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ted enzymatic extraction of
hydroxy-sanshool compounds from the
hydrodistillation residue of two Sichuan peppers:
optimization, quantification and pungent taste
contribution evaluation

Yuanlong Chi, Yanglong Deng, Shenghui Pu, Yao Ren, Zhifeng Zhao *
and Qiang He

Hydroxy-sanshool compounds were extracted from the hydrodistillation residue of Z. bungeanum Maxim.

pericarp (ZBM) and Z. armatum DC. pericarp (ZADC) by using ethanol–water extraction and extractions

assisted with (i) enzymes, (ii) ultrasound, and (iii) enzymes and ultrasound. The yields of the hydroxy-

sanshool extracts under these four extraction conditions were calculated and compared. The ultrasound-

assisted enzymatic extraction was then optimized based on a Box–Behnken design. Furthermore, five

hydroxy-sanshool compounds in the extracts were quantified and their pungent taste contribution value

(PCV) was calculated. Oral sensory evaluation was finally performed. Compared with that of the hydroxy-

sanshool extracted with ethanol–water, the yields of the samples from the extraction assisted with enzymes,

ultrasound, and enzymes and ultrasound increased by 4.2–7.6%, 9.3–9.8%, and 21.5–26.2%, respectively. A

maximum yield of 7.87% (w/w) was achieved by using ultrasound-assisted enzymatic extraction under the

optimal conditions: 3.1% (w/w) amount of enzyme, an incubation temperature of 50.3 �C, and an ultrasound

irradiation power of 207 W. The PCV of hydroxy-a-sanshool, hydroxy-b-sanshool, hydroxy-g-sanshool,

hydroxy-3-sanshool, and hydroxy-g-isosanshool was 1153, 447, 461, 139, and 51 ml g�1 for the ZBM extract,

respectively, while the PCV of these five hydroxyl-sanshools was 659 ml g�1, 575 ml g�1, not detected,

119 ml g�1, and not detected for the ZADC extract, respectively. Tingling and salivation were the main taste

sensations of ZBM, whereas numbing and tingling sensations were dominant in ZADC.
1. Introduction

Z. bungeanum Maxim. and Z. armatum DC., two traditional cash
crops belonging to the Zanthoxylum genus of the family Ruta-
ceae, are widely cultivated in Asian countries including China,
Japan, India, Korea, Nepal, etc. They have attracted increasing
attention in recent decades because of their pharmaceutical
properties, typical pungency and tingling sensation.1,2 The
pericarps of Z. bungeanum Maxim. and Z. armatum DC., ZBM
and ZADC for short, are traditionally used in herbal medicine
and stir-fried or processed with vinegar and salt-water. More
than 140 chemical compounds have been isolated and identi-
ed from ZBM, including alkaloids, terpenoids, avonoids, and
free fatty acids. These bioactive constituents are responsible for
the high medicinal value of the analgesic,2 anti-inammatory,3,4

antibacterial,5 antioxidant,6 and anti-tumor activities.7
ing, Healthy Food Evaluation Research
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ZBM and ZADC are also known as Sichuan peppers or Hua-
jiao and are used as condiments in cooking. Notably, the
primary pungent and tingling substances in Zanthoxylum fruits
have been identied as hydroxy-sanshool compounds such as
hydroxy-a-sanshool, hydroxy-b-sanshool, hydroxy-g-sanshool,
hydroxy-3-sanshool and hydroxy-g-isosanshool.8,9 Their chem-
ical structure and molecular formula are shown in Table 1. The
pungent nature of the hydroxy-sanshool compounds could be
mediated via interactions with the transient receptor potential
ankyrin 1 (TRPA1) and vanilloid 1, two chemosensory ion
channels.10 The cis-congured double bonds in the hydroxy-
sanshools were reported to be essential for the activation of
TRPA1.11 A structure–pungency activity relationship study
revealed that a minimal structure including an N-(2-methyl-2-
hydroxypropyl) amide and a (CH]Z]CH–CH2–CH2–CH]E]
CH) sequence motif plays an important role in the pungent and
tingling sensations.12 Moreover, hydroxy-sanshool and its
isomers could show different pungent sensations and intensity.
For example, hydroxy-sanshools (a, g, and 3) caused the oral
sensations of tingling and salivation, while hydroxy-b-sanshool
and hydroxy-g-isosanshool produced a numbing sensation.8 To
RSC Adv., 2021, 11, 4547–4554 | 4547
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Table 1 Chemical structure and molecular formula of five kinds of hydroxy-sanshool compounds

