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Abstract

Cell structure modification techniques have the potential to improve curcuminoid recovery in Curcuma longa. In this study,
different pre-treatments such as high hydrostatic pressure (HPP, high pressure processing), ultrasound (US), pulsed electric
field (PEF), and ohmic heating (OH) were used on dried C. longa before aqueous extraction at pH 2.0, 5.0, and 8.0. The
released curcuminoids, cell disintegration index (Zp), particle size distribution (PSD), and color (CIE L*, a*, b*) were used
to evaluate the different pre-treatment impacts on plant structure and extract properties. In untreated turmeric, the highest
amount of released curcuminoids (3.89 mg/g dry matter) was obtained after extraction for 30 min at 95° in the aqueous phase.
After pre-treatments, the acidic conditions showed a considerable improvement in curcuminoid recovery; PEF, HPP, and
OH improved the curcuminoid recovery by 3.39-, 3.13-, and 1.24-fold, respectively; while US did not lead to an increased
release of curcuminoids compared to the untreated material. The highest curcuminoid recovery (with PEF and extraction
at pH 5.0) was 6.6% w/w of the total curcuminoids. The non-thermal pre-treatments have less impact on the extract’s color
compared to the extraction pH, with alkaline conditions reducing the lightness of the extract.

Keywords Curcumin extraction - Pulsed electric field - Ultrasound - Ohmic heating - High-pressure processing - Aqueous
extraction - Cell disintegration - Non-thermal processing - Pre-treatment

Introduction

Curcumin was first isolated by Vogel and Pelletier (1815)
and was known as an orange-yellow crystalline powder. Cur-
cumin is the most bioactive compound in Curcuma longa
(Kiamahalleh et al., 2016). Numerous studies showed that
curcumin is a potent antioxidant compound with antimicro-
bial and anti-inflammatory properties (Anand et al., 2008;
Ramalingam & Ko, 2014; Zheng et al., 2019). It was exam-
ined that curcumin also has beneficial effects in treating
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cancer, diabetes, obesity, Alzheimer’s disease, and stroke
(Priyadarsini, 2014; Zheng et al., 2019). In food science,
curcumin is mainly used as a coloring, flavoring, and pre-
servative agent in functional foods or beverages (Aggarwal
et al., 2006; Joshi et al., 2013). Numerous publications about
curcumin extraction reveal challenges resulting from its poor
dispersibility in aqueous solutions, low chemical stability,
and ease of degradation in undesirable conditions (intense
light, temperature, and oxygen) (Gordon et al., 2015; Lestari
& Indrayanto, 2014; Niu et al., 2012; Schieffer, 2002).
Curcumin is a non-polar compound, so it dissolves quickly in
an organic solvent such as hexane, acetone, and ethanol. Many
studies use these organic solvents for selective extraction of
curcumin (Priyadarsini, 2014). However, due to increasing con-
sumer demand for organic-solvent-free products, strategies for
the aqueous extraction of polyphenols have gained new atten-
tion (Ameer et al., 2017; Chemat et al., 2015). Furthermore,
the application of modern techniques to curcumin extraction
by aqueous phase is a new and promising work to provide an
understanding of the potential approaches in the food industry.
An aqueous extraction broadens the application of extracts
in the pharmacy and food industry. However, curcumin has
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low solubility and low stability in the aqueous phase (Gordon
etal., 2015; Niu et al., 2012). In the research of Rahman et al.
(2009), curcumin solubility in the aqueous phase is 231 pg/ml
at pH 4.0 and increases to 482 pg/ml at pH 8.0. Furthermore,
the complex plant matrix of the material is a huge barrier that
prevents the mass transfers and diffusion of curcumin during
the extraction. A higher extraction yield is often associated
with the destruction of cell walls and other structural barri-
ers, facilitating the mass transfer of the solvent into the plant
material.

Unconventional techniques are ultrasound (US) (Lee et al.,
2014; Pérez-Elvira et al., 2009), high hydrostatic pressure
(HPP, high pressure processing) (George et al., 2018; Yusoff
et al., 2017), pulsed electric field (PEF) (Gulzar & Benjakul,
2020; Parniakov et al., 2015; Yu et al., 2016), and ohmic heat-
ing (OH) (Gavahian et al., 2020; Pereira et al., 2016, 2020).
These techniques showed a high impact on cell structure modi-
fication and enhanced the active compound’s recovery. So far,
these pre-treatments have not been investigated in one study
with a comparable experimental setup. Despite the different
mechanisms of impact, the benefit the different technologies
have in common is the rapid treatment, which could reduce
curcumin exposure time to undesired conditions.

Besides cell wall disintegration, the curcumin’s physical
state is the crucial factor affecting mass transfer and diffu-
sion; the mechanism of changing the physical state is based
on the molecule’s solubility changes under different pH con-
ditions (Peng et al., 2019). Numerous studies concluded that
curcumin is insoluble in the acidic aqueous phase and soluble
in the polar and non-polar aqueous phase at alkaline condi-
tions (Lestari & Indrayanto, 2014). In polar liquids or solids,
curcumin is often found in crystalline form, which can change
depending on the pH of the solvent. Compared to its dissolved
form, curcumin is more stable towards degradation in the crys-
talline state (Kiamahalleh et al., 2016; Schieffer, 2002).

