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Abstract: Background—Podophyllotoxin, a polyphenolic compound with major applications in
cancer treatment, is in short supply, as its source is now an endangered plant species. It is therefore
essential to find another available plant that produces high levels of podophyllotoxin. Some Juniperus
species are known to contain podophyllotoxin, more exactly within their needles, but are still
unused in this regard. Objective—The aim is to develop an efficient green ultrasound-assisted
extraction protocol for podophyllotoxin from commercially available Juniperus scopulorum varieties.
Methodology—To highlight optimal extraction conditions, a single-factor experiment was performed
to identify the parameters (extraction duration, frequency, temperature extraction, preliminary
grinding, and plant material concentration) influencing extraction. A multifactorial approach using
the Box–Behnken design was then applied to determine the exact optimal extraction conditions.
Results—The conditions for extracting the maximum amount of podophyllotoxin consist of 51.5 min
of extraction time, in ethanol at 69.3%, and at 58.8 ◦C. This is the highest podophyllotoxin extraction
yield ever obtained from Juniperus scopulorum needles. Compared with the reference protocol for the
extracting of podophyllotoxin from Juniperus, ultrasonic extraction is an eco-friendly protocol, safe
for humans, and the podophyllotoxin extracted by this method has much greater stability, allowing
its purification. The analyses also indicate a variation in the podophyllotoxin content of Juniperus
scopulorum needles, (from 7.02 to 10.34 mg/g DW) depending on the variety and year of purchase.
Conclusion—Extraction in ethanol at 69.3% and at 58.8 ◦C for 51.5 min allows the extraction of up to
10.34 mg podophyllotoxin/g from freeze-dried Juniperus scopulorum needles.

Keywords: green extraction; Juniperus scopulorum needles; podophyllotoxin; ultrasonic extraction

1. Introduction

Podophyllotoxin is a lignan, a polyphenol, a natural plant metabolite (Figure 1) [1] iso-
lated in the 19th century [2–5] and presenting remarkable properties: mitotoxic, neurotoxic,
insecticidal, antimicrobial, anti-inflammatory, antispasmodic, hypolipidemic, immunosup-
pressive, antioxidative, analgesic, and cathartic activities [6].

Furthermore, podophyllotoxin is the unique molecule used as a precursor for the
hemisynthesis of some anticancer drugs: etoposide, teniposide, or etopophos with topoiso-
merase II inhibition ability [7–16]. These anticancer drugs are involved in the treatment of
certain cancers, including lung, breast, testicular, gastric, and blood [17–19].

The literature also attributes antiviral activity to podophyllotoxin against Herpes
simplex type 1 [20], to some derivatives against HIV [21], and etoposide can fight cytokinin
storms in patients infected with the COVID-19 virus [22].

Despite its clinical importance, the supply of podophyllotoxin is currently problem-
atic. Podophyllotoxin is classically extracted from the rhizomes of Podophyllum peltatum
or Sinopodophyllum hexandrum Royle [1,23], yielding up to 4% DW podophyllotoxin [24].
However, with slow regeneration and without organized cultivation, the Sinopodophyl-
lum hexandrum Royle overexploitation (due to its podophyllotoxin) has led the plant to
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being classified as “critically endangered”, in Appendix II of The Convention on Interna-
tional Trading of Endangered Species (CITES). Although complete chemical synthesis of
podophyllotoxin is possible, the complex structure makes it economically unviable [15].
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Figure 1. HPLC chromatogram of J. scopulorum extract and chemical structure of podophyllotoxin.

Thus, since 2018, there has often been a shortage of etoposide injections, a problem
most often solved by switching to etopophos injections [25]. However, without podophyl-
lotoxin available, there is no way to produce etoposide or etopophos, and consequently,
cancer patients will no longer be able to receive the treatment they vitally need. Therefore,
to continue to ensure the future podophyllotoxin needs, one promising idea is to find other
biological materials as plant sources containing a significant amount of podophyllotoxin.

