE 
offers several advantages over traditional extraction methods, 
such as increased extraction efficiency, reduced solvent con-
sumption, and the ability to selectively target and extract de-
sired compounds (Sharif et al. 2023).

The mechanism of EAE revolves around the utilization of 
tailor- made enzymes that act upon the cell walls of plant ma-
terial. Enzymes, which are biological catalysts, accelerate 
chemical reactions without being consumed in the process. 
In the context of EAE, enzymes target the complex polysac-
charides and lignin constituting the cell walls, causing their 
breakdown (Islam et al. 2023).

The breakdown of cell walls by enzymes enables the facile 
release of bioactive compounds. Once the cell walls are dis-
mantled, the bioactive compounds can freely diffuse into the 
extraction solvent, typically water or a blend of water and a 
polar organic solvent. The EAE process can be further refined 
by adjusting parameters such as enzyme concentration, reaction 
time, and temperature (Sanjeewa et al. 2023).

The efficiency of EAE can be enhanced by employing a com-
bination of enzymes that target different components of the 
plant cell wall. For instance, enzymes targeting cellulose can be 
employed alongside those targeting hemicellulose or lignin, re-
sulting in a comprehensive breakdown of cell walls and elevated 
extraction efficiency (Islam et al. 2023).

Notably, one of the primary advantages of EAE lies in its ca-
pability to selectively extract specific bioactive compounds. 
Enzymes can be selected based on their capacity to target par-
ticular compounds, leading to a more precise and efficient ex-
traction process. Furthermore, EAE facilitates the extraction 

of bioactive compounds that may pose challenges when using 
traditional methods (Freitas et al. 2023).

To summarize, the mechanism of EAE involves the utilization 
of specific enzymes to dismantle the cell walls of plant material, 
facilitating the release of bioactive compounds. EAE offers nota-
ble advantages over conventional extraction methods, including 
heightened extraction efficiency, reduced solvent usage, and the 
ability to selectively extract desired compounds. The efficiency 
of EAE can be further refined by adjusting enzyme concentra-
tion, reaction time, and temperature, as well as employing a 
combination of enzymes to target different components of the 
plant cell wall.

3   |   Isolation and Purification Techniques of 
Bioactive Compounds from Plant- Based Foods

3.1   |   Solid- Phase Extraction (SPE)

Solid- phase extraction (SPE) is a highly effective technique for 
the extraction and purification of bioactive compounds from 
plant- based foods. It involves the use of solid adsorbents to selec-
tively retain target compounds, allowing for their isolation from 
complex matrices (Attallah et al. 2023).

SPE offers several advantages that make it a valuable tool in the 
field of natural product research. Firstly, it provides excellent se-
lectivity, enabling the isolation of specific bioactive compounds 
of interest while minimizing interference from other compo-
nents present in the sample. This selectivity is achieved by 
carefully choosing the appropriate adsorbent material that ex-
hibits affinity toward the target compounds (Kumar, Kaushik, 
et al. 2023).

Another advantage of SPE is its versatility. It can be tailored to 
suit different sample types and compound classes. By selecting 
the appropriate adsorbent, sorbent bed size, and elution solvent, 
researchers can optimize the extraction conditions and achieve 
high recovery yields for a wide range of bioactive compounds (da 
Silva et al. 2020).

The method is also known for its efficiency. SPE typically re-
quires minimal solvent consumption compared to other 
extraction techniques, which is both cost- effective and environ-
mentally friendly. Additionally, the use of solid- phase sorbents 
eliminates the need for laborious filtration steps, resulting in 
time savings and simplified sample preparation (Patrice Didion 
et al. 2023).

SPE is widely utilized in natural product research to isolate 
and purify various bioactive compounds, including phenolic 
compounds, flavonoids, alkaloids, and terpenoids. These com-
pounds possess diverse biological activities and are of great 
interest in fields such as pharmaceuticals, nutraceuticals, and 
functional foods (Mir- Cerdà et al. 2023).

To perform SPE, the sample is initially passed through a solid- 
phase cartridge or disk containing the appropriate adsorbent 
material. The target compounds selectively interact with the sor-
bent, while undesirable matrix components are washed away. 
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Afterward, the retained compounds are eluted using a suitable 
solvent, resulting in their isolation and concentration for subse-
quent analysis (Waseem et al. 2023).

