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h-pressure homogenization as
a pretreatment for the extraction and drying of 6-
gingerol from ginger

Ginithillawala Arachchilage Dilukshi Vichakshana, Su Chern Foo
and Wee Sim Choo *

6-Gingerol is themajor biologically active component found in the ginger rhizome, and this study investigated

the effect of high-pressure homogenization pretreatment on the recovery of 6-gingerol. The smallest particle

size of ginger suspension was achieved using high-pressure homogenization treatment at 100 MPa for 10

cycles. The total phenolic content (TPC) and antioxidant activity of ginger supernatants were enhanced at

higher intensity of high-pressure homogenization pretreatment. At 50 MPa and 100 MPa of 1 cycle of high-

pressure homogenization, the recovery of 6-gingerol content was increased by 112.9% and 79.1%,

respectively. The high-pressure homogenization-treated and control ginger extracts obtained from

ultrasound-assisted extraction and Soxhlet extraction were dried by various methods. All pretreated high-

pressure homogenization samples showed a significantly higher 6-gingerol content than control samples.

Using Soxhlet and ultrasound-assisted extractions, pretreated freeze-dried high-pressure homogenization

ginger extracts demonstrated the highest antioxidant activity. In contrast, pretreated oven-dried high-

pressure homogenization ginger extracts exhibited the highest TPC. This study demonstrated that high-

pressure homogenization is a potential pretreatment method combined with various extraction and drying

techniques for the efficient recovery of 6-gingerol from the rhizome of ginger.
Sustainability spotlight

The rhizome of ginger (Zingiber officinale Roscoe) contains bioactive gingerols with 6-gingerol as the most prominent biologically active component. 6-Gingerol
exhibits a wide range of biological activities. This study evaluated the effect of high-pressure homogenization and the optimum extraction and drying
combinations for the extraction of 6-gingerol from the rhizome of ginger. High-pressure homogenization increased the extraction of 6-gingerol from the
rhizome of ginger. This study revealed the way for sustainable consumption of ginger as a natural source of 6-gingerol by ensuring resource efficiency and
healthy food consumption. This study aligns with United Nations' Sustainable Development Goals 12 (responsible consumption and production), 3 (health and
well-being) and 9 (industry and innovation).
1. Introduction

6-Gingerol [5-hydroxy-1-(4-hydroxy-3methoxyphenyl)decan-3-
one] is the most prominent and active type of gingerol found
in the rhizome of ginger (Zingiber officinale Roscoe). Ginger is
a widely used spice and medicine all over the world.1 6-Gingerol
demonstrates a wide range of pharmacological activities, such
as antioxidant, antibacterial, antitumor, anti-inammation,
antidiabetic and hypolipidemic activities.2 6-Gingerol shows
thermal instability and poor water solubility that limit its
recovery during the extraction process.1 Besides traditional
extraction methods, including solvent extraction, Soxhlet
extraction, and maceration, novel extraction techniques such as
supercritical extraction, ultrasound, enzyme, and microwave-
sia, Jalan Lagoon Selatan, 47500 Bandar

ee.sim@monash.edu

24, 2, 760–768
assisted extractions have been applied to recover 6-gingerol
from ginger rhizomes.3 Most recently, scientists have paid more
attention to using green extraction technologies that consume
raw materials more effectively, avoiding toxic solvents.4

Several pretreatment methods are applied before extraction
processes to maximize the recovery of bioactive compounds
from plant materials. Various physical, biological, chemical and
physicochemical pretreatment methods are employed to
enhance the extractability of bioactive compounds in different
manners.5,6 Previous studies discovered that pretreatment
techniques including particle size reduction, alkali, acid and
thermal methods improve the microstructure of plant materials
and increase the yield of the extraction process.7 High-pressure
homogenization is a green pretreatment technology applied for
multiple purposes in the food industry.8 High-pressure
homogenization is an easily scalable continuous ow process
that employs intense mechanical stresses induced by shear
© 2024 The Author(s). Published by the Royal Society of Chemistry
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stress, cavitation, turbulence, and collision.9 High-pressure
homogenization technology generates small and uniform
particle sizes by cell disruption, inducing the release of intra-
cellular compounds from plant materials.10 Recently, some
research studies have investigated the impact of non-thermal
and solvent-free high-pressure homogenization treatment on
the physical properties of juices or suspensions.11 Accordingly,
Preece et al.12 demonstrated reduction of particle sizes in
a soybean slurry at 100 MPa aer 1 cycle of high-pressure
homogenization treatment. Yu et al.9 also indicated that
particle sizes of taro pulp decreased with the increasing pres-
sure of high-pressure homogenization. High-pressure homog-
enization signicantly induced the non-selective release of all
intracellular compounds, including proteins, carbohydrates,
etc., from microalgae.10 Xing et al.13 demonstrated a higher
sulforaphane recovery from broccoli seeds aer high-pressure
homogenization treatment due to cell disruption and an
improvement in the mass transfer rate.