The current research focused on comparing the efficacy of
different cell disintegration techniques on curcuminoid recov-
ery during extraction at different pH conditions. Cell disinte-
gration index, particle size distribution, released curcumin, and
extract’s colors were evaluated. This research’s main objective
is to establish an aqueous extraction process to enhance cur-
cuminoid recovery without using an organic solvent. The safe
product obtained is used as a supplement in the food industry.

Material and Method
Materials
The fresh rhizomes of turmeric (C. longa) were obtained

from a local market in Vienna, Austria. The fresh material
was cut into 1 cm pieces and dried at 50 °C for 72 h by
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drying oven. Afterward, dried turmeric was frozen by liquid
nitrogen in 5 min, milled to the powder, and sieved with pore
size 2 mm for getting homogenous grain sizes. The mean
particle size of dried powder was 357.23 + 12.24 um. All sol-
vents and chemicals used for the extraction were of analyti-
cal grades (Merck Specialities Private Limited, Germany).

Dry Matter Content

Dry matter content was determined for all raw materials. The
dry matter content was used to calculate the total curcumin
recovery based on a dry basis. Around 1 g of turmeric pow-
der was weighed in an aluminum pan and dried at 103 °C for
4 h. The percentage between sample weight after and before
the drying is the dry matter content of the sample.

Pre-treatment

The dried turmeric powder was mixed with deionized water
with a ratio of 1:10 before the pre-treatment. The procedure
of pre-treatment is shown below:

High-Pressure Pre-treatment

The HPP was performed in a high-pressure unit (FF725,
Nova Swiss Sarl, Cesson, France). The sample was filled in
PET bottles and placed into plastic bags. After that, the bags
were vacuum-sealed. Finally, the bags were placed in a high-
pressure vessel filled with water and subjected to 100, 200,
or 300 MPa for 5 min. These conditions were chosen based
on the recommended pressure on fruit (Yucel et al., 2010)
and the trial experiments (data not shown). The temperature
was measured continuously during the treatment, the ini-
tial temperature was 20 °C, and the treatment temperature
ranged from 16 to 25 °C. Pressure build-up to the desired
pressure took 30-50 s. Based on the first law of thermody-
namics and incorporation of the isothermal compressibility,
the volumetric work (kJ/kg) from pressure A (0 MPa) to
pressure B can be calculated on Eq. (1):

B B
/ dw = / pvhrdp (1)
A A

where p is the working pressure (Pa), v is the specific volume
(cm’/ 2), and f; is the isothermal compressibility (Pa~"). All
of the parameters were collected at 20 °C.

The energy input was the basis for comparing different
treatment intensities. The different pressure levels of 100,
200, and 300 MPa correspond to the following volumetric
work of compression: 4.7 kJ/kg, 9.3 kl/kg, and 13.9 kl/kg,
respectively (see Table 1).
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Ultrasound Pre-treatment (US)

The US pre-treatment was performed using an ultrasound
generator and a sonotrode (UP200St, Hielscher ultra-
sonic processor, Germany). The dried turmeric was mixed
with deionized H,O in the flask at the ratio of 1:10; then
ultrasound was applied to the system using the sonotrode
immersed in the sample approximately 10 cm. The ultra-
sonic power was set at 50 W, 100 W, 150 W, and the resi-
dence time was 2 min for each treatment. The setting con-
ditions were chosen based our previous research (Le-Tan
et al., 2021). The flask was put in an ice container to avoid
temperature increase during the treatment. Because of that,
the maximum temperature of the material was maintained
lower than 10 °C during the treatment.

The specific energy input was the basis for comparing dif-
ferent treatment intensities. The treatment at 50 W, 100 W,
and 150 W were converted into 182 kJ/kg, 346 klJ/kg, and
546 kJ/kg, respectively (see Table 1).

Pulsed Electric Field Pre-treatment

The PEF effect was investigated by using a batch PEF system
(DIL, Germany). The PEF treatment chamber had an elec-
trode distance of 1 cm, the ratio of dried turmeric: deionized
H,0O was 1: 10. Voltage and current applied to the treatment
chamber were monitored using a high voltage probe (Tek-
tronix P6015A, Beaverton USA) and a current transformer
(model no. 0.5-0.1 W, Stangenes Industries Inc., Palo Alto,
CA, USA) connected to a 2-channel digital oscilloscope
(Tektronix TBS 1102B-EDU, Beaverton, USA). The field
strength was set to 2 kV/cm, the voltage was 2 kV, and the
pulse width was 49 ps. The number of applied exponential

decay pulses was 10, 20, and 50. The number of pulses
was chosen based on the desired total specific energy input
obtained from the preliminary experiment (data not shown)
and according our previous study on curcuminoid extraction
(Le-Tan et al., 2021):

Specific energy input [kﬁ]  Mass [kg] * 1000
Number of pulses = £

0.5 % (0.5  107°) % (Voltage [kV] % 1000)

The specific energy input was the basis for comparing dif-
ferent treatment intensities. The treatments at 10 pulses, 20
pulses, and 50 pulses were converted into 0.3 kJ/kg, 0.6 kJ/
kg, and 1.5 kJ/kg, respectively (see Table 1).

