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7 ABSTRACT: In this work, a novel mechanochemical-assisted
8 extraction (MCAE) coupled with the ultra-high performance liquid
9 chromatography (UHPLC) method was developed to extract two
10 alkaloids with solid acids from Stephania tetrandra S. Moore. To
11 further understand the influence of extraction parameters on the
12 MCAE process, the response surface methodology was applied for
13 systematic investigation. The results showed that the highest yield of
14 alkaloids was obtained within 15 min of the total extraction time
15 under the optimal conditions: oxalic acid (20 wt %), grinding plant
16 materials for 5 min, and the liquid/solid ratio of 20 mL/g.
17 Mechanochemical treatment resulted in the destruction of cell
18 walls and increased the total contact surface area due to the smooth
19 surface changing to an open porous structure. Accordingly, the developed extraction method showed advantages of being more
20 ecofriendly, faster, and more efficient than conventional extraction methods. Meanwhile, the extractant was analyzed by
21 UHPLC. The obtained LODs for fangchinoline and tetrandrine were 0.013 and 0.012 μg/mL and good linearity with
22 correlation coefficient of determination higher than 0.9991. Moreover, spiked recoveries were in the range of 101.03%−
23 103.81%. This proves that mechanochemistry processing provides a sensitive, highly effective, and environmentally friendly
24 method.

25 KEYWORDS: Alkaloids, Mechanochemical-assisted extraction, Planetary mill, Response surface methodology,
26 Stephania tetrandra S. Moore, Ultra-high performance liquid chromatography

27 ■ INTRODUCTION

28 In recent years, natural products have increasingly been studied
29 because bioactive natural products play an important role in
30 transformation and use of biomass. Different techniques have
31 been reported for the extraction of the biologically active
32 substances and determination of the chemical structures of
33 natural products from plants. Traditional extraction technol-
34 ogies, such as decoction, percolation, Soxhlet extraction,1 and
35 heat reflux extraction,2 and other extraction methods including
36 ultrasound extraction,3 microwave extraction,4 miniaturized
37 solid-phase extraction,5 liquid−solid extraction,6 and so on
38 were reported mainly for the extraction from medicinal plants.
39 Although these methods are relatively safe and simple, they
40 suffer the drawbacks of being time consuming, requiring a large
41 amount of organic solvent, and having poor extraction
42 efficiency. At the same time, the pharmacological activity of
43 valuable compounds may be decreased and lost in the heating
44 process. Apparently, it is has some risk to the environment and
45 is not green. Hence, the development of a more efficient and
46 more environmentally friendly extraction technique to prevent
47 pollution and reduce the cost of sample preparation is still
48 needed for further study, especially for the green development
49 in research and industry.

50Mechanochemistry is an interdisciplinary science based on
51chemistry and mechanical engineering, which investigates the
52chemical or physicochemical changes of substances under
53high-energy mechanical force.7 Mechanochemical technologies
54cover a wide range of fields, such as extractive metallurgy,
55waste management,8 graft modification,9 agriculture,10 and
56supramolecular synthesis.11,12 Recently, mechanochemical-
57assisted extraction (MCAE) has been introduced as an
58intensification pretreatment procedure due to its green
59pollution-free characteristics, which allows the extraction of
60bioactive compounds for achieving chemical processing and
61transformations.13 The green MCAE method has many
62advantages, such as increasing the yield of bioactive products,
63extracting substances with water at room temperature instead
64of the organic solvents,14 reducing extraction time, and
65simplifying the purification. Meanwhile, mechanochemical
66treatment may potentially put the product in a metastable
67state that releases the accumulated energy to reach a more
68stable thermodynamic state,15 leading to the conversion of
69insoluble target compounds into water-soluble salt. Therefore,
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70 it is possible to extract and analyze efficiently from a variety of
71 matrices to fulfill the requirements of green chemistry and
72 green engineering.16 The possible mechanism of the MCAE
73 technique is to reduced particle size, destroy the cell wall,
74 decompose cellulose, accelerate the dissolution kinetics that
75 can increase extraction efficiency, and decrease the processing
76 time.17 For example, Xie et al. found that the yield of rutin in
77 Hibiscus mutabilis L was significantly increased by 31.7%.7 Xie
78 et al. reported that the yield of magnolol from Magnolia
79 officinalis produced by mechanochemical extraction was about
80 7% more than that of heat-reflux extraction.18 Moreover, Xie et
81 al. found that to extract the flavonoids from bamboo leaves
82 only requires 10 min.19 To date, published reports mainly
83 extract the acidulous compounds including flavonoids,
84 chondroitin sulfate, rutin, kaempferol glycosides, and poly-
85 saccharides.20 However, the solid reagents used in the MCAE
86 process are solid alkali compounds, such as Na2CO3, NaHCO3,
87 and NaOH. Obviously, it is incapable of extracting alkaline
88 compounds. Consequently, the need for new types solid
89 reagents is crucial for the application of MCAE to extract a
90 great diversity compounds.
91 Fangchi, the root of Stephania tetrandra S. Moore, is a
92 traditional medicinal plant used extensively that is listed in the
93 Chinese Pharmacopoeia,21 which has been utilized as an
94 analgesic and diuretic agent and in the treatment of
95 hypertension.22 Fangchi contains various species of bioactive
96 constituents including aporphine, morphine, alkaloids, and
97 lignans.23 Tetrandrine (TET) and fangchinoline (FAN) are
98 the main alkaloids, which have broad pharmacological activities
99 such as anti-inflammatory activity, hypotensive activity,24 and
100 antifibrotic activity25 and can reverse multidrug resistance.26 It
101 has also been shown to act as a potent calcium channel
102 blocker27 and has proved to be a strong anticancer agent based
103 on in vitro and in vivo studies.28 Methods available for
104 extraction of alkaloids in Fangchi included conventional heat
105 reflux extraction and ultrasound-assisted extraction, but those
106 methods still require long extraction time and have a low
107 efficiency. Therefore, it is of great significance to develop a
108 rapid, efficient, and eco-friendly technique for the extraction
109 method of Fangchi alkaloids for clinical application.
110 In the present study, a novel based on the MCAE method
111 used solid acid extraction for the main alkaloids FAN and TET
112 in Fangchi in combination with UHPLC, which was applied in
113 order to improve the conventional extraction methods. The
114 Box−Behnken experimental design with RSM was imple-
115 mented in detail to obtain the optimal extraction efficiency.
116 The key independent variables have been optimized including
117 the concentration of oxalate acid (X1), liquid/solid ratio (X2),
118 and extraction time (X3). Other significant variables affecting
119 the extraction process such as solid acids type, solid acids
120 concentration, milling speed, and milling time were also
121 studied. Scanning electron microscopy and infrared spectros-
122 copy were used to characterize the transformation of the
123 structure during the mechanochemical process. In particular,
124 the experimental results were also compared to a conventional
125 extraction process.