The impact of high-pressure homogenization depends on
the cell structure, nature of the plant material, intracellular
compounds, and high-pressure homogenization treatment
conditions. High-pressure homogenization operates at ambient
or moderately elevated temperatures with lower energy
consumption than traditional thermal processing.14 Therefore,
lower energy consumption leads to reduced greenhouse gas
emissions and lower environmental impact during the high-
pressure homogenization process.14 Furthermore, the
enhanced extraction yield by the high-pressure homogenization
process could minimize the wastage of raw materials by effi-
cient recovery of intracellular compounds.15 These factors
contribute to food sustainability using high-pressure homoge-
nization. Although several studies have explored the potential of
applying high-pressure homogenization treatment on several
raw materials, reports focusing on the effect of high-pressure
homogenization pretreatment on the suspension made from
the rhizome of ginger have not been reported. The evaluation of
the bioactivity of ginger suspensions pretreated with high-
pressure homogenization followed by various extraction and
drying combinations emphasizes the novel approach of this
study. Therefore, the purpose of this study was to assess the
impact of high-pressure homogenization on the particle size
distribution and recovery of 6-gingerol from ginger using an
aqueous solvent. The inuence of high-pressure homogeniza-
tion pretreatment combined with various extraction methods
(ultrasound-assisted and Soxhlet extractions) and drying
methods (vacuum drying, oven drying, and freeze drying) on the
total phenolic content, 6-gingerol content, and antioxidant
activity of ginger extracts was further investigated.

2. Materials and methods
2.1. Materials and chemicals

Fresh ginger rhizomes were acquired from Johor, Malaysia (1°
310 39.176400 N latitude and 103° 440 43.713600 E longitude).
Methanol (HPLC grade ($99.9%)) and analytical grade
($99.8%)) were supplied from Merck (Darmstadt, Germany).
Ethanol (analytical grade (99.5%)) was ordered from Fisher
© 2024 The Author(s). Published by the Royal Society of Chemistry
Scientic (Loughborough, UK). Ascorbic acid, 2,2-diphenyl-1-
picrylhydrazyl (DPPH), ferric chloride, Folin Ciocalteu reagent,
gallic acid, potassium ferricyanide, sodium carbonate anhy-
drous, sodium hydroxide and trichloroacetic acid were obtained
from Sigma-Aldrich (St. Louis, USA).

2.2. Sample preparation and pretreatment

Fresh ginger rhizomes were cleaned with running water and
peeled and cut into small pieces. Aer that, water was added to
the small slices of ginger to get a nal concentration of 10% (w/
v), and a commercial blender (Waring MX1100XT11CE, USA)
was used for blending for 8 min at low speed. Then, the ob-
tained ginger suspension was sieved with a 200 mm mesh. Aer
the ltering step, half of the ginger suspension was labeled as
the control ginger suspension, and the remaining ginger
suspension was subjected to high-pressure homogenization
pretreatment using a high-pressure homogenizer (Panda Plus,
2000; GEA Niro Soavi, Parma, Italy) according to the method of
Vichakshana et al.16 The ginger suspensions were collected aer
1, 5, or 10 cycles at various pressures (50 MPa or 100 MPa) of the
high-pressure homogenization. These conditions were selected
based on the capacity of the equipment and the typical high-
pressure homogenization cycle used.

2.3. Determination of the effect of various high-pressure
homogenization processing conditions on the
physicochemical characteristics of ginger samples

2.3.1. Particle size measurement. The particle size distri-
bution of ginger suspensions was measured by laser scattering
using a Mastersizer 3000 (Malvern Instruments, UK). The
particle size distributions were expressed in terms of the char-
acteristic volume mean diameter d (4,3), diameters of particles
at which 90% diameter (0.9), 50% diameter (0.5), and 10%
diameter (0.1) of particles are by volume.

2.3.2. Scanning electron microscopy. Scanning electron
microscopy (HITACHI SU8010, Japan) was used to determine
the surface morphology of ginger samples. The control and
high-pressure homogenization-treated ginger suspensions were
vacuum-dried, and ginger samples were placed on aluminum
stubs, which contained double-sided carbon adhesive tabs.
Sputter coating was performed with a gold-palladium thin layer
using a sputter coater (Quorum Q150R S, UK). Then, scanning
electron microscopic views of the samples were observed.