Ohmic Heating Pre-treatment (OH)

The OH was performed using the same treatment cham-
ber but a different generator (DIL, Germany) to apply the
electric field (1000 V, 0.3 kW), resulting in electric field
strength of 1000 V/cm. The target temperature was set at
50 °C, 70 °C, and 95 °C, and the needed time to increase
the temperature from the beginning (~ 20 °C) to the desired
temperature was 25+2 s, 60+7 s, and 119+ 10 s, respec-
tively. The temperature of 50 °C is a gentle temperature,
which could not affect bioactive compounds. According to
Maskooki and Eshtiaghi (2012), 70 °C is the temperature
that starts the thermal effect on the plant cell, while turmeric
starch could be gelatinization at 95 °C.

The specific energy input was the basis for comparing
different treatment intensities. The treatment at 50 °C, 70 °C,
and 95 °C were converted into 105 kJ/kg, 188 kJ/kg, and
272 kJ/kg, respectively (see Table 1).

Table 1 Comparison of different pre-treatments regarding treatment time and energy input as well as resulting changes in particle properties of
the raw material (means in the column with a different letter are significantly different (p <0.05))

Treatment time (s) Specific energy Cell disintegration Mean particle size (um) Span (.) Surface area (cm*/cm?®)
input (kJ/kg) index (.)

Untreated 0 0 0.00 +0.00* 552.54+43.02 3.60+0.80° 815.58 +167.62%
HPP-4.7 300 4.7 0.45+0.01¢ 539.96 +37.33°' 2.92+0.21° 612.76 +£79.49%°
HPP-9.3 300 9.3 0.43 +0.05% 413.10+56.89* 2.46+0.03" 641.51+70.60
HPP-13.9 300 13.9 0.72+0.14f 389.18 £22.98° 3.75+£0.58" 880.69 +126.31°
US-182 120 182 0.06+0.01° 576.77 +60.65" 2.68+0.15 592.25+£33.67%°
US-364 120 364 0.13+0.01° 521.91 +26.349%f 3.03 +0.40° 776.13 +50.51¢
US-546 120 546 0.09 +0.02% 250.08 +33.26° 4.71+0.98° 1421.54+117.08"
PEF-0.3 0.49%1073 0.3 0.41+0.07¢ 47473 +41.63°4 2.94+0.54° 635.88 +30.60°
PEF-0.6 0.98x1073 0.6 0.40+0.02¢ 499.58 +53.15% 2.76+0.39* 579.96 +51.88%°
PEF-1.5 245%1073 1.5 0.79+0.07° 488.85 +43.06¢ 2.68+0.11° 593.39 + 55,29
OH-105 25 105 0.41+0.02¢ 613.74+11.33M 2.54+0.20° 522.47 +24.92°
OH-188 60 188 0.48+0.01% 619.04 +24.86" 2.57+0.09° 523.65+23.23%
OH-272 119 272 0.50+0.03¢ 667.83 +22.731 2.79+0.11° 593.85+15.67%°
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Curcuminoid Aqueous Extraction

After pre-treatment, water was removed by centrifugation at
1700 relative centrifugal force (RCF) for 5 min. One gram
of sample was weighted in a 10 mL flask tube. Three buffer
solutions for aqueous extraction were prepared: phosphate
buffer solution pH 2.0, acetate buffer solution pH 5.0, phos-
phate buffer solution pH 8.0 according to the European
Pharmacopoeia 7.0 (Commission et al., 2010) method. Then,
8 mL of buffer solution was added by a volumetric pipette
at room temperature (~20 °C). The aqueous extraction was
conducted in a shaking water bath with a light inhibiting
cover.

The water bath was set with shaking speed at 100 rounds
per minute (rpm). The extraction was conducted from 15 to
300 min, at two different temperatures of 50 °C and 95 °C.
After shaking, the tubes were cooled down immediately in
an ice bath. Then, the flask tube was centrifuged (1700 rela-
tive centrifugal force (rcf), 5 min) to get the extracts for fur-
ther analysis. The untreated sample (without pre-treatment)
was prepared and extracted in the same conditions.

Determination of Cell Disintegration Index

In order to evaluate the efficiency of pre-treatment on cur-
cumin recovery, cell disintegration index (CDI) mainly was
used to claim the damage of turmeric cells before and after
the pre-treatments (Le-Tan et al., 2021; Luengo et al., 2016;
Maskooki & Eshtiaghi, 2012). The mechanism of CDI meas-
urement is the difference of impedance measured at the dif-
ferent current frequencies (Ando et al., 2014). The difference
in material impedance before and after the treatment shows
the damage of the plant cell (Donsi et al., 2010).

The cell disintegration index (Zp) was determined by
measuring the pre-treated sample’s electrical conductivity
with an impedance analyzer (Sigma Check, EloCheck, Ber-
lin, Germany); the electrical current goes through the sam-
ple when connected to a 12 V DC source. The sample was
put in a cylindrical tube (d =10 mm, /=10 mm). The tube
was placed between two stainless steel electrodes. There
were 14 different frequency levels applied from 1.38 kHz to
11.2 MHz. The Z, was calculated according to Fauster et al.
(2018) using the impedance value at 5.5 and 1400 kHz. The
untreated sample was considered the control sample.