Compounds Chemical structure Molecular formula

Hydroxy-a-sanshool C16H25NO2

Hydroxy-b-sanshool C16H25NO2

Hydroxy-g-sanshool C18H27NO2

Hydroxy-3-sanshool C16H25NO2

Hydroxy-g-isosanshool C18H27NO2
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View Article Online
the best of our knowledge, the composition of hydroxy-
sanshools and the pungent taste contribution of each
hydroxy-sanshool in the Zanthoxylum species have rarely been
reported. So, extraction and quantication of these ve hydroxy-
sanshools and the evaluation of their pungent taste contribu-
tions would help to recognize the pungent and tingling char-
acteristics of ZBM and ZADC at the molecular level and to
deeply understand the structure–activity relationship between
hydroxy-sanshool and pungent taste sensations.

In our previous work, the aromatic essential oil of ZBM and
ZADC was obtained by using the hydrodistillation method and
a residue was produced.13 If this residue was discarded, it would
be a waste of crop resources owing to the fact that the residue is
rich in some valuable non-volatile alkylamides such as hydroxy-
sanshool compounds.14 So, the hydrodistillation residue of ZBM
and ZADC was used as the raw material in this study, and
extraction of the hydroxy-sanshool compounds was rstly per-
formed with ethanol–water and then assisted with (i) enzymes,
(ii) ultrasound, and (iii) enzymes and ultrasound. The cell
destruction of ZBM aer these four extractions were observed
with scanning electron microscopy. Furthermore, ultrasound-
assisted enzymatic extraction of the hydroxy-sanshool
compounds was optimized using the Box–Behnken design of
response surface methodology. The interactions between three
extraction variables (enzyme amount, incubation temperature
and ultrasound irradiation power) on the yield were discussed.
In addition, ve hydroxy-sanshool compounds in the extracts
were quantitatively determined and their pungent taste contri-
bution evaluated and the primary hydroxy-sanshool and the
typical pungent sensation of ZBM and ZADC were identied.
These results were nally veried by oral sensory evaluation.
4548 | RSC Adv., 2021, 11, 4547–4554
2. Materials and methods
2.1. Materials and chemicals

ZBM and ZADC were picked in September 2017 from Ya'an,
Sichuan Province, China. They were air dried at room temper-
ature, cleaned of impurities and sealed in an aluminum foil bag
and stored at�18 �C until use. Their contents (mg g�1) of crude
protein, crude fat, crude ber, total phenols, total avonoid and
moisture were 111.4 � 10.8 and 117.7 � 5.3, 38.1 � 1.6 and 48.7
� 8.0, 312.8 � 8.8 and 366.6 � 10.8, 11.6 � 0.6 and 6.5 � 0.1
gallic acid equivalent, 2.9 � 0.1 and 2.3 � 0.0 rutin equivalent,
and 115.9 � 1.3 and 135.6 � 0.6, respectively.