2.3.3. 6-Gingerol content, antioxidant activity, and total
phenolics of aqueous ginger supernatants. First, 40 mL of each
ginger suspension were centrifuged at 15 °C and 2500×g for
10 min using a laboratory centrifuge (5810 R model, Eppendorf,
Hamburg, Germany) and then vacuum ltered to obtain
aqueous ginger supernatants. Then, a portion of the superna-
tant was used to analyze the total phenolic content and anti-
oxidant activity according to the methods described in 2.6.3 and
2.6.4 respectively. For high-performance liquid chromatography
(HPLC), the remaining portion of the supernatants was dried
using a conventional oven (Memmert, UFB 500) at 50 °C and
then resuspended with methanol. HPLC analysis was conduct-
ed by following the methods described in 2.6.2.
Sustainable Food Technol., 2024, 2, 760–768 | 761
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2.4. Extractions from ginger suspensions

2.4.1. Ultrasound-assisted extraction. The control ginger
suspension and pretreated ginger suspension were subjected to
ultrasound-assisted extraction according to the method re-
ported by Said et al.17 The high-pressure homogenization
treatment conditions were determined based on the particle
size measurement of ginger suspensions and analysis of
aqueous ginger supernatants. Briey, 40 mL of each ginger
suspension was mixed with 120 mL of absolute ethanol, and
ultrasound-assisted extraction was performed in an ultrasonic
bath at a frequency of 60 Hz and a maximum power of 230 W
(DAIHAN Scientic Ultrasonic Cleaner Set WUC-A03H, Gang-
won, Korea) for 30 min at 30 °C. Aer this, the excess solvents in
ginger extracts were removed using a rotary evaporator at 50 °C.

2.4.2. Soxhlet extraction. The control ginger suspension
and the pretreated ginger suspension were subjected to Soxhlet
extraction according to the method of Said et al.17 with minor
modications. The high-pressure homogenization treatment
conditions were determined considering the particle size
measurement of ginger suspensions and analysis of aqueous
ginger supernatants. Approximately 40 mL of each ginger
suspension was placed in a thimble, and the extraction was
performed for 8 h at 78 °C with 120 mL of absolute ethanol.
Aer this, the excess solvents in ginger extracts were removed
using a rotary evaporator at 50 °C.

2.5. Drying of ginger extracts acquired from ultrasound-
assisted and Soxhlet extractions

Three drying methods were applied to the ginger extracts ob-
tained from ultrasound-assisted and Soxhlet extractions to
eliminate the remaining solvents. Oven drying of ginger extracts
was conducted in a conventional oven (Memmert, UFB 500) at
50 °C until constant weights were obtained. The ginger extracts
were vacuum-dried at 40 °C for 48 h in a vacuum oven (Binder,
VD 115). The ginger extracts were freeze-dried to constant
weights and stored at −80 °C until further analysis.

2.6. Characterization of ginger extracts obtained from
Soxhlet and ultrasound-assisted extractions

2.6.1. Extraction yield. The following formula was used for
the calculation of the extraction yield of ginger extract:

Extraction yield (%) = (Weight of dried ginger extract/Initial

weight of ginger) × 100

2.6.2. 6-Gingerol content by HPLC analysis. 6-Gingerol
content was determined by HPLC analysis following themethod
of Kamal et al.18 with slight modications. Samples (5 mL) were
injected into a HPLC system (Agilent 1260 Innity HPLC system,
Santa Clara, U.S.A.) through a C-18 column (LiChroCART®
Stainless Steel Purospher™ STAR, 5 mm, 4.6 × 150 mm) (Merck,
Darmstadt, Germany) at 35 °C. A diode array detector was set at
280 nm, and the ow rate was 1.2 mL min−1. The mobile phase
was acetonitrile: 0.05% orthophosphoric acid in water (60 : 40,
v/v).
762 | Sustainable Food Technol., 2024, 2, 760–768
2.6.3. Total phenolic content (TPC). The TPC of ginger
extracts was analyzed according to the Folin-Ciocalteu method
as modied by Jeyaraj et al.19 To each ginger extract prepared at
1 mg mL−1, 2.5 mL of Folin-Ciocalteu reagent (10-time dilution)
was added and mixed for 3 min. Then 2.5 mL of Na2CO3 (7.5%
w/v) was added to the mixture and incubated for 30 min at
ambient temperature in a dark place, and the absorbance was
read at 760 nm with a UV-VIS spectrophotometer (Norwalk,
USA). Gallic acid was used as a standard, and the TPC of each
ginger sample was expressed in mg of gallic acid equivalent
per g of dried ginger extract (mg GAE/g extract).