Thus, SPE is a valuable technique for the extraction and puri-
fication of bioactive compounds from plant- based foods. Its se-
lectivity, versatility, efficiency, and broad application make it 
an essential tool in natural product research. By utilizing SPE, 
researchers can effectively isolate and purify bioactive com-
pounds, leading to a deeper understanding of their properties 
and potential applications in various industries.

3.2   |   Centrifugal Partition Chromatography (CPC)

Centrifugal partition chromatography (CPC) is a sophisticated 
chromatographic technique that has garnered significant inter-
est in natural product research for extracting, isolating, and pu-
rifying bioactive compounds from plant- based sources. It offers 
several advantages over traditional chromatographic methods, 
making it a valuable tool for discovering novel bioactive com-
pounds (Métoyer et al. 2024). CPC operates on the principle of 
liquid–liquid partitioning, utilizing a two- phase solvent sys-
tem. In this method, the sample mixture is introduced into a 
column filled with a stationary phase, typically a high- density 
liquid, while a low- density liquid serves as the mobile phase. 
Centrifugal force drives the formation of a biphasic system, 
enabling the partitioning and separation of target compounds 
based on their partition coefficients (Kiene et al. 2023).

One of the primary advantages of CPC is its high loading ca-
pacity. The biphasic nature of the system enables the loading of 
large sample volumes, making it ideal for processing complex 
plant extracts with high concentrations of bioactive compounds. 
This feature significantly reduces the need for extensive sample 
preparation, saving time and resources (Michel et al. 2024).

CPC also offers excellent separation efficiency. The contin-
uous recycling of the mobile phase allows for multiple parti-
tioning events, enhancing the resolution of target compounds. 
Furthermore, CPC can be easily scaled up, enabling the puri-
fication of larger quantities of bioactive compounds for further 
characterization and bioassays (Nunes et al. 2023).

Another notable advantage of CPC is its ability to operate in an 
isocratic mode, meaning that the mobile phase composition re-
mains constant throughout the separation. This eliminates the 
need for gradient elution, simplifying method development and 
allowing for better reproducibility and robustness (Nakonieczna 
et al. 2024).

CPC has demonstrated exceptional selectivity, especially for 
structurally diverse compounds. By adjusting the composition 
of the stationary and mobile phases, researchers can fine- tune 
the separation parameters and achieve high- purity fractions of 
bioactive compounds. This selectivity makes CPC particularly 
valuable in the isolation of minor components from complex 
plant matrices (Pajot et al. 2023).

Furthermore, CPC is a versatile technique that can be employed 
with a wide range of solvent systems and column configurations. 

This flexibility enables researchers to tailor the method to spe-
cific compound classes or sample types, enhancing its appli-
cability in various natural product research areas (de Souza 
et al. 2023).

CPC is a powerful chromatographic technique for the extraction, 
isolation, and purification of bioactive compounds from plant- 
based sources. Its high loading capacity, separation efficiency, 
selectivity, and versatility make it an attractive alternative to 
conventional chromatographic methods. By harnessing the ca-
pabilities of CPC, researchers can expedite the discovery and de-
velopment of novel bioactive compounds from natural sources, 
opening doors to potential applications in pharmaceuticals, nu-
traceuticals, and other industries.

3.3   |   Preparative Liquid Chromatography (PLC)

Preparative liquid chromatography (PLC) is a powerful tech-
nique used for the purification and isolation of bioactive com-
pounds from plant- based sources. It is a scaled- up version of 
analytical liquid chromatography, specifically designed to han-
dle larger sample volumes and produce purified fractions suit-
able for further analysis and applications (Shao et al. 2020).

PLC operates on the same principles as analytical liquid chro-
matography, involving the separation of compounds based on 
their differential interactions with a stationary phase and a mo-
bile phase. However, PLC utilizes larger columns packed with 
specialized stationary phases to accommodate higher sample 
loads and achieve higher purification yields (Li et al. 2021).

One of the key advantages of PLC is its ability to handle complex 
mixtures present in plant extracts. By using appropriate station-
ary phases and optimizing separation conditions, PLC enables 
the efficient isolation of target compounds from intricate matri-
ces, which may contain a wide range of co- extracted compounds. 
This capability is particularly important in natural product re-
search, where the purification of bioactive compounds is often 
challenging due to their low abundance or presence alongside 
interfering compounds (Guiochon 2002).

