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Abstract

Quinolizidine alkaloids are the main bioactive components in Sophora alopecuroides L. This study reports a novel ultrasound-
assisted enzymatic hydrolysis method for the extraction of these important alkaloids. Box—Behnken design, a widely used
response surface methodology, was used to investigate the effects of process variables on ultrasound bath-assisted enzymatic
hydrolysis (UAEH) extraction. Four independent variables, pH, extraction temperature (°C), extraction time (min) and
solvent-to-material ratio (mL/g), were studied. For the extraction of sophocarpine, oxysophocarpine, oxymatrine, matrine,
sophoramine, sophoridine and cytisine, the optimal UAEH condition was found to be a pH of 5, extraction temperature
of 54 °C, extraction time of 60 min and solvent-to-material ratio of 112 mL/g. The experimental values obtained under
optimal conditions were fairly consistent with the predicted values. UAEH extraction was then compared with reflux heat-
ing, enzymatic extraction and ultrasound-assisted extraction. Of these extraction methods, UAEH extraction under optimal
conditions produced the highest yield for seven types of alkaloids. In addition, UAEH extraction resulted in lower ingredient
degradation than reflux heating extraction.

Keywords Ultrasound bath-assisted enzymatic hydrolysis - Quinolizidine alkaloids - Response surface methodology -
Sophora alopecuroides L. - HILIC-UHPLC-TQ-MS/MS

Introduction

Quinolizidine alkaloids (QAS) from Sophora alopecuroides
L. have been reported to have a large range of bioactive
properties, including neuroprotective [1], analgesic [2], anti-
oxidant [3], cardioprotective [4], hypothermic and antipy-
retic [5], anti-tumor [6, 7] and anti-hepatitis B [8] properties.
In addition to their use as pharmaceuticals, these alkaloids
are used as pesticides with no residue issues [9]. While QAS
are contained in many different parts of S. alopecuroides,
the QAS content is highest in the seeds [10]. Currently, S.
alopecuroides seeds are the best sources for QAS extrac-
tion. Industrially, QAS are extracted using a boiling method.
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However, some QAS, such as oxymatrine and oxysophocar-
pine, are degraded by high-temperature extraction [11], and
so milder extraction conditions are desirable.

Advanced extraction methods, such as supercritical fluid
extraction (SFE) [12], microwave-assisted extraction (MAE)
[13, 14], enzymatic extraction (EE) [15] and ultrasonic-
assisted extraction (UAE) [16], have been developed and
used to extract compounds from plant sources. However,
all of these methods have drawbacks. For example, most
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conventional procedures and enzymatic extractions are
time-consuming and suffer from low extraction efficiencies.
SFE requires the use of complex and expensive equipment,
and MAE does not allow for the extraction of thermolabile
analytes. Therefore, a QAS extraction method that can be
operated under economical, environmentally friendly and
controllable conditions is desirable.

Enzymatic extraction (EE) is a commonly used method
for the extraction of compounds from plant sources [15].
Enzymatic extraction processes are carried out under mild
conditions and can minimize the loss of thermolabile com-
pounds. Moreover, because seeds contain large amounts of
polysaccharides [17] that can hinder solvent penetration dur-
ing extraction, enzymatic hydrolysis by cellulase can facili-
tate the release of intracellular chemical constituents [18].
The main drawback of enzymatic hydrolysis is the long time
required to complete the process [19]. Thus, this study seeks
to speed up the enzymatic extraction procedure while guar-
anteeing the quantitative release of the desired compounds.

Recently, ultrasound energy has been used to facilitate the
enzymatic extraction of biological materials [20, 21]. When
ultrasound waves are applied, an induced cavitation process
occurs in the liquid, promoting an increase in pressure and
temperature via bubble collapse. When a solid phase is
immersed in the liquid phase, the asymmetric cavity col-
lapses, producing high-speed liquid jets that impact the solid
surface. This process results in high analyte transport rates
from the solid particles to the liquid phase (extracting solu-
tion). Such high transport rates usually shorten the extraction
or pretreatment time. Ultrasound baths are ideal when strict
temperature control is needed (e.g., enzymatic hydrolysis).