126 ■ EXPERIMENTAL SECTION
127 Materials and Reagents. The standard FAN and TET were
128 obtained from Shanghai Winherb Medical Science Co., Ltd.

f1 129 (Shanghai, China), and the chemical structures are shown in Figure
f1 130 1. The solid acids boric acid (99.5%), succinic acid (99.5%), and citric

131 acid (99%) were purchased from Sinopharm Chemical Reagent Co.,

132Ltd. (Shanghai, China). Oxalic acid (98%) was obtained from Alfa
133Aesar Chemicals Co., Ltd. (Shanghai, China). Purified water was
134supplied by Wahaha Group, Ltd. (Hangzhou, China) for use
135throughout the study. Fresh Fangchi was collected from the local
136supermarket (Hangzhou, China). Methanol and triethylamine (HPLC
137grade) were provided by Sigma-Aldrich Shanghai Trading Co., Ltd.
138(Shanghai, China).
139Mechanochemical-Assisted Extraction. The dried plant
140samples were shredded and then filtered through a 60 mesh screen.
141Then, 2.0 g of samples with different solid acids were added into a
142planetary ball mill (Focucy F-P400H, China) equipped with four
143zirconia ball mill drums (weight of balls, 50 g; volume ratio of load to
144drum, 1:2; volume of drum, 100 mL). After grinding at 500 rpm for
14510 min, the mixture with an appropriate volume of water was
146oscillation extracted for 5 min. The extract was then centrifuged at
1473000 rpm for 5 min. Next, the suspension was collected and filtered
148through a 0.45 μm membrane filter prior the UHPLC analysis. The
149 f2analysis and further process is shown in Figure 2. In order to purify
150and obtain the alkaloids, the supernatant was adjusted to pH 9 by 0.2
151M NaOH and then concentrated under vacuum by a rotary
152evaporator to obtain the product.

153Analytical Conditions. FAN and TET under investigation were
154both performed on an Agilent 1290 series ultra-high performance
155liquid chromatography system (Agilent Technologies, Inc., USA)
156equipped with ultraviolet detector (UV) and autosampler. Chromato-
157graphic separation was achieved using an Agilent SB C18 column (50
158mm × 4.6 mm i.d, 1.8 μm), and flow rate was constant at 0.5 mL/min.
159The column oven was maintained at 30 °C. The mobile phase was
160methanol/water (72:28, v/v) containing 0.05% triethylamine, with 1.0
161μL injection volumes. Meanwhile, the detection wavelength was at
162282 nm.
163Qualitative analysis was performed on an Agilent 6545 Q-TOF
164mass spectrometer (Agilent Technologies, USA) equipped with an
165ESI source. The operating parameters of the ESI sources were as
166follows: drying gas (N2) flow rate, 12.0 L/min; drying gas temper-
167ature, 350 °C; nebulizer, 45 psig; capillary voltage (Vcap), 3500 V;
168fragmentor voltage, 175 V; octapole radio frequency voltage (Oct
169RFV), 750 V; and skimmer voltage, 65 V. The ESI source was
170operated in positive ionization mode with the mass range m/z 100−

Figure 1. Chemical structures of fangchinoline (FAN) (a) and
tetrandrine (TET) (b).

