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ARTICLE INFO ABSTRACT

Keywords: Nuciferine is an important drug candidate for the treatment of many diseases. However, there is no general
Nuciferine method for its low - cost production. In this work, a feasible method for the production of nuciferine from lotus
Lotus leaf

leaf, using ultrasonic-assisted extraction-solid phase extraction (UAE-SPE) as extraction and cleanup procedure,
was developed. Petroleum ether and silica gel have been successfully used as extraction solvent and adsorbent to
integrate UAE with SPE, respectively. Except for filtration, no treatment (e.g. concentration and redissolution,

Low-cost production
Ultrasonic-assisted extraction-solid phase

extraction
Liquid-liquid extraction etc) was needed on UAE extract before SPE and the effluents obtained in the loading process of SPE could be used
Crystallization as UAE extraction solvent without purification. No obvious decline in the extraction efficiency of UAE and

adsorption capacity of SPE was observed at least for 5 runs, which provides a feasible way for the continuous
production of nuciferine in industry, i.e. Cyclic UAE-SPE. Moreover, SPE column could be conveniently regen-
erated and reused without significant decline in its adsorption capacity at least for 5 cycles, which can be used to
reduce the cost of the whole system further. In comparison with other cleanup procedures, Cyclic UAE-SPE
showed apparent advantages in energy conservation and emission reduction. LLE and crystallization were
applied to separate nuciferine from other impurities further. Under optimum conditions, the total recovery rate
of nuciferine with a purity over 90.0% from lotus leaf reached 50.1%. All in all, the developed method has
advantages in convenient operation, low cost, and high efficiency, thus, is fitting for the production of high

purity nuciferine.

1. Introduction

Nuciferine, one of the most important isoquinoline alkaloids in lotus
leaf, is effective in managing obesity [1-2], stimulating insulin secretion
[3], inhibiting the growth of non-small-cell lung cancer cells [4], and
ameliorating the clinical symptoms of chronic ulcerative colitis [5], etc.

In order to further study the pharmacological activities of nuciferine,
a large amount of pure nuciferine is urgently needed. So far as we know,
there are few reports on the synthesis of nuciferine. Perecim et al. (2020)
have reported a method [6] for the total synthesis of (S)- and (R)-nuci-
ferine through unprecedented approach involving diastereoselective
reaction between chiral auxiliary-based isoquinoline compound and 2-
(tri-methylsilyl) phenyl trifluoromethanesulfonate, but with a high cost.
As a result, separation from lotus leaf is still the most appropriate choice
(although this is hard too). The preparation of pure nuciferine usually
needs special equipment, e.g. preparative liquid chromatography [7]
and countercurrent chromatography [8-9], which hinders their prac-
tical use in industries.

Crystallization is a fundamental separation technology used for the
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production of bio-actives [10-11]. Due to its excellent performance in
promoting process design and operation, crystallization is very impor-
tant for the preparation of organic chemicals in the field of fine chem-
icals, pharmaceuticals, and food additives in the chemical industry [12].
As the amounts of impurities could influence the rate of crystal forma-
tion and the overall growth rate [13], impurities existing in the extract
of lotus leaf (such as pigments, poly-phenols and polysaccharides, etc.),
especially extracted by ethanol aqueous solution [14], ionic liquid [15],
or acidic aqueous solution [16], should be removed as much as possible
before crystallization [13].

The separation of nuciferine and its analogues from other compo-
nents is easy, which can be achieved by liquid-liquid extraction (LLE)
[17] for their high solubility in acidic solution and low solubility in basic
solution [18], but it is not convenient to separate nuciferine from other
alkaloids for their similarities in structure and physical properties
[19-20].

Solid phase extraction (SPE) has been extensively developed as a
conventional technique in sample preparation processes from liquid or
solid matrices [21]. Cation exchange resin PCX [22] and Fe3Og4-
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graphene oxide nanocomposite (MGO) [23] have been successfully used
as adsorbents in SPE for the enrichment of alkaloids from lotus leaf
before analysis. In our previous study (data is not shown in this work),
we found that silica gel, a conventional and cheap adsorbent, also has a
good performance on the selective separation of nuciferine, which is
especially suitable for low-cost production.

Ultrasonic assisted extraction (UAE) is a modern extraction tech-
nology, which uses the cavitation effect, mechanical vibration, and
thermal effect produced by ultrasound to destroy the plant cell walls, so
as to promote the diffusion of solvent and accelerate the dissolution of
compounds [24]. This method has the advantages of convenient oper-
ation and high efficiency.