Given the properties of ultrasound discussed above,
exploring the simultaneous use of ultrasonication and bio-
catalysis for QAS extraction is an interesting undertaking.
In this study, we investigate the effectiveness of ultrasound
bath-assisted enzymatic hydrolysis for QAS extraction from
S. alopecuroides seeds. The study includes (a) the optimi-
zation of ultrasound bath-assisted enzymatic hydrolysis
(UAEH) parameters (pH, extraction temperature, extrac-
tion time and solvent-to-material ratio) for a combination
of seven QAS using a response surface methodology and (b)
a comparative assessment of the yields obtained by UAEH,
conventional, enzymatic and ultrasound-assisted extraction
for seven QAS.

Materials and methods
Plant materials
S. alopecuroides seeds were collected from Yanchi (Ningxia,

China) in September 2013. The botanical origin of the seeds
was identified by one of the authors (H.W.), and voucher

specimens were deposited at the Herbarium in Ningxia Med-
ical University, P. R. China. The materials were pulverized
to homogeneous powders (40 mesh).

Chemicals and reagents

Acetonitrile (HPLC grade) was purchased from Merck
(Darmstadt, Germany), and deionized water (H,O) was
purified using a Milli-Q water purification system (Milli-
pore, Billerica, MA, USA). Other reagent solutions, such as
ammonium acetate, acetic acid and cellulase (15000 U/g),
were of analytical grade (Sino Pharm Chemical Reagent
Co., Ltd., Shanghai, China). Chemical standards of matrine,
oxymatrine, sophocarpine, oxysophocarpine, sophoridine,
sophoramine and cytisine were purchased from Chengdu
Must Co. (Chengdu, China). The structures of these com-
pounds are shown in Fig. 1. The purity of each reference
compound was determined to be over 98% by UHPLC/
ESI-MS.

The amount of enzyme for extraction

In a preliminary study, different amounts (0.5, 1, 2, 4 and
6% w/w) of cellulase were used for the UAEH extraction
of S. alopecuroides seeds. UAEH was performed under the
following conditions: pH 5, 50 °C, solvent-to-solid ratio of
100 mL/g and a time of 45 min. The amount of cellulase that
resulted in the highest yield of seven alkaloids was used in
further experiments to optimize alkaloid extraction from S.
alopecuroides seeds.

Ultrasound bath-assisted enzymatic hydrolysis

UAEH extractions were carried out with an ultrasonic device
(KH-500DV, Kunshan Ultrasonic Instrument Co. Jiangsu,
China) equipped with a digital timer and a temperature con-
troller. Dried powdered seeds (0.25 g) were weighed into a
50-mL conical flask containing the previously determined
optimal amount of enzyme. Samples were then sonicated
for various times (20, 45, 70 min) at various temperatures
(40, 50, 60 °C), pHs (4, 5, 6) and solvent-to-material ratios
(60, 100, 140 mL/g). After extraction, solvent was added to
compensate for the weight lost during extraction. The solu-
tion was mixed thoroughly, then centrifuged at 13,000 rpm
for 10 min. All of the solutions were then filtered through
a 0.22-pm membrane filter before being injected into a
UHPLC-MS/MS system for analysis. The effect of the
extraction time, temperature, pH and solvent-to-material
ratio were then assessed.
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oxysophocarpine

sophoridine matrine

Fig. 1 Chemical structures of the seven alkaloids

cytisine

o
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Table 1 Precursor/product ion

. Analyte Retention time  [M + H]* (m/z) MRM transitions Cone voltage Collision
pairs and parameters for the . (min) (precursor — product) (V) energy
MRM of the compounds used in V)
this study

1 Sophocarpine 3.52 247 247 — 136 46 30
2 Oxysophocarpine 3.59 263 263 — 245 42 28
3 Oxymatrine 4.14 265 265 — 205 44 28
4 Matrine 4.18 249 249 — 148 38 30
5 Sophoramine 4.3 245 245 — 122 46 32
6 Sophoridine 4.59 249 249 — 176 20 36
7 Cytisine 4.62 191 191 — 148 34 20

Conventional extraction, enzymatic extraction
and ultrasound-assisted extraction

Industrially, alkaloids from S. alopecuroides seeds are
extracted by boiling for various times with water as the sol-
vent. We used the reflux heating (RH) method in the labora-
tory with only slight modification; the incubation time was
2 h and the temperature was 90 °C. The conditions used
for enzymatic extraction (EE) were the same as those used
in the optimized UAEH method with the exception of the
extraction time. In this study, longer incubation times (2, 4,
6, 8 and 10 h) were investigated due to the low efficiency of
enzymatic hydrolysis. The conditions used for ultrasound-
assisted extraction (UAE) were consistent with those used

@ Springer

in the optimized UAEH method, except that an enzyme was
not used in UAE method.