2.6.4. Determination of antioxidant activity
2.6.4.1. DPPH radical scavenging assay. The DPPH radical

scavenging activity of ginger extracts was quantied using the
method reported by Vidana Gamage and Choo.20 First, 5.9 mg of
DPPH was dissolved in 100mL of 100%methanol to prepare the
stock solution. For different dilutions of each ginger extract,
1 mL of DPPH solution was mixed with 250 mL of the sample.
The mixture was then incubated in the dark for 30 min, and
absorbance was detected at 517 nm using a UV-VIS spectro-
photometer (Norwalk, USA). The following equation was
applied to calculate the percentage of DPPH scavenging activity:

Free radical scavenging activity (%) = (AC − As)/ AC × 100

where AC = control absorbance and AS = absorbance of the
ginger samples.

IC50 was indicated as the concentration of ginger extract that
can scavenge 50% of the initial DPPH radicals.

2.6.4.2. Ferric reducing antioxidant power (FRAP) assay. FRAP
analysis of the ginger extracts was performed using the method
reported by Vidana Gamage and Choo.21 A quantity of 1 mL
potassium ferricyanide (1% w/v) and 1 mL phosphate buffer
(0.2 M, pH 6.6) were added to 400 mL of the sample. Then, the
mixture was kept at 50 °C for 20 min, and 1 mL of trichloro-
acetic acid (10% w/v) was mixed. Then, 1 mL of aliquots was
separated from the mixture, and the separated aliquots were
diluted by adding 1 mL of water. Next, 200 mL of ferric chloride
(0.1% w/v) was mixed with the diluted aliquots. The solution
was allowed to stand in the darkness for 30 min, and absor-
bance was recorded at 700 nm. Ascorbic acid (AA) was the
standard, and FRAP was indicated as mg of AA per g.

2.7. Statistical analysis

All experiments were performed in independent triplicate. The
data were presented with the mean value ± standard deviation.
The statistical analysis was conducted by one-way and two-way
ANOVA employing the SPSS 26 soware (New York, USA). The
values with p < 0.05 were identied as statistically signicant.

3. Results and discussion
3.1. Effect of high-pressure homogenization pretreatment
on the particle size reduction

The particle size distribution (PSD) of ginger samples is a valu-
able indicator to identify the impact of various high-pressure
homogenization conditions (pressure and the number of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Particle sizes of ginger samples treated under different high-pressure homogenization (HPH) conditionsa

Treatment
Volume mean diameter
(mm) Diameter (0.1) (mm) Diameter (0.5) (mm) Diameter (0.9) (mm)

Control sample 54.1 � 5.2a 1.5 � 0.03a 17.7 � 0.83a 177.9 � 13.7a

HPH 50 MPa 1 cycle 39.2 � 3.1b 1.5 � 0.03a 16.9 � 0.61ac 128.5 � 7.6b

HPH 50 MPa 5 cycles 23.1 � 0.5cd 1.5 � 0.04a 15.6 � 0.42bc 40.7 � 3.9 cd

HPH 50 MPa 10 cycles 17.7 � 2.2df 1.49 � 0.04a 15.2 � 0.31b 29.9 � 2.4d

HPH 100 MPa 1 cycle 27.2 � 2.5c 1.61 � 0.10a 16.1 � 0.09bc 66.0 � 28.0c

HPH 100 MPa 5 cycles 15.7 � 0.2f 1.47 � 0.09a 15.2 � 0.34b 27.5 � 0.2d

HPH 100 MPa 10 cycles 10.6 � 0.2e 1.34 � 0.04a 12.29 � 0.13b 21.3 � 0.5e

a Values followed by different superscript letters within a column are signicantly different (p < 0.05).
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cycles) on cell disruption and disintegration of complex ginger
tissues into small particles. Particle sizes of ginger samples
treated with various high-pressure homogenization conditions
are presented in Table 1. The PSD of ginger samples subjected
to the various high-pressure homogenization conditions is
presented in Fig. 1. All ginger samples subjected to the high-
pressure homogenization demonstrated a signicantly lower
volume mean diameter compared to the control ginger sample
(Table 1) as a consequence of cell disruption by mechanical
forces exerted during the high-pressure homogenization
process. The control ginger suspension showed a wider PSD
ranging from 1 to 430 mm compared to the other pretreated
ginger suspensions (Fig. 1). The signicant reduction of particle
sizes aer the high-pressure homogenization can be further
observed in the diameter (0.9) value which indicates the particle
diameter at which 90% of particles are by volume. Accordingly,
the diameter (0.9) of the control ginger sample was 177.9 ± 13.7
mm. Aer one cycle of high-pressure homogenization at 50 MPa
and 100 MPa, diameter (0.9) values were signicantly decreased
to 128.5 ± 7.6 mm and 66.0 ± 28.0 mm, respectively (Table 1). A
similar inuence of high-pressure homogenization on the
reduction of particle sizes was reported in the previous litera-
ture.9,12,13 Both pressure conditions and the number of cycles
Fig. 1 Particle size distribution of ginger suspension treated under diffe

© 2024 The Author(s). Published by the Royal Society of Chemistry
through the high-pressure homogenizer cause a prominent
decrease in particle sizes.