In this work, a simple and efficient method was proposed to produce
hyper pure nuciferine from lotus leaf. It was a modification of a crys-
tallization process from literature [25], where the most critical extrac-
tion and cleanup steps were replaced with UAE-SPE and LLE. Petroleum
ether was used as extraction solvent in UAE and silica gel was used as
adsorbent in SPE to integrate UAE with SPE in order to eliminate con-
centration and re-dissolution procedures.

2. Experimental
2.1. Materials and reagents

Lotus leaf was provided by Hangzhou Tongjuntang Co., Ltd.
(Hangzhou, Zhejiang, China). It was ground and sieved. The powder
with a particle size of 0.150 and 0.420 mm was used for experiments.
Silica gel with a particle size of 0.075-0.150 mm was purchased from
Qingdao Haiyang Chemical Co., Ltd. (Qingdao, Shandong, China).
Nuciferine was purchased from Shanghai Yuanye Biotechnology Co.,
Ltd. (Shanghai, China). HPLC-grade acetonitrile was purchased from
Tedia Company Inc (Fairfield, OH, USA). Acetic acid and triethylamine
were purchased from Shanghai Aladdin Biochemical Technology Co.,
Ltd. (Shanghai, China). Analytical ammonia solution, petroleum ether,
ethyl acetate, and methanol were purchased from Sinopharm chemical
reagent Co., Ltd. (Shanghai, China). Deionized water was prepared by a
Milli-Q water-purification system from Milipore (Bedford, MA, USA).

2.2. UAE-SPE

2.2.1. Effect of ultrasound power on the UAE of nuciferine from lotus leaf

UAE of nuciferine was performed by using a 53 kHz frequency ul-
trasonic equipment (SK8200HP, Shanghai Kedao Ultrasonic Instrument
Co., LTD, Shanghai, China) according to the method [26] described by
Gao et al. (2020) with modification. To evaluate the effect of ultrasound
power on the UAE of nuciferine, 1 g of lotus leaf powder was firstly
wetted with 1 mL of 5% ammonia solution for 5 min and then extracted
with 50 mL of petroleum ether for 30 min under the assistance of ul-
trasound with different power (200, 250, 300, 350, 400, 450, and 500
W), respectively. All of the extracts were separated by filtration and
placed in a 50 mL volumetric flask and diluted with petroleum ether
before HPLC analysis, respectively.

2.2.2. Effect of concentration of ammonia solution on the UAE of nuciferine
from lotus leaf

To evaluate the effect of concentration of ammonia solution on the
UAE of nuciferine, 1 g of lotus leaf powder was firstly wetted with 1 mL
ammonia solution with different concentration (1%, 2%, 5%, 10%, and
25%, w/v) for 5 min and then extracted with 50 mL of petroleum ether
for 30 min under the assistance of ultrasound (53 kHz, 500 W). The
extracts were treated using the method mentioned in Section 2.2.1.

2.2.3. Effect of volume of 5% ammonia solution on the UAE of nuciferine
from lotus leaf

To optimize the volume of 5% ammonia solution, 1 g of lotus leaf
powder was firstly moistened with different volume of 5% ammonia
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solution (0.1, 0.5, 1, 2, and 5 mL) for 5 min and then then extracted with
50 mL of petroleum ether for 30 min under the assistance of ultrasound
(53 kHz, 500 W). The extracts were treated using the method mentioned
in section 2.2.1.

2.2.4. Effect of volume of petroleum ether on the UAE of nuciferine from
lotus leaf

Lotus leaf powder (1 g) was firstly wetted with 1 mL of 5% ammonia
solution for 5 min and then extracted with different volume of petroleum
ether (10, 25, 50, 75, and 100 mL) for 30 min under the assistance of
ultrasound (53 kHz, 500 W). The extracts were separated by filtration
and placed in a 50 or 100 mL volumetric flask and diluted with petro-
leum ether before HPLC analysis.

2.2.5. Effect of extraction time on the UAE of nuciferine from lotus leaf
Lotus leaf powder (1 g) was firstly wetted with 1 mL of 5% ammonia
solution for 5 min and then extracted with 75 mL of petroleum ether for
5, 15, 30, 45, and 60 min under the assistance of ultrasound, respec-
tively. The extracts were separated by filtration and placed in a 100 mL
volumetric flask and diluted with petroleum ether before HPLC analysis.

