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Recently, natural resources have attracted considerable interest for their applications in
food security and human health problems. Traditional natural spices, such as star anise
and black pepper, played important roles in the pharmaceutical and food industries due
to their strong pharmacological activity, antioxidant potential and rare complications.
In order to achieve biomasses from the natural product with multiple bioactivities, we
developed the multistage extraction method to extract and separate various bioactive
compounds from these natural plants. Our work demonstrated that various bioactive-
rich extractives were achieved using steam distilled- or oxidative-extraction methods
with high extraction yields and purity. Furthermore, the extractives in each step can
be used not only as biocactive compounds, but also as a resource to further prepare
different derivatives during the next extractive step, providing biomass-saving to a great
extent. The extractives obtained with high yields and purities (>82%) were identified by
TH NMR, '3C NMR, FTIR, UV-vis, fluorescence spectroscopy, and high-performance
liquid chromatography (HPLC). Moreover, these biomasses display potent antibacterial
activities against some types of microorganisms such as S.aureus, S.pyogenes, E.col,
and S.typhi with a lowest MIC of 400 wg/ml for the development of antibacterial agents,
significant antioxidant activity as the natural antioxidant for enhancing food shelf-life, and
excellent anticancer activity that induces significant cancer cell apoptosis. This work
showed the different multistage extracts from natural products, which enable them to
be applied in the fields of the pharmaceutical industry and the food industry.

Keywords: natural product, multistage extraction, antibacterial, antioxidant, anticancer

INTRODUCTION

Recently, food security and human health have become global threats and attracted worldwide
concerns (Ruiz-Capillas and Herrero, 2019; Thompson and Darwish, 2019; Yousefi et al., 2019). In
the food industry fields, severe foodborne illness and intoxications have grown to be a widespread
problem and risked public health (Hui et al., 2020; Jing et al., 2020; Sandra and Elaine, 2020).
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Moreover, extending the shelf-life of food products is also an
urgent requirement for food quality (Olatunde and Benjakul,
2018). For human health problems, the increased number
of people suffering from cancer and multi-resistant bacterial
infections have been seen as the major causes of death (Li et al,,
2016b, 2017b; Li X. et al., 2019). In order to solve the crisis,
antioxidants are capable of quenching reactive free radicals, and
thus inhibiting peroxidation and extending the food storage
process. Antibacterial and anticancer agents can be used against
various infections and diseases as future chemotherapeutic drugs
(Xing et al., 2020; Zhong et al., 2020; Li et al,, 2021c). Among
these bioactive compounds, each of them can be capable of acting
as one active agent, but without multiple actions. It is urgent to
develop new therapeutic agents with multiple activities against
microbial infections and cancer to administrate this pathogen for
human diseases and the food industry (Li et al., 2017a, 2021a,b).

Natural resources have attracted considerable interest by
many scientists on the natural extracts identification due to
their potential applications in treating human health problems
and enhancing food security (Li et al., 2014, 2015; Liu J. et al,,
2020). Traditional spices and food flavoring agents, such as
star anise and black pepper, date back several thousand years
(Liu Q. et al,, 2020; Pei et al., 2020; Wang et al., 2021). They
played important roles in clinical therapy and the food industry
due to their beneficial medical use (Moghaddasi et al., 2018;
Kamoun et al., 2019; Li H. et al., 2019), strong pharmacological
activity (Abukawsar et al., 2018; Li et al.,, 2020; Yu et al,, 2020),
antioxidant potential (Liu et al., 2008), and low cost (Destro et al.,
2019; Orrillo et al., 2019; Ding et al., 2020).

Among these natural resources, star anise has been widely
used as a common spice in culinary as well as medical plants
(Patra et al., 2020). The pharmaceutical ingredients of star
anise have been studied and some kinds of extractives have
been used in medicine. Anise oil, a star anise extract, exhibited
significant antifungal, antioxidant, and antimicrobial potential,
which are mainly due to the high contents of more than
80% trans-anethole (Aly et al, 2016). Star anisic acid (4-
methoxybenzoic acid) (ANISA), an extractive of star anise,
protects the liver against the hepatotoxicity induced by carbon
tetrachloride (CCly) and paracetamol (Pcl) (Czarnecka et al.,
2018; Lin et al., 2018). Previous studies have suggested that
ANISA played a role in the prevention and treatment of
cancer through affecting the activity of cyclooxygenase (COX-
2), a mediator in tumorigenesis, due to their potential for the
synthesis of a variety of pharmaceutical substances, such as
chloral, an anticonvulsive agent, and phentobarbital for the
treatment of refractory status epilepticus (RSE) (Tao et al., 2014).
In addition, shikimic acid (3, 4, 5-trihydroxy-1-cyclohexene-1-
carboxylic acid), an important raw material for the manufacture
of oseltamivir phosphate (Tamiflu®), can be extracted from the
fruits of star anise. Oseltamivir phosphate (Tamiflu®) is an oral
prodrug to treat patients infected by Influenza virus A (Shin et al.,
2017). Therefore, star anise biomass showed a great potential in
the pharmaceutical industry as well as in the food industry.

Another most popular spice is black pepper, obtained from
Piper nigrum L. belonging to the family Piperaceae (Tran et al.,
2019). It can be applied in biomedicine for pain relief (Chavarria

et al., 2016), muscular pains (Vichiansiri et al., 2020), flu, and
fevers (Ahmad et al., 2020), especially in traditional Chinese
and Indian medicines. Black pepper contains a wide variety of
bioactive compounds in its oleoresins including essential oils and
the alkaloid piperine (Dutta and Bhattacharjee, 2017; Hu et al.,
2019; Wang et al., 2020). The biological activities of black pepper
are attributed to its piperine content, which is the extraction
of alkaloid from black pepper. As the major constituent of
pepper, piperine exhibited various pharmacological activities,
e.g., antifungal (Phuna et al., 2020), antipyretic (Haq et al., 2021),
anti-diarrhoeal (Goyal, 2017), analgesic (Chen et al., 2017), and
anti-inflammatory activities (Li et al., 2016a; El-Ghazaly et al.,
2020). However, the pharmaceutical activities and therapeutic
properties of piperine are limited due to its poor water solubility.
Therefore, this chemical substance needs to meet the demands
for improving its poor dissolution in high therapeutic doses.

Due to the fact that the diverse biomass extractives of raw
material, e.g., star anise and black pepper, possessed potent
therapeutic efficacy, antioxidant, and antimicrobial activities, a
number of approaches were introduced previously, such as hot
water extraction (Hu et al.,, 2020), hydro-distillation (Ibrahim
et al., 2017), steam-distillation (Nasrollahi et al., 2019), solvent
extraction (Chaves et al., 2020), supercritical fluid CO; extraction
(Patra et al., 2020), and microwave-assisted extraction (Sun et al.,
2020), to isolate and extract the bioactive components from these
natural resources.

Based on the promising therapeutic effects of these extractives,
we developed the multistage methods to meet the requirements
for the reproductive potential of the bioactive compounds from
natural plants, star anise and black pepper. Depending on
these reproductive technologies, five components (anise oil,
anisic acid, methyl anisate, shikimic acid, methyl shikimate)
of star anise and three ingredients (piperine, piperic acid,
methyl piperate) of black pepper were prepared with a
high yield by a multistage extraction-esterification method.
Moreover, the extractives from the first stage can be applied
as the bioactive agents and can also be used as the suppliers
for the next extraction steps (Scheme1). These extractives
were characterized by 1HNMR, 13CNMR, FTIR, UV-vis,
fluorescence spectroscopy, and HPLC, and the yields and
purities were analyzed. Moreover, the bioactivity of these
compounds was evaluated, showing the marked antibacterial
activity against microorganisms, antioxidant potential as the
natural antioxidants for enhancing food shelf-life, and anticancer
activities as chemotherapeutic drugs engaged in clinical trials.
Therefore, the obtained extractives provide diverse applications
in the food as well as the pharmaceutical industry.

MATERIALS AND METHODS

Materials

Star anise fruits and black pepper fruits were bought from
Jiangda South Road Vegetable Market, Nanchang City,
China. Magnesium sulfate (MgSOy4), potassium dichromate
(K2Cr,07), sulfonic type solid acid, potassium permanganate
(KMnOy), hydrochloric acid (HCI), ethanol absolute, hydrogen
peroxide solution (30 wt. % in H,O, H,0,), Iron(III) chloride
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SCHEME 1 | Schematic illustration of star anise or black pepper extractives and their applications.
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(FeCl3), methanol, sodium carbonate (Na;CO3), hexane,
formaldehyde, thionyl chloride (SOCL,), ethyl acetate, sodium
hydroxide (NaOH), acetone, diethyl ether, potassium hydroxide
(KOH), benzene, sodium bicarbonate (NaHCO;3), N,N-
Dimethylformamide  (DMF), 1,1-diphenyl-2-picryhydrazyl
(DPPH), and butylated hydroxytoluene (BHT) were obtained
from Sinopharm Chemical Reagent Co., Ltd.