High-pressure homogenization pretreatment signicantly
reduced the size of ginger particles (volume mean diameter)
while increasing the pressure from 50MPa up to 100 MPa under
a similar number of cycles (Table 1). Furthermore, the pressure
of 100 MPa in high-pressure homogenization demonstrated the
most inuence on size reduction by directly decreasing the
volume mean diameter of ginger samples to 27.2 ± 2.5 mm at 1
cycle from the 54.1 ± 5.2 mm of the control sample (Table 1).
Xing et al.13 also observed a similar trend that pressure could
have more impact on particle size reduction compared to the
number of cycles. However, higher pressure conditions and
more cycles did not always result in lower particle sizes.9 Among
high-pressure homogenization-treated ginger samples in this
study, the pressure of 100 MPa and 10 cycles exhibited the
lowest volume mean diameter (Table 1). PSD of ginger samples
progressively became narrower with increasing the number of
passes and pressure in high-pressure homogenization. Finally,
the bimodal distribution of particles was converted to a sharper
single peak which shied to the range of less than 50 mm aer
applying high-pressure homogenization at a pressure of
100 MPa for 10 cycles (Fig. 1). This observation indicates that
rent high-pressure homogenization conditions.

Sustainable Food Technol., 2024, 2, 760–768 | 763
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Fig. 2 Scanning electronmicrographs of ginger samples, (A) control and (B) treated with high-pressure homogenization under 1000MPa and 10
cycles (1000× magnification).
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maximum cell disruption of ginger suspensions occurred in
high-pressure homogenization at 100 MPa for 10 cycles.
3.2. Effect of high-pressure homogenization treatment on
the microstructure of ginger samples

SEM was employed to identify the microstructural changes in
ginger samples aer applying the high-pressure homogeniza-
tion pretreatment (100 MPa for 10 cycles). SEM images in Fig. 2
demonstrated how high-pressure homogenization affected the
breakage and disruption of complex ginger tissues into smaller
cell fragments compared to the control ginger sample. As in
Fig. 2A, the control ginger sample tissues were tightly packed,
and cells remained together with smooth surfaces compared to
the ginger sample treated with high-pressure homogenization.
Microfragments and disintegrated cells that are observed in
Fig. 2B imply that combined forces in high-pressure homoge-
nization, such as shear stress, cavitation, and turbulence could
damage the ginger cell structure.
3.3. Impact of high-pressure homogenization on TPC, 6-
gingerol content, and antioxidant activity of ginger
supernatants

TPC, 6-gingerol content, and antioxidant activity of ginger
supernatants were also analyzed to gain insight into the effect of
Table 2 Antioxidant activity, TPC, and 6-gingerol content of aqueous g
treatmentsa

Sample
IC50 of DPPH assay (mg
mL−1)

FRAP assay
acid equival

Control 0.221 � 0.221a 0.148 � 0.00
HPH 50 MPa 1 cycle 0.168 � 0.168ab 0.153 � 0.00
HPH 50 MPa 5 cycles 0.164 � 0.163ab 0.160 � 0.00
HPH 50 MPa 10 cycles 0.143 � 0.143bc 0.165 � 0.00
HPH 100 MPa 1 cycle 0.154 � 0.153ac 0.154 � 0.00
HPH 100 MPa 5 cycles 0.139 � 0.139bc 0.179 � 0.00
HPH 100 MPa 10 cycles 0.133 � 0.132bc 0.182 � 0.00

a Values followed by different superscript letters within a column are sign

764 | Sustainable Food Technol., 2024, 2, 760–768
the various high-pressure homogenization conditions on the
cell disruption and the extractability of intracellular
compounds in ginger samples. The supernatants of all ginger
suspensions treated with high-pressure homogenization had
higher 6-gingerol content compared to the control sample
(Table 2). The results in Table 2 agree with the particle size
measurement in Table 1. The number of cycles and the pres-
sures are the main energy supplies in high-pressure homoge-
nization. Generally, higher intensity of high-pressure
homogenization conditions induce more cell rupture and
breakage of plant tissue structures and facilitate the liberation
of intracellular compounds.22 For example, 6-gingerol content
at 100 MPa for 1 cycle increased by 112.9% with respect to the
control ginger supernatant, whereas 6-gingerol increased by
only 79.1% at 50 MPa for 1 cycle (Table 2). This observation
agrees with Jurić et al.,15 indicating that high-pressure condi-
tions (100 MPa) demonstrated the highest recovery of intracel-
lular compounds. Furthermore, when the number of cycles in
high-pressure homogenization was expanded from 1 to 10,
recovery of 6-gingerol was increased by 33.5% and 20.4% at
50 MPa and 100 MPa, respectively (Table 2). This observation
proves that an increase in the number of cycles in high-pressure
homogenization also facilitated adequate cell disruption and
recovery of 6-gingerol. The results in Table 2 further demon-
strate the potential of high-pressure homogenization to
inger supernatants treated by different high-pressure homogenization