2.2.6. Conventional extraction methods

A comparison study was performed between the proposed optimal
UAE method and the conventional extraction techniques in order to
estimate and validate the efficiency of ultrasound on the extraction of
nuciferine according to the method described by Christou et al. (2021)
[27] with minor modification. Briefly, for agitation-assisted extraction,
1 g of louts leaf powder was mixed with 1 g of 5% ammonia solution and
75 mL of petroleum ether and agitated at a moderate speed at room
temperature for 15 min using a magnetic stirrer. The extract was sepa-
rated by filtration in order to remove the insoluble particles. And then it
was placed in a 100 mL volumetric flask and diluted with petroleum
ether before HPLC analysis. For Soxhlet extraction, 6 g of louts leaf
powder was extracted with 6 g of 5% ammonia solution and 450 mL of
petroleum ether, refluxing in a Soxhlet apparatus for 6 h. The obtained
extract was cooled to room temperature and placed in a 500 mL volu-
metric flask and diluted with petroleum ether before HPLC analysis.

2.2.7. Effect of volume of UAE extract on the adsorption of nuciferine on
silica gel column

The UAE extract was prepared by using the method mentioned in
section 2.2.5 and loaded onto a pre-packed silica gel column (2 g, 25
mm x 15 mm I.D.) at different flow rate (3, 6, and 40 mL/min). The
effluents obtained in the loading process of SPE were collected manually
(70 mL for each, roughly equivalent to 1 g of lotus leaf powder) and
analyzed by HPLC.

2.2.8. Effect of elution solvent on the desorption of nuciferine from silica gel
column

The SPE column (2 g, 25 mm x 15 mm I.D.) loaded with 910 mL of
UAE extract was eluted with different elution solvent (the upper layer of
petroleum/ethyl acetate/25% ammonia solution, 0.5/1/0.1, 1/1/0.1,
2/1/0.1, 3/1/0.1, 4/1/0.1, 5/1/0.1, v/v/v). The effluents obtained in
the elution process were collected manually (5 mL for each) and placed
in a 50 mL volumetric flask and diluted with methanol before HPLC
analysis.

Yspg (%) is the recovery rate of nuciferine in SPE,

Yspe = Mo/ My x 100%.

where, Mg (mg) is the obtained amount of nuciferine, Mg (mg) is the feed
amount of nuciferine in UAE extract.

2.2.9. Cyclic UAE-SPE
A comparison study was performed between Cyclic UAE-SPE and
UAE-SPE according to the method described by Shi et al. (2015) [28]
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Fig. 1. Schematic picture of Cyclic UAE-SPE procedure.

with modification. Briefly, 910 mL of UAE extract was filtrated and
loaded onto an SPE column pre-packed with 2 g of silica gel (25 mm x
15 mm LD.) and the effluents obtained in the loading process of SPE
were used as extraction solvent without any purification in the next UAE
unit. Fresh petroleum ether was added in order to make up the lose. All
of the above procedures were repeated for 5 times to validate the
feasibility of Cyclic UAE-SPE. The contents of nuciferine in the UAE
extract and effluents obtained in the loading process of SPE were
monitored by HPLC method mentioned in Section 2.6. Fig. 1 shows the
schematic picture of Cyclic UAE-SPE procedure.

In order to further reduce cost and protect environment, the regen-
eration of SPE column was also investigated. The silica gel column (2 g,
25 mm x 15 mm L[.D.) was eluted with 50 mL of methanol and 50 mL of
petroleum ether after loading with 910 mL of UAE extract, successively.
It was then loaded with another 910 mL of UAE extract and the effluents
obtained in the loading process of SPE were analyzed by HPLC method
mentioned in Section 2.6. All of the above procedures were repeated for
5 times to validate the reusability of silica gel for adsorption.

2.3. LLE

325 g of Lotus leaf powder was treated using the method mentioned
in Section 2.2.5 and the obtained UAE extract was loaded onto a pre-
packed silica gel column (50 g, 80 mm x 48 mm I.D.) with a flow rate
of 40 mL/min. The SPE column was then eluted with elution solvent (the
upper layer of petroleum/ethyl acetate/25% ammonia solution, 1/1/
0.1, v/v/v). The fractions were collected manually (75 mL for each),
combined according to the results of HPLC analysis.