The microorganisms Staphylococcus aureus (ATCC 33591)
(MRSA), Streptococcus pyogenes (ATCC 19615), Escherichia
coli (ATCC 9637), Salmonella typhi (ATCC 14028) and
Pseudomonas aeruginosa (ATCC 10145) were purchased from
Jinuo Biomedical Technology Co., Ltd (Hangzhou, China).

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyl tetrazolium
bromide] and C6 cells were bought from Cell Bank of Shanghai
Institute of Biochemistry and Cell Biology, Chinese Academy of
Sciences (Shanghai, China).

Diverse Extractives of Star Anise

The Extraction and Purification of Anise Oil

The anise oil was extracted by hydro-distillation methods. In a
round bottom flask, 100 g of dried star anise fruit was grinded
into pieces, and then extracted with 800 mL of deionized water
under 70°C for 24h using a Clevenger type apparatus, in
accordance with Politeo et al. (2006). The extracts were filtered

and most water was then removed. The anise oil extracts were
dried by adding anhydrous MgSOj,. After settling down, the
suspension was obtained as the pure anise oil.

Anisic Acid Extraction and Preparation of Methyl
Anisate
The extraction of anisic acid was conducted by oxidation of
K,Cr,07. Six gram of K,Cr,O; was dissolved in 30 mL of
deionized water and then 6g of sulfonic type solid acid was
slowly added and stirred for further use. One milliliter of anise
oil was added in a round bottom flask which was placed in an
ice-bath, and then the mixture of K,Cr,O7 and sulfonic type
solid acid prepared before was gently added into the solution
over 6h, preventing the rapid oxidation of anise oil resulting
in the insufficient oxidation. The solution was under stirring
until it changed to light green without obvious oily substances
in the upper layer, and then it was heated at 60°C for 2 h without
stirring. After cooling to room temperature, the precipitate was
collected via filtration and further purified by recrystallization
from a mixture of ethanol absolute and deionized water. The
obtained anisic acid was a white, acicular crystal product.

Anisic acid can also be extracted by the oxidation of KMnOy.
The mixture of 7.9g of KMnO,4 and 40 mL of deionized water
was placed in a round bottom flask while stirring. Five gram of
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sulfonic type solid acid and 3.1 g of anise oil were added into the
solution, separately. The refluxing mixture was heated at 90°C for
6 h and filtered under reduced pressure immediately. The extract
was washed with hot deionized water and immersed in an ice-
bath and 5.6 mol/L HCl was then added into the solution until the
pH value decreased to < pH 3 with the white precipitation. After
2h, the mixture was extracted and recrystallized from a mixture
of ethanol absolute and deionized water. A white, acicular crystal
product was obtained as anisic acid.

The third method for extraction of anisic acid was through
oxidation of H,0;. Anise oil (7.5mL) was placed in 50 mL
of round bottom flask while stirring and 1g of FeCl; was
added drop by drop. Heating at 90°C under reflux, 30% of
H;0; (20mL) was slowly added into the system over 2h.
After further proceeding for 2 h, the solution was filtered under
reduced pressure immediately, washed with hot water three
times, immersed in an ice-bath, and 5.6 mol/L of HCI was then
added until the solution pH value was < pH 3. During standing,
the white solids precipitated out from the solution. The mixture
was filtered under reduced pressure and dried to obtain anisic
acid as a white, acicular crystallite.

The obtained anisic acid (1.2 g) by KMnOy oxidation method
was mixed with sulfonic type solid acid (0.3 g) and methanol (5 g),
refluxing at 100°C for 7h in a round bottom flask. After the
reaction, the methanol was removed using a rotary evaporator.
After cooling to 50-60°C, the solution was neutralized by
the addition of saturated NaCOj; and then methyl anisate
precipitated out from the solution. The mixture was filtered
under reduced pressure distillate and was collected by reduced
pressure distillation under 20 mmHg at 160°C which was
obtained as methyl anisate.

Shikimic Acid Extraction and Methyl Shikimate
Preparation

2.1 g of anise oil was added into a round bottom flask refluxing
with methanol (250mL) for 48h at a boiling point of 80°C.
The obtained extract was evaporated to remove methanol,
washed three times with hexane and dissolved in deionized
water (200 mL). The solution was heated at 80°C for 5 min with
addition of formaldehyde (2mL) and filtered under reduced
pressure immediately. The filtrate obtained as a clear amber
solution was further purified by recrystallization from a mixture
of ethanol absolute and deionized water. The obtained shikimic
acid was a yellow, acicular crystal product.

Methyl shikimate can be prepared by SOCI, catalyst. 0.5g
of shikimic acid dissolved in 5mL of methanol and placed
into a 25mL round bottom flask, immersed in an ice-bath
while stirring. 0.5mL of SOCl, was added dropwise. The
reaction mixture was heated under 40°C refluxing for 3h and
then concentrated. The obtained thickened liquid was dissolved
in 5mL of ethyl acetate and self-standing for 10min after
completely mixing. The obtained upper layer was collected by
a separatory funnel and then the contents were evaporated to
dryness on a watch glass. Methyl shikimate was obtained as a
white crystal after cooling.

Another method for preparation of methyl shikimate
is through sulfonic type solid acid catalyst. The mixture

of 0.5g of shikimic acid, 0.5g sulfonic type solid acid
and 5mL of absolute methanol was placed in a 25mL
round bottom flask, refluxing under 40°C for 3h. the
obtained solution was concentrated, completely dissolved
in 5mL of ethyl acetate, and filtered. The filtrate was
dried on a watch glass and methyl shikimate as a crystal
was obtained.

Extractives of Black Pepper

The Extraction and Purification of Piperine

Ground black pepper fruit (10 g, 60 mesh powder) was dissolved
in 100 mL of ethanol absolute, refluxing under 80°C for 2 h. The
filtrate and residue were collected separately by vacuum filtration,
standing for further use. The residue was dissolved in 100 mL
of ethanol absolute, refluxing under the same condition. The
filtrate was collected and mixed with the obtained filtrate. The
mixture of these two filtrates was concentrated to 10-15mL by
reduced pressure distillation and the pH value was adjusted to
pH 4 by 6 mol/L HCI, standing for 4h. After centrifugation
at 1,200 rpm for 10 min and filtration, the precipitate (piperic
acid undissolved in acid) was removed and the filtrate was
adjusted by 10% NaOH solution to pH 11, standing for 2h,
and then immersed in the hot water bath. The deionized
water was slowly added until the solution became turbid and
a yellow solid precipitated out from the solution. The mixture
was placed in an ice-bath for 4h and then centrifuged at 1,200
rpm for 10 min. A yellow powdered solid was obtained as the
crude piperine.

Acetone (25 mL) was added into the obtained crude piperine,
dissolved by gentle heating with or without the precipitate from
the solution. Either the solution with precipitate was filtered by
heating to obtain the solid or the solution without precipitate
was added deionized water (25mL) until the precipitate come
out from the solution and then centrifuged and filtered, repeating
3 times to obtain the solid. The liposoluble compounds in the
obtained solid were removed by diethyl ether. The yellow powder
was obtained as piperine.

Piperic Acid Extraction and Methyl Piperate
Preparation
Piperine (3 g) was dissolved in 75 mL of KOH/ethanol (v/v = 1/4)
solution in a round bottom flask, refluxing at 80°C for 15h. The
solution was filtered under the reduced pressure and the residue
was dissolved in 90 mL of deionized water with gentle heating.
The mixture was adjusted by HCI solution to pH 3 and left to
stand until the precipitate came out of the solution and filtered
under the reduced pressure. The yellow solid was obtained as
crude piperic acid. The obtained crude piperic acid was dissolved
in 65mL of benzene and filtered under the reduced pressure.
The obtained residue was washed with diethyl ether and dried
as piperic acid.

In a 25 mL round bottom flask, piperic acid (0.25 g) dissolved
in 10 mL of anhydrous methanol. Sulfonic type solid acid (0.1 g)
was added, refluxing for 6h. The precipitate was collected by
reduced pressure distillation, washing with deionized water and
saturated NaHCOj solution, separately. After cooling, drying,
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and recrystallizing by acetone, the methyl piperate was obtained
as a yellow crystal.

Methods
The yield of obtained biomasses is identified by Equation (1):

Yield of biomass (%) = (W¢/Wj)x 100 (1)

where W and Wy are the weight of obtained biomass and
original product, respectively.

The purity of obtained biomasses is identified by Equation (2)
via Area Normalization method:

Purity of analyte (%) = (Am/An)x100 (2)

where A, and A, are the peak area of analyte and the total area
of all peaks, respectively.

'H NMR and '*C NMR spectra were recorded on Bruker
AM-300 spectrometer operating at 300 MHz and Bruker AM-
400 spectrometer at 400 MHz, respectively. Fourier transmission
infrared (FTIR) measurements were performed by a Nicolet
MAGNA-550 FTIR (Nicolet Instrument Co., Madison, WI)
at room temperature. The samples were dried and pressed
in a KBr pellet. UV-vis spectra were carried out on a UV-
2550 spectrophotometer (Beijing Sartorius Co., Ltd., China).
The fluorescence spectra were conducted on a Hitachi F-4500
fluorescence spectrophotometer (Hitachi, Ltd., Tokyo, Japan).
High-performance liquid chromatography (HPLC) analysis was
carried out on Waters Alliance HPLC system, assembled by
Waters 600 controller, Waters 600 pump, and Waters 2996
photodiode array detector (Waters, Milford, MA, USA). The
chromatographic separation was performed by injecting a 5 pL
sample volume on a C18 column (4.8 x 150 mm, 5 pum particle
size).