(mg of ascorbic
ent per mL)

TPC content (mg of GAE per
mL)

6-Gingerol content
(mg mL−1)

2ad 0.107 � 0.001a 37.8 � 1.5e

1ab 0.110 � 0.001a 67.7 � 4.3d

7bd 0.112 � 0.001a 85.9 � 2.1bc

2be 0.118 � 0.001bcd 90.4 � 1.8ab

6ade 0.121 � 0.001cd 80.5 � 2.9c

4c 0.123 � 0.001bd 87.9 � 4.4bc

5c 0.132 � 0.003b 96.9 � 1.5a

icantly different (p < 0.05).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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enhance the release of poorly water-soluble compounds such as
6-gingerol. This observation agrees with the ndings of Jurić
et al.,15 in which high-pressure homogenization facilitated the
complete recovery of hydrophobic lycopene from tomato peel.

According to the DPPH assay, the high-pressure homogeni-
zation with higher intensity, including 50 MPa for 10 cycles and
100 MPa for 5 and 10 cycles, demonstrated signicantly higher
antioxidant activity than the control ginger supernatant (Table
2). FRAP assay showed that the control ginger supernatant had
signicantly lower antioxidant activity than the ginger samples
subjected to high-pressure homogenization at a pressure of
50 MPa and 100 MPa for 5 and 10 cycles (Table 2). The recovery
of antioxidants increased with an increasing number of cycles
and pressures in high-pressure homogenization. This is most
likely due to the effect of intense cell rupture. Similarly, Gali
et al.23 observed that the antioxidant activity of Ruta chalepensis
samples increased only at higher intensities of high-pressure
homogenization (8 and 10 cycles). According to the TPC
results in Table 2, the high-pressure homogenization at
100 MPa for 5 cycles and 10 cycles increased the TPC by 14.9%
and 23.3%, respectively, compared to the control ginger
supernatants. However, the TPC of ginger supernatant was not
signicantly increased under high-pressure homogenization
conditions at 50 MPa for 1 cycle and 5 cycles (Table 2). Karacam
et al.24 noticed a similar pattern in the TPC value of strawberry
juice at which around a 10% TPC increase was observed at
100 MPa in high-pressure homogenization while no signicant
TPC increase was observed under low-pressure conditions (60
MPa) compared to the control sample. Karacam et al.24 further
reported that combining the high-pressure with mild temper-
ature during the high-pressure homogenization could inacti-
vate some enzymes, including peroxidase and polyphenol
oxidase, which can degrade polyphenols. Therefore, more
polyphenols could be retained in high-pressure
homogenization-treated ginger samples than in the control
ginger sample. Similarly, the TPC increase in this study at
100 MPa could be due to enzyme inactivation during high-
pressure homogenization. Furthermore, another reason for
the enhanced antioxidant activity and TPC in the high-pressure
homogenization-treated ginger supernatants might be the
effect of cell rupturing under the intense high-pressure
homogenization conditions, thereby releasing more poly-
phenols from plant cells. Wellala et al.25 reported that most
hydrophilic polyphenols are located in plant cell vacuoles; thus,
polyphenols could be readily released to the surrounding liquid
phase due to cell rupturing during high-pressure
homogenization.
3.4. Impact of high-pressure homogenization pretreatment
with various extraction and drying combinations on recovery
of 6-gingerol from ginger