According to Angersbach et al. (1999), the plant disinte-
gration index (p,) is described by Eq. (3):

! s .
X6 —o0

po=— L 3)

where p, is the measured electrical conductivity value and
the subscripts i and s refer to the conductivities of untreated
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(initial) and treated (damaged) tissue, respectively; the sub-
scripts [ and h refer to low frequency and high frequency
range. In theory, p, = O for an intact tissue and p, = 1 for
a maximally disintegrated tissue. In the current research,
the value of p,,,. was estimated by measurements of freeze-
thawed tissue’s electrical conductivity for two rounds (Le-Tan
et al., 2021). After such treatment, the electrical conductivity
of tissue attained its maximal value.

Quantification of Curcumin

The curcuminoids in the raw materials used in this study
consist of 14.37%w/w dry basis (6.17%w/w dry basis of
BDMC, 2.44%w/w dry basis of DMC, and 5.76%w/w dry
basis of curcumin) as analyzed and reported in our previous
study (Le-Tan et al., 2021). In order to track the curcuminoid
recovery in this study, the spectrophotometry method was
used to determine the curcuminoid content (TC). Sediment
separation in watery extracts was accelerated by centrifug-
ing the dispersion for 5 min (1700 rcf). The supernatant was
diluted ten times with ethanol (96%). The UV-Vis spec-
tra (350-750 nm) of the diluted extracts were recorded in
a UV-Vis spectrophotometer (UV-1800, Shimadzu, Japan)
and the Absorbance at 424 nm corrected by the absorbance
at 525 nm was used for the calculation of the curcuminoid
content based on a previously prepared calibration curve
(n=6; R*=1.0000) of pure curcumin absorbance in ethanol
was used to calculate the curcuminoid content in mg/g. The
curcuminoid content is expressed as curcumin equivalent in
the whole study.

Particle Size, Surface Area, and Span Value

The particle size distribution (PSD) was determined using a
laser diffraction system (LA-960, Horiba, Japan) equipped
with a liquid and a dry dispersion unit. PSD was measured
according the Haas et al. (2019) method with modifications.
The particle size of the sample was measured in the liquid
dispersion system filled with water (150 mL); ultrasound
for 15 s was used to avoid an agglomeration of the particles.
Agitation was running during the measurement. The span
value calculated as (doy—d;()/d5, indicates how far the 10
percent and 90 percent points are apart from the midpoint.

Color (CIE L*, a*, b*) Measurement

The color measurement was performed as described by
Skrede (1985) with some modifications. The aqueous
extracts were centrifuged (5 min, 1700 rcf), and the super-
natant was measured in a 1 cm path-length quartz cuvette
using 1800-UV spectrophotometer (Shimadzu, Sesakusho
Ltd., Kyoto, Japan). CIE L*, a*, b* values were calculated
from the transmission spectra between 360 and 760 nm
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(1 nm intervals). The color L*, a*, b* was calculated by
UVPC Color Analysis, Personal Spectroscopy Software,
Version 3.12.

Morphology

Curcuminoid crystal in the extract was visualized using a
light microscope (Olympus BX51, Tokyo, Japan) equipped
with a camera (Olympus XC50, Tokyo, Japan). The image
was measured and processed using the cellSens Dimension
software (version 1.12), enabling size measurement.

Statistical Analysis

All pre-treatments and analyses were conducted in tripli-
cates. Statistical analysis was performed using Statgraph-
ics Centurion XVII, version 17.1.04 (Statpoint Tech-
nologies, Inc., Warrenton, VA, USA). One-way ANOVA
(analysis of variance with a=0.05) and Fisher’s least sig-
nificance test was used to establish the significance of dif-
ferences among the mean values. Results are expressed as
mean + standard deviations of three single determinations.

Result and Discussion

Regarding polyphenol extraction, a few studies report that
the temperature range of 70-80 °C and treatment time
longer than 10 min starts to generate an impact on plant
cells (Ade-Omowaye et al., 2001; Schreider, 1968). Bioac-
tive components could be more stable with the extraction
temperature at 50 °C; however, gentle temperature could
limit the extraction yield (Ade-Omowaye et al., 2001). The
results in the current study are in agreement with the pre-
vious conclusion from the literature. At 50 °C, curcumin
recovery remained lower than 2 mg/g in the pH range from
2.0 to 8.0 (Fig. 1a).

In order to have good comparative results with the extrac-
tion at high temperatures, the experiments were conducted
at 95 °C in the same pH range (2.0 to 8.0). According to
Shirsath et al. (2017), increasing extraction temperature could
improve the aqueous medium’s physical properties, including
surface tension, solubility, viscosity, and diffusivity.

The result indicates that in the acidic condition (pH
2.0), the released curcumin to the aqueous phase at 95 °C
was 3.3-fold higher than that at 50 °C. While at pH 5.0,
this value is 1.49-fold higher (Fig. 1a, b). With this regard,
a possible hypothesis for the mechanism could be as fol-
lows: at 50 °C, the mass transfer mainly takes place by
gentle diffusion, which has a low effect on crystalline
curcumin at a low pH value (Kharat et al., 2017). While

at high temperatures (95 °C), the mass transfer improved
significantly because of the applied temperature near the
aqueous phase’s boiling point. That could be the reason
for the dramatic increase in released curcumin at pH 2.0
(Fig. 1).