PLC also offers exceptional resolution and purification power. 
With its larger column dimensions and increased sample load, 
PLC allows for improved separation of closely related com-
pounds and removal of impurities. This high resolution is cru-
cial for obtaining highly pure fractions of bioactive compounds, 
which is essential for subsequent characterization and biological 
evaluation (Sun et al. 2023).

Furthermore, PLC provides flexibility in terms of solvent se-
lection and gradient elution profiles. This flexibility enables 
researchers to fine- tune separation conditions, optimize purifi-
cation strategies, and adapt the method to different compound 
classes or sample types. By carefully adjusting the mobile phase 
composition, flow rate, and gradient profile, PLC can achieve 
high selectivity and purification efficiency for a wide range of 
bioactive compounds (Wang, Mei, et al. 2023).

PLC is a versatile technique that can be combined with various 
detection methods, such as UV–visible, mass spectrometry, or 
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refractive index detection, to monitor the elution of target com-
pounds in real- time. This allows for efficient fraction collection, 
ensuring the isolation of pure compounds and minimizing sam-
ple loss (Yao et al. 2024).

Therefore, PLC is a valuable technique in natural product re-
search for the purification and isolation of bioactive compounds 
from plant- based sources. Its ability to handle complex mix-
tures, provide high- resolution separation, and offer flexibility 
in method development makes it an essential tool in the quest 
for novel bioactive compounds. By harnessing the capabilities 
of PLC, researchers can advance their understanding of plant- 
derived compounds and unlock their potential applications in 
various fields, including pharmaceuticals, nutraceuticals, and 
functional foods.

3.4   |   UV–Visible Spectroscopy

UV–Visible spectroscopy is a widely used analytical technique 
in various scientific disciplines, including chemistry, biochem-
istry, and material science. It involves the measurement of the 
absorption or transmission of ultraviolet (UV) and visible light 
by a sample, providing valuable information about its elec-
tronic structure and the presence of chromophores (Rawat and 
Garg 2021).

One of the key advantages of UV–Visible spectroscopy is its 
simplicity and accessibility. The instrumentation is rela-
tively straightforward, consisting of a UV–Visible spectro-
photometer that emits a broad range of UV and visible light 
wavelengths. The sample is typically placed in a transparent 
cuvette, and the absorbance or transmittance of light is mea-
sured, allowing for quantitative analysis.

UV–Visible spectroscopy is particularly effective for analyzing 
compounds with conjugated pi- electron systems, such as or-
ganic compounds and transition metal complexes. These com-
pounds exhibit characteristic absorption bands in the UV and 
visible regions due to electronic transitions between energy lev-
els. By studying the absorption spectra, valuable information 
about the electronic properties, concentration, and purity of the 
sample can be obtained (Mir- Cerdà et al. 2023).

The technique offers excellent sensitivity, allowing for the detec-
tion of compounds at low concentrations. This makes UV–Visible 
spectroscopy useful for quantitative analysis, such as determin-
ing the concentration of a compound in a solution or monitoring 
chemical reactions in real time (Liu, Wang, et al. 2021).

UV–Visible spectroscopy is also employed for qualitative anal-
ysis and identification of compounds. Each compound has a 
unique absorption spectrum, often characterized by distinct 
peak positions and intensities. By comparing the absorption 
spectrum of an unknown compound with reference spectra or 
databases, the compound can be identified or classified (Melo 
et al. 2021; Ramos- Escudero et al. 2021; Savitharani et al. 2024; 
Sirijan et al. 2020).

Furthermore, UV–Visible spectroscopy is a non- destructive 
technique that requires minimal sample preparation. It can be 

used for the analysis of a wide range of sample types, includ-
ing liquids, solids, and gases. This versatility makes it a valuable 
tool in various scientific fields, such as pharmaceutical analy-
sis, environmental monitoring, and quality control (Shrinet 
et al. 2021).

UV–Visible spectroscopy can be utilized for kinetic studies, al-
lowing the monitoring of chemical reactions in real time. By fol-
lowing changes in absorbance over time, reaction rates, reaction 
mechanisms, and the influence of various factors on the reac-
tion can be investigated (Souza et al. 2021).

Thus, UV–Visible spectroscopy is a versatile and widely used 
analytical technique for the analysis of compounds with conju-
gated pi- electron systems. Its simplicity, accessibility, sensitivity, 
and non- destructive nature make it a valuable tool for qualita-
tive and quantitative analysis in various scientific disciplines. 
By harnessing the capabilities of UV–Visible spectroscopy, re-
searchers can gain valuable insights into the electronic prop-
erties, concentration, and purity of samples, advancing their 
understanding and applications in fields such as chemistry, bio-
chemistry, and material science.