LLE of nuciferine from UAE-SPE extract was performed according to
the method described by Ghang et al. (2016) [29] with modification.
Briefly, the mixture was shaken on a vortex mixer (Vortex-2500MT,
Shanghai Lichen-BX Instrument Techonology, Co., Ltd, Shanghai,
China) at a speed of 2000 rpm for 1 min and then centrifuged (TGL-16G-
A, Shanghai Anting Scientific Instrument Factory, Shanghai, China) for
10 min at 10,000 rpm. Those parameters that could affect the LLE were
optimized.

Y11E (%) is the recovery rate of nuciferine in LLE,

Yue(%) = Mo /My x 100%.
Where, Mo (mg) is the obtained amount of nuciferine in aqueous layer

(in Sections 2.3.1 and 2.3.2) or organic layer (in Sections 2.3.3 and
2.3.4), Mr (mg) is the feed amount of nuciferine in UAE-SPE extract.

2.3.1. Effect of concentration of HCI solution

To investigate the effect of concentration of HCl solution on the
extraction of nuciferine from organic layer into aqueous layer, 1 mL of
the UAE-SPE extract was vortex-mixed with 1 mL HCI solution with
different concentration (0.0001, 0.001, 0.010, 0.020, 0.050, 0.100, and
1.000 M). All of the aqueous layers were placed in a 10 mL volumetric
flask and diluted with water before HPLC analysis, respectively.

2.3.2. Effect of ratio of 0.01 M HCI solution to UAE-SPE extract

1 mL of the UAE-SPE extract was vortex-mixed with different volume
of 0.01 M HCl solution (0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 mL). The aqueous
layers were treated using the method mentioned in Section 2.3.1.

2.3.3. Effect of ratio of 0.1 M NaOH solution to UAE-SPE extract

1 mL of the UAE-SPE extract was vortex-mixed with 1 mL of 0.01 M
HCI solution and the down layer was vortex-mixed with different vol-
ume of 0.1 M NaOH solution (0.025, 0.050, 0.100, 0.150, 0.200, 0.250,
and 0.500 mL) and 1 mL of petroleum ether. The organic layers were
collected and placed in a 10 mL volumetric flask and diluted with
methanol before HPLC analysis, respectively.

2.3.4. Effect of ratio of petroleum ether to UAE-SPE extract

1 mL of the UAE-SPE extract was vortex-mixed with 1 mL of 0.01 M
HCl solution and the aqueous layer was vortex-mixed with 0.2 mL of 0.1
M NaOH solution and different volume of petroleum ether (0.5, 1.0, 1.5,
2.0, 2.5, and 3.0 mL). The organic layers were treated using the method
mentioned in Section 2.3.3.

2.4. Crystallization

The UAE-SPE extract was extracted with the same volume of 0.01 M
HCI solution. And the aqueous layer was separated and mixed with 0.1
M NaOH solution (20% of the volume of UAE-SPE extract) and petro-
leum ether (2 times of UAE-SPE extract volume). And then the organic
layer was collected and evaporated to dryness under reduced pressure
(10.1 kPa) at 40 °C.

An appropriate amount of the obtained residue was dissolved in 50
mL of boiling solvent (petroleum ether, ethyl acetate, and methanol) to
prepare a saturated solution. Then, the solution was filtered quickly and
cooled to room temperature (20 °C). The crystal was filtered from
mother liquor with a membrane of 0.45 pm after standing for 48 h, and
then evaporated to dryness under reduced pressure (10.1 kPa) at 40 °C
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Fig. 2. Influence of ultrasound power on the extraction of nuciferine from lotus leaf.

to avoid unnecessary loss, as it was reported that nuciferine is unstable
in the process of concentration and drying even at 60 °C [30]. The
mother liquor was placed in a 500 mL volumetric flask and diluted with
methanol before HPLC analysis. The purity of nuciferine was calculated
by area normalization method.