Table 2 Variable levels used in the experimental design

Symbols  Independent variables -1 0 +1
X, pH 4 5 6
X, Extraction temperature (°C) 40 50 60
X; Extraction time (min) 20 45 70
Xy Solvent-to-material ratio (mL/g) 60 100 140




427

Journal of Natural Medicines (2018) 72:424-432

9L'86T F 6TTIS8  LY'EIE F LISEO6L 658 FT609C 9¢HI FH8€9¢  €L'98C F ¥ 8IICI 9L TvE F 9T065CI €I'L F 6585¢ 09 94 o S 6C
€9YSE F CLTILS  €€°6SEF LEOTIS T6'8 F8SCLT 6L VI F6£89¢ 8V TTY F99°8C9¢T  TI'E9Y F 6T 11¢EC 6S'L F8ETLE 00T 0L 0s 9 8C
LSYEC F 110868  8S 1€V F L6'€TI6 666 F15°60E  1€STF6196E  TOVTY F91°669¢T  SETI9 F ¥ELIOVI €16 F €I'L6E 001 0L 09 S LT
LYT0E F ¥SEELY  ELYEE F 6ELTES LT6FTO8LT  6SVI FLTTLE ISYIYF LY ILEET  T8'88F F 99°089¢T 76’8 F 16°08¢ 09 0c 0s S 9¢
LI'TTE F60°60T6  6S1EY FTL'ES86  1S0I FTS0CE 66 ST F €60l  8CTHY FTEEITHPT 8L S6V F LV SOIPT L8O F IL'81Y ()41 0L 0S S ST
STOVE FTSHIC6  16°€hy F €4'8L96  TI'O1 FLTTIE  $EIL FSI'8IY  8L9ES FTOSSOVT  9SHCS + Sy L86v1 SL'6 F 81'80F 00T Sy 0S S 144
87 ¥0€ F €5°6698  8TTLE F TS 08C8 CCOF VY LLT  STYI F€8'8LE  €6'8TS F8S00EET  LITLY F 89°06¢€L 66 F L99LE 001 0c 09 S €C
LT'6TE F¥S€E88  SHLIE F 6€1L06 $E€6F8LY8C  60°ST F€0°S8E  8Y'TCS F99'8C9€T  ¥6'98% F LY S9TH1 81'8 ¥ 61°S8¢ 00T Sy M9 9 (44
SYTTE FTI'00C6  €L°SSY F ¥O'SHL6 LTO6F LY'66C STILF 1891y  6S¥ES F90¥00¥T  +0'90S F 6T 8SHI €8°6 F ¢80V 001 St 0s S 1c
8€°0S€ F 6€°STE6  16'S9 F SH'EE66 66 F0590€  8I9I FE€SHIY  96'9SS F I8OVLYT  1¥'0TS F €C0v8FT 1011 F8S'LIY 00T Sy 0S S 0¢
LU'TYE F I¥'9L16  80°66€ F 6£0816 €6'6 F1600€ 0TI9I F€OCIy 189V FTLTOOVT  T8HES F 01°S66v1 LT6F LLYOY 00T Sy 0S S 61
6€10€ F6TST98  LISIEF IV IIIS YY'8 F€CTIT  66TI F€9°€EE  TOVTY FT9'SSECT  L6'19Y F 88¥8TEI IS8 F 6119¢ 00T (114 0s 9 81
88'CHe F €T°6T06  81°9Cy F99°LTL6  ¥TOI FL1'90€  6L°ST FTOSOF  1T0SY F v+ 00Tkl €0°8¢S + ST8STST €96 F €TECIY 00T St 0S S LT
YL'ETE F €5°8L98  187C8E F 86'S8C8 88 FICYIT 68 VI FTYSIE  8LBOY F vL¥S6CT  6¢°€SY F 1THS6CI 786 F ¥¥'S9¢ (0} St (04 S 91
