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Abstract
Cannabinoids are very valuable natural products of industrial hemp. In this work, the high-pressure ultrasonic-assisted 
extraction (HUE) technique was employed for the first time to extract cannabinoids from industrial hemp leaves. A max-
imum extraction yield (60.02 ± 0.09 mg/g) was obtained through the single-factor experiments, which was much higher 
compared to ultrasonic-assisted extraction (UE, 42.88 ± 0.02 mg/g) and stirring extraction (SE, 35.35 ± 0.07 mg/g). The 
optimized HUE conditions were: extraction time was 40 min, EtOH concentration was 60%, extraction temperature 
was 60 °C, ultrasonic power was 400 W, RL/S was 20 mL/g, stirring rate was 400 rpm, and extraction pressure was 0.6 
MPa. The total phenolic content (TPC, 244.36 ± 0.84 mg GAE/g extract) and the total flavonoids content (TFC, 0.27 ± 
0.02 mg RE/g extract) of the HUE extract were also the highest. The HUE mechanism was revealed to some extent by 
several characterizations including surface morphology that HUE could deeply destroy the structure of leave particles. 
Furthermore, the in vitro antioxidant activity of HUE extract was the best among the three extracts. The EC50 values 
against DPPH and ABTS were 0.28 mg/mL and 0.25 mg/mL, respectively. In summary, this work confirmed that HUE 
was a suitable method for extracting cannabinoids and the obtained extract with a high content of cannabinoids had 
great application values.

Keywords: Hemp; Cannabinoids; High-pressure ultrasonic-assisted extraction; Antioxidant activity; Characterization

1. Introduction
Hemp (Cannabis sativa L.) has been used for thou-

sands of years as an economic crop. There were many re-
cords about hemp in Chinese ancient medical works, such 
as Shengnong’s Herbal Classic and The Yellow Emperor’s 
Canon of Internal Medicine. Ancient Egypt, ancient India, 
and some European countries also had a history of using 
hemp to treat eye diseases and pain.1 Because of the addic-
tive property of the tetrahydrocannabinol (THC) compo-
nent, the application of hemp was once heavily restricted. 
However, with the development of the research on can-
nabinoids, it has been found that their biological activities 
are very good. Meanwhile, the content of THC can be re-

duced to less than 0.3% through existing techniques, to 
obtain industrial hemp.2 Therefore, the industrial hemp 
industry is growing rapidly.

Cannabinoids are a class of phenolic terpenoid com-
pounds, which are mainly produced in hemp flowers, 
leaves, and stems.3 Cannabidiol (CBD) and THC are the 
two main cannabinoids. Up to now, cannabinoids have 
been reported to possess many pharmacological activities, 
such as anticancer, neuroprotective, antioxidative, anti-in-
flammatory, antiepileptic, antipsychotic, antibacterial, and 
immune-suppressive activities.4–8 Therefore, cannabinoids 
have great application value in the fields of functional 
food, drug, and daily chemicals.

Some conventional organic solvents including meth-
anol, butane, chloroform, and hexane were used for the ex-
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traction of cannabinoids from hemp.9, 10 But the disadvan-
tages of solvent extraction are the low extraction yield and 
solvent toxicity, which could not meet the green chemistry 
requirement. According to the available reports, several 
new extraction techniques, such as supercritical fluid ex-
traction,11 microwave-assisted extraction,12 pressurized 
liquid extraction,13 and subcritical extraction14 have been 
found to simplify the process, reduce pollution, and im-
prove the extraction yield of cannabinoids. However, these 
techniques all require high cost and can not be applied in 
practical production in a short time. Moreover, unusual 
extraction conditions might can damage complete features 
of effective constituents.

High-pressure ultrasonic-assisted extraction (HUE) 
is an emerging extraction technique combining ultra-
sonic-assisted extraction with high pressure, which has 
the advantages of high efficiency, relatively low cost, high 
extraction yield, and good reproducibility.15 HUE can fa-
cilitate extraction in two ways. On the one hand, the use 
of high pressure can enhance ultrasonic power by creat-
ing shear forces, which promote the destruction of the 
cell wall and membrane through cavitation mechanical 
effects.16 And then the exudation and diffusion of intracel-
lular substances from cells into the solvent are accelerated. 
On the other hand, high pressure can facilitate the disso-
lution of active components and reduce the viscosity and 
surface tension of the solvent. These characteristics make 

HUE particularly suitable for the extraction of bioactive 
ingredients. It was reported that Hovenia dulcis polysac-
charides were extracted by HUE and an extraction yield 
of 11.81% was obtained.17 In summary, HUE can improve 
extraction efficiency and reduce production cost, which is 
of great significance for industrial production that needs 
to deal with a large number of raw materials. In the fu-
ture, HUE is expected to be further combined with other 
emerging technologies to form a more efficient extraction 
process. And with the continuous maturity of technology, 
the manufacturing cost of HUE equipment is expected to 
gradually reduce. Therefore, the HUE technique has good 
practical industrial applicability and broad future pros-
pects. Besides, the HUE technique has not yet been em-
ployed to extract cannabinoids from industrial hemp.