The Juniperus genus appears to be interesting as an alternative natural source of podophyl-
lotoxin. The occurrence of cytotoxic lignan (especially podophyllotoxin) has been described in
the needles of Juniperus species since 1953 [26], then confirmed in Juniperus virginiana [27–33],
Juniperus × media [31–34], Juniperus rigida [35–37], Juniperus horizontalis [33,38], Juniperus
sabina [31,34,39], and other species including Juniperus scopulorum [31–33]. The most inter-
esting species is Juniperus bermudiana, with 22.6 mg podophyllotoxin/g DW [31]. However,
this species is endangered and protected by the International Union for Conservation of
Nature (“https://www.iucn.org” (accessed on 2 November 2023)). Although Juniperus
needles don’t contain as much podophyllotoxin as Sinopodophyllum hexandrum rhizomes,
some Juniperus yet contain around 2% DW podophyllotoxin [31], which is the most credible
amount found in an alternative natural source. In addition, some Juniperus species are
suitable for cultivation, providing a greater amount of plant material than Podophyllum [33].
Juniperus is therefore a potentially creditable source of podophyllotoxin. Among all the
Juniperus species, Juniperus scopulorum has not been extensively studied even though it
contains podophyllotoxin [31–33]. Moreover, it has several cultivated varieties, including
Juniperus scopulorum Blue Arrow and Juniperus scopulorum Skyrocket. Thus, this work
proposes to explore the credibility of cultivated varieties of these two Juniperus scopulorum
as a source of podophyllotoxin.

However, studying the podophyllotoxin content of these plants requires the develop-
ment and optimization of an efficient extraction protocol. Ultrasonic-assisted extraction
appears to be the smartest choice, as this non-conventional technology requires less extrac-
tion solvent, a shorter extraction duration, and less thermal degradation while offering
higher extraction yield than conventional approaches [40,41]. Additionally, this extraction
method is suitable with the use of a green solvent (e.g., ethanol, which also solubilizes
phenolic compounds), enabling green extraction. Green extraction is often the preferred
extraction approach since it is safer for the environment and human health.

In the ultrasonic extraction approach, thermal, mechanical, and cavitation effects are
used to extract the bioactive components from the cells. Indeed, above 20 kHz, ultrasonic

https://www.iucn.org
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radiation extraction of phenolic compounds from solid matrices using liquid solvents
creates cavitation bubbles close to the plant cells, which collapse, rupturing the cell wall
and cell membrane, and releasing the cell contents. Sonication time, temperature, solvent
selection, wave frequency, and ultrasonic wave distribution affect the extraction. The probe
and bath are the two main systems currently used, but the ultrasonic bath offers better
reproducibility and repeatability and limits the problem of sample contamination and foam
production [42–47]. Therefore, we herein preferred to use an ultrasonic bath.

The literature supports the value of ultrasound for podophyllotoxin extraction: ultra-
sonic pretreatment can help to extract podophyllotoxin from Podophyllum peltatum rhizomes
without podophyllotoxin degradation [48]. Next, Corbin et al. (2015) [49] developed the
most efficient extraction protocol for secoisolariciresinol (a precursor of podophyllotoxin)
from flax seeds using ultrasound. However, to date, there is no protocol for extracting
podophyllotoxin from Juniperus needles using ultrasound. Therefore, it is interesting to
develop this extraction approach.

Considering all this data, green ultrasound-assisted extraction of podophyllotoxin
from cultivated varieties of Juniperus scopulorum will be developed in this work. First,
single-factor experiments will identify the factors affecting the extraction. Then, a mul-
tifactorial approach will be developed to determine optimal extraction conditions. Fi-
nally, the optimized protocol will be applied to different Juniperus scopulorum varieties
to compare its efficiency with the reference protocol and measure the stability of the
extracted podophyllotoxin.

This study aims to determine the interest in J. scopulorum as a new source of podophyl-
lotoxin (for the pharmaceutical industry) and the credibility of ultrasonic-assisted extraction
to achieve it.

2. Materials and Methods
2.1. Plant Material

Juniperus scopulorum Blue Arrow and Juniperus scopulorum Skyrocket plants were
obtained from Promesse de fleurs (Houplines, France). Some plants were purchased in
2019 and others in 2021. The plants were kept in pots for one month in a phytotronic room
at 25 ◦C under a 12 h photoperiod. Plant irrigation was conducted via the water reservoir
of the pots. After one month, needles were collected, stored for 48 h at −80 ◦C, and then
lyophilized for 72 h under secondary vacuum (temperature below 50 ◦C and pressure
below 0.12 mbar) using a CHRIST ALPHA 2-8 LD-plus apparatus coupled with a vacuum
pump. The lyophilized needles were used as the starting material for extraction.