Hydroxy-a-sanshool, hydroxy-b-sanshool, hydroxy-g-san-
shool, hydroxy-3-sanshool, and hydroxy-g-isosanshool stan-
dards were purchased from Chengdu Mai Desheng Technology
Co., Ltd. (Chengdu, China). Gallic acid and rutin standards
were purchased from Beijing Suolaibao Biotechnology Co., Ltd.
(Beijing, China). Commercial cellulase (EC 3.2.1.4, 5000 U g�1),
hemicellulase (EC 3.2.1.78, 5000 U g�1) and pectinase (EC
3.2.1.15, 5000 U g�1) were purchased from Nanning Pangbo
Biological Co., Ltd. (Nanning, China). Food grade alcohol was
procured from Chron Chemical Reagent Co., Ltd. (Chengdu,
China). Other chemical reagents were of analytical grade.
2.2. Preparation of the hydrodistillation residue of ZBM and
ZADC

The hydrodistillation residue of ZBM and ZADC was prepared
according to the method described in our previous study with
minormodications.13 50 g of dry ZBM (or ZADC) was crushed and
sieved through a mesh size 40 and then dispersed into 500 ml
© 2021 The Author(s). Published by the Royal Society of Chemistry
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water and heated to the boil. Aer distillation for 1.5 h, the vapor
was collected as an aromatic essential oil. The residue was
collected and weighed to about 100 g aer vacuum ltration.
Extraction and quantication of the hydroxy-sanshool compounds
in these two residues were performed in the following study, and
their pungent taste contributions were evaluated.

2.3. Extraction of hydroxy-sanshool compounds with four
different conditions

The hydrodistillation residue of 20 g of ZBM (or ZADC) was
soaked in 180ml water for 3 h under the conditions of 50 �C and
pH 4.8. The pH level was adjusted using 0.05 M citric acid. Food
grade alcohol (200 ml) was then added and extraction was
performed at 50 �C for 3 h. The hydroxy-sanshool crude extract
was obtained aer ltration and vacuum distillation. Aer
addition of 100 ml food grade alcohol, the mixture was centri-
fuged at 4000 rpm for 15 min, and the supernatant was
collected. Finally, the hydroxy-sanshool extract of ZBM, identi-
ed as HSE-ZBM, was obtained aer vacuum distillation and
weighed as M1. In addition, the ethanol–water extractions
assisted with (i) enzymes, (ii) ultrasound, and (iii) enzymes and
ultrasound were investigated. For the enzyme-assisted ethanol–
water extraction, 2.5% (w/w) mixed enzymes (the dosage ratio of
cellulose : hemicellulose : pectinase was 1 : 1 : 1) was added
during soaking for the hydroxy-sanshool extraction, and the
other steps were the same as mentioned above. For the
ultrasound-assisted ethanol–water extraction, ultrasonic irra-
diation at 150 W was carried out for 30 min and the other steps
were the same as the above. For the ethanol–water extraction
assisted with enzymes and ultrasound, 2.5% (w/w) mixed
enzymes were added during soaking, and the extraction was
assisted with ultrasound at 150 W for 30 min. The other steps
were the same as above. The yield (%, w/w) of HSE-ZBM (or HSE-
ZADC) was calculated as (M1/20) � 100.

2.4. Optimization of the ultrasound-assisted enzymatic
extraction by the Box–Behnken design

Based on the single extraction factor results in our preliminary
experiments (data not shown), three factors, i.e., enzyme
amount (X1), incubation temperature (X2) and ultrasound irra-
diation power (X3), had a stronger inuence on the yields of
hydroxy-sanshool extract and were chosen as the independent
variables. The yield of hydroxy-sanshool extract was the
Table 2 The yields of HSE-ZBM and HSE-ZADC by using four different

Methods

Ethanol–water extraction
Enzyme-assisted ethanol–water extraction
Ultrasound-assisted ethanol–water extraction
Ultrasound-assisted enzymatic ethanol–water extraction

a A, B, and C means that different letters within a column were signicantl
within a column were signicantly different (P < 0.05) in HSE-ZADC.

© 2021 The Author(s). Published by the Royal Society of Chemistry
response value. Optimization of the ultrasound-assisted enzy-
matic extraction from the ZBM residue was performed using
a Box–Behnken design. The analysis of experimental data was
performed using analysis of variance (ANOVA). Design-Expert
soware was employed for experiment design, regression and
graphical analysis of the results obtained.