Hence, the purpose of this study was to explore the 
application effect of HUE for the extraction of cannabi-
noids from industrial hemp leaves. HUE was used for ex-
tracting cannabinoids and the extraction conditions were 
optimized by single-factor experiments. Ultrasonic-as-
sisted extraction (UE) and stirring extraction (SE) were 
employed for comparison of extraction effects with HUE. 
Several physicochemical characterizations were carried 
out to find evidence related to the extraction mechanism 
of HUE. Besides, the antioxidant activity of the obtained 
extracts was investigated. This work expanded the appli-
cation scope of HUE and the experimental results could 

Fig. 1. Schematic representation of the preparation of HUE extract.
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promote the potential utilization of HUE in the field of 
industrial hemp.

2. Materials and Methods
2. 1. Materials and Reagents

Industrial hemp leaves and hemp full-spectrum oil 
(used as standard) were supplied by Yunnan Hempmon 
Pharmaceutical Co., Ltd. (Yunnan, China). Because of 
the instability, cannabidiolic acid (CBDA) is easily trans-
formed into CBD via decarboxylation. Therefore, the 
leaves were pre-processed for 1 h at 120 °C to achieve the 
decarboxylation of CBDA. Subsequently, as shown in Fig. 
1, the leaves were treated with high-speed crushing and 
filtered through 60-mesh sieves to obtain leave powders 
for further extraction.

2,2’-azinabis(3-ethyl-benzothiazoline-6-sulfonic 
acid)diammonium salt (ABTS, 98%, CAS: 30931-67-0), 
1,1-diphenyl-2-picrylhydrazyl (DPPH, 98%, CAS: 1898-
66-4), and chromatographically pure reagents were bought 
from Aladdin Biochemical Technology Co., Ltd (Los An-
geles, USA). KBr (CAS: 7758-02-3) was purchased from 
Macklin Biochemical Technology Co., Ltd (Shanghai, Chi-
na). Rutin (CAS: 153-18-4), gallic acid (CAS: 149-91-7), 
and other analytically pure chemicals were supplied by 
Sinopharm Group Co., Ltd. (Shanghai, China).

2.2. Extraction of Cannabinoids by HUE
The high-pressure ultrasonic extraction equipment 

described in Fig. 1 was used in this work. T﻿he ultrasonic fre-
quency is 20 kHz. It consists of an ultrasonic generator (UG), 
a high-pressure gas bottle (HGB), an ultrasonic amplitude 
transformer (UAT), a heating jacket (HJ), and a magnetic 
high-pressure extraction reactor (MHR). Besides, MHR also 
includes an inlet valve, a vent valve, and a safety valve. The 
UAT which was immersed in the extraction solution was 
employed to generate ultrasound with different powers.

Cannabinoids were extracted from industrial hemp 
leaves using this equipment. Briefly, 2 g leave powders were 
blended with 40 mL 60% (v/v) EtOH and the obtained 
mixture was added to the MHR. Meanwhile, the MHR 
began to be heated by the heating jacket to 60 °C. Nitro-
gen was injected into the MHR through the HGB. When 
a pressure of 0.6 MPa (monitored by the safety valve) was 
achieved, the ultrasonic generator with an ultrasonic pow-
er of 400 W was started and the magnetic stirring rate of 
solution was set at 500 rpm. The whole extraction time was 
40 min. Finally, the solution was taken out and centrifuged 
for 5 min at 4000 r/min. The obtained supernatant liquid 
was lyophilized by a freeze dryer (FD-1A-50, BioCool 
Experimental Instruments, China) to obtain the HUE 
extract. The extraction residue was also dried for further 
use. The above parameter is an example of single-factor 
experiments.

2. 2. 1. Single-factor Experiments of HUE

The extraction of cannabinoids from industrial 
hemp leaves was optimized through single-factor exper-
iments. Extraction pressure (0.1, 0.2, 0.4, 0.6, 0.8 MPa), 
extraction time (10, 20, 30, 40, 50 min), ultrasonic power 
(100, 200, 300, 400, 500 W), EtOH concentration (30, 40, 
50, 60, and 70%, v/v), liquid to solid ratio (RL/S, 5, 10, 20, 
30, 40 mL/g), extraction temperature (30, 40, 50, 60, 70 
°C), and stirring rate (100, 200, 300, 400, 500 rpm) were 
separately investigated to evaluate the effect of a single var-
iable on the extraction yield of cannabinoids (YC). Then 
an optimal extraction condition of HUE was obtained for 
extracting cannabinoids. The formula for calculating the 
YC was presented in Eq. (1).