Figure 2. Scheme of mechanochemical-assisted extraction method.
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171 1500. All the data were collected and analyzed by MassHunter
172 software (Agilent Technologies).
173 Preparation of Standard Solution. TET and FAN stock
174 solutions were mixed and dissolved in methanol to make a final
175 concentration of 1 mg/mL and stored at 4. 0 °C until use. The
176 standard working solutions were prepared by diluting the stock
177 solutions with methanol.
178 Optimization of Extraction Conditions by Box−Behnken
179 Design (BBD). The Response Surface Methodology (RSM) was
180 plotted to analyze the interaction of the variables and to attain the
181 optimal conditions29 for the maximum amount of alkaloids extracted.
182 In this study, the statistical analysis was performed using the Design-
183 Expert Software (v. 8, Stat Ease, USA), and Box−Behnken was
184 selected. In this study, three independent variables of the
185 concentration of oxalate acid (X1), liquid/solid ratio (X2), and
186 extraction time (X3) were selected for investigation. The total design
187 consisted of 17 experiments with five central points, whereas the

t1 188 independent variables and the code levels are shown in Table 1. The

189 experimental data were fitted to a second-order polynomial model
190 used in the response surface as follows:

∑ ∑ ∑ ∑β β β β= + + +
κ κ κ

= = <

Y YX X X
j

j j
j

jj j
i j

ij i j0
1 1

2

191 (1)

192 where Y is the extracted amount of alkaloid (mg/g), β0 is the intercept
193 constant, and βj, βjj, and βij are the regression coefficient for the linear,
194 quadratic, and cross-product effects of the X1, X2, and X3 factors,
195 respectively. κ is the number of independent variables (κ = 3), while
196 Xi and Xj are levels of the independent variables.

197 ■ RESULTS AND DISCUSSION
198 Microstructural Characterization by SEM. Scanning
199 electron microscopy (SEM) is used to describe the micro-
200 scopic surface morphology of the Fangchi with different

f3 201 pretreatments (Figure 3). First, structures of the untreated
202 sample (Figure 3a) were compared with that of the ground
203 samples (Figure 3b). It could be clearly seen that Fangchi
204 became smaller after grinding, and the mechanical treatment
205 destroyed the plant cell walls. Figure 3c shows the SEM image
206 of the sample that had been ground with solid acid for 5 min.
207 As marked in the figure, the cell wall was found to be
208 completely destroyed, indicating that the majority of the
209 bioactive compounds were released. Meanwhile, according to
210 the images shown in Figure 3c, the particles were irregular, and
211 the surface was covered with solid acid. See the Supporting
212 Information (Figures S1−S3) for other electron micrographs.
213 Thus, it was conceivable that the use of solid acid not only

214diminished the particle size, but also contributed to
215decomposition of the cell walls and released more substances.

Table 1. Independent Variables and Levels Used for BBD

Level

List Variables −1 0 1

X1 Oxalate concentration (%, w/w) 15 20 25
X2 Liquid/solid ratio (mL/g) 10 15 20
X3 Extraction time (min) 5 10 15

Figure 3. SEM images of untreated sample without solid acid (a), ball mill sample (b), and mechanochemical treatment sample (c).

Figure 4. FT-IR spectra of untreated sample without solid acid (a)
and mechanochemical treatment sample (b).

Figure 5. Effect of different extraction varibles on the alkaloid content
in extracts. If not indicated differently, the following extraction
conditions were applied: oxalic acid, 20 wt %; milling speed, 400 rpm;
milling time, 10 min; extraction solvent, water; extraction time, 5 min;
liquid/solid ratio, 15 mL/g; centrifuge at 3000 rpm, 5 min. (a) Effect
of solid acids. (b) Effect of solid acid concentration. (c) Effect of
liquid/solid ratio. (d) Effect of milling speed. (e) Effect of milling
time. (f) Effect of extraction time.
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216 FT-IR Analysis. Fourier transform infrared spectrometer
217 (FT-IR) is an effective method for analyzing the changes in the
218 chemical structure during a mechanochemical reaction. As

f4 219 shown in Figure 4, IR spectra of the shattered sample and the
220 MCAE treatment sample had similar infrared absorption
221 characteristic peaks but some differences. The intense peaks at
222 3434.34 and 2930.57 cm−1 correspond to the free amide group
223 and the C−H group on unsaturated carbon, respectively. The
224 spectrum of the untreated sample was consistent with TET of
225 the previous reports.30 In comparison, it was found that there
226 was no absorption at 860.72 cm−1, which could be interpreted
227 as the C−H bending vibration. It also needs to be noticed that
228 the presence of a functional group at 1261.13 cm−1 in the
229 mechanochemical treatment spectrum showed the participa-
230 tion of the ether oxygens in the formation of alkaloid salts.
231 Futhermore, the fingerprint peak appearing at 720.62 cm−1

232 also demonstrated that alkaloid might be transformed into the
233 salt form.
234 Effect of Solid Acids Type. During the mechanochemical
235 processing, the target alkaloids will react with solid acids, and
236 insoluble bioactive materials are converted into water-soluble
237 or highly reactive mechanical composites. The type of solid
238 acid depends on the chemical nature of the biologically active
239 substance and the possible reaction between the substance and