Antibacterial Activity Study

Antibacterial activity of the obtained biomasses was evaluated
against five common microorganisms. These tested extracts were
dissolved in DMF (10 wL/mL) with the highest concentration of
3,200 pg/mL. Serial dilutions of the test extracts were prepared
in DME and 30 pL of each dilution was added to 3 mL broth.
The exponentially growing cells of each microorganism were
inoculated into the broth of ~10° cells/mL. After 48 h incubation,
minimum inhibitory concentration (MIC) was established as the
lowest concentration of the test extracts, demonstrating no visible
growth. All experiments were performed in triplicate.

Antioxidant Activity Study

Antioxidant activity of biomasses was evaluated by DPPH
scavenging assay by M. Burits and F. Bucar (Burits and Bucar,
2000). The tested biomass (0.1 ml) at different concentrations
(1.0, 2.0,4.0, 8.0, and 10.0 mg/mL) was added into 5 mL of 0.05%o
DPPH in methanol solution. After incubation for 30 min at room
temperature in the dark, the absorbance was read against pure
methanol at 520 nm. Inhibitory rate against free radicals DPPH
was calculated by Equation (3):

Inhibitory rate (%) = [(Ac — A¢)/Ac]x100 (3)

where A. and A are the absorbance of the control and the
tested biomass. Values of the biomasses were compared with
that of BHT (positive control). All experiments were performed
in triplicate.

Anticancer Profiles

The in vitro anticancer activities of the obtained biomasses
against C6 cells were determined by MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl ~ tetrazolium  bromide]
assay (Heilmann et al, 2001). Hundred microliter of cell
suspension (1 x 10* cells) were seeded into each well of a 96-well
microtiter plate, incubating at 37°C overnight. Cells were treated
with different concentrations (1.0, 2.0, 4.0, 6.0, 8.0, 10.0, 15.0,
20.0 ug/mL) of samples for 24h. PBS buffer was used as the
medium for the control group. After cultivation, MTT solution
(5 mg/mL in 20 wL PBS) was added into each well, followed by
incubation at 37°C for another 4 h. The supernatant was removed
and 150 pL/well of DMSO was used to dissolve the precipitated
formazan. The absorbance value was measured at 570 nm using
a microplate reader and the inhibitory rate was calculated. All
experiments were performed in quintuplicate. Inhibitory rate of
anticancer activity was calculated by Equation (4):

Inhibitory rate (%) = [(A¢ — A1)/Ag] X100 (4)

where Ay and A; are the absorbance of untreated cells and treated
cells. All experiments were performed in triplicate.

RESULTS

Characterizations of Anise Oil

After the first extractive step, the chemical composition and
purity of extractives of star anise were identified by 'H NMR,
13C NMR, FTIR, and HPLC as shown in Figure 1. Figures 1A,B
shows the 'H NMR and '3C NMR spectra of star anise,
respectively. The FTIR spectrum further confirmed the structures
in Figure 1C. The characteristic peaks at 1,580, 1,510, and 1,460
cm™~! attributed to skeletal vibrations of a benzene ring, and the
peak at 3,020 cm~! was assigned to C-H aromatic stretching
mode, indicating the existence of benzene ring (Zhang et al,
2018). The C-H out-of-plane bending vibrations are related to
the substituent aromatics assigned at 840 cm~! (Suhem et al,
2015). The peaks at 1,240 and 1,040 cm™! ascribed to C-
O-C stretching vibrations (Ghazy et al., 2021). The peak at
2,840 and 1,610 cm™! indicated the existence of O-CH; and
C=C (Hoque et al, 2011). These results show that the main
component of anise oil is p-propenylanisole (anethole). The yield
and purity (Figure 1D) of anise oil is 87 and 83%, identified by
Equations (1, 2), respectively.

Characterizations of Anisic Acid and
Methyl Anisate

After obtaining anise oil, anisic acid has been shown to be
an essential compound after the second step of extraction.
The chemical composition of the extracts were identified
by 'H NMR, 3C NMR, FTIR spectra, HPLC (Figure 2)
and fluorescence spectrometry (Supplementary Figure 1A). The
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FIGURE 1 | (A) "H NMR, (B) '*C NMR, (C) FTIR spectra, and (D) HPLC (peak A: anise oil, peak B,C: other compounds) of anise oil.

successful extraction of anisic acid by KMnOy4 oxidation was
confirmed by 'H NMR and *C NMR spectra (Figures 2A,B).
The FTIR spectra characterized anisic acid depending on
the oxidative-extraction methods by K;Cr,O; and KMnOy,
separately (Figure 2C). Comparing these two spectra, it is
indicated that anisic acid oxidized by KMnO,4 showed a high
purity due to the characteristic peaks than that oxidized by
K;Cr, 07 because of the impurities on the characteristics of anisic
acid. Therefore, the FTIR spectrum of anisic acid by KMnOy
was analyzed. The characteristic peaks at 1,604, 1,578, 1,516,
1,428 cm~! appeared in the FTIR spectrum were assigned to the
skeletal vibrations of the benzene ring (Sardjono et al., 2012).
The peaks at 1,263 and 1,101 cm™! were attributed to C-O-C
stretching vibrations, indicating the existence of aromatic ether
(Jia et al, 2020). The stretching vibration of C=0 is 1,686
cm™! (Ngilirabanga et al., 2020). All these characteristic peaks
proved that p-methoxybenzoic acid (anisic acid) was obtained.
In Supplementary Figure 1A, the fluorescent properties of anisic
acid were studied. In fluorescence spectra, the intensity of
maximum excitation peak is at 279 nm and the emission peak
was observed at 305nm. The yield of anisic acid by KMnO4 or
K,Cr,07 oxidation is 75 or 41% by Equation (1), respectively.
The purity of anisic acid (Figure 2D) by KMnOj4 oxidation is 82%
identified by Equation (2).

Methyl anisate was synthesized by esterification of anisic
acid and characterized in Figure3. 'H NMR and *C NMR

spectra of methyl anisate is given in Figures 3A,B, respectively.
The FTIR spectrum of methyl anisate in Figure 3C exhibits the
absorption peaks at 2,852 and 1,684 cm™! attributed to O-CHj3
stretching vibration and C=0O stretching vibration, separately
(Mathammal et al., 2013). The skeletal vibrations of the benzene
ring were at 1,654, 1,558, 1,506, 1,457 cm~! (Jeyakumar and
Narayanasamy, 2020). The peak 1,256 cm™! was attributed to
aromatic ether (Szymulanska-Ramamurthy et al., 2017). The
asymmetric stretching vibration of C-O-C was at 1,174 cm™!
(Dehghani et al., 2020). It is obvious that methyl anisate was
obtained. The fluorescence spectrum of methyl anisate was
shown in Supplementary Figure 1B. The strongest excitation
wavelength was placed at 355nm. While 355nm was chosen
as the operating excitation wavelength, the emission peak is at
374 nm. The yield of methyl anisate is 63% by Equation (1).

Characterizations of Shikimic Acid and
Methyl Shikimate

After extracting anise oil, shikimic acid was then extracted and
identified in Figure 4. 'H NMR and !*C NMR spectra of shikimic
acid were recorded as shown in Figures 4A,B, respectively.
The FTIR spectrum of shikimic acid was shown in Figure 4C.
The bands at 3481.9 cm™! referred to stretching vibration of
association O-H group. The free O-H in carboxy group was
shown at 3,350 cm™! (Pavinatto et al., 2020). If the dimer was
formed, the peak of O-H would shift to a lower range at 2664.2
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and 2521.5 cm ™. The peak of C=C in alkene was at 1681.6 cm ™!
The characteristic peak of carboxylic acid was at 931.5 cm~! and
the peak at 1,070 cm~! was assigned to stretching vibration of
C-O (Rawat et al., 2013).

UV-vis spectra indicated that the absorption peak of
shikimic acid was at 205nm due to the conjugated double
bonds C=C-C=0O (Supplementary Figure 2A). As shown
in Supplementary Figure 2B, the fluorescence spectrum of
shikimic acid was investigated. With the excitation wavelength
at 235 nm, the emission wavelength was at 346 nm. The yield of

shikimic acid is 79%, identified by Equation (1). The purity of
shikimic acid (Figure 4D) is 85% identified by Equation (2).