€6'00€ F TI'86L8  ST'SYE F L9088L 608 F VL TST 66°€1 F¥8CSE 66 SIY FOI'6IVEL  STSIS F 95 ¥TSel L8'8 F 10'8LE 00T 94 o 9 ST
LTYTE F 1¥'9L68  TEOIY F 19°L£98 896 FI16'18C T6SIFILSOY 61TEY F LY ISIET  6L°61S F €' SOLYT 6 F Th s6¢ 09 0L 0S S 14!
€V'66C F €8°LSS8 85 LIE F LIGE6L OP'8F €6'LST  ILYI F60'19€  LES8E F$6'99€CT  OL'LEY F 9ELLYTL 6€'8 F 6L°8S¢ 00T 0¢ o S €1
CTLSTFTOTO6L  9T0IE F L9'SESL 6 LFLEYIT  6CYI F9€99¢  60°8T¢ F8SI88IT  ST6OTY F TBLICI 8€'8 F I0°LYE 09 Sy oS 9 4!
6T°€TE FSTIS68  9T°¢6E F £1'8L68 VL6 FTIV6T  86'ST FPL'86E  ¥9°¢Ey F7S886ET  T0°SIS F TS 0091 806 F ¥9°S6¢ o1 Sy 09 S IT
9¢'8T¢ F0£0I88  0T'S6E F £°0898 IT6F09¢8C 061 F+¥868¢ 61'80S F8STESET 96405 F 8S'LTHY I €88 FC1'S8¢ 09 Sy 09 S ()1
8€'8ST FTSTREL  TSOIE F ¥SH89L SLULFLOSET  STSTIFE/VYIE  6S€CC F¥TTEI0T  8¥'60F F €L THILT L F 65°¢CE 00T 94 or ¥ 6
9TTCTF9¢'8T9L  8TYTE F LI'TEIL 9TLFECOLET €OTTFTI'ere €899 F80TO8IT  9L°TTE F 9¢€°LSOTI TI9FTLEYE 09 94 0s v 8
€6'8YC F S€'9T08  ¥E8I¢ F S8YTLL LS8 FLY6YT 6LCIFE68YE  61'19¢ F8898STT  8STTY F TYELOCI €€'8 F 8I'LYE 00T 94 0 v L
8TT0E F £€8'9€98  €8°¢SE F 6£'8L08 006 F98°GLT 86€l F¥80LE 9STOV F €8'9S8C1  €THOV F £+ 168CI IT°6 F81°L9¢ (j41 194 0s 9 9
6L°CTE F LT'6L98  6¥'19¢€ F $6°CC08 86 FCO6LT YY1 F8008C TTO6EF €VTSICT  €8°0vE F €vTSICI 66'S FTI'¢9¢ 00T 0L (0% S S
9L'89T ¥ 9T'6¥T8  9S°CIE FOL'EY8L 8G'8 FG9CCT 6L CI F€]TSE  LOSLEFTYTOOCT  STIEY F 9¢°LOVCI 6€'8 F C€0S¢ ()41 9% 0s v ¥
78'60€ F 61°CS98  99°C9¢ F T1°08C8 I6'LF6589C 8EYI FT6'LIE  TO'66E F €S0L6TT  TLTSE F €5°S€6T1 U6 F 1¥°59¢ 00T 0L 0s v €
100LC F20'6ChL  LSLOEFTL60LL  OTLFTI6EC TSEIFIL'SPE  T86SE F8096911  SO¥Ty F9T°0€0TT T8 F80°¢he 00T 0¢ 0s ¥ [4
€V'66C F 86'TYL8  ITYEE F 69°¢1S8 6C6FSIT8C  98°CI FLI'9LE  T¥'€TS FTS80LET 81695 F TS 6ISET 986 F SO'LLE o1 0¢ 0S S I
uIsnAD surpuioydog surweroydog QUL QuLIBWAXQ surdrecoydosAxQ surdreooydog
(¢ =u Qs F ueow) salf[eue Jo sjuouo)  (B/qun Fx  (uw) Y ()X 'y uny