2.5. Scanning electron microscopy (SEM)

Cell destruction of ZBM aer the four extraction conditions
mentioned in Section 2.3 was observed using scanning electron
microscopy (JSM-7500F, JEOL, Japan). The ZBM residue was
xed with glutaraldehyde solution, dehydrated with ethanol
solutions, dried by a critical point drying process, xed on
adhesive tape and then sputtered with gold using a sputter
coater (JFC-1600, JEOL, Japan) prior to observation.

2.6. Quantication and pungent taste contribution
evaluation

2.6.1. High performance liquid chromatography (HPLC).
The contents of hydroxy-a-sanshool, hydroxy-b-sanshool,
hydroxy-g-sanshool, hydroxy-3-sanshool, and hydroxy-g-iso-
sanshool in HSE-ZBM (or HSE-ZADC) were determined using an
HPLC system (HPLC-6AD, Shimadzu, Japan) equipped with a 5
mm (250 � 4.6 mm i.d.) ZORBAX Eclipse Plus C18 column
(Agilent, United States). For the sample preparation, 1 g HSE-
ZBM (or HSE-ZADC) was dissolved in methanol and ltrated
through an alkaline alumina column. Aer vacuum distillation,
the remaining substance was collected and re-dissolved in
methanol to 10 ml. For the sample determination, the injection
volume was 20 ml and the detection wavelength was 270 nm.
Ultrapure water was used as solvent A and acetonitrile was
solvent B. The solvents were delivered at a total ow rate of 0.5
ml min�1. The solvent gradient was from 45% B to 50% B
linearly in 10 min, a linear increase to 65% B in 20 min then to
100% B in 1 min, followed by 9 min isocratic elution, and then
a return to 45% B in 5 min. The ve hydroxy-sanshools in the
samples were identied by comparing their retention time with
that of the reference standards and quantied with an external
standard method.

2.6.2. Determination of the pungent taste contribution
value (PCV). To recognize the pungent taste contribution and
characteristic sensation of each hydroxy-sanshool in ZBM and
ZADC, the PCV (ml g�1) was introduced and calculated as C �
extraction conditions

Yields (%, w/w)

HSE-ZBM HSE-ZADC

5.12 � 0.19Aa 3.35 � 0.04a

5.51 � 0.28AB 3.49 � 0.05a

5.62 � 0.05BC 3.66 � 0.07b

6.46 � 0.21C 4.07 � 0.06c

y different (P < 0.05) in HSE-ZBM; a, b, and c means that different letters

RSC Adv., 2021, 11, 4547–4554 | 4549
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Fig. 1 Electron microscopy of ZBM cells with four extraction condi-
tions. Ethanol–water extraction (A) and extraction assisted with
enzymes (B), ultrasound (C), and enzymes and ultrasound (D).

4550 | RSC Adv., 2021, 11, 4547–4554
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SPU � 10�3, where C is the content of each hydroxy-sanshool or
its isomer in HSE-ZBM or HSE-ZADC. Scoville Pungency Unit
(SPU, ml g�1) was the dilution factor per gram of substance, in
which its pungent taste could be simply perceived. The SPUs of
hydroxy-a-sanshool, hydroxy-b-sanshool, hydroxy-g-sanshool,
hydroxy-3-sanshool, and hydroxy-g-isosanshool were 2.31 �
104 ml g�1, 4.86 � 104 ml g�1, 2.78 � 104 ml g�1, 4.63 � 104 ml
g�1, and 2.78 � 104 ml g�1, respectively.15