By esterification of shikimic acid, methyl shikimate was
obtained, identified, and quantified as shown in Figure5. 'H
NMR and *C NMR spectra of methyl shikimate by solid
acid catalyst were observed in Figures 5A,B. FTIR spectrum of
methyl shikimate catalyzed by SOCl, or solid acid was shown
in Figure 5C. Compared with FTIR spectrum of shikimic acid
(Figure 4C), O-H of carboxyl at 3,000-2,500 cm™! becomes
weaker. The peaks at 3,100 3,000 cm~! or 1,680 1,620 cm™!
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FIGURE 4 | (A) "H NMR, (B) '*C NMR, (C) FTIR spectra, and (D) HPLC (peak A: shikimic acid, peak B,C: other compounds) of shikimic acid.

were assigned to C-H or C=C of alkene (Andayany et al,
2019). The peaks at 1,071 and 1,058 cm™! or 1,274 and
1,253.5cm ™! were ascribed to symmetrical stretching vibration
or asymmetrical stretching vibration of C-O-C (Yeoh et al,
2015). These results indicated that the methyl shikimate was
obtained by the two catalysts.

UV-vis  spectrum of methyl shikimate indicated
that the absorption peak 1is blue-shifted to 201nm
(Supplementary Figure 3A) compared to shikimic acid at
205nm (Supplementary Figure 2A) due to the conjugated
double bonds C=C-C=0O. The fluorescence spectra of
methyl shikimate catalyzed by both SOCI, and solid acid
were shown in Supplementary Figures 3B,C, respectively.
The excitation wavelengths of these two samples were 232
and 234nm, and the emission wavelengths of these two
samples were 340 nm (Supplementary Figure 3B) and 349 nm
(Supplementary Figure 3C), respectively. The yield of methyl
shikimate is 63%, identified by Equation (1). The purity of
methyl shikimate (Figure 5D) is 82% identified by Equation (2).

Bioactivity Studies of the Biomasses
Obtained From Star Anise

Antibacterial Activity of Anise Oil, Anisic Acid, and
Shikimic Acid

As shown in Table 1, the antibacterial activities of anise oil, anisic
acid, and shikimic acid were evaluated against two Gram-positive

bacteria [S.aureus (MRSA), S.pyogenes], and three Gram-negative
bacteria (E.coli, S.typhi, P.aeruginosa). Anisic acid and shikimic
acid exhibited pronounced activity against microorganism than
anise oil. Anisic acid showed higher antibacterial activity against
S.aureus, S.pyogenes, and S.typhi, whereas shikimic acid exhibited
higher antibacterial activity against S.pyogenes, E.coli, and S.typhi.
The antibacterial efficacy of anisic acid and shikimic acid may
be due to their anionic carboxylic head group, similar to that
of weak-acid preservatives, e.g., benzoic acid and sorbic acid.
It is indicated that this highly hydrated head group enabled
association with the water-lipid interface of the membrane, and
thus its passage through the lipid core was impermeable due
to a high-energy barrier. Therefore, in growing cells, the major
energy was required for displacing the equilibrium, resulting in a
low growth (Cole and Keenan, 1987; Warth, 1988). The results
indicated that two star anise extractives exhibit antimicrobial
activities and thus can be considered as a drug candidate
in the treatment of infectious diseases caused by the tested
pathogenic microbes.

Moreover, compared to nanomaterials previously reported as
antibacterial agents, the biomasses obtained from star anise show
a similar antibacterial activity as these nanomaterials, such as
sulfonated chitosan-based antibiofilm (Huang et al., 2019) and
natural clay nanocomposites (Dong et al., 2020). However, star
anise extractives exhibit lower antibacterial activities than that
of nanocomposites (TiO,/Sb,S3/GQDs) mixed with graphene
quantum dots (GQD) (Teymourinia et al., 2019), but display
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TABLE 1 | Antibacterial activity of star anise extractives.

MIC pg/ml tested Microorganism tested

compounds
S.aureus  S.pyogenes E.coli S.typhi PRaeruginosa
(MRSA)
Anise oil 1,200 1,600 1,600 1,000 1,600
Anisic acid 800 400 1,200 800 2,000
Shikimic acid 1,200 800 800 400 1,600

higher antibacterial efficacy than that of ultra-small copper
oxide (II) nanoparticles (Moniri Javadhesari et al., 2019).
Therefore, it is indicated that the obtained extractives of star
anise can be performed as the antibacterial agents in the
biomedical fields.

Antioxidant Activity of Anise Qil, Anisic Acid, Methyl
Anisate, Shikimic Acid, and Methyl Shikimate

For food products, antioxidant properties can be used as an
indicator for enhancing the shelf-life of foods, e.g., spices
(Prakash et al, 2011). Therefore, the free radical-scavenging
activities determined by Equation (3) of these five derivatives
of star anise were evaluated in comparison with BHT using
a DPPH assay as shown in Figure 6 and Table 2. The results
showed that the antioxidant activity was dose-dependent for
each sample. The three extractives, anise oil, anisic acid, and

I Anise oil
100 - I Anisic acid
I Methyl anisate
[ Shikimic acid
80 I Methyl shikimate

I BHT

(=2}
<

FS
<

Inhibition (%)

[
(=}

10

Concentration (mg/mL)

FIGURE 6 | Antioxidant efficacy of anise oil, anisic acid, methyl anisate,
shikimic acid, and methyl shikimate.

shikimic acid, provided slight antioxidant activities compared to
BHT. As the methanol preparation extractive, methyl anisate,
possessed significant antioxidant activities. Methyl shikimate,
the ethyl acetate extractive, showed the highest antioxidant
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activities among all extracts of star anise. The high antioxidant
activity of methanol preparation extractives may be because the
compounds extracted in methanol solvents have high capability
for donating electrons to free radicals, indicating the radical
scavenging activities (Maiti et al., 2014). These two compounds
can be used as natural antioxidants for enhancing the shelf-life
of food.

Characterization of Piperine

As the first extractive step of black pepper, the yield of piperine
is calculated to be 79%, identified by Equation (1). 'H NMR
and 3C NMR spectra of piperine were collected as shown
in Figures 7A,B. UV-vis spectra of piperine showed that
absorption peak was at 343nm (Supplementary Figure 4A).

(Supplementary Figure 4B). The fluorescence excitation-
emission wavelengths were at 270 and 349 nm, respectively.
The purity of piperine (Figure 7C) is above 99% identified by
Equation (2).

Characterization of Piperic Acid and
Methyl Piperate

After extraction of piperine, piperic acid and methyl piperate
were extracted and prepared. The yield of piperic acid and
methyl piperate is 72 and 61%, identified by Equation (1). 'H
NMR and *C NMR spectra of piperic acid were observed in
Figures 8A,B, respectively. UV-vis spectrum of piperic acid was
shown in Supplementary Figure 5A. The absorption peak is at
336 nm due to the conjugated system with different chromogenic
and auxochrome groups. In Supplementary Figure 5B, the

The fluorescent property of piperine was investigated e, o
fluorescence spectrum of piperic acid show that the excitation
and emission peaks are at 349 and 446 nm, respectively.

'H NMR and '3C NMR spectra of methyl piperate were
observed in Figures 9A,B. In Supplementary Figure 5C, UV-

TABLE 2 | [Coo value of tested compounds. vis spectrum of methyl piperate was shown and the absorption

Compound  Anise Anisic Methyl Shikimic  Methyl BHT  Peak was at 341nm. As shown in Supplementary Figure 5D,

tested oil acid  anisate acid shikimate the fluorescence spectrum of methyl piperate show that the
excitation and emission peaks are at 268 and 369.4 nm,

ICso (Mg/mL)  9.88  8.04 2.90 8.96 2.44 132 respectively. The purity of piperic acid (Figure 8C) and methyl
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FIGURE 7 | (A) "H NMR, (B) '*C NMR, and (C) HPLC (peak A: piperine) of piperine.
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piperate (Figure 9C) are above 99 and 99% identified by Equation
(2), respectively.

Bioactivity Studies of Piperine and Methyl

Piperate

Anticancer Activities of Piperine and Methyl Piperate
The anticancer activities in vitro were evaluated by MTT assay
in terms of Equation (4) determined by treating C6 cells
with piperine and methyl piperate. The results show that the
anticancer activities increased with the enhancement of piperine
or methyl piperate concentrations, exhibiting dose-dependent
behaviors (Figure 10). The ICs( of piperine and methyl piperate
is 6.23 pg/mL and 5.54 pg/mL, indicating that both piperine and
methyl piperate enable a good inhibition of the growth of cancer
cells. After the treatment in cancer cells, the pepper alkaloids
presenting in black pepper extractives could eventually induce
apoptosis, applied as anticancer agents (Sriwiriyajan et al., 2016;
Tiwari et al., 2020). The cells treated with methyl piperate showed
a higher inhibition rate than that with piperine.

Antibacterial Activity of Piperine and Methyl Piperate
The antibacterial activity of piperine and methyl piperate was
evaluated against five different microorganisms as shown in
Table 3. The tested compounds showed no obvious antibacterial
activity against S.aureus (MRSA), S.pyogenes, S.typhi, and
P.aeruginosa, but did show a significant activity against E.coli,
indicating that the antibacterial activity of black pepper extracts is
highly dependent on the type of microorganisms. Phytochemicals
present in black pepper extractives, e.g., piperine and methyl
piperate, contribute to the antimicrobial potential (Butt et al.,
2013). The results indicated that the extractives of black pepper
demonstrated dual activities against both microbial infections
and cancer.