3.5   |   Nuclear Magnetic Resonance Spectroscopy 
(NMR)

Nuclear magnetic resonance spectroscopy (NMR) is a powerful 
analytical technique widely utilized in chemistry, biochemistry, 
and related fields for the structural elucidation and characteriza-
tion of organic compounds, as well as the investigation of molec-
ular dynamics and interactions (Bruno et al. 2023).

NMR exploits the inherent magnetic properties of atomic nuclei 
to provide valuable information about the structure and behav-
ior of molecules. It involves subjecting a sample to a strong mag-
netic field and applying radiofrequency pulses to induce nuclear 
spin transitions. By measuring the absorption and emission of 
energy during these transitions, detailed information about the 
chemical environment, connectivity, and dynamics of the sam-
ple can be obtained (Tampieri et al. 2021).

One of the primary advantages of NMR is its non- destructive 
nature. It requires minimal sample preparation, allowing for the 
analysis of various sample types, including liquids, solids, and 
gases, without altering their chemical composition. This makes 
NMR an invaluable tool in the characterization of complex mix-
tures and natural products (Wishart et al. 2022).

NMR provides high- resolution structural information, enabling 
the determination of molecular connectivity and spatial ar-
rangement of atoms within a molecule. It can identify functional 
groups, differentiate between isomers, and elucidate complex 
molecular architectures. Additionally, NMR techniques such 
as two- dimensional (2D) NMR and multi- dimensional NMR 
experiments offer enhanced spectral resolution and provide de-
tailed insights into molecular structure and dynamics (Sahoo 
et al. 2020).

Furthermore, NMR spectroscopy is capable of quantifying 
the abundance of different molecular species in a mixture. By 
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integrating the area under specific peaks in the NMR spec-
trum, the relative concentrations of compounds can be deter-
mined, facilitating quantitative analysis and metabolic profiling 
(Giraudeau 2023).

NMR spectroscopy also enables the study of molecular in-
teractions and dynamics (Alderson and Kay  2021). Through 
techniques such as diffusion NMR (Thomlinson et al. 2022), re-
laxation NMR (dos Reis Lino et al. 2021), and nuclear Overhauser 
effect spectroscopy (NOESY) (Madhu 2023), researchers can in-
vestigate the movement, rotation, and interaction of molecules, 
as well as the binding affinity between ligands and receptors. 
This information is valuable in fields such as drug discovery, 
where understanding molecular interactions is crucial.

In recent years, advances in NMR technology, including high- 
field magnets (Yanagisawa et  al.  2022) and cryogenic probes 
(Matsuki et al. 2022), have significantly enhanced the sensitiv-
ity and resolution of NMR spectra. This allows for the analysis 
of smaller sample volumes and detection of low- concentration 
compounds, broadening the scope of NMR applications.

NMR spectroscopy is a highly effective analytical technique 
used for structural elucidation, quantitative analysis, and study-
ing molecular interactions and dynamics. Its non- destructive 
nature, high resolution, and versatility make it an essential tool 
across various scientific disciplines. NMR spectroscopy enables 
researchers to gain deep insights into the structure, composi-
tion, and behavior of molecules, thus advancing knowledge and 
applications in chemistry, biochemistry, and related fields.

4   |   Identification Techniques of Bioactive 
Compounds

4.1   |   High- Resolution Mass Spectrometry (HRMS)

High- resolution mass spectrometry (HRMS) is an advanced an-
alytical technique that has revolutionized the field of compound 
identification and characterization (Razgonova et  al.  2023). It 
combines the use of high- resolution mass analyzers with sophis-
ticated data acquisition and processing techniques, enabling 
precise determination of molecular weights and accurate mass 
spectra. HRMS has become an indispensable tool in various sci-
entific disciplines, including chemistry, biochemistry, pharma-
ceuticals, and environmental analysis (Alshammari et al. 2023).

One of the key advantages of HRMS is its ability to provide highly 
accurate mass measurements (Nehmeh et al. 2023). Traditional 
mass spectrometry techniques have limited resolution, making 
it challenging to differentiate compounds with similar masses. 
HRMS overcomes this limitation by offering significantly higher 
resolution, allowing for clear distinction and accurate determi-
nation of molecular weights (Lai and Wang  2023). This capa-
bility is particularly valuable in the identification of unknown 
compounds, as it provides crucial information for structural elu-
cidation and database searching.