(8/31) spunodwod proey[e ay) Jo SIuANUOD Jo sasuodsal AY) pue UONILIIXS J0J JUdWIFURLIE (Papooun) udisop uayuyeg—xoqg ¢ ajqel

pringer

A's



428

Journal of Natural Medicines (2018) 72:424-432

UHPLC-MS analysis of extracts

UHPLC was performed using a Waters ACQUITY UHPLC
system (Waters, Milford, MA, USA). Hydrophilic inter-
action chromatographic separation was performed on an
ACQUITY UHPLC BEH Amide column (2.1 X 100 mm,
1.7 pm). The mobile phase was composed of A (0.1% for-
mic acid and 10 mM ammonium acetate in aqueous solu-
tion) and B (0.1% formic acid in acetonitrile) with a gradient
elution: 0-3 min, 10-13% A; 3—4 min, 13% A; 4-5 min:
13-20% A. The mobile phase flow rate was kept constant at
0.4 mL min~!, and the column temperature was maintained
at 35 °C with a column temperature oven. To remain within
the linear range of the standard curve, filtrates were diluted
100-fold. A 1-pL aliquot was injected into the UHPLC
system for analysis. The column eluent was directed to the
mass spectrometer. All analyses were conducted using Mass-
Lynx™ XS software.

Mass spectrometry detection was performed using a
Waters Xevo TQ tandem quadrupole mass spectrometer
(Micromass MS Technologies, Manchester, UK) with an ESI
source operated in the positive ion mode. The source param-
eters were set as follows: capillary voltage, 3.0 kV; desolva-
tion gas flow, 1000 L h~!; desolvation temperature, 550 °C;
cone gas flow, 50 L h~!: source temperature, 150 °C. Data
were collected in the multiple reaction monitoring (MRM)
mode by simultaneously screening parent and daughter ions.
Cone voltage (CV) and collision energy (CE) were opti-
mized individually for each target compound. The param-
eters selected for each compound are given in Table 1. The
dwell time was automatically set by MassLynx.

Experiment design

A response surface methodology (RSM) was used to inves-
tigate the influence of four independent variables on the
extraction efficiency of matrine, oxymatrine, sophocarpine,
oxysophocarpine, sophoridine, sophoramine and cytisine.

The pH (X)), extraction temperature (°C, X,), extraction time
(min, X3) and solvent-to-material ratio (mL/g, X,) were cho-
sen as the independent variables to be optimized. Experi-
ments were performed based on a Box—Behnken design
(BBD). Table 2 shows the ranges and center point values
of the four independent variables. The complete design was
carried out in random order and consisted of 29 treatments,
including five replicates at the central point (Table 3). Data
were analyzed by multiple regression to fit the following
quadratic polynomial model:

4 4 4
Y=o+ X BX+ D BX+ Y BXX, (M
i=1 i=1

i#j=1

where Y is the predicted response, f, is a constant, and f;, §;;
and ﬁij are the linear, quadratic and interactive coefficients
of the model, respectively. X; and X; represent independent
variable levels.

Statistical analysis

The experimental results obtained from the response surface
design were analyzed with Design-Expert 8.5 software (Trial
version, State-Ease Inc., Minneapolis, MN, USA). p values
less than 0.05 were considered to be statistically significant.
The experimental results were expressed as the mean + SD.
All analyses were performed in triplicate.

Results and discussion

Effect of the enzyme amount on the alkaloid yield

In the present study, QAS were represented by seven major
compounds: sophocarpine, oxysophocarpine, oxymatrine,

matrine, sophoramine, sophoridine and cytisine. Polysac-
charides present in seed cell walls are the major inhibitors

Fig.2 Effect of the enzyme
amount on the alkaloid yield
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Fig. 3 Chromatogram of the alkaloid MRM transitions analyzed in this study: (1) sophocarpine, (2) oxysophocarpine, (3) oxymatrine, (4)

matrine, (5) sophoramine, (6) sophoridine and (7) cytosine

of QAS extraction [22]. To accelerate the release of alka-
loids in the UAEH method, the enzyme amount was opti-
mized. The effect of the cellulase level on the alkaloid yield
was studied to determine the optimal cellulase amount. As
shown in Fig. 2, the alkaloid extraction yield increased with
the increasing enzyme amount until reaching an enzyme

amount of 0.2%. Increasing the amount of enzyme results in
improved degradation of the cell wall. Based on our results,
we chose 0.2% as the optimal enzyme concentration.
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Fitting the response surface models

The yields of seven alkaloid compounds from S. alope-
curoides seeds are shown in Table 3. Multiple regression
analysis using a quadratic polynomial model [Eq. (1)] was
performed using the results in Table 3. The analysis of vari-
ance (ANOVA) results and regression coefficients (Sup-
plementary Table 1) indicated that the quadratic model is
significant (p < 0.05). The “fitness” of the model was inves-
tigated using a lack-of-fit test (p > 0.05), which indicated the
model’s ability to accurately predict variations [23].