However, the weak alkaline condition (pH 8.0) had a dif-
ferent impact on curcumin recovery. At 50 °C, the extraction
under pH 8.0 condition performs better than the extractions
at pH 2.0 and 5.0 (Fig. 1a). According to Kaminaga et al.
(2003), curcumin increases solubility when the pH condi-
tions change from acidic to alkaline, leading to the higher
diffusion of curcumin under weak alkaline pH conditions.
Interestingly, although higher soluble at alkaline pH, cur-
cumin also reduces bioavailability and stability under this
condition (Niu et al., 2012; Osorio-Tobén et al., 2014).

Based on the observations, it has been established that,
in low extraction temperature (50 °C), weak alkaline pH
could be used for fast diffusion and mass transfer of cur-
cumin (shorter than 15 min). However, more extended
time could reduce the curcumin recovery due to prolonged
exposure to light, and oxygen can trigger curcumin degrada-
tion. Moreover, after 15 min of shaking at different pH, the
released curcumin was not improved at 50 °C in comparison
with 95 °C (Fig. 1a, b). The shaking time was continually
extended to investigate further the effect of the shaking time
on curcumin recovery. When the shaking time increased to
30 min, the released curcumin at 95 °C increased rapidly at
pH 2.0 (Fig. 1b). The results revealed that the mass transfer
improved immensely because it almost reached the aqueous
phase’s boiling point. The result indicates that at pH 2.0, the
released curcumin was much higher than pH 5.0 and 8.0.

In terms of polyphenol extraction, high-temperature treat-
ment was not recommended (Ameer et al., 2017). However,
in the dark condition, curcumin showed to be stable at tem-
peratures lower than 100 °C (Lestari & Indrayanto, 2014).
As opposed to extraction at 50 °C, at 95 °C, the released
curcumin in the aqueous phase increased continuously from
15 — 30 min. Compared with the extraction at 50 °C, the
released curcumin of 30 min at 95 °C was 330% and 149%
higher at pH 2.0 and 5.0, respectively. The result showed
that acidic pH (2.0 and 5.0) improved the curcumin recovery
after 30 min of shaking at 95 °C, while alkaline condition
(pH 8.0) did not show the improvement.

Noteworthy, curcumin degrades faster in alkaline and neu-
tral pH conditions than acidic conditions. With this regard, a
mechanism was reported by Jovanovic et al. (1999). At alkaline
condition, the destruction of the conjugated diene structure
occurs due to the loss of the proton from the activated carbon
atom in the central heptadienone linkage in the curcumin mol-
ecule, which makes the curcumin molecule sensitive to water.
Degradation products of curcumin are p-hydroxybenzoic
acid, ferulic aldehyde, p-hydroxybenzaldehyde, vanillic acid,
vanillin, and ferulic acid (Schieffer, 2002).
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Fig. 1 Effect of pH on the 6
released curcumin of untreated
turmeric at 50 °C (a) and 95 °C
(b) during aqueous extraction of
up to 300 min
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In scientific literature, many studies were incomplete to
report the effect of high temperature on curcumin recovery
with long shaking times at different pH conditions. In order
to gain further insight into the effect of different pH condi-
tions on released curcumin, the shaking time was extended
to 5 h. It can be seen from Fig. 1b that the extent of shak-
ing time to 5 h, curcumin recovery reduced. In detail, the
curcumin content in the extracts was followed the order pH
2.0>pH 5.0>pH 8.0 (Fig. 1b); it was found that when pro-
longing the extraction time, the acidic condition shows the
better extraction ability or the better curcumin retain abil-
ity. Compared with the extraction peak at 30 min, after 5 h,
the amount of curcumin retention reduced by 9% at pH 2.0
instead of 28% and 33% reduction at pH 5.0 and 8.0, respec-
tively. Based on the above observations, it can be stated that
pH 5.0 improved curcumin recovery in a short time (less
than 30 min); however, pH 2.0 keeps the curcumin stable
for a longer time.

@ Springer

Extraction time [min]

Effects of Cell Disintegration Pre-treatment
on Released Curcumin at Different pH

In the conducted experiments, the variability of pH condi-
tions on the curcumin recovery from non-treated samples
was compared with pre-treated samples. At alkaline pH,
curcumin exists in enol form and changes to keto form
in acidic pH; these changes increase the curcumin polar-
ity in alkaline conditions and reduce the polarity in acidic
conditions (Lestari & Indrayanto, 2014). As a result, in
the aqueous phase at alkaline conditions, the mass transfer
of curcumin is faster, but the extraction time also should
be limited because curcumin degrades into ferulic acid
and feruloylmethane in alkaline pH conditions (Brittain,
2020). The effect of aqueous phase pH on released cur-
cumin will be further discussed below. The experiments
were established for turmeric material with and without
pre-treatment.
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High-Pressure Pre-treatment

Levels of curcumin released after the high-pressure pre-treatment
(HPP) are shown in Fig. 2a. With the pre-treatment, the released
curcumin improved by 1.6-fold (at pH 2.0), 3.3-fold (at pH 5.0),
and 4.7-fold (at pH 8.0) compared with the untreated samples.
During HPP treatment, the pressure disrupted the plant cell
wall and membrane and enhanced the mass transfer (Huang
etal., 2013).