HRMS can be combined with various ionization techniques, 
such as electrospray ionization (ESI) or matrix- assisted laser 
desorption/ionization (MALDI), to ionize samples for analysis 

(Letourneau and Volmer  2023). The choice of ionization tech-
nique depends on the nature of the sample and the desired an-
alyte class. The ability to ionize a wide range of compounds 
makes HRMS applicable to diverse sample types, including 
small organic molecules, peptides, proteins, lipids, and metab-
olites (Deschamps et al. 2023).

In addition to accurate mass measurement, HRMS also pro-
vides detailed mass spectral information. The high resolution 
and mass accuracy enable the detection of isotopic patterns, 
fragmentation patterns, and elemental compositions of ions 
(Jongedijk et al.  2023). This information can be used to eluci-
date the structure and connectivity of compounds (Kajtazi 
et  al.  2023), identify functional groups (Latz et  al.  2023), and 
differentiate between isomeric species (Akhlaqi et  al.  2023). 
Furthermore, HRMS can be combined with tandem mass spec-
trometry (MS/MS) techniques to provide additional structural 
information and enhance compound identification capabilities.

Recent advancements in HRMS technology have significantly 
improved instrument sensitivity, resolution, and speed. High- 
field magnets, improved ion sources, and innovative mass 
analyzers have enhanced the overall performance of HRMS in-
struments (Deschamps et al. 2023). These advancements have 
allowed for the analysis of smaller sample volumes, detection of 
low- abundance compounds, and improved throughput in data 
acquisition (Song, Baral, et al. 2023). Moreover, advancements 
in data processing and computational approaches, including 
machine learning and artificial intelligence, have further en-
hanced the speed and accuracy of compound identification 
using HRMS data.

Therefore, High- Resolution Mass Spectrometry (HRMS) is a 
powerful and versatile analytical technique that has trans-
formed compound identification and characterization. Its ability 
to provide highly accurate mass measurements, detailed mass 
spectral information, and the integration of advanced data anal-
ysis tools has made HRMS an essential tool in various scientific 
fields. By harnessing the capabilities of HRMS, researchers can 
efficiently identify and characterize unknown compounds, elu-
cidate their structures, and advance knowledge and applications 
in chemistry, biochemistry, pharmaceuticals, and environmen-
tal analysis.

FIGURE 4    |    Stimuli- responsive carrier for nano bioactive 
component.
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4.2   |   Chemoinformatics and Machine Learning

Chemoinformatics and machine learning have emerged as pow-
erful tools in the identification and characterization of bioactive 
compounds. By combining computational methods with chem-
ical information, these approaches offer efficient and accurate 
means of predicting and analyzing the properties and activities 
of compounds, aiding in drug discovery, toxicity assessment, 
and molecular design (Bajorath et al. 2022).

Chemoinformatics involves the application of statistical and 
computational techniques to chemical data, enabling the anal-
ysis, interpretation, and prediction of chemical properties and 
behaviors. By leveraging large databases of chemical structures 
and associated properties, chemoinformatics methods can iden-
tify patterns, relationships, and trends in chemical data. This 
information is crucial for understanding structure–activity re-
lationships (SAR) and predicting the bioactivity of compounds 
(Niazi and Mariam 2023).

Machine learning algorithms play a vital role in chemoinformatics 
by learning from data and making predictions or decisions with-
out explicit programming. These algorithms are trained using 
chemical descriptors, molecular fingerprints, or other chemical 
representations as input features. By utilizing large and diverse 
datasets, machine learning models can extract meaningful infor-
mation and patterns, enabling the prediction of various properties 
and activities of bioactive compounds (Park et al. 2022).

One of the primary applications of chemoinformatics and ma-
chine learning is virtual screening, which involves the rapid iden-
tification of potential bioactive compounds from large compound 
libraries (Bhowmik et  al.  2023). By training machine learning 
models on known bioactive compounds, these models can predict 
the bioactivity of new compounds and prioritize those with high 
potential for further experimental investigation. This approach 
accelerates the drug discovery process by focusing on the most 
promising candidates and reducing the number of compounds re-
quiring experimental screening (Medina- Franco 2021).