2.6.3. Oral sensory evaluation of ZBM and ZADC powder.
Sensation testing was performed according to the literature
protocol.16 Quantitative descriptive analysis was used to eval-
uate the performance of the sensory pungency characteristics of
the ZBM and ZADC samples. Ten assessors (aged 23–27 years
old) were invited and trained. The attributes and intensities of
three pungency sensations, i.e., numbing, tingling and saliva-
tion, were perceived quantitatively by using a standard solution
containing hydroxy-a-sanshool and hydroxy-b-sanshool with
a ratio of 1 : 1. Six pungency intensities of the solution
including hydroxy-sanshool contents (mg ml�1) of 0, 0.02, 0.08,
0.14, 0.2, 0.4, were scored at 0 (no sensation), 1 (very weak), 2
(weak), 3 (moderate), 4 (strong) and 5 (very strong), respectively.
Assessors were requested not to eat and drink for at least 1 h
before the test. Firstly, they were instructed to rinse their oral
cavity with 5 ml of water and 7.25 mg ZBM or ZADC powder was
taken inside the mouth for 10 s. Secondly, the assessors were
asked to spit and to wait for 2 min before gargling with 5 ml of
water and scoring the sensation intensity. The assessors
repeated the steps described above and the test interval between
each sample was 5 min. The tests were conducted in triplicate
and the sensory score was expressed as an average value.
2.7. Statistical analysis

Design-Expert soware version 8.0 (Stat-Ease company, USA) for
the Box–Behnken design was used to determine the optimum
extracting process. ANOVA and Duncan's multiple range tests
were used to determine the signicant differences (p < 0.05)
between the means. All the experimental results were expressed
as mean � standard deviation.
3. Results and discussion
3.1. Effects of the extraction conditions on the yield of
hydroxy-sanshool extract

ZBM and ZADC, generally known as “honghuajiao” and “qing-
huajiao”, are popular spices used worldwide, especially in Asia.
They possess different aroma and pungent characteristics,
which could be correlated with the composition and content of
the volatile and non-volatile avor compounds. In our previous
work, the essential oil of volatile aroma components of ZBM
and ZADC was extracted with hydrodistillation, and the potent
odorants and typical aroma were identied.13 Meanwhile, the
hydrodistillation residue of ZBM and ZADC was produced, and
some valuable active compounds, such as hydroxy-sanshools,
were retained. So, the hydroxy-sanshool compounds were
extracted from the residue by using four conditions, and their
extraction yields are shown in Table 2. The content of hydroxy-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Experimental design matrix to screen for the variable that determines the hydroxy-sanshool extract yield from the ZBM and ANOVA
results

No.

Box–Behnken design ANOVA

X1 X2 X3

Y (%)

Source Sum of squares Degree of freedom Mean square F-Value p-ValueActual Predicted

1 3.0 45 180 7.08 7.07 Modela 3.22 9 0.36 98.5 <0.01b

2 3.0 45 240 6.74 6.79 X1 0.08 1 0.08 20.82 <0.01
3 3.0 50 210 7.80 7.82 X2 0.07 1 0.07 18.34 <0.01
4 2.5 50 240 7.05 7.00 X3 0.03 1 0.03 6.97 0.03
5 3.0 50 210 7.76 7.82 X1X2 0.08 1 0.08 22.36 <0.01
6 3.0 50 210 7.89 7.82 X2X3 0.03 1 0.03 7.96 0.03
7 2.5 50 180 7.06 7.11 X1

2 0.61 1 0.61 168.24 <0.01
8 3.0 50 210 7.79 7.82 X2

2 1.27 1 1.27 348.69 <0.01
9 3.5 55 210 7.20 7.22 X3

2 0.26 1 0.26 71.57 <0.01
10 2.5 45 210 6.30 6.28 X1X2

2 0.12 1 0.12 33.05 <0.01
11 3.0 50 210 7.87 7.82 Residual 0.03 7 0.01
12 3.5 50 180 7.38 7.39 Lack of t 0.02 3 0.01 1.43 0.36
13 3.5 45 210 7.35 7.33 Pure error 0.01 4 0.01
14 3.0 55 180 7.14 7.09 Corrected total 3.25 16
15 3.5 50 240 7.28 7.27 Credibility analysis of the regression equations
16 2.5 55 210 6.72 6.74 Standard deviation Mean Coefficient of variation R2 Adequacy