At 300 MPa, the CDI value was 60% higher than that at
100 MPa, and the particle size was reduced by 28% (Table 1).
It can be seen from Table 1 that when increasing the pressure,
the particle size tends to decrease, and the cell disruption
index increases. These parameters could enhance the mass
transfer of curcumin to the aqueous phase. According to ),
high pressure could collapse and wrap the cell wall, affect the
cell textural properties, and result in irreversible structural
changes. The applied pressure should be high enough to get a
sufficient impact on the cell wall; typically, it must exceed the
critical value, which is specific for each plant matrix depend-
ing on the cell structure and stability (Khan et al., 2019).
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Fig.2 Effect of pre-treatment and pH condition on released cur-
cumin by aqueous extraction. (In each pre-treatment, means with a
different letter are significantly different (p <0.05). High-pressure

In the onion processing research, this critical pressure was
100 MPa (Butz et al., 1994). In the current study, 200 MPa
treatment was not high enough to increase the cell destruction
compared with 100 MPa treatment (Table 1).

The results show that pre-treatment at 300 MPa, the mean
particle size did not change compared to 200 MPa (Table 1),
while the surface area and CDI of the material increased
by 37% and 67%, respectively (Table 1). After the holding
and rapid release of high pressure, some massive particles
were broken into smaller particles. This phenomenon may
not change the bulk’s mean size, but it changed the size
distribution width (express as span value) and increased
the total surface area (Table 1). At the same pH condition,
the curcumin recovery did not improve when increasing the
pressure from 100 to 300 MPa. The results revealed that the
released curcumin was affected mainly by the pH condition
rather than the increase of pressure.

In general, the extraction at pH 5.0 performed well com-
pared to pH 2.0 and 8.0 (Fig. 2a). The result showed that
pH 5.0 is a balancing condition between the solubility and
stability of curcumin.
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ducted at 95 °C in 30 min)
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Ultrasound Pre-treatment

The impact of ultrasound on total curcumin recovery is
shown in Fig. 2b. In general, the increasing US energy
did not increase the curcumin released at pH 2.0 and pH
5.0, while pH 8.0 improved curcumin recovery. At pH 8.0,
the curcumin recovery increased by 57% compared to the
untreated sample.

The results revealed that ultrasound treatment consider-
ably reduces the particle size when increasing the energy
input. The mean particle size under US-364 and US-546
treatments was reduced by 6% and 55%, respectively, com-
pared to the untreated sample (Table 1). Nevertheless, the
cell disintegration index did not significantly change when
increasing the ultrasound power (Table 1). In the previous
study, Shirsath et al. (2017) reported that ultrasound could
easily break the fragile links between particles and reduce
particle size. The primary mechanism of ultrasound is form-
ing cavitation bubbles, which could impact the plant cell
(Ordonez-Santos et al., 2015), but ultrasound’s compression
and tension effect did not last long after stopping the treat-
ment. Based on these observations, the possible hypothesis
is that ultrasound energy input at 182 kJ/kg and 364 kJ/kg
in 5 min can reduce powder particle size but not efficiently
modify the cell wall structure. In order to optimize the
extraction yield of sensitive compounds, ultrasound should
be used at adequate intensity, high enough to improve the
recovery but not trigger the degradation of bioactive mol-
ecules (Hadi et al., 2015; Shirsath et al., 2017). In addition,
it could be considered to apply ultrasound during the extrac-
tion rather than as a pre-treatment in order to benefit from
the mass transfer improvement (Vilkhu et al., 2008).

In contrast to other pre-treatments in this study, ultrasound
reduced the released curcumin when increasing the ultrasound
input energy (at pH 5.0). Furthermore, pH 5.0 did not show
the better curcumin recovery than pH 2.0 and pH 8.0 (Fig. 2b);
this was unexpected because at pH 5.0; HPP, PEF, and OH
all showed a higher recovery than at pH 2.0 and 8.0 (Fig. 2a,
¢, d). The possible hypothesis for this might be explained by
the report of Pingret et al. (2013); Pringet et al. stated that
acoustic cavitation could produce OH™ and H" radicals,
which mainly impact sensitive compounds and the formation
of degradation molecules. These degradation molecules can
subsequently trigger a degradation chain reaction and reduce
the presence and thus the extraction yield of the sensitive
compound. Furthermore, the exceptionally high impact of
cavitation bubble collapsing during ultrasound (5000 °K and
5000 atm) could significantly accelerate the chemical reactiv-
ity (Flint & Suslick, 1991; Suslick et al., 1999, 2011). Based
on the observations, it has been established that ultrasound
reduced the particle size and increased the surface area of the
material; however, the high intensive impact on the materials
did not improve the curcumin recovery.

@ Springer

Pulsed Electric Field Pre-treatment

In order to improve the curcumin recovery, PEF could be used
as a pre-treatment before extraction (Vorobiev & Lebovka,
2006). In the research of Le-Tan et al. (2021), the authors
used PEF as a pre-treatment before rapid shaking extraction
by ethanol; the curcumin recovery increased by 48.3%. In
the current study, PEF is used as pre-treatment before aque-
ous extraction. The effect of PEF on the released curcumin
was shown in Fig. 2c. It is notable that the materials with
PEF pre-treatment demonstrated higher released curcumin in
the aqueous phase. The curcumin recovery from PEF pre-
treatment was improved 2.05-fold, 3.39-fold, and 3.84-fold at
pH 2.0, 5.0, and 8.0, respectively (Fig. 2c). Furthermore, at
pH 2.0 condition, the PEF pre-treatment showed a significant
improvement of released curcumin compared to the untreated
sample (105%), while released curcumin in HPP and OH was
66% and 29% higher than the untreated sample, respectively.