Chemoinformatics and machine learning methods are also 
widely used for toxicity prediction and assessment. By analyz-
ing chemical structures and incorporating toxicological data, 
these approaches can predict the toxicity profiles of compounds, 
aiding in the selection of safer and more effective candidates 
for drug development or other applications. This is particularly 
valuable in the early stages of compound screening, where iden-
tifying potential toxic compounds can save time, resources, and 
prevent harmful effects (Raslan et al. 2023).

To support cheminformatics and machine learning analyses, 
large chemical databases, molecular libraries, and online re-
sources are available. These resources provide access to chem-
ical structures, biological activity data, and other relevant 
information, allowing researchers to extract knowledge and 
build robust models for compound identification and prediction 
(Martinez- Mayorga et al. 2020).

TABLE 2    |    The pH- responsive carriers and polymeric nanoparticle- based carriers.

Carriers Types References

1- Acid- labile chemical bonds
2- Ionizable chemical groups
3- pH- sensitive polymers
4- pH- sensitive peptides
5- Gas- generating precursors
6-  Hydrogels

[e.g., acetal, hydra- zone, ortho- 
ester, imine, and amide bonds]
[e.g., amines, carboxylic acids, 

and phosphoric acids]
[e.g., chitosan, gelatin, and cyclodextrin]

(e.g., histidine, chitosan, 
alginate, carrageenan)

(e.g., sodium bicarbonate, ammonium- 
bicarbonate, and alkoside)

(e.g., Tremella polysaccharides, 
carboxymethyl cellulose, and nonionic 

surfactants as the main hydrogel building 
blocks, carboxymethyl chitin)

(Shishir et al. 2021; Do et al. 
2022; Kropacheva et al. 2023)

(Zhang et al. 2021; Rezaei et al. 
2022; Donders et al. 2023)

(Xiong et al. 2020; Gutierrez 
et al. 2022; Shen et al. 2023)

(Du et al. 2022; Suo et al. 2021; 
Rigogliuso et al. 2023)

(Liu et al. 2022; Singh et al. 2021; 
Zhao et al. 2023; Yu et al. 2023)

(Zhao et al. 2023; Liao and 
Huang 2022; Hilal et al. 2023)

Nano carriers Encapsulated materials References

1-  Okra polysaccharides with gelatin
2-  Sodium carboxymethyl cellulose
3-  Chitosan
4-  Nano emulsions (Gums)
5-  Alginate

Encapsulation of iso- quercetin
Encapsulation of Lactic acid

Encapsulation of oleuropein from olive
Citral, β- carotene, tributyrin, 

flaxseed oil, coenzyme Q capsaicin, 
and several oil- soluble vitamins

Vitamins, minerals, essential fatty 
acids, peptides, essential oils, bioactive 

oils, polyphenols and carotenoids

(Smola et al. 2008; Li et al. 2020a) 
(Gunathilake et al. 2020)

(Lu et al. 2021)
(Singh et al. 2023)
(Karim et al. 2022)

Note: pH- responsive carriers, they can trigger gate release of the encapsulated bioactive compound at the target site; Polymeric nanoparticle- based carriers; The 
decrease in particle size leads to an increase in surface area, leading to an enhanced dissolution rate. Polymeric nanoparticles that are stable in acidic conditions have 
also been developed.
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Finally, chemoinformatics and machine learning have signifi-
cantly contributed to the identification and characterization of 
bioactive compounds. By integrating computational methods, 
chemical information, and large datasets, these approaches en-
able the prediction of bioactivity, toxicity, and molecular prop-
erties of compounds. The applications of chemoinformatics and 
machine learning extend to virtual screening, toxicity assess-
ment, and compound design, accelerating drug discovery and 
facilitating the development of bioactive compounds with ther-
apeutic potential.

4.3   |   Multi- Dimensional Analysis

Multi- dimensional analysis has emerged as a powerful approach 
in the study of bioactive compounds, enabling researchers to 
gain a more comprehensive understanding of their properties, 
interactions, and biological activities (Yang et  al.  2023). By 
combining multiple analytical techniques and data sets, multi- 
dimensional analysis offers enhanced resolution, sensitivity, and 
information extraction capabilities (Wang, Yang, et al. 2023).

One key aspect of multi- dimensional analysis is the integration 
of complementary analytical techniques. By combining tech-
niques such as mass spectrometry (MS), NMR spectroscopy, 
and chromatography, researchers can obtain a wealth of struc-
tural and functional information about bioactive compounds 
(Meheuddin and Kazerooni  2024). Each technique provides 
unique insights into different aspects of the compound, and 
their integration allows for a more holistic characterization.