3.4.1. Extraction yield. Fig. 3A shows the extraction yield of
ginger samples obtained from ultrasound-assisted and Soxhlet
extractions followed by various drying techniques. Considering
the results from the particle size measurement and analysis of
the ginger supernatant, the high-pressure homogenization
© 2024 The Author(s). Published by the Royal Society of Chemistry
conditions with 100 MPa for 10 cycles were selected for
pretreatment conditions before extractions and dryings. The
high-pressure homogenization-treated ginger sample obtained
from ultrasound-assisted extraction followed by vacuum drying
showed the highest extraction yield, which was increased by
78.3% compared to that of the control ginger sample (Fig. 3A).
Furthermore, both pretreated vacuum-dried and freeze-dried
ginger samples demonstrated a higher extraction yield in the
ultrasound-assisted extraction compared to the Soxhlet extrac-
tion (Fig. 3A). Temperature is crucial in deciding the extraction
yield from ginger because thermolabile compounds such as
gingerols, total carotenoids, curcumin, and b-carotene could
degrade at higher temperatures (>80 °C).26 Soxhlet extraction
was carried out at high temperatures compared to ultrasound-
assisted extraction. Therefore, a higher extraction yield was
achieved from the ultrasound-assisted extraction compared to
the Soxhlet extraction. Said et al.17 mentioned that ultrasound-
assisted extraction generates cavitation throughout the parti-
cles, enhancing the diffusion of extracting solvent; thus, the
extraction yield from ultrasound-assisted extraction was 1.75
times higher than that from Soxhlet extraction. Furthermore,
Dalsasso et al.26 reported that ultrasound has the potential to
disintegrate natural polymers such as pectin, cellulose, and
hemicellulose from the ginger matrix into smaller structures
with low molecular weights and high solubility, which leads to
higher extraction yield.

Considering all extraction and drying combinations, pre-
treated ginger samples with high-pressure homogenization
always resulted in signicantly higher extraction yields
compared to that of control ginger samples (Fig. 3A). According
to the particle size analysis (Table 1), high-pressure
homogenization-treated ginger samples resulted in smaller
particle sizes compared to the control sample. Reduced particle
sizes could increase surface area directly in contact with the
solvent facilitating efficient extraction. Makanjuola27 conducted
an aqueous extraction of ginger which was dried, ground, and
passed through sieves with 0.425 mm, 0.750 mm, and 1.18 mm.
The highest extraction yield of ginger extracts was obtained
using the ginger powder with the smallest particle size (0.425
mm). Therefore, cell disruption and breakage of plant tissues
during high-pressure homogenization could induce efficient
extraction resulting in a higher extraction yield than the control
samples.28

3.4.2. 6-Gingerol content. 6-Gingerol content of ginger
extracts obtained from various combinations of extraction and
drying methods is illustrated in Fig. 3B. The pretreated ginger
samples with high-pressure homogenization followed by
various extraction and drying combinations showed a signi-
cantly higher 6-gingerol content compared to control ginger
samples (Fig. 3B). This observation agrees with the results in
Table 2, in which the 6-gingerol content of pretreated ginger
supernatants with high-pressure homogenization was signi-
cantly higher than that of the control ginger supernatant.

HPLC analysis showed that the 6-gingerol content was
enhanced in the oven-dried ginger extract obtained from
Soxhlet extraction and ultrasound-assisted extraction by 87.7%
and 85.7%, respectively, in comparison with the control sample
Sustainable Food Technol., 2024, 2, 760–768 | 765
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Fig. 3 Extraction yield (%) of ginger extracts (A) and 6-gingerol content (mg of 6-gingerol/g of extract) of ginger extracts (B) obtained from
Soxhlet extraction and ultrasound-assisted extraction followed by different drying methods. Values with different lowercase letters were
significantly different (p < 0.05) within an extraction method.
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(Fig. 3B). The 6-gingerol content of pretreated ginger samples
with high-pressure homogenization did not show a signicant
difference among various drying methods in both Soxhlet and
ultrasound-assisted extractions. 6-Gingerol is a thermolabile
compound and could degrade to shogaols and zingerone at
temperatures above 80 °C.27 In this study, all three drying
methods were conducted at temperatures below 50 °C to
prevent the conversion of 6-gingerol. Previous studies reported
that high-pressure homogenization loosened and ruptured
tightly packed plant cells, thereby enhancing the release of
bioactive compounds.15,23,28 However, any ndings about the
inuence of high-pressure homogenization as a pretreatment
on the extraction from ginger suspensions have not been re-
ported. Therefore, the results obtained from this study could
766 | Sustainable Food Technol., 2024, 2, 760–768
not be directly compared with those from previous studies. The
particle sizes and properties of raw materials, intracellular
components, extraction methods and conditions, and extract-
ing solvents are important factors in deciding the release of
phytochemicals.29

3.4.3. TPC and antioxidant activity. The total phenolic
content of ginger extracts obtained from various extraction and
drying combinations is presented in Table 3. The oven-dried
pretreated ginger extracts with high-pressure homogenization
demonstrated a higher TPC in both Soxhlet and ultrasound-
assisted extractions than the freeze-dried and vacuum-dried
ginger extracts (Table 3). Ghafoor et al.30 mentioned that the
oven drying method has a higher energy strength to enhance
the degradation of enzymes such as polyphenol oxidase, which
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Antioxidant activity and TPC of ginger samples obtained by different extraction and drying methodsa