Ycry (%) is the recovery rate of nuciferine in crystallization,

Yerv(%) = Mo/ (Mo + My) x 100%.
where, Mo (mg) is the amount of nuciferine in the obtained crystal, Mg
(mg) is the amount of nuciferine in the mother liquor.
2.5. Characterization of purified nuciferine

The chemical structure of purified nuciferine was confirmed by mass
spectrometry and NMR spectroscopy. Mass spectra was recorded on a

UPLC-TOF MS/MS system (Waters Corporation, Milford, MA, USA). An
ACQUTITY UPLC BEH C;g column (50 mm x 2.1 mm LD., 1.7 pm,

5 =

Nuciferine extracted (mg/g louts leaf)

Waters Corporation, Milford, MA, USA) with a column temperature of
35 °C and an injection volume of 1.0 pL was used. The mobile phase
consisted of 2 mM ammonium acetate (A) and acetonitrile (B) was
carried with linear elution gradient as follows: 0.00-0.50 min, 10% B;
0.50-2.50 min, 10%-90% B; 2.50-3.50 min, 90% B; 3.50-3.51 min,
90%-10% B; 3.51-4.50 min, 10% B, which was delivered at a flow rate
of 0.3 mL/min. The mass detector was equipped with an ESI and oper-
ated in positive ionization mode. The conditions of TOF MS/MS were:
Capillary, 3.0 KV; Sampling Cone, 40 V; Source Temp, 140 °C; Des-
olvation Temp, 500 °C; Cone Gas, 50 L/h; Desolvation Gas: 800 L/h;
Collison Energy, 10-25 eV; scan range, 50-1200 m/z. The acquisition
and analysis of data were controlled by Waters UNIFI software. 'H NMR
and '3C NMR spectra (in CDCl3) were recorded at 500 and 125 MHz
(Bruker Daltonic Inc., Karlsruhe, GER), respectively. Chemical shifts (5)
were reported in ppm relative to TMS and coupling constants (J) in Hz.

0 T T
0.1 1.0

I I I 1
5.0 10.0 25.0

Concentration of ammonia solution (%)

Fig. 3. Influence of concentration of ammonia solution on the extraction of nuciferine from lotus leaf.
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Fig. 4. Effect of volume of 5% ammonia solution on the extraction of nuciferine from lotus leaf.

2.6. Analytical HPLC

Samples were analyzed using an Agilent 1260 HPLC system. It was
performed on an Agilent Poroshell 120 EC Xbridge C;g column (100 mm
x 4.6 mm LD., 4 um, Agilent Technologies, Palo Alto, CA, USA). The
mobile phase consisted of water — actonitrile — triethylamine — acetic
acid solution (70.6/27/1.6/0.78, v/v/v/v) (A) and water (B) using the
following gradient elution program for separation: 0-10 min, 75% A;
10-15 min, 75%-100% A; 15-17 min, 100% A. The flow rate was kept at
1.0 mL/min. The column temperature was 35 °C and the injection vol-
ume was 5.0 pL. The effluents were monitored by a UV-Vis detector at
270 nm. All of the samples were centrifuged at a speed of 13,000 rpm
prior to injection. Quantitative analysis of nuciferine was performed
using the peak area based on the standard curve.

Nuciferine extracted (mg/g louts leaf)

2.7. Statistical analysis

All experiments were performed in triplicated unless otherwise
indicated. Data is expressed as mean value + S.D.

3. Results and discussion
3.1. UAE-SPE

3.1.1. Effect of ultrasound power on the UAE of nuciferine from lotus leaf

The optimization of ultrasound power was achieved by comparing
the extraction efficiency at the condition of 200, 250, 300, 350, 400,
450, and 500 W. The experimental results show that the extraction yield
increases with the increase of ultrasonic power (Fig. 2). This is in
agreement with the report of Shirsath et al. (2013) [31], which also
showed a higher recovery rate with increasing acoustic power. As a
result, 500 W was recommended for the UAE of nuciferine from lotus

10 25

I I 1
50 75 100

Volume of petroleum ether (mL)

Fig. 5. Effect of volume of petroleum ether on the extraction of nuciferine from lotus leaf.
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Fig. 6. Effect of extraction time on the extraction of nuciferine from lotus leaf.

leaf.

3.1.2. Effect of concentration of ammonia solution on the UAE of nuciferine
from lotus leaf

Since nuciferine contains a basic group, the extent of ionization of
nuciferine could be influenced by the pH value of the solvent, subse-
quently their solubility in solvent could also be affected. Wetting with
ammonia solution is a commonly used procedure to inhibit ionization in
the extraction of alkaloids [32]. As the alkaloid of interest is a lipophilic
compound, petroleum ether, a non-polar solvent, was used as extraction
solvent [33]. As shown in Fig. 3, the concentration of ammonia solution
plays an important role in the extraction of nuciferine. The yield of
nuciferine increased when the concentration of ammonia solution
increased from 0.1% to 5% and maintained at a stable level when the
concentration increased from 5% to 25%. In order to reduce the
composition of ammonia, 5% ammonia solution was used in the
following experiments.