CONCLUSIONS

In the proposed extraction methods, we have demonstrated
that the extraction and quantification of pharmaceutically
relevant components from natural plants can be achieved. In
a single two-stage multistage extraction-esterification method

I pBS
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[
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FIGURE 10 | The cell inhibition of C6 cells treated with different piperine and

methyl piperate concentrations.

TABLE 3 | Antibacterial activity of piperine and methyl piperate.

MIC pg/ml tested Microorganism tested

compounds
S.aureus  S.pyogenes E.coli S.typhi Paeruginosa
(MRSA)
Piperine 1,600 1,200 400 1,200 1,600
Methy! piperate 2,000 2,400 800 2,000 2,400

using steam distilled- or oxidative-extraction process, eight
different ingredients were successfully obtained from these two
traditional spices.

The results revealed that these biomasses of star anise
contained anise oil (87% in yield) in the first-stage, and anisic acid
(75% in yield), methyl anisate (63% in yield), shikimic acid (79%
in yield), methyl shikimate (71% in yield) in the second-stage, and
the bioactive components of black pepper included high yields
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of piperine (79% in yield) in the first-stage, piperic acid (72%
in yield) and methyl piperate (61% in yield) in the second-stage.
These bioactive extracts were identified by 'H NMR, *C NMR,
FTIR, UV-vis, fluorescence spectroscopy, and HPLC. Moreover,
the extractives of star anise display high antibacterial activity
and antioxidant activities. The extractives of black pepper exhibit
antibacterial activity against E.coli and good anticancer activity
that induces significant cancer cell apoptosis.

The analytical result suggested that the rich bioactive
components extracted from star anise or black pepper were
obtained. Each component from the previous extraction stage
can be also applied as the resource in the next extraction
stage, realizing the reproducible utilization of the natural
spices. This extraction pattern applied the potential for
recycling resources. Moreover, the diverse extractives showed the
significant antibacterial, antioxidant, and anticancer activities,
providing a great potential for newer food supplements as well
as drug species.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

XL and HC: conceptualization. YL and YM: methodology. HL:
investigation and data curation. HL, XW, and XC: writing—
original draft preparation. XL, HL, and HC: writing—review and

REFERENCES

Abukawsar, M. M., Saleh-E-In, M. M., Ahsan, M. A, Rahim, M. M., Bhuiyan, M. N.
H.,, Roy, S. K., et al. (2018). Chemical, pharmacological and nutritional quality
assessment of black pepper (Piper nigrum L.) seed cultivars. J. Food Biochem.
42:€12590. doi: 10.1111/jfbc.12590

Ahmad, R, Ahmad, N., Amir, M., Aljishi, F., Alamer, M. H., Al-Shaban, H. R, et al.
(2020). Quality variation and standardization of black pepper (Piper nigrum): A
comparative geographical evaluation based on instrumental and metabolomics
analysis. Biomed. Chromatogr. 34:e4772. doi: 10.1002/bmc.4772

Aly, S. E,, Sabry, B. A., Shaheen, M. S., and Hathout, A. S. (2016). Assessment
of antimycotoxigenic and antioxidant activity of star anise (Illicium verum) in
vitro. J. Saudi Soc. Agric. Sci. 15, 20-27. doi: 10.1016/j.jssas.2014.05.003

Andayany, H., Kelibulin, J. R., and Tuhuteru, A. (2019). Characterstics of minerals
with spectroskopic IR at the gold mining area of botak mountain. IJHMCR 4,
1229-1233. doi: 10.22146/jf1.v22i2.41529

Burits, M., and Bucar, F. (2000). Antioxidant activity = of
Nigella  sativa  essential  oil. ~ Phytother. ~ Res. 14,  323-328.
doi: 10.1002/1099-1573(200008)14:5<323::AID-PTR621>3.0.CO;2-Q

Butt, M. S., Pasha, I, Sultan, M. T. Randhawa, M. A., Saeed, F., and
Ahmed, W. (2013). Black pepper and health claims: a comprehensive
treatise. Crit. Rev. Food Sci. Nutr. 53, 875-886. doi: 10.1080/10408398.2011.
571799

Chavarria, D., Silva, T., Magalhaes E Silva, D., Remido, F., and Borges, F. (2016).
Lessons from black pepper: piperine and derivatives thereof. Expert Opin. Ther.
Pat. 26, 245-264. doi: 10.1517/13543776.2016.1118057

Chaves, J. O., De Souza, M. C., Da Silva, L. C., Lachos-Perez, D., Torres-
Mayanga, P. C., Machado, A. P. D., et al. (2020). Extraction of flavonoids
from natural sources using modern techniques. Front. Chem. 8:25.
doi: 10.3389/fchem.2020.507887

editing. HC: supervision. YL and HC: project administration and
funding acquisition. All authors have read and agreed to the
published version of the manuscript.

FUNDING

This research was funded by National Natural Science
Foundation of China (81902756 and 31971740), Shanghai
Sailing Program (19Y1439900), China Scholarship Council (for
XL), Zhejiang Province Key Research and Development Program
Project (2019C02037), Jiangsu Province Science and Technology
Plan Project (BE2018391), and Social Development Project of
Jiangsu Province (BE2019768). The APC was funded by National
Natural Science Foundation of China (81902756 and 31971740)
and Shanghai Sailing Program (19Y1439900).

ACKNOWLEDGMENTS

The authors gratefully acknowledge Jian Li, Zhejiang A & F
University, for the support of preliminary extraction experiments
and data collection.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fchem.
2021.660138/full#supplementary-material

Chen, W. S,, An, ], Li, J., Hong, L., Xing, Z., and Li, C. (2017). Piperine attenuates
lipopolysaccharide (LPS)-induced inflammatory responses in BV2 microglia.
Int. Immunopharmacol. 42, 44-48. doi: 10.1016/j.intimp.2016.11.001

Cole, M. B., and Keenan, M. H. J. (1987). Effects of weak acids and external pH
on the intracellular pH of Zygosaccharomyces bailii, and its implications in
weak-acid resistance. Yeast 3, 23-32. doi: 10.1002/yea.320030105

Czarnecka, M., Switalska, M., Wietrzyk, J., Maciejewska, G., and Gliszczynska, A.
(2018). Synthesis, characterization, and in vitro cancer cell growth inhibition
evaluation of novel phosphatidylcholines with anisic and veratric acids.
Molecules 23:2022. doi: 10.3390/molecules23082022

Dehghani, S., Noshad, M., Rastegarzadeh, S., Hojjati, M., and Fazlara, A. (2020).
Electrospun chia seed mucilage/PVA encapsulated with green cardamonmum
essential oils: Antioxidant and antibacterial property. Int. J. Biol. Macromol.
161, 1-9. doi: 10.1016/j.ijbiomac.2020.06.023

Destro, B. G. I, Jorge, R. M. M., and Mathias, A. L. (2019). Maximiyation of
essential oil antioxidant capacitz via star anise hzdrodistillation. Braz. J. Chem.
Eng. 36, 1679-1688. doi: 10.1590/0104-6632.20190364520190099

Ding, X., Yang, C., Wang, P,, Yang, Z., and Ren, X. (2020). Effects of star anise
(Illicium verum Hook. f) and its extractions on carcass traits, relative organ
weight, intestinal development, and meat quality of broiler chickens. Poult. Sci.
99, 5673-5680. doi: 10.1016/j.psj.2020.07.009

Dong, W., Lu, Y., Wang, W., Zhang, M., Jing, Y., and Wang, A. (2020). A
sustainable approach to fabricate new 1D and 2D nanomaterials from natural
abundant palygorskite clay for antibacterial and adsorption. Chem. Eng. J.
382:122984. doi: 10.1016/j.cej.2019.122984

Dutta, S., and Bhattacharjee, P. (2017). Nanoliposomal encapsulates of piperine-
rich black pepper extract obtained by enzyme-assisted supercritical carbon
dioxide extraction. J. Food Eng. 201, 49-56. doi: 10.1016/j.jfoodeng.2017.01.006

El-Ghazaly, M. A., Fadel, N. A., Abdel-Naby, D. H., Abd El-Rehim, H. A,
Zaki, H. F,, and Kenawy, S. A. (2020). Potential anti-inflammatory action

Frontiers in Chemistry | www.frontiersin.org

12

May 2021 | Volume 9 | Article 660138


https://www.frontiersin.org/articles/10.3389/fchem.2021.660138/full#supplementary-material
https://doi.org/10.1111/jfbc.12590
https://doi.org/10.1002/bmc.4772
https://doi.org/10.1016/j.jssas.2014.05.003
https://doi.org/10.22146/jfi.v22i2.41529
https://doi.org/10.1002/1099-1573(200008)14:5<323::AID-PTR621>3.0.CO;2-Q
https://doi.org/10.1080/10408398.2011.571799
https://doi.org/10.1517/13543776.2016.1118057
https://doi.org/10.3389/fchem.2020.507887
https://doi.org/10.1016/j.intimp.2016.11.001
https://doi.org/10.1002/yea.320030105
https://doi.org/10.3390/molecules23082022
https://doi.org/10.1016/j.ijbiomac.2020.06.023
https://doi.org/10.1590/0104-6632.20190364s20190099
https://doi.org/10.1016/j.psj.2020.07.009
https://doi.org/10.1016/j.cej.2019.122984
https://doi.org/10.1016/j.jfoodeng.2017.01.006
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Lietal