For example, multi- dimensional liquid chromatography 
(LCxLC) combines two or more chromatographic separation 
modes, such as reversed- phase and normal- phase chromatog-
raphy, to achieve higher resolution and increased peak capac-
ity (Pardon et al. 2024). This enables the separation of complex 
mixtures and the identification of closely related compounds 
that may have been challenging to resolve using a single chro-
matographic method. LCxLC coupled with MS or NMR detec-
tion provides not only separation information but also structural 
insights and identification capabilities, facilitating the charac-
terization of bioactive compounds (Wysor 2023).

Multi- dimensional analysis also extends to the use of advanced 
data acquisition and processing techniques. For instance, two- 
dimensional nuclear magnetic resonance spectroscopy (2D 
NMR) allows for the correlation of signals from different nuclei in 
a molecule, providing valuable structural information about con-
nectivity and spatial arrangements (Lapina and Yakovlev 2023). 
By combining 2D NMR with other techniques like MS or LC, re-
searchers can obtain a more comprehensive picture of the com-
pound's structure and properties (Duarte et al. 2023). By utilizing 
advanced algorithms and data mining techniques, researchers 
can extract meaningful information from multi- dimensional 
data sets and unravel complex relationships between the struc-
ture, properties, and activities of bioactive compounds.

Overall, multi- dimensional analysis represents a paradigm 
shift in the characterization and understanding of bioactive 
compounds. By integrating complementary techniques, ad-
vanced data acquisition and processing, and computational 

approaches, researchers can obtain a more comprehensive 
view of the compounds' properties, interactions, and biolog-
ical activities. This approach holds significant potential for 
advancing drug discovery, chemical biology, and the develop-
ment of bioactive compounds with therapeutic applications.

5   |   Food Bioactive Components Delivered Using 
Stimuli- Responsive Carrier

Recent advancements in nanotechnology and materials science 
have spurred the development of various nanocarriers aimed at 
efficiently delivering bioactive phytochemicals. Among the most 
studied carriers are liposomes, emulsions, micelles, hydrogels, co-
acervates, polymeric nanoparticles, and conjugates. These delivery 
systems offer significant potential for enhancing the efficacy of nu-
traceuticals due to their ability to improve the physical properties 
of encapsulated bioactive compounds, such as solubility and sta-
bility. They also protect sensitive phytochemicals from harsh gas-
trointestinal conditions, extend systemic circulation, prevent the 
degradation of fragile compounds, and promote cellular uptake. 
Additionally, these systems facilitate targeted delivery to specific 
tissues or organs. Recent developments have focused on stimuli- 
responsive carriers, which are designed to provide precise control 
over the timing, location, and dosage of release, thereby minimiz-
ing side effects. These advanced systems, influenced by progress 
in food science, functional foods, nutraceuticals, and materials sci-
ence, enable on- demand release of bioactive compounds triggered 
by physical, chemical, or biological stimuli from the microenviron-
ment. The release mechanisms include hydrolysis, protonation, 
redox reactions, isomerization, and carrier disassembly, triggered 
by endogenous stimuli such as pH, enzymes, redox potential, and 
temperature, or exogenous factors like light, magnetic fields, ultra-
sound, and irradiation (Alsehli 2020; Gu et al. 2018; Muntimadugu 
et  al. 2015). Stimuli- responsive carriers may be single- stimulus, 
reacting to one type of stimulus, or multi- stimuli- responsive, 
activated by multiple stimuli (Chen et al. 2020; Patra et al. 2018; 
Rao et  al. 2018). Often referred to as “smart” delivery systems, 
these carriers combine the properties of nanohydrogels, micelles, 
graphene nanoparticles, solid nanoparticles, nanoliposomes, and 
polymeric nanoparticles with the ability to respond dynamically 
to stimuli such as pH, temperature, redox conditions, or enzymes. 
They are engineered for precise site- specific targeting, including 
targeting specific organs or tumor microenvironments. The effec-
tiveness of these systems hinges on the chemical bonds, functional 
groups, or polymers used to facilitate the stimuli- responsive func-
tion and trigger release (Kang et al. 2020). Consequently, these ad-
vanced carriers hold great promise for reducing toxic side effects, 
enabling controlled release, enhancing site- specific targeting, and 
improving cellular uptake (Figure 4).