240the solid acids. Hence, different acidic strength acids were
241investigated to evaluate their performance in the extraction
242from Fanchi. In this work, oxalic acid, citric acid, succinic acid,
243and boric acid were used for the mechanochemical reaction at
244the same following conditions: solid acids concentration, 15 wt
245%; milling speed, 500 rpm; milling time, 10 min; extraction
246solvent, water; extraction time, 5 min; liquid/solid ratio, 15
247 f5mL/g; centrifuge at 3000 rpm, 5 min. Figure 5a shows that
248milling of the raw material with oxalic acid produced the
249highest extraction amounts, while boric acid resulted in the
250lowest extraction amounts. Because succinic acid and citric
251acid were both moderate strong acids with similar acidic
252properties, no significant difference was observed between
253succinic acid and citric acid. In particular, the content of FAN
254extracted by oxalic acid was four times more than extracted by
255boric acid. So the main reasons are as follows: first, oxalic acid
256is the strong acid in the organic acid. As acidity increases, the
257reaction becomes more complete. Second, boric acid is too
258weak to react with alkaloids which could not be converted to
259salt completely during the grinding process. Furthermore,
260some significant changes were also been observed: the color of
261the solution changed from pale yellow to dark yellow. As a
262result, oxalic acid was selected as the optimal solid acid in the
263following studies.
264Effect of Solid Acid Concentration. Solid acid
265concentration was considered as one of the foremost
266parameters that had a remarkable influence on the extraction
267process. In general, the appropriate amount of solid acids
268would help enhance the extraction efficiency enormously. In
269this work, experiments were performed with different oxalic
270acid concentrations (5.0, 10.0, 15.0, 20.0 wt %) under the same
271extraction conditions (milling speed, 500 rpm; milling time, 10
272min; extraction solvent, water; extraction time, 5 min; liquid/
273solid ratio, 15 mL/g; centrifuge at 3000 rpm, 5 min). The
274results are exhibited in Figure 5b. It was seen from the results
275that the amount of extraction alkaloids had a slight increase
276before the oxalic acid concentration reached 20 wt % and then
277decreased with a further increase in oxalic acid concentration.
278However, in this case, it is attributed to the kinetics of the
279mechanochemical process. Moreover, the high oxalic acid
280concentration could cause the excess acidic residues in the
281extraction matrixes, which resulted in the reduction of
282extraction efficiency. While oxalic acid concentration increased
283to 20 wt %, alkaloids had been transformed into salt
284completely already and reached the maximum. On the basis
285of these findings, to obtain high efficiency in the extraction

Table 2. Box−Behnken Experiment Design with
Independent Variables

Extracted amount of
alkaloid (mg/g)

Run X1 X2 X3 FAN TET

1 20 20 15 8.2 9.9
2 20 20 5 9.9 12.9
3 20 10 15 8.5 9.1
4 20 15 10 8.9 10.4
5 25 20 10 8.6 11.1
6 20 15 10 8.9 10.4
7 15 20 10 9.7 11.2
8 25 10 10 9.4 10.6
9 20 15 10 8.9 10.4
10 25 15 5 10.0 11.8
11 15 15 5 10.4 12.3
12 20 15 10 8.9 10.2
13 20 15 10 8.9 10.3
14 20 10 5 9.8 11.9
15 15 10 10 9.1 9.9
16 25 15 15 8.4 9.6
17 15 15 15 8.8 8.9

Table 3. Analysis of Variance for Fitted Quadratic Polynomial Model of Extracted Amounts of Alkaloids

Source Alkaloid Sum of squares Degree of freedom Mean square F-value Probability > F

Model FAN 6.52 9 0.72 981.14 <0.0001 Significant
TET 19.91 9 2.21 1489.3 <0.0001 Significant

Residual FAN 0.0052 7 0.000738
TET 0.010 7 0.001485

Lack of Fit FAN 0.0030 3 0.000989 1.80 0.2867 Insignificant
TET 0.0062 3 0.002062 1.96 0.2622 Insignificant

Pure Error FAN 0.0022 4 0.000550
TET 0.0042 4 0.001053
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286 process, 20 wt % oxalic acid was selected as the optimum solid
287 acid concentration in the following studies.
288 Effect of Liquid/Solid Ratio. Liquid/solid ratio was
289 another key factor that affected extraction yields of alkaloids.
290 The purpose of this study was to determine the appropriate
291 liquid/solid ratio to achieve the higher extraction efficiency. So
292 the liquid/solid ratio was investigated at 5 to 20 mL/g under
293 the same conditions (solid acids concentration, 20 wt %;
294 milling speed, 500 rpm; milling time, 10 min; extraction
295 solvent, water; extraction time, 5 min; centrifuge at 3000 rpm,
296 5 min) to find the optimum conditions (Figure 5c). The
297 results indicated that the extraction yields of two alkaloids were
298 improved with the increase in extraction solvent volume, and
299 the relatively high yields of two alkaloids were observed at the
300 liquid/solid ratio of 15 mL/g. Moreover, when the liquid/solid
301 ratio was increased to 20 mL/g, the extraction yields decreased
302 slightly. However, it is found that the liquid/solid ratio had a
303 slight effect on the alkaloid extraction. In our study, on the one
304 hand, the content of the sample alkaloid was constant, and the
305 ratio of 15 mL/g was sufficient to extract the alkaloid. On the
306 other hand, when the mechanochemical reaction was saturated,
307 the diffusion rate would decrease. Consequently, the extraction
308 compound had a tendency to stabilize. Therefore, the liquid/
309 solid ratio of 15 mL/g was selected in following experiments.
310 Effect of Milling Speed. It is important to identify optimal
311 ball mill speed, as it is one of the key factors contributing to
312 extraction efficiency of mechanochemical extraction. To
313 evaluate the different milling speeds (300, 400, 500, 600
314 rpm), a series of experiments were performed in the same
315 extraction conditions (oxalic acid concentration, 20 wt %;
316 milling time, 10 min; extraction solvent, water; extraction time,
317 5 min; liquid/solid ratio, 15 mL/g; centrifuge at 3000 rpm, 5
318 min). The results are shown in Figure 5d. It was seen that the
319 highest extracted amount for TET was obtained when the
320 milling speed increased to 400 rpm. In general, this can be
321 interpreted as the mechanochemical reaction providing a
322 unique force to disrupt the cell membrane and cell walls.