In Table 1, it can be observed that when the PEF energy
input reaches 1.5 kJ/kg, the CDI increases dramatically by
90% compared to the samples treated at 0.3 kJ/kg.

In terms of PEF pre-treatment, the particle size distribu-
tion and the surface area did not change, although the CDI
value increased (Table 1). With this regard, the explana-
tion could be based on the reports from previous studies
on PEF; the primary mechanism of PEF is electropermea-
bilization, which can increase the impedance of material
but does not damage the cell wall (Teissie et al., 2005) by
creating temporary or permanent pores (Barba et al., 2016)
while maintaining the initial particle size (Han et al., 2009)
of the material.

The obtained results established that PEF increased the
released curcumin under acidic pH conditions (pH 2.0 and
5.0) but showed less efficiency weak alkaline pH conditions
(pH 8.0) (Fig. 2).

Ohmic Heating Pre-treatment

In the OH pre-treatment, the material took 25, 60, and
119 s to heat from 20 to 50 °C, 70 °C, and 95 °C in
the core temperature, respectively. Mean particle size
increased by 8.8% when increasing the OH temperature
from 50 to 95 °C. It was found that the CDI raised by
20% when increase the OH temperature from 50 to 95 °C
(Table 1). The high amount of turmeric starch could
explain the increase of particle size after the pre-treatment
due to gelatinization effects. The primary ingredient frac-
tion in turmeric is the carbohydrate, which reaches over
44% starch and 9% fiber (Leonel et al., 2003). Besides,
amylose content in isolated turmeric starch was around
48.4% of total starch (Kuttigounder et al., 2011), making
the material become swell and burst under the effect of
high temperature.
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These factors could affect the behavior of the aque-
ous phase during the thermal process. The interaction
between the starch and water under the impact of H* ion
also improves the starch hydrolysis (Moreschi et al., 2006),
which could reduce the viscosity of the aqueous phase and
increase the diffusion of curcumin during the extraction.
Interestingly, turmeric starch starts pasting and gelatiniza-
tion at temperatures higher than 70 °C (Kuttigounder et al.,
2011). So, the OH heating with a temperature lower than
70 °C could not efficiently break the starch granule and
release amylose.

In general, the results from OH treatment revealed that pH 5.0
conditions were more effective than pH 2.0 and pH 8.0 condi-
tions (Fig. 2d). Under pH 5.0 conditions, the released curcumin
increased by 24% when increase the OH temperature from 50 to
95 °C (Fig. 2d). Figure 4 summarizes the effect of the different
pre-treatments and illustrates the opposite effect of US and OH
on the particle size distribution of the turmeric powder.

Effects of Pre-treatment on the Color of the Aqueous
Extract at Different pH

The color of bioactive compounds is strongly affected by
their physical state (the crystalline or the soluble form)
(Haas et al., 2019). Also, curcumin’s physical state depends
on the pH condition (Lestari & Indrayanto, 2014). Figure 5
shows the differences in curcumin crystals size at differ-
ent pH conditions. According to Lima et al. (2019), the
acidic condition makes polyphenol more stable than neu-
tral/ alkaline conditions, converting polyphenol molecules
into carbinol and chalcone pseudo bases. Besides high pH
value, degradation of curcumin increases in light, high
temperature, and prolonged exposure time (Kiamahalleh
et al., 2016; Lestari & Indrayanto, 2014). The curcumin’s
degradation under different pH conditions and the effect of
pre-treatment on curcumin color were not fully reported in
the literature. The preliminary tests show that the extracts’
color varies from light yellow to brown orange in the cur-
rent study.

In the current experimental setup, the sediment was removed
from the extracts by centrifugation before color measurement.

The experiment was set up to compare the effect of differ-
ent pre-treatments and pH conditions on the properties of the
extract and curcumin recovery (Table 2). Color changes of the
extracts are shown in Fig. 3.

The aqueous extraction is expected to be less selective on
curcumin recovery than organic solvent; thus, besides cur-
cumin, extracts contained co-components. Because the main
component in turmeric is starch, by more than 40% (Leonel
et al., 2003); also, starch dissolved in the aqueous phase at
95 °C, a possible hypothesis is the main co-component in the
extract was starch. Thus, the extract’s color could be affected
by curcumin content, the physical state of curcumin, the total
concentration, and co-components in the extracts. These fac-
tors simultaneously impacted the color of the extract; how-
ever, the impact factors prevailed at different levels.

Acidic pH Condition (pH 2.0)

At acidic pH conditions, curcumin is insoluble in the aque-
ous phase (Lestari & Indrayanto, 2014). Notably, released
curcumin in acidic conditions was not high as neutral condi-
tions because of the low solubility. Nevertheless, it was found
that starch in turmeric was diffused to aqueous phase under
acidic conditions. The effect of cation H" in the aqueous
phase ruptures starch granules into the smaller polymers and
diffuses to the aqueous phase (Van Beynum & Roels, 1985).
A few studies report this phenomenon in turmeric (Gopi
et al., 2019; Moreschi et al., 2006; Santana et al., 2017). All
of these factors showed the impacts on the color of extracts.

The OH pre-treatment extracts indicate the lowest yel-
lowness (+b*), shown in Fig. 3b. This result agrees with
previous studies and suggests that the thermal effect will
reduce the compound’s color (Lafarga et al., 2018; Miglio
et al., 2008). In contrast, the lightness of the extracts was
not affected by all pre-treatments in the acidic conditions.