� (1)

2. 2. 2. Extraction of Cannabinoids by UE and SE
Ultrasonic-assisted extraction (UE) and stirring 

extraction (SE) were employed in this work to compare 
the extraction effect with HUE. To ensure the reliability 
of the experiment results, the extraction process was still 
carried out through the above mentioned high-pressure 
ultrasonic equipment. For UE, only high pressure was not 
involved and ordinary pressure was adopted in the UE 
process. For SE, high pressure and ultrasonic treatments 
were not adopted, and cannabinoids were extracted only 
by magnetic stirring. The extraction conditions of UE and 
SE were also determined by single-factor experiments. The 
YC, structure, and bioactivity of HUE, UE, and SE extracts 
were compared in subsequent experiments.

2. 3. Quantitative Analysis of Cannabinoids

Ultraviolet-visible (UV-vis) analysis was used to 
complete the quantification of cannabinoids by a UV-2802 

Fig. 2. The calibration curve of hemp full-spectrum oil.
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UV-vis spectrophotometer (Unico Instrument, China). 2 
mL extracting solution with an appropriate dilution was 
added to a quartz colorimetric dish and then the dish was 
detected at 220 nm to obtain the absorbance (Abs) of the 
samples. As displayed in Fig. 2, hemp full-spectrum oil 
was used as the standard and the calibration curve was y = 
0.0553x + 0.0427 (R2 > 0.999, 0–50 μg/mL), where y and x 
were Abs and concentration.

2. 4. �Determination of Total Phenolic Content 
(TPC) and Total Flavonoids Content 
(TFC)
The TPC of the extracts was measured through the 

Folin-Ciocalteu method.18 Briefly, 1 mL Folin-Ciocalteu 
reagent was mixed with 1 mL sample solution (500 μg/
mL). 3 mL Na2CO3 solution (20%, w/w) was then blended 
with the obtained solution. After mixing well, the solution 
was treated with a 50 °C water bath for 30 min. The Abs 
of 765 nm was determined by UV-vis spectroscopy. Gallic 
acid was the reference and the calibration curve was y = 
0.0349 + 0.0137x (R2 > 0.99, 0–125 μg/mL), where y and 
x were Abs and concentration. The data were displayed as 
mg of gallic acid equivalents (GAE) per g of extracts.

The TFC of the extracts was measured according to 
a commonly used method with minor changes.19 Briefly, 
0.3 mL NaNO2 solution (5%, w/w) was blended with 4 mL 
sample solution. 0.3 mL Al(NO3)3 solution (10%, w/w) 
was added to the obtained solution after 6 min. Next, 3 
mL NaOH solution (4%, w/w) and 15 mL deionized water 
were also added after 6 min. Finally, the Abs of 510 nm 
was obtained after 10 min. Rutin was the reference and 
the calibration curve was y = 0.0363 + 1.8049x (R2 > 0.99, 
0–750 μg/mL). TFC was expressed as mg of rutin equiva-
lents (RE) per g of samples.

2. 5. �Fourier Transform Infrared Spectroscopy 
(FT-IR) Analysis
FT-IR spectra of the extracts were scanned by a 

NICOLET iS50 FT-IR spectrometer (Thermo Scientific, 
USA) in the range of 4000 cm–1 and 400 cm–1 with an opti-
cal resolution of 4 cm–1. The number of scans was 64. Each 
extract was blended uniformly with KBr with a quality ratio 
of 1:100 and then pressed into a thin sheet for detection.

2. 6. �Powder X-ray Diffraction (PXRD) 
Analysis
PXRD curves of the extracts were collected to com-

pare their crystalline or amorphous structures. The de-
tection was carried out on an Empyrean powder X-ray 
diffractometer (PANalytical B.V., The Netherlands) using 
Cu Kα (wavelength = 1.5406 Å) at 40 mA/40 kV. The dif-
fraction data were recorded between 5° and 80° with a step 
size of 0.01°.

2. 7. Surface Morphology Analysis
The surface morphology of the extracts and extrac-

tion residues was acquired via a Gemini 300 field emission 
scanning electron microscope (FE-SEM, ZEISS, Germa-
ny). Before the observation, the sample powders were uni-
formly adhered to a brass sample stage using a double-sid-
ed carbon tape and then the sample stage was metallized 
with gold sputter under vacuum condition to remove the 
charging effect.