Multistage Extraction of Biomass

of resveratrol and piperine in adjuvant-induced arthritis: effect on pro-
inflammatory cytokines and oxidative stress biomarkers. Egypt. Rheumatol. 42,
71-77. doi: 10.1016/j.€jr.2019.08.003

Ghazy, O. A., Fouad, M. T., Saleh, H. H., Kholif, A. E.,, and Morsy, T. A.
(2021). Ultrasound-assisted preparation of anise extract nanoemulsion and
its bioactivity against different pathogenic bacteria. Food Chem. 341:128259.
doi: 10.1016/j.foodchem.2020.128259

Goyal, M. (2017). Use of ethnomedicinal plants for prophylaxis and management
of postpartum complications among the Marwari community of Jodhpur
District of Rajasthan. Food Qual. Saf. 1, 203-210. doi: 10.1093/fqsafe/fyx013

Haq, I. U,, Imran, M., Nadeem, M., Tufail, T., Gondal, T. A., and Mubarak, M. S.
(2021). Piperine: a review of its biological effects. Phytother. Res. 35, 680-700.
doi: 10.1002/ptr.6855

Heilmann, J., Wasescha, M. R., and Schmidt, T. J. (2001). The influence of
glutathione and cysteine levels on the cytotoxicity of helenanolide type
sesquiterpene lactones against KB cells. Bioorg. Med. Chem. 9, 2189-2194.
doi: 10.1016/50968-0896(01)00131-6

Hoque, M. S., Benjakul, S., and Prodpran, T. (2011). Properties of film from
cuttlefish (Sepia pharaonis) skin gelatin incorporated with cinnamon,
clove and star anise extracts. Food Hydrocolloids 25, 1085-1097.
doi: 10.1016/j.foodhyd.2010.10.005

Hu, J. L, Liu, Y., Cheng, L. M., Shi, R. J, Qayum, A., Bilawal, A, et al.
(2020). Comparison in bioactivity and characteristics of Ginkgo biloba seed
polysaccharides from four extract pathways. Int. J. Biol. Macromol. 159,
1156-1164. doi: 10.1016/j.ijbiomac.2020.05.129

Hu, L., Xu, Z., Wang, M., Fan, R., Yuan, D., Wu, B,, et al. (2019). The chromosome-
scale reference genome of black pepper provides insight into piperine
biosynthesis. Nat. Commun. 10:4702. doi: 10.1038/s41467-019-12607-6

Huang, J., Liu, Y., Yang, L., and Zhou, F. (2019). Synthesis of sulfonated chitosan
and its antibiofilm formation activity against E. coli and S. aureus. Int. J. Biol.
Macromol. 129, 980-988. doi: 10.1016/j.ijbiomac.2019.02.079

Hui, A., Yan, R,, Mu, B, Kang, Y., Zhou, Y., and Wang, A. (2020). Preparation
and antibacterial activity of ZnO/palygorskite nanocomposites using different
types of surfactants. J. Inorg. Organomet. Polym. Mater. 30, 3808-3817.
doi: 10.1007/s10904-020-01613-7

Ibrahim, M., Mattar, Z., Abdel-Khalek, H., and Azzam, Y. (2017). Evaluation
of antibacterial efficacy of anise wastes against some multidrug resistant
bacterial isolates. J. Radiat. Res. Appl. Sci. 10, 34-43. doi: 10.1016/j.jrras.2016.
11.002

Jeyakumar, N., and Narayanasamy, B. (2020). Effect of natural antioxidants on
oxidation stability of jackfruit seed oil (Artocarpus heterophyllus) biodiesel.
Energy Sour. A 1-17. doi: 10.1080/15567036.2020.1746442

Jia, J., Sun, Y., Zhang, Y., Liu, Q., Cao, J., Huang, G., et al. (2020). Facile
and efficient fabrication of bandgap tunable carbon quantum dots derived
from anthracite and their photoluminescence properties. Front. Chem. 8:123.
doi: 10.3389/fchem.2020.00123

Jing, Y., Mu, B., Zhang, M., Wang, L., Zhong, H., Liu, X,, et al. (2020).
Zinc-loaded palygorskite nanocomposites for catheter coating with excellent
antibacterial and anti-biofilm properties. Colloids Surf. A 600:124965.
doi: 10.1016/j.colsurfa.2020.124965

Kamoun, J., Rahier, R., Sellami, M., Koubaa, I., Mansuelle, P., Lebrun, R., et al.
(2019). Identification of a new natural gastric lipase inhibitor from star anise.
Food Funct. 10, 469-478. doi: 10.1039/C8F002009D

Li, H, Li, X, Jain, P., Peng, H., Rahimi, K., Singh, S., et al. (2020). Dual-
degradable biohybrid microgels by direct cross-linking of chitosan and
dextran using azide-alkyne cycloaddition. Biomacromolecules. 21, 4933-4944.
doi: 10.1021/acs.biomac.0c01158

Li, H., Mergel, O., Jain, P., Li, X., Peng, H., Rahimi, K, et al. (2019).
Electroactive and degradable supramolecular microgels. Soft Matter 15,
8589-8602. doi: 10.1039/CISM01390C

Li, X., Li, H., Zhang, C., Pich, A., Xing, L., and Shi, X. (2021a). Intelligent
nanogels with self-adaptive responsiveness for improved tumor drug
delivery and augmented chemotherapy. Bioact. Mater. 6, 3473-3484.
doi: 10.1016/j.bioactmat.2021.03.021

Li, X, Lu, S., Xiong, Z., Hu, Y., Ma, D., Lou, W., et al. (2019). Light-
addressable nanoclusters of ultrasmall iron oxide nanoparticles for enhanced
and dynamic magnetic resonance imaging of arthritis. Adv. Sci. 6:1901800.
doi: 10.1002/advs.201901800

Li, X,, Ouyang, Z, Li, H, Hu, C, Saha, P, Xing, L. et al. (2021b).
Dendrimer-decorated nanogels: Efficient nanocarriers for biodistribution in
vivo and chemotherapy of ovarian carcinoma. Bioact. Mater. 6, 3244-3253.
doi: 10.1016/j.bioactmat.2021.02.031

Li, X, Shi, J. R, Yang, M. S, Lu, Y, Chen, L, and Cao, H. R.
(2016a). Study on the extraction, geometry structure and spectral
characterization of piperine alkaloid. Spectrosc. Spect. Anal. 36, 2082-2088.
doi: 10.3964/j.issn.1000-0593(2016)07-2082-07

Li, X,, Sun, H,, Li, H,, Hu, C,, Luo, Y., Shi, X,, et al. (2021c). Multi-responsive
biodegradable cationic nanogels for highly efficient treatment of tumors. Adv.
Funct. Mater. 2100227. doi: 10.1002/adfm.202100227

Li, X,, Xing, L., Hu, Y., Xiong, Z., Wang, R, Xu, X,, et al. (2017a). An RGD-
modified hollow silica@Au core/shell nanoplatform for tumor combination
therapy. Acta Biomater. 62, 273-283. doi: 10.1016/j.actbio.2017.08.024

Li, X,, Xing, L., Zheng, K., Wei, P., Du, L., Shen, M,, et al. (2017b). Formation
of gold nanostar-coated hollow mesoporous silica for tumor multimodality
imaging and photothermal therapy. ACS Appl. Mater. Interfaces 9, 5817-5827.
doi: 10.1021/acsami.6b15185

Li, X,, Xiong, Z., Xu, X., Luo, Y., Peng, C., Shen, M., et al. (2016b). 99mTc-labeled
multifunctional low-generation dendrimer-entrapped gold nanoparticles for
targeted SPECT/CT dual-mode imaging of tumors. ACS Appl. Mater. Interfaces
8,19883-19891. doi: 10.1021/acsami.6b04827

Li, X., Yang, M., Shi, X., Chu, X,, Chen, L., Wu, Q., et al. (2015). Effect of
the intramolecular hydrogen bond on the spectral and optical properties in
chitosan oligosaccharide. Phys. E 69, 237-242. doi: 10.1016/j.physe.2015.01.043

Li, X, Yu, S., Yang, M., Xu, C., Wang, Y., and Chen, L. (2014). Electronic structure
analysis of glycine oligopeptides and glycine-tryptophan oligopeptides. Phys. E
57, 63-68. doi: 10.1016/j.physe.2013.10.028

Lin, H. Y., Chang, T. C,, and Chang, S. T. (2018). A review of antioxidant and
pharmacological properties of phenolic compounds in Acacia confusa. J. Tradit.
Med. Complement. Ther. 8, 443-450. doi: 10.1016/j.jtcme.2018.05.002