323Simultaneously higher milling speed accelerated the collision
324of milling balls and sample to achieve the full release of
325biologically active compounds into the surrounding solvents
326for extraction. Meanwhile, another phenomenon was that the
327extracted amount of FAN remained stable, which suggested
328the milling speed had no significant effect for the extraction of
329FAN. This is possibly due to the content of FAN in the plant
330material, and excessive speed would agglomerate samples
331(Figure S1, Supporting Information) so that a 400 rpm speed
332was enough for extraction with higher extraction efficiency.
333Hence, a 400 rpm milling speed was selected for the rest of the
334experiments.
335Effect of Milling Time. It is also worth mentioning that
336the milling time is an important parameter which affects the
337total surface area of the material. Four levels of grinding time
338(2, 5, 10, and 15 min) on the extraction efficiency were studied
339under the same conditions (oxalic acid concentration, 20 wt %;
340milling speed, 400 rpm; extraction solvent, water; extraction
341time, 5 min; liquid/solid ratio, 15 mL/g; centrifuge at 3000
342rpm, 5 min). It could be seen from Figure 5e that extraction
343amount of alkaloids increased slowly with increased milling
344time to 10 min and then fell. Thus, the significant impact of
345milling time was observed. In general, mechanochemical
346pretreatment not only led to particle size reduction but also
347increased the specific surface area. Consequently, intracellular
348compounds were released completely and enhanced the
349potential chemical reactions with solid acids. Nevertheless, if
350the grinding time was too long, it would result in the decreased
351recovery of alkaloids, mainly due to their oxidation. Mean-
352while, conglomeration might be formed, decreasing the contact
353surface area resulted in a lower extraction amount. For the
354consideration of energy and efficiency, 10 min was considered
355as the optimal milling time.
356Effect of Extraction Time. In order to identify the
357minimum time required for the extraction, extraction time (2,
3585, 10, and 15 min) was assessed under the same conditions
359(oxalic acid concentration, 20 wt %; milling speed, 400 rpm;

Table 4. Estimated Regression Model of Relationship between Response Variables and Independent Variables (X1, X2, X3)
a

Alkaloid Variables Sum of squares Degree of freedom Mean squares F-value p-value

FAN X1 0.129 1 0.129 174.810 <0.0001
X2 0.031 1 0.031 42.446 0.0003
X3 5.330 1 5.330 7220.993 <0.0001
X1X2 0.898 1 0.898 1216.313 <0.0001
X1X3 0.027 1 0.027 36.897 0.0005
X2X3 0.033 1 0.033 44.984 0.0003
X1

2 0.044 1 0.044 59.341 0.0001
X2

2 0.010 1 0.010 14.081 0.0071
X3

2 0.009 1 0.009 12.174 0.0101

TET X1 0.092 1 0.092 61.989 0.0001
X2 1.838 1 1.838 1237.683 <0.0001
X3 16.628 1 16.628 11194.800 <0.0001
X1X2 0.158 1 0.158 106.119 <0.0001
X1X3 0.241 1 0.241 162.430 <0.0001
X2X3 0.043 1 0.043 29.076 0.0010
X1

2 0.008 1 0.008 5.473 0.0519
X2

2 0.376 1 0.376 253.184 <0.0001
X3

2 0.460 1 0.460 309.592 <0.0001
aY(FAN) = 9.26 − 0.13X1 + 0.063X2 − 0.82X3 − 0.47X1X2 − 0.083X1X3 − 0.091X2X3 + 0.1X1

2 + 0.050X2
2 + 0.046X3

2 and Y(TET) = 10.37 +
0.11X1 + 0.48X2 − 1.44X3 − 0.20X1X2 + 0.25X1X3 − 0.1X2X3 + 0.044X1

2 + 0.3X2
2 + 0.33 X3

2, where Y is the extracted amount of alkaloid (mg/g),
and X1, X2, and X3 are the coded variables solid acid content, liquid/solid ratio, and milling time, respectively.
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360 milling time, 10 min; extraction solvent, water; liquid/solid
361 ratio, 15 mL/g; centrifuge at 3000 rpm, 5 min). Figure 5f
362 showed that the highest extraction amount was achieved at 5
363 min. When the extraction time was extended from 5 to 15 min,
364 the yield of TET had a tendency to decrease, and the
365 extraction yield of FAN remained relatively stable. In general, it
366 was found that extraction efficiency strongly depends on the
367 extraction solvent diffuse speed into the matrix, and increasing
368 extraction time could exert a significant effect on extraction
369 that made target products dissolve into the surrounding solvent
370 completely. However, longer extraction time was not

371conducive to extraction, and the property of the target
372compound would degrade the extraction efficiency because it

373was unstable. In addition, longer extraction time required high

374energy consumption, thus minimizing the energy costs of the
375process. Therefore, 5 min was selected as the optimum
376extraction time.
377Finally, optimum mechanochemical-assisted extraction con-
378ditions were as follows: solid acids, oxalic acid, 20 wt %; milling

379speed, 400 rpm; milling time, 10 min; extraction time, 5 min;
380liquid/solid ratio, 15 mL/g; centrifuge at 3000 rpm, 5 min.