Effect of the extraction parameters on different
alkaloid compounds

Figure 3 shows the chromatogram of MRM transitions
for the alkaloids analyzed in this study. Sophocarpine,
oxysophocarpine, oxymatrine, matrine, sophoramine,
sophoridine and cytisine were identified according to the
standards’ UHPLC retention times and mass/charge ratios
(m/z). The chemical structures of the seven alkaloids inves-
tigated are shown in Fig. 1. The chemical properties of these
alkaloids vary significantly due to differences in their double
bonds and steric configuration. As a result, it is difficult to
develop a single optimal procedure for the extraction of all
seven alkaloids. Three-dimensional response surface contour
plots for these seven compounds as functions of the four
independent variables were investigated. The model contains
six two-way interactions (X; X X,, X; X X3, X; X X, X, X Xj,
X, X X, and X5 X X,).

The three-dimensional response surface contour plots
(Supplementary Material Figs. 1-7) depict the yield changes
of sophocarpine, oxysophocarpine, oxymatrine, matrine,
sophoramine, sophoridine and cytisine as a function of the
four independent variables investigated in this study. The
conditions for the maximum yield of the seven alkaloids are
shown in Table 4. The sophocarpine yield was significantly
(p < 0.05) affected by the pH, extraction temperature and
extraction time, with positive correlation. The effect of pH

was higher than that of the other factors. The oxysophocar-
pine and oxymatrine yields were significantly (p < 0.05)
affected by the pH and extraction temperature, with positive
correlation. For the oxysophocarpine yield, the effect of the
extraction temperature was higher than that of the pH, and
for the oxymatrine yield, it was the opposite. The matrine
yield was significantly (p < 0.05) affected by the extraction
temperature and extraction time, with positive correlation.
The effect of the extraction time was higher than that of
the extraction temperature, and the pH had an interaction
effect with extraction temperature. The sophoramine yield
and cytisine yield were significantly (p < 0.05) affected by
all the four factors, with positive correlation. For the sopho-
ramine yield, the effect of the extraction temperature was
higher than that of the other factors. For the cytisine yield,
the effect of the pH was higher than that of the other factors,
and pH had an interaction effect with extraction time. The
sophoridine yield was significantly (p < 0.05) affected by the
extraction temperature, extraction time and solvent-to-mate-
rial ratio, with positive correlation. The effect of the extrac-
tion temperature was higher than that of the other factors.

Comparison of different extraction methods

Table 5 compares the yields of the seven alkaloids obtained
using different extraction methods (RH, EE, UAE and
UAEH). UAEH proved to be superior to EE and UAE in
terms of alkaloid yield. The comparatively poor alkaloid
yields of the EE and UAE processes encouraged us to inves-
tigate the combination of biocatalysis with sonication. The
UAEH process improved the alkaloid yield by 33.57% for
sophocarpine, 125.31% for oxysophocarpine, 136.17% for
oxymatrine, 32.13% for matrine, 43.28% for sophoramine,
69.69% for sophoridine and 70.67% for cytisine compared to
the EE method. The UAEH process improved the extraction
rate by 15.04% for sophocarpine, 29.29% for oxysophocar-
pine, 27.59% for oxymatrine, 17.65% for matrine, 6.70%
for sophoramine, 28.44% for sophoridine and 19.26% for
cytisine compared to the UAE method. Surprisingly, the

Table 4 The conditions for the

) . ¢ Alkaloids pH Extraction tem- Extraction time  Solvent-to-mate- Figures
;Illliz;gil(lil;ni 3’ ltili :tut(;l; seven perature (°C) (min) rial (mL/g)
Sophocarpine 5# 54% 62% 116 S. Figure 1
Oxysophocarpine 5% 55 55 100 S. Figure 2
Oxymatrine 5# 53* 64 115 S. Figure 3
Matrine 5 53* 56+ 105 S. Figure 4
Sophoramine 5% 55%# 70%* 131%* S. Figure 5
Sophoridine 5 55%# 59% 113* S. Figure 6
Cytisine 5t 53% 69% 118%* S. Figure 7