Liu, H.,, Qiu, N., Ding, H., and Yao, R. (2008). Polyphenols contents and
antioxidant capacity of 68 Chinese herbals suitable for medical or food uses.
Int. Food Res. ]. 41, 363-370. doi: 10.1016/j.foodres.2007.12.012

Liu, J.,, Liu, X,, Wu, J, and Li, C. C. (2020). Total synthesis of natural
products containing a bridgehead double bond. Chem 6, 579-615.
doi: 10.1016/j.chempr.2019.12.027

Liu, Q., Zhang, M. Bhandari, B., Xu, J, and Yang, C. (2020). Effects
of nanoemulsion-based active coatings with composite mixture of
star anise essential oil, polylysine, and nisin on the quality and shelf
life of ready-to-eat Yao meat products. Food Control, 107:106771.
doi: 10.1016/j.foodcont.2019.106771

Maiti, S., Moon, U. R., Bera, P., Samanta, T., and Mitra, A. (2014). The in vitro
antioxidant capacities of Polianthes tuberosa L. flower extracts. Acta Physiol.
Plant. 36, 2597-2605. doi: 10.1007/s11738-014-1630-9

Mathammal, R., Jayamani, N., and Geetha, N. (2013). Molecular structure, NMR,
HOMO, LUMO, and vibrational analysis of O-anisic acid and anisic acid based
on DFT calculations. J. Spectrosc. 2013:171735. doi: 10.1155/2013/171735

Moghaddasi, F., Housaindokht, M. R., Darroudi, M., Bozorgmehr, M. R,, and
Sadeghi, A. (2018). Synthesis of nano curcumin using black pepper oil by O/W
Nanoemulsion Technique and investigation of their biological activities. LWT
92, 92-100. doi: 10.1016/j.1wt.2018.02.023

Moniri Javadhesari, S., Alipour, S., Mohammadnejad, S., and Akbarpour, M. R.
(2019). Antibacterial activity of ultra-small copper oxide (II) nanoparticles
synthesized by mechanochemical processing against S. aureus and E. coli.
Mater. Sci. Eng. C 105:110011. doi: 10.1016/j.msec.2019.110011

Nasrollahi, S., Ghoreishi, S. M., Ebrahimabadi, A. H., and Khoobi, A. (2019). Gas
chromatography-mass spectrometry analysis and antimicrobial, antioxidant
and anti-cancer activities of essential oils and extracts of Stachys schtschegleevii
plant as biological macromolecules. Int. J. Biol. Macromol. 128, 718-723.
doi: 10.1016/j.ijbiomac.2019.01.165

Ngilirabanga, J. B., Aucamp, M., Pires Rosa, P., and Samsodien, H. (2020).
Mechanochemical =~ synthesis and physicochemical of
isoniazid and pyrazinamide co-crystals with glutaric acid. Front. Chem.
8, 595908-595908. doi: 10.3389/fchem.2020.595908

Olatunde, O. O., and Benjakul, S. (2018). Natural preservatives for extending the
shelf-life of seafood: a revisit. Compr. Rev. Food Sci. Food Saf. 17, 1595-1612.
doi: 10.1111/1541-4337.12390

characterization

Frontiers in Chemistry | www.frontiersin.org

13

May 2021 | Volume 9 | Article 660138


https://doi.org/10.1016/j.ejr.2019.08.003
https://doi.org/10.1016/j.foodchem.2020.128259
https://doi.org/10.1093/fqsafe/fyx013
https://doi.org/10.1002/ptr.6855
https://doi.org/10.1016/S0968-0896(01)00131-6
https://doi.org/10.1016/j.foodhyd.2010.10.005
https://doi.org/10.1016/j.ijbiomac.2020.05.129
https://doi.org/10.1038/s41467-019-12607-6
https://doi.org/10.1016/j.ijbiomac.2019.02.079
https://doi.org/10.1007/s10904-020-01613-7
https://doi.org/10.1016/j.jrras.2016.11.002
https://doi.org/10.1080/15567036.2020.1746442
https://doi.org/10.3389/fchem.2020.00123
https://doi.org/10.1016/j.colsurfa.2020.124965
https://doi.org/10.1039/C8FO02009D
https://doi.org/10.1021/acs.biomac.0c01158
https://doi.org/10.1039/C9SM01390C
https://doi.org/10.1016/j.bioactmat.2021.03.021
https://doi.org/10.1002/advs.201901800
https://doi.org/10.1016/j.bioactmat.2021.02.031
https://doi.org/10.3964/j.issn.1000-0593(2016)07-2082-07
https://doi.org/10.1002/adfm.202100227
https://doi.org/10.1016/j.actbio.2017.08.024
https://doi.org/10.1021/acsami.6b15185
https://doi.org/10.1021/acsami.6b04827
https://doi.org/10.1016/j.physe.2015.01.043
https://doi.org/10.1016/j.physe.2013.10.028
https://doi.org/10.1016/j.jtcme.2018.05.002
https://doi.org/10.1016/j.foodres.2007.12.012
https://doi.org/10.1016/j.chempr.2019.12.027
https://doi.org/10.1016/j.foodcont.2019.106771
https://doi.org/10.1007/s11738-014-1630-9
https://doi.org/10.1155/2013/171735
https://doi.org/10.1016/j.lwt.2018.02.023
https://doi.org/10.1016/j.msec.2019.110011
https://doi.org/10.1016/j.ijbiomac.2019.01.165
https://doi.org/10.3389/fchem.2020.595908
https://doi.org/10.1111/1541-4337.12390
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Lietal

Multistage Extraction of Biomass

Orrillo, 1., Cruz-Tirado, J. P., Cardenas, A., Oruna, M., Carnero, A., Barbin,
D. F., et al. (2019). Hyperspectral imaging as a powerful tool for
identification of papaya seeds in black pepper. Food Control 101, 45-52.
doi: 10.1016/j.foodcont.2019.02.036

Patra, J. K., Das, G., Bose, S., Banerjee, S., Vishnuprasad, C. N., Del Pilar Rodriguez-
Torres, M., et al. (2020). Star anise (Illicium verum): Chemical compounds,
antiviral properties, and clinical relevance. Phytother. Res. 34, 1248-1267.
doi: 10.1002/ptr.6614

Pavinatto, A., De Almeida Mattos, A. V., Malpass, A. C., Okura, M. H., Balogh,
D. T., and Sanfelice, R. C. (2020). Coating with chitosan-based edible films for
mechanical/biological protection of strawberries. Int. J. Biol. Macromol. 151,
1004-1011. doi: 10.1016/j.ijbiomac.2019.11.076

Pei, H., Xue, L., Tang, M., Tang, H., Kuang, S., Wang, L., et al. (2020). Alkaloids
from black pepper (Piper nigrum L.) exhibit anti-inflammatory activity in
murine macrophages by inhibiting activation of NF-kB pathway. J. Agric. Food
Chem. 68, 2406-2417. doi: 10.1021/acs.jafc.9b07754

Phuna, Z. X,, Yu, J. K. E,, Tee, J. Y., Chuah, S. Q., Tan, N. W. H,, Vijayabalan, S.,
et al. (2020). In vitro evaluation of nanoemulsions of curcumin, piperine, and
tualang honey as antifungal agents for candida species. J. Appl. Biotechnol. Rep.
7, 189-197. doi: 10.30491/jabr.2020.109997

Politeo, O., Juki¢, M., and Milo§, M. (2006). Chemical composition and antioxidant
activity of essential oils of twelve spice plants. Croat. Chem. Acta 79, 545-552.
Available online at: https://hrcak.srce.hr/5761

Prakash, B., Shukla, R., Singh, P., Mishra, P. K., Dubey, N. K., and Kharwar,
R. N. (2011). Efficacy of chemically characterized Ocimum gratissimum L.
essential oil as an antioxidant and a safe plant based antimicrobial against
fungal and aflatoxin B1 contamination of spices. Food Res. Int. 44, 385-390.
doi: 10.1016/j.foodres.2010.10.002

Rawat, G., Tripathi, P., Jahan, F., and Saxena, R. K. (2013). A natural
isolate producing shikimic acid: isolation, identification, and culture
condition optimization. Appl. 169, 2290-2302.
doi: 10.1007/s12010-013-0150-1

Ruiz-Capillas, C., and Herrero, A. M. (2019). Impact of biogenic amines on food
quality and safety. Foods 8:62. doi: 10.3390/foods8020062

Sandra, H., and Elaine, S. W. (2020). Acute complications and sequelae from
foodborne infections: Informing priorities for cost of foodborne illness
estimates. Foodborne Pathog. Dis. 17, 172-177. doi: 10.1089/fpd.2019.2664

Sardjono, R. E., Kadarohman, A., and Mardhiyah, A. (2012). Green synthesis of
some calix[4]resorcinarene under microwave irradiation. Procedia Chem. 4,
224-231. doi: 10.1016/j.proche.2012.06.031

Shin, J. S, Ku, K. B, Jang, Y., Yoon, Y. S., Shin, D., Kwon, O. S, et al.
(2017). Comparison of anti-influenza virus activity and pharmacokinetics of
oseltamivir free base and oseltamivir phosphate. J. Microbiol. 55, 979-983.
doi: 10.1007/s12275-017-7371-x