Figure 6. Three-dimensional (3D) response surface showing the effect of the concentration of oxalate acid (X1), liquid/solid ratio (X2), and
extraction time (X3) on the extracted amounts of alkaloids.
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381 Optimization of Extraction Conditions by RSM.
382 According to the single-factor experimental results, the three
383 independent variables of the concentration of oxalate acid
384 (15−25 wt %), liquid/solid ratio (10−20 mL/g), and
385 extraction time (5−15 min) were selected for RSM. The
386 experimental results of 17 runs which were performed in
387 random order obtained under different experimental con-

t2 388 ditions are presented in Table 2. Analysis of Variance
389 (ANOVA) was carried out to evaluate the influence of the
390 independent variables and the significance of the interactions.
391 Meanwhile, the accuracy of the model could also be judged
392 according to the importance of different coefficients of the
393 model. The experimental data were analyzed by BBD, and the
394 relevant results of ANOVA for the quadratic regression models

t3 395 are given in Table 3. As shown in Table 3, it could be observed
396 that the obtained data were fitted well with the quadratic
397 model. In order to understand the interaction between
398 independent variables, the p-value was used for the statistical
399 significance of each coefficient. ANOVA revealed that the
400 model was remarkably significant (p < 0.0001) for FAN and
401 TET as evidenced by the high value of the F-test (F = 981.14
402 for FAN and 1489.3 for TET). At the same time, the lack-of-fit
403 value was insignificant as compared to pure error (p > 0.05),
404 further suggesting that the model was statistically accurate. In
405 addition, it also indicated that the experimental and predicted
406 production data fit adequately. The quadratic polynomial
407 equations, described as the amount of alkaloids extracted (Y)
408 as a simultaneous determination of solid acid content (X1),
409 liquid/solid ratio (X2), and milling time (X3), are shown in eqs
410 2 and 3, respectively.

= − + −

− − −

+ + +

Y(FAN) 9.26 0.13X 0.063X 0.82X

0.47X X 0.083X X 0.091X X

0.1X 0.05X 0.046X

1 2 3

1 2 1 3 2 3

1
2

2
2

3
2

411(2)

= + + −

− + − +

+ +

Y(TET) 10.37 0.11X 0.48X 1.44X

0.20X X 0.25X X 0.1X X 0.044X

0.3X 0.33X

1 2 3

1 2 1 3 2 3 1
2

2
2

3
2

412(3)

413The regression analysis of the data showed that the
414coefficient of determination (R2 = 0.9992 for FAN and
4150.9995 for TET) values were close to 1, which indicated a high
416degree of correlation between the observed and the predicted
417value. The high adjusted determination coefficient R2

adj (R
2
adj

418= 0.9982 for FAN and 0.9988 for TET) and predicted
419determination coefficient R2

pred (R
2
pred = 0.9922 for FAN and

4200.9947 for TET) also illustrated that the model adequately fits
421the data. Furthermore, the above result demonstrated that eqs
4222 and 3 were suitable to describe the response of the total
423experiment. Therefore, it could be concluded that the model
424was statistically reasonable.
425In order to obtain the optimum values for the target
426compounds, the three-dimensional (3D) response surface
427described by the regression model is illustrated in Figure 4. At
428the same time, the statistical significance of the model
429coefficients was evaluated with a larger F-value and a smaller
430 t4p-value. The results are listed in Table 4.
431Due to the consideration of the above factors, it was shown
432that the interactive variables (X3 and X1X2) revealed a major
433effect on the amount of FAN extracted, which was followed by
434X1, X1

2, X1, X3X2, X2
2, and X3

2. The effect of solid acid content
435 f6(X1) and liquid/solid ratio (X2) is displayed in Figure 6a, while
436the milling time was fixed at a 0 level of the center value. It
437could be observed that as the liquid/solid ratio (X2) increases
438from 14 to 20 mL/g, and the amount of extraction increases
439linearly. However, the interaction effect of solid acid content
440(X1) with milling time (X3) and the liquid/solid ratio (X2)
441with milling time (X3) on extraction did not show any
442significant effect on the extraction (Figure 6b−d). On the
443other hand, the extracted amount of TET mainly depends on
444X3, X2 and then on X3

2, X2
2, X1, X1X3, X1X2, X2X3 and X1

2. On
445the contrary, due to the large molecular size and more
446hydrophobicity of TET, the liquid/solid ratio and milling time
447had a significant effect on extraction of TET. As illustrated in
448Figure 6e, showing a linear increase in extracted amounts was
449associated with an increase in solid acid content. However,
450increasing milling time from 5 to 15 min showed decreasing
451trends. This trend was due to the possible formation of
452aggregates and reduced the contact area which then led to a
453lower extraction volume. Thus, it can be seen that the
454interaction effect of X1X3 was significant. When two variables
455were fixed, the high liquid/solid ratio resulted in a high yield of

Figure 7. (+) MS spectra of the extracted solution: FAN (a) and TET
(b).

Figure 8. Procedure of alkaloids reacted with oxalic acid: R1 = OH and R2 = OCH3.