2.2. Chemicals

Podophyllotoxin standard of over 98% purity was purchased from Sigma-Aldrich
(Saint-Quentin-Fallavier, France). Analytical grade extraction solvents of over 99.9% purity
were purchased from Grosseron (Saint-Quentin-Fallavier, France).

2.3. Grinding Approach

Some (lyophilized) samples underwent preliminary mechanical grinding on an IKA
A11 mill equipped with a stainless steel beater. The samples were ground twice for 30 s
at 28,000 rpm. The powder was then passed over a 60 mesh sieve to obtain particles of
250 µm in size.

2.4. Ultrasound-Assisted Extraction (USAE) Optimization

USAE was conducted using an electronic bath, Elmasonic P30H, with an inner dimen-
sion of 240 × 100 × 137 mm, electrical power of 320 W, maximal heating power of 320 W,
variable frequencies (0, 37, and 80 kHz), and equipped with a digital timer and a tempera-
ture controller. The samples (5/10/20 mg) were placed in a 1.5 mL polypropylene tube and
suspended in a corresponding volume of aqueous ethanol. During the ultrasonic treatment,
the tubes were maintained immersed in the bath by a float. To conduct the study, various
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material concentrations were tested (10, 20, and 50 g/L), and several aqueous ethanol
concentrations were used (40, 50, 60, 70, 80, 90, and 100% (v/v)). Also, different extraction
durations (10, 20, 30, 40, 60, and 80 min), several extraction temperatures (20, 40, 60, and
80 ◦C), and three ultrasound frequencies (0, 37, and 80 kHz) were tested. Additionally, the
impact of a preliminary grinding (made with a mechanical grinder) was evaluated. The
extracts were filtered (0.45 µm) before HPLC analysis.

2.5. Reference Solid/Liquid Extraction

The Renouard et al. (2011) [31] protocol, which offers the highest podophyllotoxin
extraction yield from Juniperus needles, was used as a reference. In brief, the Juniperus
needles are ground in absolute methanol using an Ultraturax (Ultraturrax T25 basic)
for 3 min at 19,000 rpm with a mass/volume ratio of 10 mg/mL. The extract is then
left to macerate for 5 h under agitation at 25 ◦C. The solid residue is then centrifuged
(15 min—3000 rpm) to retain only the supernatant containing the podophyllotoxin.

2.6. High-Performance Liquid Chromatography (HPLC) Analysis

The podophyllotoxin quantification was carried out on an Agilent liquid chromato-
graphic system including an Agilent 1260 Infinity G5611A Quaternary Pump (with an
include degasser), an Agilent 1260 Infinity II G7129A vial sampler, and an Agilent 1260 In-
finity II G7117C diode array detector (DAD). The entire HPLC chain was controlled by
HPLC 1260 Infinity software. The separation was performed at 35 ◦C on a KINETEX
(Phenomenex) F5 column (100 × 3.0 mm i.d; 2.6 µm), with 5 µL as the injection volume.
The mobile phase was composed of HPLC-grade solvents: water (solvent A) and methanol
(solvent B). With a flow rate of 0.7 mL/min, a nonlinear gradient was applied for the
mobile phase variation as follows: from 0 to 2 min of A–B: 70:30 (v/v) to 38:62 (v/v), from
2 to 9 min of A–B: 38:62 (v/v) to 33:67 (v/v), and from 9 to 12 min of A–B: 33:67 (v/v) to
5:95 (v/v). Then, the column was rinsed with absolute methanol for 10 min. Detection
was performed at 295 nm. Podophyllotoxin was identified due to its retention time and
UV spectrum in comparison to the reference standard. Quantification was performed
using a calibration curve of podophyllotoxin ranging from 125 µg/mL to 1 mg/mL, with a
correlation coefficient higher than 0.999, LOD = 35.73 µg/mL, and LOQ = 108.27 µg/mL.

2.7. Experimental Design

Response surface plots and factorial experiment design were used to determine the
optimal podophyllotoxin extraction conditions with XLSTAT 2022.2.1 software (Addinsoft,
Paris, France). The preliminary experiments allowed the assignment of the three indepen-
dent variables affecting extraction yield and their range values. The variables were coded
at three levels: −1, 0, and 1, and the selected values were X1—ethanol concentration (60, 75,
and 90% (v/v)), X2—incubation duration (30, 55, and 80 min), and X3—temperature (40, 60,
and 80 ◦C) (Table 1). Eighteen observations of different combinations were prepared, as pre-
sented in Table 2. All the observations were carried out in five independent replicates. The
equation calculation was provided by the XLSTAT2022 software (Addinsoft, Paris, France).