precision
17 3.0 55 240 7.14 7.15 0.06 7.27 0.83% 0.9922 33.44

a X1 is the amount of enzyme (%), X2 is the incubation temperature (�C), X3 is the ultrasound irradiation power (W), and Y is the total yield.
b Signicant at p < 0.05.
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sanshool compounds in ZBM was much higher than that in
ZADC, suggesting a stronger pungent intensity of ZBM. In
addition, compared with that of the hydroxy-sanshool extracted
with ethanol–water (5.12 � 0.19% for HSE-ZBM and 3.35 �
0.04% for HSE-ZADC), the yields of the samples for which the
extraction was assisted with enzymes, ultrasound, and enzymes
and ultrasound increased by 4.2–7.6%, 9.3–9.8%, and 21.5–
26.2%, respectively. Ultrasound-assisted enzymatic extraction
achieved a higher yield than the other three extraction condi-
tions (p < 0.05). This result could be attributed to the synergistic
effects between mixed enzymes and ultrasound. The mixture of
cellulase, hemicellulase and pectinase could disrupt and
degrade the cell wall and release the intracellular constituents.17

Sonication not only improved the affinity between the enzyme
and substrate, but also enhanced the conversion of the enzyme/
substrate complex into the product.18

Several literatures reported the extraction of alkylamides
from Zanthoxylum. Yang and co-workers reported 6% (w/w)
yield of the alkylamide extract with hexane/ethyl acetate from
the dried pericarps of Z. bungeanum and Z. schinifolium.19 Bhatt
et al. obtained 15.1% (w/w) methanol extract of avonoids,
lignans, coumarin and amides from the dried leaves of Z.
armatum.20 Nevertheless, the yields of alkylamides or other
active compounds depend not only on the extraction methods,
but also on the Zanthoxylum growing area, variety, climate,
cultivation conditions and sample preparation processes.21,22

Some solvents, including methanol, ethanol, chloroform,
petroleum ether, diethyl ether, vegetable oil and water, have
been applied for the extraction of pungent and tingling
© 2021 The Author(s). Published by the Royal Society of Chemistry
compounds from Zanthoxylum.23,24 Ethanol and water are
generally considered as safe and eco-friendly options, whereas
organic solvent is not used at an industrial scale due to the
toxicity associated with the solvent residue.
3.2. SEM analysis

To investigate the inuence of extraction conditions on the
matrix, SEM was employed to observe the microscopic structure
changes of the ZBM tissues. The cell wall breakage of the
sample treated with four extraction conditions is shown in
Fig. 1. Aer ethanol–water extraction (Fig. 1A), the cell shape of
the sample remained unchanged and intact, although the cell
wall surface was rough and wrinkled and some cell fragments
were observed. In the case of the enzyme-assisted ethanol–water
extraction (Fig. 1B), huge perforations in the internal surface of
the sample cell were observed, suggesting the disruption of the
cell wall structure under the combined effects of cellulase,
hemicellulase and pectinase. The shape of the sample cells
became irregular. Notably, aer ultrasound-assisted ethanol–
water extraction (Fig. 1C), a jagged edge appeared on the cell
wall and the cell structure was partly damaged, which indicated
that the cell walls were attacked by the cavitation effects of the
ultrasound. As for the extraction assisted with enzymes and
ultrasound (Fig. 1D), compared with the other three treatments,
the cell walls incurred more serious damage. The cell structure
almost disappeared and a mass of cellular fragments was
produced. It revealed that the combined effects of enzymes and
ultrasound could greatly enhance the disruption of the ZBM cell
structure, which facilitated the release of hydroxy-sanshools.
RSC Adv., 2021, 11, 4547–4554 | 4551
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Fig. 2 Contour and response surface plots for the hydroxy-sanshool
extraction yield from ZBM showing variable interactions. Contour plot
between enzyme amount and incubation temperature (A), response
surface plot between enzyme amount and incubation temperature (B),
contour plot between incubation temperature and ultrasound irradi-
ation power (C), and response surface plot between incubation
temperature and ultrasound irradiation power (D).
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This nding was also in good agreement with the high yield of
HSE-ZBM extracted with enzyme and ultrasound mentioned
above.
3.3. Optimization of the ultrasound-assisted enzymatic
extraction of hydroxy-sanshool compounds