2. 8. In vitro Antioxidant Activity
The antioxidant activity of different extracts was in-

vestigated by free radical scavenging assays. DPPH and 
ABTS free radicals were frequently used in scientific re-
search and both were employed for this work. For quick de-
tection, 96-well plates were used. In the DPPH scavenging 
assay, 100 μL prepared DPPH solution (0.2 mmol/L) was 
blended with 100 μL sample solution of different concentra-
tions. The plate was incubated in the dark for 30 min and the 
Abs of 520 nm was measured by a Multiskan FC microplate 
reader (Thermo Scientific, USA). The scavenging ability of 
the extracts was calculated as the percentage of clearance by 
Eq. (2). The EC50 value (Concentration for 50% of maximal 
effect) was also obtained by the scavenging curve.

� (2)

Where AC is the Abs of control group, AS refers to 
the Abs of sample group, and AB represents the Abs of the 
blank group.

For ABTS, the test was conducted based on a re-
ported method with some changes.20 The ABTS stocking 
solution was prepared in advance. After 12 h, it was di-
luted until the Abs of 0.7 was obtained. Subsequently, 200 
μL ABTS solution was mixed with 50 μL sample solution 
of different concentrations. After being incubated in the 
dark for 6 min, the Abs of 700 nm was recorded. The ABTS 
scavenging capacity was evaluated by Eq. (2).

2. 9. Statistical Analysis
The results were presented as mean ± SD (n = 3). Sta-

tistical significance was performed by ANOVA. Values of p 
< 0.05 were considered statistically significant.

3. Results and Discussions
3.1. �Single-factor Experiments of HUE for 

Cannabinoids
3. 1. 1. Effects of Extraction Time on YC

When the extraction conditions were as follows: Ul-
trasonic power = 300 W, extraction pressure = 0.6 MPa, 
EtOH concentration = 60%, extraction temperature = 30 
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°C, RL/S = 20 mL/g, and stirring rate = 500 rpm, the ef-
fect of extraction time on YC was displayed in Fig. 3(A). 
YC gradually increased with the increase of extraction time 
from 10 min to 40 min and then became stable at 50 min. 
The maximum YC was 54.33 mg/g. with extraction going 
on, the concentration difference between sample cells and 
solution was decreasing, then the dissolution of cannabi-
noids reached the saturation point in the solution. There-
fore, nearly no significant difference of YC could be found 
from 40 to 50 min. According to the results, 40 min was 
determined to be the optimal extraction time for further 
experiments.

3. 1 .2. Effects of Extraction Temperature on YC

When the extraction conditions were as follows: 
Ultrasonic power = 300 W, extraction pressure = 0.6 
MPa, EtOH concentration = 60%, RL/S = 20 mL/g, ex-
traction time = 20 min, and stirring rate = 500 rpm, the 
effect of extraction temperature on YC was presented in 
Fig. 3(B). It could be found that YC increased to a maxi-
mum (59.65 mg/g) at 60 °C and then decreased with the 

rise of extraction temperature. High temperature could 
result in the softening of fiber tissues of leave powders 
and promote the diffusion and dissolution of cannabi-
noids from cells. Therefore, YC increased in the initial 
stage. However, the thermal stability of cannabinoids 
is relatively poor and they could easily degrade at high 
temperature.21 So, there was a sharp decrease of YC from 
60 to 70 °C. To avoid the degradation of cannabinoids 
and obtain the highest YC, 60 °C was determined to be 
the optimal extraction temperature for further experi-
ments.

3. 1. 3. Effects of EtOH Concentration on YC

When the extraction conditions were as follows: Ex-
traction pressure = 0.6 MPa, ultrasonic power = 300 W, 
extraction temperature = 30 °C, RL/S = 20 mL/g, extrac-
tion time = 30 min, and stirring rate = 500 rpm, the effect 
of EtOH concentration on YC was exhibited in Fig. 3(C). 
From the graph, YC increased continuously with the rise of 
EtOH concentration from 30% to 60% and then tended to 
be constant. The highest YC was 53.45 mg/g at a 60% EtOH 

Fig. 3. Effects of (A) extraction time, (B) extraction temperature, (C) EtOH concentration, (D) ultrasonic power, (E) RL/S, (F) stirring rate, and (G) 
extraction pressure on YC.
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concentration. Due to the extremely poor water solubility 
of cannabinoids, it was necessary to employ organic sol-
vents as the cosolvent with water. EtOH was used in this 
work because of its availability in food.22 Based on the re-
sults, 60% could be a minimum concentration of EtOH, 
which was suitable to dissolve and extract most cannab-
inoids. Therefore, 60% EtOH was chosen as the optimal 
EtOH concentration for further experiments.