3.1.3. Effect of volume of ammonia solution on the UAE of nuciferine from
lotus leaf

To evaluate the consumption of 5% ammonia solution on the
extraction of nuciferine, different volume of 5% ammonia solution was
added to lotus leaf powder. As shown in Fig. 4, the yield of nuciferine
increases with the increase of volume of 5% ammonia solution. But, it
does not mean the more the better. If the volume of 5% ammonia so-
lution was too large, it would have a negative effect on the extraction of
nuciferine. The traditional theory, “like dissolves like”, can not explain
this abnormal phenomenon [34]. It has been reported that a gradient of
water-rich transition layers could be formed between the polar bonded
phase and the poorly polar bulk mobile phase in hydrophilic interaction
liquid chromatography (HILIC) acting as HILIC stationary phases to
retain polar solutes [35]. Inspired by this, it was proposed that the
thickness of aqueous liquid film formed on the surface of raw materials
played an important role in the diffusion of nuciferine from raw mate-
rials or aqueous phase to petroleum ether. This hypothesis was
confirmed by stationary extraction for another 16 h after UAE. There
was no obvious difference between 1, 2, and 5 mL groups (data is not
shown in this work). In order to reduce the composition of ammonia as
much as possible, 1 mL of 5% ammonia solution was used in the
following experiments.

3.1.4. Effect of volume of petroleum ether on the UAE of nuciferine from
lotus leaf

Except for the concentration and volume of ammonia solution, UAE
process could be influenced by liquid-to-solid ratio, extraction time
[36], etc. The consumption of petroleum ether is one of the most crucial
factors that should be investigated. As shown in Fig. 5, with the increase
of petroleum ether, the extraction yield increased to 4.46 + 0.03 mg/g
with a consumption of 75 mL of petroleum ether and maintained at a
stable level. This liquid-to-solid ratio is much higher than that reported
in literature [37] using ethanol solution as extraction solvent. Tradi-
tionally, so much solvent consumption may cause inconveniences,
leading to more energy consumption and solvent loss in the following
concentration process. But, as concentration step was not needed before
SPE in our method and the effluents obtained in the loading step of SPE
could be reused as extraction solvent without any purification (data is
shown in Section 3.1.9), such solvent consumption was still acceptable.

3.1.5. Effect of extraction time on the UAE of nuciferine from lotus leaf

To optimize extraction time, experiments were carried out using 75
mL of petroleum ether as extraction solvent. As shown in Fig. 6, when
the extraction time increased from 5 to 15 min, the extraction efficiency
increased dramatically. When the variable was changed from 15 to 60
min, slight improvements were observed. Therefore, 15 min was
selected for further experiments.

3.1.6. Comparison of the optimized UAE extraction procedure with
conventional ones

The effect of ultrasound was investigated by comparing the extrac-
tion yield of nuciferine from lotus leaf powder using optimized UAE
method (4.37 + 0.06 mg/g) with the one obtained by using agitation-
assisted extraction method (3.59 + 0.29 mg/g) performed under the
same experimental conditions, but without the presence of ultrasound.
The extraction yield of nuciferine was greatly enhanced by the use of
ultrasonic waves (more than 20%).

Recovery obtained by the Soxhlet approach (2.38 + 0.36 mg/g),
demonstrated the inadequacy of the Soxhlet extraction method. Taking
into consideration of the duration of the process and the extremely low
levels of nuciferine obtained, it was concluded that Soxhlet extraction is
not an appropriate method for nuciferine extraction.

The results of the experiment are consistent with other studies
[27,38]. Increased mass transfer and significant disruption of cell walls
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come as a result of these combined effects, offering higher extraction
yields and significantly reduced processing times in comparison to the
conventional techniques [39]. In addition, when ultrasound is applied to
our solid - liquid - liquid extraction system, an emulsion of petroleum
ether in 5% ammonia solution is created. This formation of emulsion
leads to increased interfacial areas between the two immiscible phases
resulting in an enhanced mass transfer between the phases [40].