In our preliminary experiments, signicant variables in the
hydroxy-sanshool extraction from the ZBM residue were rstly
selected from seven variables, including enzyme amount,
incubation pH, incubation temperature, incubation time,
ultrasound irradiation power, liquid–solid ratio and ultrasound
irradiation time, based on a Plackett–Burman design (data not
shown). Three variables, i.e., enzyme amount (X1), incubation
temperature (X2) and ultrasound irradiation power (X3), played
important roles in the hydroxy-sanshool extraction and were
selected for further optimization of the extraction process. A
total of 17 experimental conditions were trialed and the results
were applied to determine the inuence of the variables, as
shown in Table 3. The model developed had a p-value of <0.01
and a non-signicant lack of t value of 0.36. The regression
equation from the ANOVA had a determination coefficient R2 of
0.9922, which is an estimate of the data variation of the model.
“Adequacy precision”measures the signal to noise ratio. A ratio
greater than 4 is desirable, and the ratio of 33.44 shows an
adequate signal. These model characteristics indicated that the
model was signicant and could be used to efficiently deter-
mine the optimal conditions. Sufficient input levels were used
to t a third-order polynomial equation. The hydroxy-sanshool
extract yield (Y) was calculated as follows:

Y ¼ 7.82 + 0.14X1 + 0.09X2 � 0.06X3 � 0.14X1X2 + 0.09X2X3 �
0.38X1

2 � 0.55X2
2 � 0.25X3

2 + 0.25 X1X2
2

The ANOVA indicated that the model items X1, X2, X3, X1X2,
X2X3, X1

2, X2
2, X3

2, and X1X2
2 are statistically signicant (p <

0.05). The interactions between variables (enzyme amount vs.
incubation temperature and incubation temperature vs. ultra-
sound irradiation power) had a signicant inuence on the
extraction yield, and their contour and response surface plots
are shown in Fig. 2. The optimal conditions to maximize
hydroxy-sanshool yields could be found from these interactions.
The optimum extraction conditions according to the response
surfacemodel are: 3.1% (w/w) amount of enzyme, an incubation
temperature of 50.3 �C, and an ultrasound irradiation power of
207 W. The predicted highest yield under this condition is
7.84%. In order to verify the reliability of the theoretical model,
an experiment was performed using the optimal conditions.
The obtained yield of 7.87 � 0.32 (%, w/w) is almost consistent
with the value predicted by the regression model. So, the results
predicted by the model were reliable and practical.
3.4. Quantication and pungent taste contribution
evaluation

Pungency and tingling are the characteristic taste sensations of
Sichuan pepper as a spice. Hydroxy-sanshools were considered
as the primary pungent active compounds and possessed
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 HPLC chromatograms of HSE-ZBM solution (A) and HSE-ZADC
solution (B) at 270 nm. The peaks of 1, 2, 3, 4 and 5 were identified as
hydroxy-3-sanshool, hydroxy-a-sanshool, hydroxy-b-sanshool,
hydroxy-g-sanshool, and hydroxy-g-isosanshool.