Table 1. Identities, code units, coded levels, and actual experimental values of the three indepen-
dent variables.

Independent Variable Code Unit
Coded Variable Level

−1 0 1

Ethanol concentration (% v/v) X1 60 75 90

Incubation duration (min) X2 30 55 80

Temperature (◦C) X3 40 60 80
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Table 2. Results of experimental design.

Run ID Run Order X1 X2 X3 PT (mg/g DW)

Obs1 11 −1 −1 0 5.9913053
Obs2 6 1 −1 0 6.51152504
Obs3 9 −1 1 0 6.69284701
Obs4 15 1 1 0 5.72977268
Obs5 14 −1 0 −1 6.20516809
Obs6 4 1 0 −1 6.48178819
Obs7 12 −1 0 1 5.83502077
Obs8 10 1 0 1 6.09834046
Obs9 17 0 −1 −1 6.40098953
Obs10 8 0 1 −1 5.80521013
Obs11 5 0 −1 1 5.84521745
Obs12 18 0 1 1 6.25163654
Obs13 3 0 0 0 7.07106035
Obs14 1 0 0 0 6.88392753
Obs15 16 0 0 0 7.13525193
Obs16 2 0 0 0 6.77948881
Obs17 13 0 0 0 7.01239831
Obs18 7 0 0 0 6.79463394

2.8. Statistical Analysis

Each experiment was conducted at least 3 times. A comparative statistical analysis
of groups was performed using the Student’s t-test. The statistical tests were significant
at p < 0.05. The graphical and statistical treatments were performed using Microsoft Excel
2010 software, except for the experimental design, which was performed using XLSTAT2022
software (Addinsoft, Paris, France).

3. Results
3.1. Preliminary Single Factor Experiments

Single-factor experiments were chosen to evaluate the relative impact of different
conditions on the extraction yield of podophyllotoxin from Juniperus scopulorum needles.
Previously, we developed an HPLC separation gradient enabling precise identification and
quantification of podophyllotoxin (Figure 1). The impact of different parameters identified
as important in the literature was tested: extraction duration, ultrasound frequency, ethanol
concentration, solvent/material ratio, prior grinding, and extraction temperature. These
preliminary single-factor experiments determined the main limiting factors. In the second
stage, in order to measure the direct impact and the interaction effect between these
parameters, they will be applied in the design of the experiments.

On the other hand, as the objective is to develop a green extraction protocol, an
extraction solvent suitable for green chemistry must be chosen. Conventionally, different
organic solvents can be used to extract podophyllotoxin from Juniperus needles: methanol,
ethanol, and chloroform [31]. Ethanol appears to be the best choice because it is non-toxic,
has minimal environmental impact, and can be mixed with water to improve its ability to
solubilize podophyllotoxin.

As there is no protocol for podophyllotoxin USAE, we determine the parameter ranges
to test based on the secoisolariciresinol USAE study [49]. For secoisolariciresinol, the
optimal content is obtained with an extraction time of 60 min and a sample/solvent con-
centration of 5 mg/mL. Therefore, for the podophyllotoxin USAE, we tested an extraction
time of up to 80 min and a sample/solvent concentration from 5 to 20 mg/mL. As the
optimal solvent concentration was not exactly determined for secoisolariciresinol USAE,
we tested from 40% to 100% ethanol, considering podophyllotoxin solubility. For the other
parameters, we tested the largest condition allowed by the apparatus (temperature between
20 and 80 ◦C, frequencies equal to 0, 37, or 80 KHz).
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A preliminary experiment was conducted with several extraction durations (10, 20,
30, 40, 60, and 80 min) using fixed ultrasound frequencies (37 kHz), the aqueous ethanol
concentration (80%), the plant material concentration (10 g DW/L), and temperature (40 ◦C),
but without prior grinding. The results presented in Figure 2a highlight that increasing the
extraction duration improves the podophyllotoxin extraction yield by up to 40 min and
remains at this maximum for at least 80 min.