3.1.7. Effect of volume of UAE extract on the adsorption of nuciferine on
silica gel column

UAE extract was continuously loaded onto the silica gel column.
Fig. 7 indicated that the flow rate played an important role in the
adsorption of nuciferine. More time is needed for nuciferine to enter into
silica gel to interact with internal silanol groups when external ones
were saturated in the final stage of loading process [41]. Low flow rate
(3 mL/min) is more favorable for adsorption. But it may also take more
time to complete the whole loading process. In order to ensure

adsorption efficiency [42] and reduce irreversible adsorption as much as
possible, 910 mL of extract (equivalent to 13 g of lotus leaf) loaded at a
flow rate of 40 mL/min was chosen as the optimal one.

3.1.8. Effect of elution solvent on the desorption of nuciferine from silica gel
column

The aim of the elution process is to reduce the occurrence of specific
interactions among the adsorbents and targeted molecules, which de-
pends on the pH value [43] and the polarity of elution solvent, and
concurrently, to eliminate the contaminants that may interfere the
crystallization of nuciferine. As a result, ammonia solution was added to
surmount the strong interactions between silica gel and alkaloids. And
the polarity of elution solvent was changed by adjusting the ratio of
petroleum ether to ethyl acetate. The fractions were combined according
to the results of HPLC analysis. With the increase of the ratio of petro-
leum ether to ethyl acetate from 0.5/1 to 5/1, not only the yield of
nuciferine, but also the consumption of elution solvent increased
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(Fig. 8). In order to reduce the solvent consumption, the upper layer of
petroleum ether/ethyl acetate/ammonia solution (1/1/0/1, v/v/v) was
chosen as the optimal one.

3.1.9. Cyclic UAE-SPE

The results in Fig. 9 showed that the extraction yield of nuciferine
from lotus leaf powder using effluents obtained in the loading process of
SPE as extraction solvent remained about 100% of its initial after 5
cycles, needing no extra purification. No nuciferine was detected in the
above effluents, which demonstrated that the impurities existed in those
effluents almost have no effect on the adsorption of nuciferine on silica
gel.

In addition, silica gel could be easily regenerated by washing with
methanol and petroleum ether successively, which demonstrated that
silica gel presented good reusability over several adsorption—desorption
cycles.

To summarise, no treatment (e.g. concentration and redissolution,
etc) on UAE extract was needed before SPE except for filtration and no

obvious decline in the extraction and adsorption efficiency was observed
in Cyclic UAE-SPE (5 runs). That is, Cyclic UAE-SPE showed apparent
advantages in energy conservation and emission reduction in compari-
son with other cleanup procedures, which provides a feasible way for the
continuous production of nuciferine in industry. Moreover, SPE column
could be conveniently regenerated and reused, which can further reduce
the system cost. In comparison with other cleanup procedures, Cyclic
UAE-SPE showed apparent advantages in energy conservation and
emission reduction.

3.2. LLE

Although no apparent difference was observed among the chro-
matograms of UAE-SPE and LLE extracts (shown in Fig. 10), the cleanup
effect of LLE on pigment was quite obvious. The color of the extract
changed from dark green to light yellowish-green. As a result, the in-
fluence of factors on the LLE of nuciferine from UAE-SPE extract were
investigated in this section.
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3.2.1. Effect of concentration of HCI solution

As shown in Fig. 11, the concentration of HCI solution played an
important role in the recovery of nuciferine. The recovery rate increased
when the concentration increased from 0.0001 to 0.01 M and main-
tained at a stable level when the concentration increased from 0.01 to
1.00 M. In order to reduce the composition of HCl, 0.01 M HCI solution
was used in the following experiments.

3.2.2. Effect of ratio of 0.01 M HCI solution to UAE-SPE extract

To evaluate the effect of ratio of 0.01 M HCI solution to UAE-SPE
extract on the LLE of nuciferine, different volume of 0.01 M HCI solu-
tion was added to 1 mL of UAE-SPE extract. As shown in Fig. 12, with the
increase of volume of 0.01 M HCl solution from 0.5 to 1 mL, the recovery
rate increased to 98.3% + 0.3% and maintained at a stable level. As a
result, a ratio of 1/1 between 0.01 M HCI solution to UAE-SPE extract
was used in the following experiments with a pH value of 2.26 in
aqueous layer.