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.8b02902
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

G

http://dx.doi.org/10.1021/acssuschemeng.8b02902


456 TET, and the interaction effect of X1X2 showed similar trends
457 as observed in the previous single-factor optimization.
458 Similarly, increasing the liquid/solid ratio resulted in a
459 quadratic increase in milling time in the extraction (Figure 6f).
460 Basing on these studies, the software-predicted optimum
461 conditions could be modified as follows: solid acid content,
462 17.05 wt.%; liquid/solid ratio, 20 mL/g; milling time, 5 min. In
463 addition, the model gave the largest predicted values of FAN
464 and TET (10.66 and 13.23 mg/g, respectively), slightly higher
465 than that obtained from the curve analysis (10.44 and 12.87
466 mg/g, respectively).
467 Analysis of Target Compound by Mass Spectrometry.
468 Under positive ion mode, the MS analysis of the target

f7 469 compound is shown in Figure 7. The [M+H]+ ion at m/z 609
470 and m/z 623 corresponded to FAN and TET, respectively.
471 The major ion peaks at m/z 610 [M+2H]+ and m/z 611 [M
472 +3H]+ were the result of the reaction of oxalic acid with the
473 tertiary amine base for FAN (Figure 7a). Similarly, the peaks at
474 m/z 624 and 625 corresponded to the salt form of TET
475 (Figure 7b). The above results indicated that the mechano-
476 chemical reaction with solid acid would occur during the
477 grinding process. As a result, alkaloids could be transformed
478 into a water-soluble salt form and then rapidly released into the
479 water.

480Possible Mechanism of MCAE. According to the above
481SEM, IR, and MS results analyses, mechanochemical treatment
482is essential for microstructure transformation and formation of
483new compounds to improve extraction efficiency, and the
484 f8possible processing is shown in Figure 8. After the grinding
485process, the cell wall and cellulose can be destroyed which
486resulted from the existence of solid acid that resulted in a
487significant effect on the extraction yield. Both FAN and TET
488belonged to tertiary amine alkaloids. In theory, when tertiary
489amine alkaloids were formed into salt, protons mostly bound
490to nitrogen atoms. Based on SEM and IR results, the presence
491of solid acid in the MCAE pretreatment reduced the particle
492size and made cell breakage, which resulted in the conversion
493of the alkaloids to the salt form. In addition, by increasing the
494pH of the extracted sample solution to 9, precipitation was
495continuously produced. According to MS analysis, the extract
496was consistent with the standard, indicating that the properties
497of the target compound had not been changed. Moreover, for
498other components of the plant, grinding with solid acid also
499made no difference to its properties (Figure S4).
500Method Validation and Sample Analysis. To further
501evaluate the applicability of the method for extraction
502performance, the extracts require qualitative and quantitative
503analyzes. In addition, the linear range, correlation coefficients,
504precision, limit of detection (LOD), and limit of quantification
505(LOQ) for the validation of the proposed ball milling-assisted
506extraction method were investigated under the optimal
507 t5conditions and are listed in Table 5. The linearity of the
508analytes was examined by analyzing six concentrations of
509sample solutions in ranges from 0.05 to 25 μg/mL for FAN
510and TET under the optimized conditions. Good linearity was
511observed with the correlation coefficients of the calibration
512curve for FAN and TET which were 0.9999 and 0.9991,
513respectively, which showed that satisfactory results were
514achieved (Table 5). The LOD and LOQ for analytes were
515calculated on the basis of signal-to-noise ratios (S/N) of 3 and
51610, respectively. As shown in Table 1, LOD was found to be
5170.012 μg/mL, and the calculated LOQ value was determined
518to be 10.043 μg/mL. The intra- and interday precisions of the
519proposed method were assessed by relative standard deviation
520(RSD, %) and are listed in Table 5. The RSD values for
521retention time of intraday precisions were low, ranging from
5220.89% to 0.97%, and the interday precisions were ranged from
5231.48% to 1.87%. Meanwhile, the RSD values of intraday and

Table 5. Linear Regression Data, Precision of Investigated Analytes, and Limit of Detection (LOD), Limit of Quantification
(LOQ)

Precision (RSD%, n = 6)

Analyte
Range (μg/

mL) Linear equation r2
Intraday retention

time
Intraday peak

area
Interday retention

time
Interday peak

area
LOD (μg/

mL)
LOQ (μg/

mL)

FAN 0.05−25 y = 1.247x + 0.5701 0.9999 0.89 0.62 1.48 3.78 0.013 0.043
TET 0.05−25 y = 1.388x + 0.2979 0.9991 0.97 0.91 1.87 4.26 0.012 0.040

Figure 9. Analytical UHPLC chromatograms of standard sample and
extracted by MCAE of FAN and TET.

Table 6. Recoveries and Repeatability of Investigated Analytes

Repeatability (RSD%, n = 6)

Analyte Initial (μg/mL) Added (μg/mL) Observed (μg/mL) Recovery (%) Retention time Peak area