The sonication frequency can also influence extraction. Three ultrasound frequencies
(0, 37, and 80 kHz) were tested with a fixed extraction duration (40 min), aqueous ethanol
concentration (80%), plant material concentration (10 g DW/L), and temperature (40 ◦C),
but without prior grinding. It seems (Figure 2b) that at 0 kHz, there is no significant
podophyllotoxin extraction. Then, 37 kHz offers a slightly higher extraction yield compared
to 80 kHz, due to the stability of the podophyllotoxin [49–52], with better repeatability. It
can be noted that the apparatus allows only a choice between 0, 37, or 80 kHz.

It has also been established that temperature can have an impact on ultrasonic-assisted
extraction. Thus, the effect of temperature was evaluated at 20, 40, 60, and 80 ◦C using a
fixed extraction duration (40 min), plant material concentration (10 g DW/L), ultrasound
frequency (37 kHz), aqueous ethanol concentration (80%), plant material concentration
(10 g DW/L), and temperature (40 ◦C), but without prior grinding. The results (Figure 2c)
show that increasing the temperature improves the extraction yield of the podophyllotoxin
up to 60 ◦C; then, the maximum reached remains unchanged.
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Figure 2. Podophyllotoxin content extracted from Juniperus scopulorum needles by a function of
(a) extraction duration, (b) ultrasound frequency, (c) extraction temperature, (d) ethanol concentration,
(e) grinding, and (f) plant material concentration. Values are means ± SD of 5 independent replicates.
Different letters represent significant differences between the various extraction conditions (p < 0.05).

Different concentrations of aqueous ethanol solution were tested (40, 50, 60, 70, 80, 90,
and 100% (v/v)) using a fixed extraction duration (40 min), ultrasound frequency (37 kHz),
plant material concentration (10 g DW/L), and temperature (40 ◦C), but without prior
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grinding. The extraction yield reached a maximum—increasing up to 70% and decreasing
after 80% (Figure 2d).

The effect of previous grinding was analyzed using a fixed extraction duration (40 min),
ultrasound frequency (37 kHz), aqueous ethanol concentration (80%), plant material con-
centration (10 g DW/L), and temperature (40 ◦C). As expected, previous grinding had no
statistically significant effect on podophyllotoxin extraction yield (Figure 2e). Sonication
caused cavitation bubbles that were generated close to the sample. These cavitation bubbles
collapse, breaking down the cell walls and releasing the cell contents: phenolic compounds,
etc. [46,48,53,54]. Sonication, therefore, makes grinding unnecessary.

The effect of various concentrations of plant material was also studied with 10, 20,
and 50 g DW/L using a fixed extraction duration (40 min), ultrasound frequency (37 kHz),
aqueous ethanol concentration (80%), plant material concentration (10 g DW/L), and
temperature (40 ◦C), but without prior grinding. The results (Figure 2f) indicate that the
concentration of plant material has no statistically significant impact on the podophyllotoxin
extraction yield.

3.2. Development of a Multifactorial Approach

Knowing that interaction between the independent variables is possible, an experi-
mental factorial design was performed and completed by statistical analysis and 3D surface
response plots [55]. This method allows the ultrasound-assisted extraction of podophyllo-
toxin from Juniperus scopulorum needles to be optimized quickly and accurately.

Preliminary experiments have shown that the four variables affecting podophyllotoxin
extraction are: extraction duration, ultrasonic frequency, aqueous ethanol concentration,
and extraction temperature. Nevertheless, the frequency cannot be exactly adjusted in
this ultrasonic bath. The frequency can only be set to 0, 37, or 80 kHz. Therefore, the
37 kHz frequency was chosen as it provides the highest podophyllotoxin extraction yield.
Hence, the experimental factorial design will be realized considering only three variables:
aqueous ethanol concentration (X1, ranging from 60 to 90% (v/v)), extraction duration (X2,
ranging from 30 to 80 min), and extraction temperature (X3, ranging from 40 to 80 ◦C). The
codes used for each independent variable are shown in Table 1. Moreover, based on our
preliminary experiment, a concentration of 10 mg DW/L of plant material was chosen,
without previous grinding.

Herein, a Box–Behnken design was performed. For the experiments, eighteen dif-
ferent conditions were randomized using independent process variables. Each condition
consists of 5 independent replicates, and the podophyllotoxin content was determined by
HPLC (Table 2).