6   |   Emerging Applications of Bioactive 
Compounds

Biologically active compounds are secondary metabolites that 
are extracted from plant, animal, fungal, or microbial sources. 
In addition to their medicinal and toxic effects, these com-
pounds possess new properties that led to the expansion of their 
applications in several fields (cosmetics, biofuels, and func-
tional compounds). Currently, these compounds are extracted 

 20487177, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fsn3.70351 by Iraq H

inari N
PL

, W
iley O

nline L
ibrary on [11/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



23 of 33

using modern methods such as (supercritical fluid extraction, 
microwave extraction, pulsed electric field extraction, enzyme 
extraction, ultrasonic extraction, or pressure extraction), which 
have enhanced their stability while preserving their biological 
and functional diversity (Pai et al. 2022). Phenolic compounds 
are widely used as alternative therapeutic agents, and poly-
phenolic compounds from natural sources have been used in 
many fields in order to develop new products or technologies 
and reduce environmental risks resulting from them and their 
negative impact on human health (Dias et al. 2021), (Tables 1 
and 2). Latest studies have proven that the mechanism of protec-
tive consequences of polyphenols happens through mobile sig-
naling pathways and is not always immediately brought on by 
epigenetic movements within the context of pathological physi-
ological constraints. In food technology, they are being used to 
enhance the nutritional profile of functional foods, contributing 
to improved health outcomes by providing antioxidant, anti- 
inflammatory, and antimicrobial properties. These compounds 
are also increasingly incorporated into active packaging ma-
terials, extending the shelf life of perishable goods by prevent-
ing microbial growth. Recent research has proven that (Corrêa 
et al. 2018; Daglia 2020). The textile industry is one of the most 
polluting, generating many chemicals, like synthetic dyes, and 
quite several colors that range from yellow to pink, and for that 
reason, they have been exploited in the development of natural 
dyes with less toxicity than the traditional ones used in silk and 
wool fabric dyeing (Dias et al. 2021). In the field of pharmaceuti-
cals, bioactive compounds such as polyphenols, flavonoids, and 
alkaloids are being investigated for their potential in develop-
ing new drugs for chronic diseases, including cancer, diabetes, 
and cardiovascular conditions. Their ability to target specific 
biological pathways with minimal side effects has made them a 
promising alternative to synthetic drugs. Additionally, cosmetic 
industries are leveraging bioactive compounds for their anti- 
aging, moisturizing, and skin- protective properties, creating 
products that support skin health and reduce the signs of aging. 
The recent surge in interest also includes their use in nanotech-
nology for drug delivery systems, enhancing the bioavailability 
and targeted release of therapeutic agents. As research contin-
ues, these natural compounds are proving to be vital in promot-
ing health and sustainability across various sectors. Tables 3, 4 
and 5 represent food applications of bioactive compounds, medi-
cal applications of bioactive compounds, and industrial and bio-
logical applications of bioactive compounds, respectively.

7   |   Conclusions

In conclusion, the extraction, isolation, identification, and char-
acterization of bioactive compounds from plant- based foods are 
crucial for leveraging their potential across various applications. 
Advanced extraction techniques, such as UAE, supercritical 
fluid extraction, and MAE, have markedly improved both the 
efficiency and yield of these compounds. Methods for isolation 
and purification, including chromatography, crystallization, 
and membrane filtration, enable the acquisition of pure, high- 
potency bioactive compounds. Characterization techniques 
like spectroscopy (UV–Vis, FTIR, NMR), mass spectrometry, 
and X- ray diffraction offer essential insights into the struc-
tural properties and functional groups of these compounds. 
The bioactive compounds identified often possess a range of 

beneficial characteristics, including antioxidant, antimicrobial, 
anti- inflammatory, anticancer, and neuroprotective proper-
ties, positioning them as valuable candidates for applications in 
pharmaceuticals, nutraceuticals, cosmetics, and the food indus-
try. Emerging uses include natural preservatives in food prod-
ucts, functional ingredients in dietary supplements, and active 
components in skincare formulations. Additionally, advance-
ments in novel delivery systems, such as nanoparticles and en-
capsulation technologies, have enhanced the bioavailability and 
stability of these compounds, broadening their potential appli-
cations. Ongoing research and technological progress in these 
areas promise to address health, environmental, and economic 
challenges across various industries.
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