Fig. 4 Oral sensory evaluations of ZBM and ZADC.
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a potent inuence on the pungent taste of ZBM and ZADC.9,15

Five hydroxy-sanshool compounds in both HSE-ZBM and HSE-
ZADC were quantitatively measured and their pungent taste
Table 4 Quantification and pungent taste contribution value (PCV) evalua

Compounds

Content (mg g�1)

HSE-ZBM HSE-ZADC

Hydroxy-a-sanshool 49.92 � 0.10 28.53 � 0.46
Hydroxy-b-sanshool 9.19 � 0.43 11.84 � 0.44
Hydroxy-g-sanshool 16.57 � 0.58 NDb

Hydroxy-3-sanshool 2.30 � 0.02 2.56 � 0.04
Hydroxy-g-isosanshool 1.85 � 0.06 ND

a The data of oral sensation is from the reference by Bader et al. (2014). b

© 2021 The Author(s). Published by the Royal Society of Chemistry
contribution value was calculated according to the method
described in Section 2.6.2. As shown in Fig. 3 and Table 4,
hydroxy-a-sanshool was determined as the main pungent taste
component in ZBM with the highest content of 49.92 � 0.10 mg
g�1 and a PCV of 1153 ml g�1, followed by hydroxy-g-sanshool
(16.57 � 0.58 mg g�1, 461 ml g�1) and hydroxy-b-sanshool (9.19
� 0.43 mg g�1, 447 ml g�1). With regard to ZADC, hydroxy-a-
sanshool (28.53 � 0.46 mg g�1, 659 ml g�1) and hydroxy-b-
sanshool (11.84 � 0.44 mg g�1, 575 ml g�1) were the main
pungent taste components. Hydroxy-3-sanshool and hydroxy-g-
isosanshool seemed to play a less important role and had
a much lower content and PCV in both ZBM and ZADC.
According to the oral sensations of ve hydroxy-sanshools re-
ported in the literature,8,25 the characteristic pungent sensations
of ZBM and ZADC were predicted. ZBM had the major sensa-
tions of tingling and salivation, for which the total PCV (1753 ml
g�1) was more than thrice that of the numbing sensation
(498 ml g�1). In comparison, ZADC shared similar PCVs for the
tingling, salivation (778 ml g�1), and numbing (575 ml g�1)
sensation.

The characteristic taste sensations were veried using an
oral sensory evaluation for ZBM and ZADC powder, and the
results are summarized in Fig. 4. The numbing score of ZBM
(3.35) is nearly equal to that of ZADC (3.45) with no signicant
difference (p > 0.05). The salivation and tingling scores of ZBM
were 4.00 and 4.55, respectively, which were signicantly higher
tion of five hydroxy-sanshool compounds in HSE-ZBM and HSE-ZADC

PCV (ml g�1)

Oral sensationaHSE-ZBM HSE-ZADC

1153 659 Tingling, salivation
447 575 Numbing
461 ND Tingling, salivation
139 119 Tingling, salivation
51 ND Numbing

ND represents that the level is lower than the limit of detection.

RSC Adv., 2021, 11, 4547–4554 | 4553
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than those of ZADC (p < 0.05). This result implied that ZBM was
inclined to the sensations of tingling and salivation and ZADC
had nearly equal shares in tingling and numbing sensations.
This nding was in accordance with the PCV analysis
mentioned above.

4. Conclusions

An efficient approach for the extraction of hydroxy-sanshool
compounds from the hydrodistillation residue of ZBM and
ZADC was developed and optimized by Box–Behnken design.
The optimal ultrasound-assisted enzymatic extraction condi-
tions were as follows: 3.1% (w/w) amount of enzyme, an incu-
bation temperature of 50.3 �C, and an ultrasound irradiation
power of 207 W. The yield of HSE-ZBM was 7.87 � 0.32% (w/w)
under the optimal conditions. Furthermore, ve hydroxy-
sanshools in HSE-ZBM and HSE-ZADC were quantied and
their pungent taste contribution was recognized. ZBM had the
primary pungent taste components of hydroxy-a-sanshool and
hydroxy-g-sanshool, giving the main oral sensations of tingling
and salivation. On the other hand, ZADC possessed the domi-
nant pungent compounds of hydroxy-a-sanshool and hydroxy-b-
sanshool, exhibiting nearly equal shares in tingling and
numbing sensations.
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