* Means the factor significantly (p < 0.05) affected the yield

#Means the factor’s effect was higher than that of the other factors
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Table 5 Predicted and experimental values for the seven alkaloid compounds obtained via UAEH, UAE, EE and RH extraction with the corresponding extraction conditions

Predicted values

Extraction methods

Alkaloids

EE (6 h)* EE (8 h)* EE (10 h)* RH? UAEH?

EE (4 h?

EE (2 h)*

UAE?

416.46
15174.73
14500.47

410.46 + 10.58
15377.73 + 525.79

5876.25 + 182.15
4972.66 + 169.04

311.65 +7.46
6697.19 + 227.69
6129.50 + 214.65

316.42 + 10.11

6532.59 + 209.02
6029.89 + 229.102

305.83 +7.62
302.62 + 10.57

255.15+5.15
5303.27 + 185.65

219.39 +4.81
4824.65 + 154.36

148.39 +2.96
3223.61 +93.47

361.87 +7.58
11669.99 + 373.40

Sophocarpine

14635.47 + 548.61

5696.26 + 216.44

5023.35 + 175.80

4398.16 + 171.52

3110.54 + 111.96

11345.41 +385.73

Oxysophocarpine

422.18 + 15.94

6063.64 + 254.64

260.01 + 8.32

208.05 +7.28

142.38 +5.53

35491 +£12.98

296.83 + 10.06

Oxymatrine

418.34

325.36 +9.85

299.11 + 11.36

221.03 +7.53

216.53 +7.27

178.78 + 4.98

155.49 +5.01

98.32 +3.13

Matrine

322.36
9933.06
9356.39

9864.06 + 456.23

7150.96 + 300.33

7703.60 + 238.79

5850.13 + 244.83

5471.04 + 170.98

5745.63 + 224.05

5298.85 + 174.83

4840.46 + 193.68

4085.49 + 183.82

2871.73 £ 117.71

7728.68 + 309.12

Sophoramine

9222.39 + 333,76

4783.29 + 133.92

3797.07 + 121.50

2688.18 + 69.88

7829.67 + 242.69

Sophoridine

Cytisine

#Mean + standard deviation (n = 5)

matrine and sophocarpine yields from the RH method were
6064.64 and 5876.26 ng/g, respectively, approximately
14—19-fold higher than the matrine and sophocarpine yields
from the other three methods. However, the oxymatrine
and oxysophocarpine yields from the RH method were
only 5696.26 and 4972.66 pg/g, respectively. These results
suggest that oxymatrine and oxysophocarpine degrade to
matrine and sophocarpine during high temperature extrac-
tion, confirming the work conducted by Pan et al. [11]. These
results demonstrate the potential of UAEH as an alternative
method for alkaloid extraction from S. alopecuroides seeds.

Verification of predictive models

Based on our experimental results, a study was performed
to evaluate the optimal extraction parameters for a combi-
nation of the seven alkaloid compounds investigated in this
study. The RSM-guided optimization determined the opti-
mal treatment conditions to be a pH of 5.12, an extraction
temperature of 53.96 °C, an extraction time of 59.74 min
and a solvent-to-material ratio of 112.01 mL/g. As shown in
Table 5, the predicted values were not significantly different
(p > 0.05) from the experimental values, as determined by
a paired ¢ test. Therefore, the predictive performance of the
established model is acceptable.

Conclusions

The use of ultrasound energy to facilitate enzymatic hydroly-
sis was found to improve the extraction of alkaloids from
S. alopecuroides seeds. RSM was used to optimize the
extraction parameters for a combination of seven alkaloid
compounds. Compared to UAE and EE extraction, the
UAEH process enhanced the extraction yield and shortened
the extraction time. In addition, the UAEH process can be
operated under mild conditions, resulting in lower ingredient
degradation compared to the RH method. Catalyzed hydrol-
ysis combined with cavitation was shown to be a highly effi-
cient and environmentally friendly method for the extraction
of alkaloids from S. alopecuroides seeds.
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