3.2.3. Effect of ratio of 0.1 M NaOH solution to UAE-SPE extract

To investigate the effect of the ratio of NaOH solution (to adjust pH
value) to UAE-SPE extract on the LLE of nuciferine, different volume of
0.1 M NaOH solution was added to the aqueous layer prepared by the
method mentioned in Section 3.2.2. With the addition of NaOH solution,
the color of aqueous layer changed from light yellowish-green to milky
white. Fig. 13 shows that the recovery of nuciferine increases with the
increase of the volume of 0.1 M NaOH from 0.025 to 0.2 mL. However,
further increase leads to a decrease in extraction efficiency. We found
that there was still some white flocculent precipitate existing in the
aqueous layer after liquid-liquid extraction by 1 mL of pertroleum ether
if too much NaOH solution was added. It was proposed that tiny intact
grains of nuciferine might be preserved within the precipitate formed by
impurities which is hard to extract. According to the results, a ratio of
0.2/1 between 0.1 M NaOH solution and UAE-SPE extract was chosen as
the optimal one. It is worth mentioning that in the presence of 0.2 mL of
0.1 M NaOH, the pH value of aqueous layer was 6.96.
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3.2.4. Effect of ratio of petroleum ether to UAE-SPE extract

In order to study the effect of the ratio of petroleum ether to UAE-SPE
extract on the LLE of nuciferine, different volume of petroleum ether was
tested. According to Fig. 14 and considering the experimental errors on
the data points, the extraction recovery of nuciferine was found to in-
crease to 95.5% + 1.7% with a ratio of 2/1 between petroleum ether and
UAE-SPE extract and maintained at a stable level. Thus, 2/1 was
considered as the optimal one.

3.3. Crystallization

Solvent cooling crystallization method is a common and useful
method for separation and purification [44]. It has been used by Wei and
Xiao [25] in the refining of nuciferine. To our knowledge, there is no
report on the evaluation of the influence of different solvents on the
crystallization of nuciferine. In this work, the effect of different solvents
on the cooling crystallization of nuciferine was investigated. It was
found that the solubility of nuciferine increased with the increase of

10

Table 1
Effect of different solvents on the crystallization of nuciferine.

Solvents Recovery rate (%) Purity (%)
Methanol 76.7 + 1.7 98.5 + 0.2
Ethyl acetate 67.9 + 1.0 99.1 £ 0.1
Petroleum ether 80.2 + 0.7 98.5 + 0.1

temperature as expected [44]. Petroleum ether had the highest recovery
rate, while ethyl acetate had the highest purity (see Table 1). Methanol’s
performance was less than stellar. This, coupled with its toxicity, made
us not considering using methanol. We prefer to use ethyl acetate for its
lower solvent consumption (accounts for about 14% of the volume of
solvent used in crystallization using petroleum ether as solvent) and
higher solvent selectivity [45].

Under optimum conditions, the total recovery rate of pure nuciferine
(purity over 99.0%) from lotus leaf reached 50.1%. The developed
method has advantages in convenient operation, low cost, and high
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efficiency, thus, is fitting for the production of high purity nuciferine.

3.4. Characterization of purified nuciferine

Nuciferine (C19H2;NO5) showed [M + H]" ion at m/z 296.1621
(calculated 296.1651). 'H NMR (500 MHz, CDCls): 6 8.36 (d, J = 7.8 Hz,
1H), 7.33-7.20 (m, 3H), 6.63 (s, 1H), 3.88 (s, 3H), 3.65 (s, 3H),
3.20-2.98 (m, 4H), 2.54 (s, 3H), 2.72-2.46 (m, 3H); 13C NMR (75 MHz,
CDCl3): §152.0, 145.2, 136.5, 132.2, 128.7, 128.3, 127.9, 127.3, 127.0,
126.9,111.3,62.4,60.2, 55.9, 53.3, 44.0, 35.2, 29.3. The mass and NMR
spectrum Data is listed in the supplementary data. All of the spectral
data is consistent with those reported in literature [46].

4. Conclusions

In this study, an efficient method was developed to extract and purify
nuciferine (over 99.0%) from lotus leaf (with a total recovery of 50.1%),
which is particularly proper for low - cost production of nuciferine. In-
tegrated extraction and purification procedure, UAE-SPE, was applied to
reduce the cost. Except for filtration, no treatment (e.g. concentration
and redissolution, etc) was needed on UAE extract before SPE. No
obvious decline in efficiency was observed in the use of effluents ob-
tained in the loading process of SPE directly as UAE extraction solvent.
As a result, UAE-SPE could integrated with other UAE-SPE units to form
a Cyclic UAE-SPE to minimize the production cost of the whole system.
Silica gel was considered as a very suitable SPE adsorbent not only for its
excellent performance in the enrichment of nuciferine but also for its
reusability.
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