The results show that the podophyllotoxin extracted from freeze-dried Juniperus
scopulorum needles ranges from 5.81 mg/g DW (Obs10) to 7.14 mg/g DW (Obs15). Using
multiple regression analysis, the following second-order polynomial equation was obtained:
Y = 6.946 + 0.012 × X1 − 0.034 × X2 − 0.108 × X3 − 0.318 × X1

2 − 0.371 × X1X2 − 3.33.10−3

× X1X3 − 0.4 × X2
2 + 0.251 × X2X3 − 0.473 × X3

2 to represent the podophyllotoxin content
(Y) as a function of the different variables (X1, X2, and X3).

The results of the statistical analysis (Table 3) show that the quadratic coefficients X1
2,

X2
2, and X3

2, as well as the interaction coefficients X1X2 and X2X3, seem to significantly
influence the extraction of podophyllotoxin from freeze-dried Juniperus scopulorum needles.
Concomitantly, each linear coefficient (X1, X2 and X3) and the interaction coefficient X1X3
were not significant (p > 0.05). Thus, each variable (incubation duration, temperature, and
percentage of ethanol) did not have a direct impact on the podophyllotoxin extraction.
However, the interaction between the variables, percentage of ethanol incubation time, and
incubation time–temperature induced a significant indirect impact on the extraction yield
of podophyllotoxin from the freeze-dried J. scopulorum.
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Table 3. Statistical analysis of regression coefficient.

Source Value SD t Pr > |t|

Constant 6.946 0.077 90.230 <0.0001
X1 0.012 0.067 0.182 0.860
X2 −0.034 0.067 −0.505 0.627
X3 −0.108 0.067 −1.618 0.144
X1

2 −0.318 0.090 −3.520 0.008
X1X2 −0.371 0.094 −3.933 0.004
X1X3 −0.003 0.094 −0.035 0.973
X2

2 −0.397 0.090 −4.398 0.002
X2X3 0.251 0.094 2.657 0.029
X3

2 −0.473 0.090 −5.243 0.001

Table 4 presents the results of the variance analysis (ANOVA) and the fit of the model
obtained. Considering the model presenting the predicted podophyllotoxin extraction yield
versus the experimentally obtained podophyllotoxin extraction yield, the high F-value
(10.82) and the low p-value (1.3 × 10−3) show that the model is highly significant. Then, the
coefficient of determination, R2 (0.924), and the adjusted R2 (0.839) values confirm that the
model for podophyllotoxin extraction yield from freeze-dried Juniperus scopulorum needles
closely matches the predicted model. Also, the low value of the coefficient of variation
(CV = 1.79%) demonstrates that the model fits the experimental values.

Table 4. ANOVA of the predicted model for USAE of podophyllotoxin from freeze-dried Juniperus
scopulorum needles.

Source Sum of Square DDL Mean of Square F-Value p-Value

Model 3.462 9 0.385 10.819 0.0013
Error 0.284 8 0.036

Total corrected 3.747 17

R2 0.924
R2 adjusted 0.839

CV% 1.79

According to the analysis, the 3D plots (Figure 3) clearly highlight that the extraction
of podophyllotoxin from freeze-dried Juniperus scopulorum needles reached a maximum.
Increasing the temperature and extraction duration leads to a decrease in podophyllotoxin
content (Figure 3C), as suggested by the observed negative linear and quadratic coefficients.

Considering the adjusted second-order polynomial equation, it appears that the op-
timum conditions are: 69.3% ethanol concentration, 51.5 min incubation duration, and
58.8 ◦C temperature. Applying these conditions, a podophyllotoxin content of 7.02 mg/g
DW was extracted from the freeze-dried Juniperus scopulorum needles.

3.3. Variation of Podophyllotoxin Content in Different Varieties of Juniperus scopulorum

In this study, the podophyllotoxin content of two varieties of Juniperus scopulorum,
Blue Arrow and Skyrocket, was quantified by applying the optimal conditions previously
established. Under the same conditions, the effect of the year of purchase of the two vari-
eties on the podophyllotoxin content was evaluated. The results (Figure 4) demonstrate
that the variety and year of purchase can significantly affect the podophyllotoxin content.
Juniperus scopulorum Blue Arrow, bought in 2021, presented a podophyllotoxin content
of about 7.02 mg/g DW, while the same variety bought in 2019 presented a podophyllo-
toxin content of about 10.26 mg/g DW. Moreover, Juniperus scopulorum Skyrocket, bought
in 2019, presented about 10.34 mg of podophyllotoxin/g DW. In brief, this protocol al-
lows up to 10.34 mg podophyllotoxin/g DW to be extracted from freeze-dried Juniperus
scopulorum needles.