3. 1. 4. Effects of Ultrasonic Power on YC

When the extraction conditions were as follows: 
Extraction pressure = 0.6 MPa, EtOH concentration = 
60%, extraction temperature = 30 °C, extraction time = 30 
min, RL/S = 20 mL/g, and stirring rate = 500 rpm, the ef-
fect of ultrasonic power on YC was displayed in Fig. 3(D). 
The variation trend of YC was that it firstly increased to a 
maximum (50.66 mg/g) at 400 W and then declined from 
400 to 500 W. With the ultrasonic power increasing, the 
sound intensity also increased, which improved the ampli-
tude of sound pressure and liquid negative pressure. The 
pressure change enhanced the cavitation effect, which was 
beneficial to the extraction of cannabinoids.23 Therefore, 
YC increased with the rise of ultrasonic power from 100 to 
400 W. Nevertheless, the excessive ultrasonic power could 
produce lots of vacuoles in solution and they would re-
duce energy transfer by reflecting the sound wave.24 Mean-
while, the too high energy of ultrasound could cause the 
degradation or isomerization of these cannabinoids. So, YC 
had a significant decline from 400 to 500 W. Based on the 
above analysis, 400 W was determined to be the appropri-
ate ultrasonic power for further experiments.

3. 1. 5. Effects of RL/S on YC

When the extraction conditions were as follows: Ex-
traction pressure = 0.6 MPa, EtOH concentration = 60%, 
extraction temperature = 30 °C, extraction time = 30 min, 
ultrasonic power = 300 W, and stirring rate = 500 rpm, the 
effect of RL/S on YC was displayed in Fig. 3(E). The curve 
indicated that YC increased to a maximum (53.45 mg/g) at 
20 mL/g and then declined as the RL/S increased. RL/S can 
determine the concentration gradient between the liquid 
phase (60% EtOH) and the solid phase (leave powders). 
The concentration gradient, as the main driving force of 
material diffusion, is strongly associated with mass trans-
fer.25 Thus, the suitable RL/S can greatly reduce the mass 
transfer resistance and increase the extraction of cannab-
inoids. With the decrease of RL/S from 40 to 20 mL/g, the 
concentration gradient was getting bigger and the disso-
lution of cannabinoids was promoted. Therefore, YC in-
creased. However, when RL/S was further decreased, the 
influence of high pressure on the mass transfer in solution 
was weakened to some extent. And the changes of solution 
property could also affect the extraction of cannabinoids. 
So, YC had a decreasing trend when RL/S was below 20 

mL/g. Based on the data, 20 mL/g was determined to be 
the optimal RL/S.

3. 1. 6. Effects of Stirring Rate on YC

When the extraction conditions were as follows: Ex-
traction pressure = 0.6 MPa, EtOH concentration = 60%, 
extraction temperature = 30 °C, extraction time = 20 min, 
ultrasonic power = 300 W, and RL/S = 20 mL/g, the effect of 
stirring rate on YC was shown in Fig. 3(F). It could be found 
that YC had a continuous increase with the rise of stirring 
rate from 100 to 400 rpm and then became smooth. The 
maximum YC was 51.27 mg/g at 500 rpm. The increase of 
stirring rate could accelerate the mass transfer between the 
leave powders and the solution, promote the formation of 
a homogeneous solution, and improve the extraction of 
cannabinoids. The YC at 500 rpm was very close to that at 
400 rpm (51.02 mg/g). Considering the cost of practical 
production, 400 rpm was determined to be the appropriate 
stirring rate for further experiments.

3. 1. 7. Effects of Extraction Pressure on YC

When the extraction conditions were as follows: 
Stirring rate = 500 rpm, EtOH concentration = 60%, ul-
trasonic power = 300 W, extraction time = 20 min, extrac-
tion temperature = 30 °C, and RL/S = 20 mL/g, the effect 
of extraction pressure on YC was presented in Fig. 3(G). 
YC increased gradually to a maximum (51.75 mg/g) at 0.6 
MPa and then decreased with the increase of extraction 
pressure. As mentioned above, the use of high pressure 
could enhance the effect of ultrasonic cavitation, which 
promoted the destruction of cell wall and membrane. Sub-
sequently, the diffusion of cannabinoids from cells into the 
solvent was accelerated. Besides, high pressure could re-
duce the viscosity and surface tension of the solvent and 
facilitate the dissolution of cannabinoids. Based on these 
reasons, YC increased from 0.1 to 0.6 MPa. However, a 
higher extraction pressure could cause the decomposition 
of some cannabinoids due to the solution overheating and 
variation of solution property.26 So YC displayed an obvi-
ous decrease from 0.6 to 0.8 MPa. According to the results, 
0.6 MPa was determined to be the optimal extraction pres-
sure.