Sriwiriyajan, S., Tedasen, A., Lailerd, N., Boonyaphiphat, P., Nitiruangjarat,
A., Deng, Y., et al. (2016). Anticancer and cancer prevention effects
of piperine-free  Piper  nigrum N-nitrosomethylurea-
induced mammary tumorigenesis in rats. Cancer Prev. Res. 9, 74-82.
doi: 10.1158/1940-6207.CAPR-15-0127

Suhem, K., Matan, N., Matan, N., Danworaphong, S., and Aewsiri, T. (2015).
Improvement of the antifungal activity of Litsea cubeba vapor by using a
helium-neon (He-Ne) laser against Aspergillus flavus on brown rice snack
bars. Int. J. Food Microbiol. 215, 157-160. doi: 10.1016/j.ijffoodmicro.2015.
09.008

Sun, D. Y., Chen, X. W,, and Zhu, C. H. (2020). Physicochemical properties
and antioxidant activity of pectin from hawthorn wine pomace: a comparison
of different extraction methods. Int. J. Biol. Macromol. 158, 1239-1247.
doi: 10.1016/j.ijbiomac.2020.05.052

Szymulanska-Ramamurthy, K. M., Zhao, M., and Che, C. T. (2017). Phytochemical
study of Illicium angustisepalum and its biological activities. Acta Pharm. Sin.
B 7, 485-490. doi: 10.1016/j.apsb.2017.06.002

Tao, L., Wang, S, Zhao, Y. Sheng, X, Wang, A, Zheng, S. et al
(2014). Phenolcarboxylic acids from medicinal herbs exert anticancer

Biochem.  Biotechnol.

extract on

effects through disruption of COX-2 activity. Phymed 21, 1473-1482.
doi: 10.1016/j.phymed.2014.05.001

Teymourinia, H., Salavati-Niasari, M., Amiri, O., and Yazdian, F. (2019).
Application of green synthesized TiO2/Sb253/GQDs nanocomposite as high
efficient antibacterial agent against E. coli and Staphylococcus aureus. Mater.
Sci. Eng. C 99, 296-303. doi: 10.1016/j.msec.2019.01.094

Thompson, L. A., and Darwish, W. S. (2019). Environmental chemical
contaminants in food: review of a global problem. J. Toxicol. 2019:2345283.
doi: 10.1155/2019/2345283

Tiwari, A., Mahadik, K. R., and Gabhe, S. Y. (2020). Piperine: A comprehensive
review of methods of isolation, purification, and biological properties. Med.
Drug Discovery 7:100027. doi: 10.1016/j.medidd.2020.100027

Tran, T. H., Ke Ha, L., Nguyen, D. C,, Dao, T. P., Thi Hong Nhan, L., Nguyen, D.
H., et al. (2019). The study on extraction process and analysis of components
in essential oils of black pepper (Piper nigrum L.) seeds harvested in gia lai
province, vietnam. Processes 7:56. doi: 10.3390/pr7020056

Vichiansiri, R., Johns, N. P., Thankham, A., and Padumanonda, T. (2020).
Comparative effectiveness of thai herbal formula (Thor-Ra-Nee-San-Tha-Kat)
versus naproxen for chronic myofascial pain: a pilot randomized-controlled
trial. J. Altern. Complement. Med. 27, 73-79. doi: 10.1089/acm.2020.0270

Wang, Y., Chen, L., Chaisiwamongkhol, K., and Compton, R. G. (2020).
Electrochemical quantification of piperine in black pepper. Food Chem.
309:125606. doi: 10.1016/j.foodchem.2019.125606

Wang, Y., Li, M. F., Wang, L., Tan, ], Li, R,, Jiang, Z. T., et al. (2021). Improvement
of the stabilities and antioxidant activities of polyphenols from the leaves of
Chinese star anise (Illicium verum Hook. f.) using B-cyclodextrin-based metal-
organic frameworks. J. Sci. Food Agric. 101, 287-296. doi: 10.1002/jsfa.10642

Warth, A. D. (1988). Effect of benzoic acid on growth yield of yeasts differing
in their resistance to preservatives. Appl. Environ. Microbiol. 54, 2091-2095.
doi: 10.1128/AEM.54.8.2091-2095.1988

Xing, L., Li, X,, Xing, Z., Li, F., Shen, M., Wang, H., et al. (2020). Silica/gold
nanoplatform combined with a thermosensitive gel for imaging-guided
interventional therapy in PDX of pancreatic cancer. Chem. Eng. J. 382:122949.
doi: 10.1016/j.cej.2019.122949

Yeoh, C. B, Yusof, N. A, Chong, C. L., Saw, M. H., and Tan, Y. A. (2015).
Study toward the preparation of aqueous compatible shikimic acid imprinted
polymer. J. Oil Palm Res. 27, 90-96.

Yousefi, H., Su, H. M., Imani, S. M. Alkhaldi, K., M., Filipe, C. D,
et al. (2019). Intelligent food packaging: a review of smart sensing
technologies for monitoring food quality. ACS Sens. 4, 808-821.
doi: 10.1021/acssensors.9b00440

Yu, C, Zhang, J., and Wang, T. (2020). Star anise essential oil: chemical
compounds, antifungal and antioxidant activities: a review. J. Essent. Oil Res.
33, 1-22. doi: 10.1080/10412905.2020.1813213

Zhang, G., Yuan, C., and Sun, Y. (2018). Effect of selective encapsulation of
hHydroxypropyl-p-cyclodextrin on components and antibacterialproperties
of star anise essential oil. Molecules 23:1126. doi: 10.3390/molecules230
51126

Zhong, H., Mu, B., Zhang, M., Hui, A., Kang, Y., and Wang, A. (2020). Preparation
of effective carvacrol/attapulgite hybrid antibacterial materials by mechanical
milling. J. Porous Mater. 27, 843-853. doi: 10.1007/510934-020-00863-7

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Li, Wu, Li, Cao, Li, Cao and Men. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Chemistry | www.frontiersin.org

May 2021 | Volume 9 | Article 660138


https://doi.org/10.1016/j.foodcont.2019.02.036
https://doi.org/10.1002/ptr.6614
https://doi.org/10.1016/j.ijbiomac.2019.11.076
https://doi.org/10.1021/acs.jafc.9b07754
https://doi.org/10.30491/jabr.2020.109997
https://hrcak.srce.hr/5761
https://doi.org/10.1016/j.foodres.2010.10.002
https://doi.org/10.1007/s12010-013-0150-1
https://doi.org/10.3390/foods8020062
https://doi.org/10.1089/fpd.2019.2664
https://doi.org/10.1016/j.proche.2012.06.031
https://doi.org/10.1007/s12275-017-7371-x
https://doi.org/10.1158/1940-6207.CAPR-15-0127
https://doi.org/10.1016/j.ijfoodmicro.2015.09.008
https://doi.org/10.1016/j.ijbiomac.2020.05.052
https://doi.org/10.1016/j.apsb.2017.06.002
https://doi.org/10.1016/j.phymed.2014.05.001
https://doi.org/10.1016/j.msec.2019.01.094
https://doi.org/10.1155/2019/2345283
https://doi.org/10.1016/j.medidd.2020.100027
https://doi.org/10.3390/pr7020056
https://doi.org/10.1089/acm.2020.0270
https://doi.org/10.1016/j.foodchem.2019.125606
https://doi.org/10.1002/jsfa.10642
https://doi.org/10.1128/AEM.54.8.2091-2095.1988
https://doi.org/10.1016/j.cej.2019.122949
https://doi.org/10.1021/acssensors.9b00440
https://doi.org/10.1080/10412905.2020.1813213
https://doi.org/10.3390/molecules23051126
https://doi.org/10.1007/s10934-020-00863-7
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Multistage Extraction of Star Anise and Black Pepper Derivatives for Antibacterial, Antioxidant, and Anticancer Activity
	Introduction
	Materials and Methods
	Materials
	Diverse Extractives of Star Anise
	The Extraction and Purification of Anise Oil
	Anisic Acid Extraction and Preparation of Methyl Anisate
	Shikimic Acid Extraction and Methyl Shikimate Preparation

	Extractives of Black Pepper
	The Extraction and Purification of Piperine
	Piperic Acid Extraction and Methyl Piperate Preparation

	Methods
	Antibacterial Activity Study
	Antioxidant Activity Study
	Anticancer Profiles

	Results
	Characterizations of Anise Oil
	Characterizations of Anisic Acid and Methyl Anisate
	Characterizations of Shikimic Acid and Methyl Shikimate
	Bioactivity Studies of the Biomasses Obtained From Star Anise
	Antibacterial Activity of Anise Oil, Anisic Acid, and Shikimic Acid
	Antioxidant Activity of Anise Oil, Anisic Acid, Methyl Anisate, Shikimic Acid, and Methyl Shikimate

	Characterization of Piperine
	Characterization of Piperic Acid and Methyl Piperate
	Bioactivity Studies of Piperine and Methyl Piperate
	Anticancer Activities of Piperine and Methyl Piperate
	Antibacterial Activity of Piperine and Methyl Piperate


	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