Appl. Sci. 2023, 13, 12194 9 of 15

Appl. Sci. 2023, 13, x FOR PEER REVIEW  9  of  15 
 

°C temperature. Applying these conditions, a podophyllotoxin content of 7.02 mg/g DW 

was extracted from the freeze-dried Juniperus scopulorum needles. 

 

Figure 3. Predicted surface response plots of the podophyllotoxin extraction yield (y) as a function 

of (A): ethanol concentration (x) and extraction duration (z), (B): ethanol concentration (x) and ex-

traction temperature (z), and (C): extraction duration (x) and extraction temperature (z). 

3.3. Variation of Podophyllotoxin Content in Different Varieties of Juniperus scopulorum 

In this study, the podophyllotoxin content of two varieties of Juniperus scopulorum, 

Blue Arrow and Skyrocket, was quantified by applying the optimal conditions previously 

established. Under the same conditions, the effect of the year of purchase of the two vari-

eties on the podophyllotoxin content was evaluated. The results (Figure 4) demonstrate 

that the variety and year of purchase can significantly affect the podophyllotoxin content. 

Juniperus scopulorum Blue Arrow, bought in 2021, presented a podophyllotoxin content of 

about 7.02 mg/g DW, while the same variety bought in 2019 presented a podophyllotoxin 

content of about 10.26 mg/g DW. Moreover,  Juniperus  scopulorum Skyrocket, bought  in 

2019, presented about 10.34 mg of podophyllotoxin/g DW. In brief, this protocol allows 

up to 10.34 mg podophyllotoxin/g DW to be extracted from freeze-dried Juniperus scopu-

lorum needles. 

Figure 3. Predicted surface response plots of the podophyllotoxin extraction yield (y) as a function of
(A): ethanol concentration (x) and extraction duration (z), (B): ethanol concentration (x) and extraction
temperature (z), and (C): extraction duration (x) and extraction temperature (z).

Appl. Sci. 2023, 13, x FOR PEER REVIEW  10  of  15 
 

 

Figure 4. Comparison of podophyllotoxin content in needles (obtained using optimized extraction 

protocol) between several Juniperus scopulorum samples and/or varieties. Values are means ± SD of 

5 independent replicates. Different letters represent significant differences between the various ex-

traction conditions (p < 0.05). 

3.4. Comparison of the Optimized Protocol with the Reference Protocol 

The podophyllotoxin extraction protocol offering the best extraction yield from Juni-

perus needles known today is the protocol of Renouard et al., 2011 [31], a protocol consist-

ing of grinding the needles using an Ultraturax in 100% methanol followed by maceration 

(5 h). As previously proved, podophyllotoxin content can vary between species; we tested 

both protocols (the optimized ultrasound-assisted protocol developed here and the Re-

nouard et al., 2011 [31] protocol) on the same sample (Juniperus scopulorum Blue Arrow 

bought in 2021). The result (Figure 5) shows that no significant difference was detected 

between these two protocols. Therefore, the ultrasound-assisted extraction protocol de-

veloped in this study is equal to the Renouard et al. (2011) [31] protocol and also offers the 

best extraction yield of podophyllotoxin from Juniperus scopulorum needles. 

 

Figure 5. Comparison of podophyllotoxin content in Juniperus scopulorum needles obtained using 

the optimized extraction protocol vs. Renouard et al., 2011 protocol [31]. Values are means ± SD of 

5 independent replicates. Different letters represent significant differences between the various ex-

traction conditions (p < 0.05). 

3.5. The Juniperus Extract Stability 

To assess the interest in developing an extraction protocol for a specific/interesting 

molecule, it is crucial to consider the stability of the extracted molecule. For this purpose, 

Figure 4. Comparison of podophyllotoxin content in needles (obtained using optimized extraction
protocol) between several Juniperus scopulorum samples and/or varieties. Values are means ± SD
of 5 independent replicates. Different letters represent significant differences between the various
extraction conditions (p < 0.05).