In summary, the optimal extraction conditions of 
HUE were obtained by the single-factor experiments 
above. They were as follows: Extraction temperature = 60 
°C, extraction time = 40 min, EtOH concentration = 60%, 
ultrasonic power = 400 W, RL/S = 20 mL/g, stirring rate = 
400 rpm, and extraction pressure = 0.6 MPa.

3. 2. �Comparison of Extraction Effect by 
Different Extraction Techniques
The optimized extraction conditions in part 3.1 

were also applied to the UE and SE. The YC under optimal 
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conditions of the three extraction techniques (HUE, UE, 
and SE) were displayed in Table 1. As expected, HUE had 
a much higher YC (60.02 mg/g) in comparison with UE 
(42.88 mg/g) and SE (35.35 mg/g). The results demonstrat-
ed the great advantages of HUE. At the target exudation 
stage, HUE could enhance the ultrasonic effect and pro-
duce a synergistic effect between high pressure and ultra-
sound, further to accelerate the destruction of cell wall and 
membrane. Besides, at the dissolution stage, the diffusion 
of target compounds from cells into the solvent is acceler-
ated. The high pressure also could facilitate the dissolution 
by reducing the viscosity and surface tension of the sol-
vent. Based on the above advantages, HUE had the best 
extraction effect for cannabinoids. It was also studied that 
the HUE extraction yield of polysaccharides from ginger 
leaves was 9.82% while the UE extraction yield was only 
8.22%.15 The referenced data were consistent with our con-
clusion. Cold ethanol extraction was reported to be used 
for the extraction of cannabinoids and terpenes.27 Under 
the optimized conditions, the extraction yield (g/100 g dry 
matter) was 19.7% for –40 °C. Supercritical CO2 extrac-
tion was employed for bioactive extraction from industrial 
hemp inflorescences and the highest CBDA content (305.8 
µg/mg) was obtained at 320 bar and 40 °C.28 The reference 
value of these data was relatively small due to the differ-
ence of raw materials and detection.

3. 3. Determination of TPC and TFC
To continue the comparison of different extraction 

techniques, the TPC and TFC of these extracts were deter-
mined. Flavonoids and polyphenols are generally regarded 
to possess strong biological activities. TFC and TPC can 
usually describe the general chemical composition.29 As 
displayed in Table 1, the TPC of SE, UE, and HUE extracts 
were 231.70, 231.46, and 244.36 mg GAE/g extract, respec-
tively. The TPC of UE and SE extracts were very close. The 
higher TPC of HUE extract was attributed to the better 
extraction effect. Meanwhile, according to the higher YC 
of HUE extract, the proportion of cannabinoids in the to-
tal phenols could be much higher than UE extract and SE 
extract. It was reported that 50% acetone extraction could 

achieve the maximum TPC (53.65 mg GAE per g extract) 
from defatted hempseeds after optimization.30 The opti-
mal predicted content of TPC (3.85 mg GA/g oil) could be 
obtained by microwave-assisted extraction after response 
surface optimization.31 Besides, the TFC of SE, UE, HUE 
extracts were 0.25, 0.24, and 0.27 mg RE/g extract, respec-
tively. The data showed that the flavonoid content of these 
extracts was very low and there was nearly no difference 
in TFC between the three extracts. It was reported that the 
highest TFC (9.28 mg QE g−1) was obtained from the leaves 
and inflorescences of hemp by pulsed ultrasound-assisted 
extraction.32 The analysis of TPC and TFC indicated that 
HUE could improve the active components content of the 
extracts and had great advantages for cannabinoids extrac-
tion.

3. 4. FT-IR Analysis

Fig. 4. FT-IR spectra of different extracts.

The advantages of HUE for cannabinoids extraction 
were demonstrated by comparing the different extraction 
techniques described above. Therefore, several characteri-
zations were then carried out to investigate the extraction 
mechanism of HUE. FT-IR was used in this work to ana-
lyze the functional groups of SE, UE, and HUE extracts. 
As presented in Fig. 4, the FT-IR spectra of these extracts 
were very similar. The spectrum of HUE extract was de-
scribed as an example. The FT-IR spectrum of HUE ex-
tract displayed characteristic O-H stretching vibration at 
3375 cm–1, C-H stretching vibration at 2959, 2924, and 
2853 cm–1, benzene skeleton vibration at 1604 and 1412 
cm–1, C-O stretching vibration at 1268 cm–1. Most of the 
absorption peaks were the characteristic absorption of 
cannabinoids, which demonstrated the existence of can-
nabinoids in the extracts to some extent. Meanwhile, the 
presence of hydroxyl peaks was also related to the analysis 
of total phenols. However, the FT–IR spectra of these ex-
tracts were very similar, which hindered the further anal-

Table 1: Comparison of different extraction techniques HUE, UE, 
and SE.