Sample Oven drying Vacuum drying Freeze drying

IC50 of DPPH asay (mg mL−1)
Soxhlet extraction
Control 0.475 � 0.05aA 0.385 � 0.15cC 0.416 � 0.02bB

HPH treated 0.437 � 0.02abA 0.407 � 0.02bA 0.355 � 0.01cB

Ultrasound-assisted extraction
Control 0.457 � 0.02aB 0.422 � 0.12bA 0.415 � 0.16bA

HPH treated 0.383 � 0.03cA 0.350 � 0.01cA 0.338 � 0.07cA

FRAP assay (mg of ascorbic acid equivalent per g of extract)
Soxhlet extraction
Control 55.78 � 7.3cA 71.20 � 12.1bcA 62.94 � 5.1cA

HPH-treated 68.84 � 3.2bcB 80.70 � 4.1bB 94.69 � 3.7aA

Ultrasound-assisted extraction
Control 70.77 � 4.8bcA 78.18 � 19.8bA 77.82 � 5.2bA

HPH-treated 78.48 � 7.9bB 80.72 � 2.18bB 97.23 � 2.0aA

TPC (mg of GAE per g)
Soxhlet extraction
Control 8.33 � 0.3cA 16.6 � 3.1abB 11.3 � 1.3bA

HPH-treated 19.0 � 7.8aB 16.9 � 0.3abB 14.8 � 1.5bA

Ultrasound-assisted extraction
Control 12.1 � 3.3bA 17.3 � 6.8abA 11.7 � 7.2bA

HPH-treated 19.7 � 2.4aA 18.2 � 0.6abA 15.0 � 1.2abA

a Values followed by different superscript lowercase letters were signicantly different (p < 0.05) between extraction methods. Values followed by
different superscript uppercase letters were signicantly different (p < 0.05) between drying methods.
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may reduce the TPC of ginger extract. Therefore, the oven-dried
ginger extract could exhibit higher TPC. All pretreated ginger
extracts with high-pressure homogenization had higher TPC
than control ginger extracts under all extraction and drying
combinations (Table 3). This observation also proved that high-
pressure homogenization could improve the release of poly-
phenols through cell disruption. DPPH assays showed the
antioxidant activity of ginger samples obtained under various
combinations of extraction and drying techniques (Table 3).
Ginger suspensions pretreated by high-pressure homogeniza-
tion pretreatment followed by ultrasound-assisted extraction
demonstrated higher antioxidant activity than the control
suspension (Table 3). For example, the high-pressure homoge-
nization pretreated ginger extracts obtained from ultrasound-
assisted extraction exhibited lower IC50 values in all three
drying methods than control ginger extracts (Table 3).

FRAP assay showed that the antioxidant activity of high-
pressure homogenization pretreated freeze-dried ginger
extracts was signicantly higher in both Soxhlet and
ultrasound-assisted extractions than that of ginger extracts ob-
tained from the vacuum and oven drying (Table 3). Vichakshana
et al.16 evaluated the inuence of high-pressure homogenization
pretreatment combined with various extractions and dryings on
the antioxidant activity of turmeric extracts. Similarly, Vichak-
shana et al.16 found that the antioxidant activity of freeze-dried
turmeric extracts was higher than that obtained from vacuum
drying and oven drying in both Soxhlet and ultrasound-assisted
extractions. This observation proves that turmeric and ginger
extracts demonstrated a similar trend in antioxidant assays.
Dalsasso et al.26 reported that low operating temperature in
freeze drying protects the thermolabile compounds in ginger
© 2024 The Author(s). Published by the Royal Society of Chemistry
extract and freeze drying could further enhance the antioxidant
activity in ginger extracts by the effect of cell disruption during
the ice crystal formation in the pre-freezing stage.
4. Conclusions

This study investigated a novel approach of using high-pressure
homogenization as a pretreatment combined with various
extractions and drying techniques for enhancing the release of
intracellular compounds from ginger. While the particle sizes of
ginger suspensions decreased at a higher number of cycles (5 or
10) or under high-pressure conditions (100 MPa) in high-
pressure homogenization, the antioxidant activity, TPC, and 6-
gingerol content in ginger supernatants increased. The pre-
treated samples showed a signicantly higher 6-gingerol
content aer applying all extraction and drying combinations
compared to the control samples. For the pretreated ginger
samples in both ultrasound-assisted and Soxhlet extractions,
the freeze-dried ginger extracts demonstrated higher antioxi-
dant activity and the oven-dried ginger extracts exhibited
a higher TPC than ginger extracts dried by other methods. In
conclusion, high-pressure homogenization signicantly
enhanced the release of 6-gingerol from the rhizome of ginger.
Future studies can investigate the effect of time, frequency,
solvent type, and solvent volume during extractions of 6-
gingerol.
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