Weak Acidic pH Condition (pH 5.0)
In general, in the range of weak acid to neutral pH conditions,

curcumin is relatively soluble in the aqueous phase and has
an orange-yellow color (Kharat et al., 2017; Lestari et al.,

Table 2 Relation of increased
energy input on CDI, PSD, and

Effect of increased energy

Effect of increased energy input
on mean particle size

Effect of increased energy
input on curcumin recovery

. input on CDI
curcumin recovery at pH from
2.0t0 8.0 HPP 1
[N i
PEF i
OH i

l No change from pH 2 to 8

1 No change in pH 2
linpH 5 and pH 8

No change 1inpH 2 and pH 5
No change in pH 8
1 tinpHS5
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2014). Nevertheless, when curcumin’s solubility increases,
it is unstable and quickly degraded by photolytic, high tem-
perature, and oxidation (Kharat et al., 2017; Metzler et al.,
2013; Schieffer, 2002). Consequently, the color of the aque-
ous phase was affected by the amount and physical state of
curcumin in the extracts. At pH 5.0, yellowness indicators
increased in the extracts with prior pre-treatment. The results
showed that extracts with the PEF/HPP had the highest yel-
lowness. In this regard, the reason could be that the curcumin

Fig.3 Effects of pre-treatment
and pH condition on the light-

ness (a) and yellowness (b) of 100 d
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content in these extracts was higher than the extracts with OH
and US (Fig. 2a—d).

Weak Alkaline pH Condition (pH 8.0)

Under weak alkaline pH conditions, curcumin is more sen-
sitive and degrades into primary products: ferulic acid and
feruloylmethane (Brittain, 2014). These transformations orig-
inated from the reaction of a keto-enol group in curcumin

(a)

d d
d 4 d 4 d q
I I
b b
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I a I
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Fig.4 Differences in particle mean size of dried C. longa powder before and after pre-treatments (1, untreated; 2, OH-272; 3, US-546)

molecules (Anand et al., 2008; Niu et al., 2012), and the deg-
radation starts when increasing the pH to neutral conditions
(Wang et al., 1997). In the literature, a few studies suggest that
the mechanism of the degradation under alkaline pH condi-
tions is the opening of the epoxide (Gordon et al., 2015) and
the damage of the conjugated diene structure leading to the
destruction of the central heptadienone linkage (Jayaprakasha
et al., 2006). By changing the molecule structure, the color of
curcumin was also changed to orange-yellow (reduce light-
ness) in an alkaline aqueous phase (Gordon et al., 2015). In
the current study, it can be seen from the figure that all of the
extracts at pH 8.0 were darker than in pH 2.0 and 5.0 (Fig. 3).
According to Kharat et al. (2017), curcumin remains more
than 85% in acidic conditions while remaining lower than

62% in neutral-alkaline conditions. A few studies also agreed
that curcumin can be degraded into FA and feruloylmeth-
ane, which has a darker color (Gordon et al., 2015; Lestari &
Indrayanto, 2014).

The color of curcumin under alkaline pH value is
yellow-orange (Lestari & Indrayanto, 2014). This color
is unstable and easy to change under weak alkaline pH,
resulting in a dramatic fade in yellow-orange color (Gordon
et al., 2015; Lestari & Indrayanto, 2014). In summary,
under weak alkaline conditions, all extracts with prior
pre-treatment have a yellowness reduction compared to the
untreated sample (Fig. 3b, d). The yellowness of extracts
at pH 8.0 followed the order: Untreated > US > HPP > PE
F>OH.
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Fig.5 The color of the extracts and microscopy image of curcumin crystal in the untreated extracts at pH 2.0 (a), pH 5.0 (b), and pH 8.0 (¢)

Conclusion

Aqueous extraction of curcumin is challenging due to the
low water solubility. Consequently, extraction yields did
not surpass 6.6% of the total curcumin in dried turmeric
powder. However, pre-treatments and pH variation of the
aqueous extraction medium show an effective impact on
curcumin recovery. These approaches are essential for the
production of curcumin extracts which fall in the legal cat-
egory of juices and coloring foods. In untreated samples,
the extraction at 95 °C shows the highest curcumin recovery
after 30 min. Prolonged extraction time reduced the cur-
cumin recovery due to the degradation of the curcumin in
the aqueous phase.

Based on the observations with different pre-treatments
in this study, it could be stated that acidic pH is the most
efficient condition for curcumin recovery, and alkaline pH is

@ Springer

not recommended for curcumin extraction. All extracts with
and without pre-treatment show high released curcumin
levels at pH 2.0 and pH 5.0 compared to 8.0 conditions
(except US). The turmeric powder pre-treatment with US
shows lower efficiency than other pre-treatments; this is
unexpected because US was reported as a fast and effective
treatment for polyphenol extraction. However, local thermal
effects may have contributed to pronounced degradation of
curcumin. The differentiation of mass transfer phenomena
that contribute to increased release and degradation, lead-
ing to reduced retention of compounds, will require further
investigation.

The findings from this research supply deeper understand-
ing about curcuminoid recovery and stability with differ-
ent aqueous extraction processes. The pre-treatments com-
bined with aqueous extraction meet green extraction and
environment-friendliness.
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