Extraction	 SE	 UE	 HUE
techniques

YC (mg/g)	 35.35 ± 0.07c	 42.88 ± 0.02b	 60.02 ± 0.09a

TPC (mg GAE/	 231.70 ± 0.42b	 231.46 ± 0.00b	 244.36 ± 0.84a

    g extract)
TFC (mg RE/	 0.25 ± 0.01ab	 0.24 ± 0.01b	 0.27 ± 0.02
    g extract)

a Different letters indicate significant difference when compared be-
tween groups.
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ysis. To explore the extraction mechanism of HUE, other 
characterization techniques were adopted in this study.

3. 5. PXRD analysis

Fig. 5. PXRD patterns of different extracts.

PXRD was used in this work to compare the crystal-
line or amorphous structure of SE, UE, and HUE extracts. 
The PXRD patterns of them were displayed in Fig. 5. It 
was found that the PXRD curves of different extracts were 

very close. They all showed a single wide diffraction peak 
at about 20°, which indicated that the three extracts all had 
an amorphous structure. Besides, the similar structures of 
different extracts demonstrated that different extraction 
techniques could not influence the amorphous structure 
of the extracts. To explore the extraction mechanism of 
HUE, the microscopic analysis was necessary.

3. 6. Surface Morphology Analysis
The surface morphology of SER, UER, and HUER 

was obtained by FE-SEM to explore the extraction mech-
anism of HUE in more depth. As shown in Fig. 6, the SER 
displayed a relatively thick sheet-like morphology. The 
surface of SER powder was smooth and compact, which 
indicated that the damage to hemp leave powders caused 
by SE was small. However, the UER showed an irregu-
lar plate-like structure with many cracks. Moreover, a 
large number of small holes could be found on the sur-
face of UER powders at 2000 ×. The production of these 
cracks and holes was due to that the cavitation effect of 
ultrasound produced an impact force on the surface, and 
further the original morphology of the surface was de-
stroyed.33 Therefore, the extraction effect of UE was better 
than that of SE. Besides, the surface morphology of HUER 
changed significantly. The HUER presented a blocky mor-
phology with many folds and cracks on the surface. The 
formation of the structure was attributed to two aspects. 
On the one hand, high pressure promoted the solution 

Fig. 6. SEM images of SE residue (SER), UE residue (UER), HUE residue (HUER), and HUE extract.
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system to squeeze the HUER powders, resulting in a great 
change of the powder shape and the formation of folds. On 
the other hand, high pressure could enhance the cavitation 
effect of ultrasound and further promoted the destruction 
of powders.34 Therefore, the extraction effect of HUE was 
the best among these different extraction techniques. The 
surface appearance of HUE extract was also displayed. The 
particle size of HUE extract was about 20~30 μm. It also 
presented a lumpy structure and many small fragments 
adhered to a large particle. The extraction mechanism of 
HUE could be well explained by surface morphology anal-
ysis.

3. 7. In vitro antioxidant activity
After analyzing the extraction mechanism by sev-

eral characterizations, the bioactivity of extracts obtained 
by different techniques was also compared. The study on 

biological activity is very important for the application of 
plant-derived extracts. ABST and DPPH free radicals are 
frequently used to assess the in vitro antioxidant activity of 
samples. As displayed in Fig. 7(A), the DPPH scavenging 
activity of SE, UE, and HUE extracts was compared. The 
three different extracts all had a significant scavenging ef-
fect for DPPH radical and the scavenging rate increased 
with the rise of sample concentration. The scavenging rate 
of positive control Vc was more than 80% within the tested 
concentration range (data not shown). At 0.1 mg/mL, the 
scavenging rate of SE, UE, and HUE extracts was 26.57 ± 
0.04%, 25.72 ± 0.05%, 37.87 ± 0.05%, respectively, while 
at 1.0 mg/mL, the scavenging rate of them was 67.77 ± 
0.01%, 72.39 ± 0.01%, and 76.00 ± 0.01%. The data indi-
cated that HUE extract had the strongest DPPH scaveng-
ing capacity among the three extracts. Besides, the EC50 
values of different extracts were 0.35, 0.42, and 0.28 mg/
mL, which also demonstrated that the DPPH scavenging 