FAN 8.9 1 10.2 103.03 1.05 0.75
TET 9.5 1 10.9 103.81
FAN 8.9 10 19.3 102.12 1.11 1.39
TET 9.5 10 19.7 101.03
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524 interday precisions were within the range from 0.62% to 0.91%
525 and 3.78%−4.26% for peak area, respectively, which indicated
526 good accuracy of this method.
527 The developed method was successfully applied to a real
528 sample, which the contents of the targeted compounds of FAN
529 and TET (10.39 and 12.87 mg/g, respectively). Typical
530 UHPLC chromatograms demonstrating the separation of two

f9 531 alkaloids are depicted in Figure 9. Accuracy was expressed as a
532 percentage of the recovery. Tests for recoveries were
533 performed in the above-mentioned two sample solutions,
534 which were spiked at two different concentrations (1 and 10
535 μg/mL). The FAN and TET recoveries for the spiked sample
536 solutions were 102.12%−103.03% and 101.03%−103.81%,

t6 537 respectively (Table 6). Furthermore, RSDs of repeatability
538 for retention time and peak area were acceptable in the range
539 from 1.05% to 1.11% and 0.75% to 1.39%, respectively. These
540 results demonstrate that the analytical method could be used
541 for precise and sensitive measurements.
542 Comparison of Developed MCAE Method with Other
543 Reported Methods. The proposed method was compared
544 with other reported methods for determination of tetrandrine
545 and fangchinoline, mainly in terms of extraction time,
546 extraction solvent, LOD, and extracted amount, and the

t7 547 results are summarized in Table 7. The comparison of different
548 origins and different methods of real samples are in the
549 Supporting Information (Tables S1−S2). Also, the MCAE
550 method was compared with the grinding separately method
551 (Table S3). The published methods included Soxhlet
552 extraction, ultrasonic extraction, and heat reflux extraction
553 determination of TET and FAN in combination with different
554 detection technologies. Under the mechanochemical treat-
555 ment, however, enabled water became an extraction solvent,
556 unlike conventional methods that used organic solvents. It was
557 well known that the consumption of large amounts of organic
558 solvent is dangerous for human health and environment.
559 Additionally, results for ultrasonic extraction showed that a
560 comparatively lower extracted amount was obtained by
561 comparison with this method. This phenomenon may be
562 explained by the mechanical action resulting in particle size
563 reduction and contact surface area increasing, promoting
564 diffusion hindrances to a significant extent.24 Moreover, the
565 reported extraction methods are usually time consuming. In
566 comparison to other methods, the extraction time was
567 obviously reduced and only required 15 min. Thus, the
568 developed method of mechanochemical-assisted extraction

569coupled with UHPLC is a quick, reliable, and green method
570for the detection of two alkaloids.
571Mechanochemical technology has been developed and
572widely applied in diverse areas such as waste management,8

573materials engineering, agriculture,10 synthesis of compounds,12

574and drug modification.36 It is believed that the green MCAE
575technique is a valuable method and has large potential for the
576replacement of conventional methods for extraction of other
577natural bioactive compounds. Also, the developed MCAE
578method permits a larger industrial applicability, with the
579advantages of protecting the environment and enhancing the
580competition of the industry, making it more ecological,
581economical, and innovative.

582■ CONCLUSIONS

583Mechanochemical-assisted extraction has been successfully
584developed for determination of TET and FAN in Fangchi.
585During the MCAE process, these components could be
586transformed into water-soluble forms and increase the speed
587of extraction. When in comparison with conventional ultra-
588sonic extraction and the heat reflux extraction method, the
589optimized MCAE method applies water as the extractant
590solvent which offers a significant improvement of extraction
591yield and reducing the extraction time. These target
592compounds contents are more than 12.87 mg/g and 10.39
593mg/g. Furthermore, the most important advantage of using
594this convenient method is its environmentally friendliness, as it
595very often results in a reduced use of harmful organic solvents
596and energy. To our best knowledge, this is the first report for
597the MCAE method to extract alkaloids using solid acids.
598Therefore, it shows that the new method could be an
599appropriate alternative to efficiently obtain natural products
600from different sample matrices and should be further
601investigated.

602■ ASSOCIATED CONTENT

603*S Supporting Information
604The Supporting Information is available free of charge on the
605ACS Publications website at DOI: 10.1021/acssusche-
606meng.8b02902.

607Additional comparison experiments, additional charac-
608terization images by SEM, and additional chromatogram
609image. (PDF)

Table 7. Comparison of Analysis Results of Alkaloids in Stephania tetrandra with Other Published Procedures

Analyte Extraction method
Extraction time

(min)
Extraction
solvent

Extracted amount
(mg/g)

Instrumental
technique LOD (μg/mL) refs

TETa Soxhlet extraction 360 methanol 11.2 HPTLCc 0.05−0.112 25
TET,
FANb

ultrasonic extraction 40 methanol − HPLCd 0.011−0.015 31

TET, FAN ultrasonic extraction 90 methanol 3.85, 1.87 NACEe 0.25−0.68 32
TET, FAN ultrasonic extraction 60 ethanol 1.17, 0.87 FI-MEKCf 3.3−4.7 33
TET, FAN liquid-phase

microextraction
90 ethanol − LPME-HPLCg 2.0 × 10−3−

3.0 × 10−3
34

TET, FAN ultrasonic extraction 45 methanol 2.84, 2.37 RP-HPLCh 0.11−0.14 35
TET, FAN MCAE 15 water 12.87, 10.39 UHPLCi 0.012−0.013 This

method
aTET, tetrandrine. bFAN, fangchinoline. cHPTLC, high performance thin-layer chromatography. dHPLC, high performance liquid
chromatography. eNACE, nonaqueous capillary electrophoresis. fFI-MEKC, flow injection-micellar electrokinetic capillary chromatography.
gLPME-HPLC, liquid-phase microextraction combined with high-performance liquid chromatography. hRP-HPLC, reverse phase high-
performance liquid chromatography. iUHPLC, ultrahigh performance liquid chromatography.
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