capacity of HUE extract was much better than that of oth-
er extracts. The results were attributed to the higher TPC 
content and higher cannabinoids proportion of HUE ex-
tract. For ABTS, as shown in Fig. 7(B), the three different 
extracts all had a significant scavenging effect for ABTS 
radical and the scavenging rate also increased with the rise 
of sample concentration. The scavenging rate of positive 
control Vc was nearly 100% within the tested concentra-
tion range (data not shown). At 0.1 mg/mL, the scavenging 
rate of SE, UE, and HUE extracts was 20.53 ± 2.56%, 23.86 
± 3.39%, and 27.80 ± 8.39%, respectively. At 0.6 mg/mL, 
the scavenging rate of them was 48.57 ± 0.56%, 73.77 ± 
10.66%, 77.37 ± 14.19%, respectively, while at 0.8 mg/mL, 
the scavenging rate of them was 62.29 ± 4.98%, 74.35 ± 
14.71%, and 76.62 ± 4.81%. The data indicated that HUE 
extract had the best ABTS scavenging capacity among the 
three extracts. Furthermore, the EC50 values of different 
extracts were 0.62, 0.33, and 0.25 mg/mL, which also con-

firmed that the ABTS scavenging activity of HUE extract 
was much better than that of other extracts. The above 
results confirmed that the in vitro antioxidant activity of 
HUE extract was the best among different extracts. It was 
mainly due to the higher active components content, es-
pecially the higher proportion of cannabinoids of HUE 
extract.

4. Conclusions
In this work, the high-pressure ultrasonic-assist-

ed extraction process was developed, and the extraction 
mechanism and antioxidant activity of the extracts were 
studied. UE and SE were employed for comparison of ex-
traction effects with HUE. Firstly, the optimization of HUE 
for cannabinoids from industrial hemp leaves was carried 
out by single-factor experiments. The optimal conditions 

Fig. 7. DPPH scavenging activity (A), and ABTS scavenging activity (B) of different extracts (p < 0.05, n = 3).
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were shown below: extraction temperature was 60 °C, ex-
traction time was 40 min, EtOH concentration was 60%, 
ultrasonic power was 400 W, RL/S was 20 mL/g, stirring 
rate was 400 rpm, and extraction pressure was 0.6 MPa. 
YC under the conditions was 60.02 ± 0.09 mg/g, which was 
higher than that of SE (35.35 ± 0.07 mg/g) and UE (42.88 
± 0.02 mg/g). The TPC (244.36 ± 0.84 mg GAE/g extract) 
and TFC (0.27 ± 0.02 mg RE/g extract) of HUE extract 
were also the highest. Then the characterizations, mainly 
SEM, indicated that the excellent extraction effect of HUE 
was due to that HUE could greatly destroy the structure of 
leave powders. Besides, the antioxidant capacity of HUE 
extract was the strongest among different extracts because 
of the higher proportion of cannabinoids of HUE extract. 
In short, this research explored the mechanism and appli-
cation of HUE for cannabinoids extraction. The obtained 
extract with a high cannabinoids content could be devel-
oped as high added-value products in functional foods 
and other fields.
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Povzetek
Kanabinoidi so zelo dragoceni naravni produkti industrijske konoplje. V tej študiji je bila za ekstrakcijo kanabinoidov 
iz listov industrijske konoplje prvič uporabljena tehnika visokotlačne ultrazvočne ekstrakcije (HUE). Največji izkoristek 
ekstrakcije (60,02 ± 0,09 mg/g) je bil dosežen z enofaktorskim eksperimentom, kar je bilo veliko višje v primerjavi z ul-
trazvočno ekstrakcijo (UE, 42,88 ± 0,02 mg/g) in ekstrakcijo z mešanjem (SE, 35,35 ± 0,07). mg/g). Optimizirani pogoji 
HUE so bili: čas ekstrakcije 40 minut, koncentracija EtOH 60 %, temperatura ekstrakcije 60 °C, moč ultrazvoka 400 W, 
RL/S 20 ml/g, hitrost mešanja 400 vrt/min in tlak ekstrakcije 0,6 MPa. Tudi vsebnost skupnih fenolov (TPC, 244,36 ± 
0,84 mg GAE/g ekstrakta) in skupna vsebnost flavonoidov (TFC, 0,27 ± 0,02 mg RE/g ekstrakta) ekstrakta HUE je bila 
najvišja. Mehanizem HUE je bil do neke mere razkrit z več karakterizacijami, vključno s površinsko morfologijo, pri 
čemer bi HUE lahko globoko uničil strukturo listnih delcev. Poleg tega je bila in vitro antioksidativna aktivnost ekstrakta 
HUE najboljša med tremi ekstrakti. Vrednosti EC50 proti DPPH in ABTS so bile 0,28 mg/ml oziroma 0,25 mg/ml. Če 
povzamemo, ta študija potrjuje, da je HUE primerna metoda za ekstrakcijo kanabinoidov in da je imel dobljeni ekstrakt 
z visoko vsebnostjo kanabinoidov veliko uporabno vrednost.
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