3.4. Comparison of the Optimized Protocol with the Reference Protocol

The podophyllotoxin extraction protocol offering the best extraction yield from Junipe-
rus needles known today is the protocol of Renouard et al., 2011 [31], a protocol consisting
of grinding the needles using an Ultraturax in 100% methanol followed by maceration
(5 h). As previously proved, podophyllotoxin content can vary between species; we tested
both protocols (the optimized ultrasound-assisted protocol developed here and the Re-
nouard et al., 2011 [31] protocol) on the same sample (Juniperus scopulorum Blue Arrow
bought in 2021). The result (Figure 5) shows that no significant difference was detected
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between these two protocols. Therefore, the ultrasound-assisted extraction protocol devel-
oped in this study is equal to the Renouard et al. (2011) [31] protocol and also offers the
best extraction yield of podophyllotoxin from Juniperus scopulorum needles.
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Figure 5. Comparison of podophyllotoxin content in Juniperus scopulorum needles obtained using
the optimized extraction protocol vs. Renouard et al., 2011 protocol [31]. Values are means ± SD
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extraction conditions (p < 0.05).

3.5. The Juniperus Extract Stability

To assess the interest in developing an extraction protocol for a specific/interesting
molecule, it is crucial to consider the stability of the extracted molecule. For this purpose,
it is necessary to evaluate the duration of the presence of podophyllotoxin in the extract
without decreasing its content. The experiments show (Figure 6) that podophyllotoxin
stays stable in the extract at 25 ◦C for up to 6 days. A statistically significant decrease was
measured after 10 days. This is an interesting observation compared with the protocol of
Renouard et al. (2011) [31], which detected a decrease after 6 h.
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4. Discussion

The preliminary experiment highlights the involvement of ultrasound frequency in
the podophyllotoxin extraction process (Figure 2b). The literature explains that ultrasound
frequency can improve the solubility of podophyllotoxin in the extraction solvent, due
to the cavitation effect and the modification of the diffusion coefficient of the targeted
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molecule. Up to 60 kHz, the frequency does not affect the stability of phenolic com-
pounds after their extraction [50]. However, at 80 KHz, a significant impact is observed.
Tchabo et al. (2015) [56] also measured a decrease in total phenolic compound concentra-
tion in mulberry above and below 33.82 KHz. It has already been established that the high
frequency of ultrasound can lead to the degradation of phenolic compounds and, therefore,
also of podophyllotoxin. [51,52]. Additionally, a similar study conducted on secoisolari-
ciresinol, a podophyllotoxin precursor, showed better extraction yield at 30 kHz than at
45 kHz [49], illustrating the negative impact of high frequencies on lignans. Thus, using
an ultrasound frequency of 37 kHz allows a better extraction yield of podophyllotoxin
compared to 0 and 80 kHz.

The multifactorial approach demonstrates that the interaction between the percentage
of ethanol and incubation duration is involved in the extraction of podophyllotoxin from
Juniperus scopulorum needles. Indeed, incubation duration has a significant impact: the
longer the treatment lasts, the more cavitation bubbles emerge and collapse, and the more
the proportion of molecules released from cells increases [45,47]. Concomitantly, in order
to release the molecules from the cell, it is essential to solubilize the molecule. De facto,
the percentage of ethanol will unduly affect the extraction yield of the podophyllotoxin.
Moreover, the percentage of ethanol modifies the viscosity of the solvent, whereas the
cavitation threshold depends on the viscosity of the solvent [47,57]. A modification of the
cavitation threshold will lead to a modification of the incubation duration, resulting in
cell perforation. Then, the collapse of the cavitation bubble is more intense at low vapor
pressure, which depends on the percentage of ethanol [58]. Thus, this interaction and its
impact on podophyllotoxin extraction yield seem obvious.

The interaction of temperature and incubation duration has a significant favorable
impact on the extraction yield of podophyllotoxin from Juniperus scopulorum needles.
Temperature decreases solvent viscosity and surface tension, leading to attenuating the
effects of sonication [58]. Then, a positive effect of temperature is associated with an increase
in cavitation bubbles [59]. As the temperature can increase the number of cavitation bubbles,
the extraction duration will define how long these numerous bubbles will act (perforate
the cell to extract the podophyllotoxin), explaining the benefit of the interaction between
temperature and incubation duration.

In this study, the optimized protocol was established to extract up to 10.34 mg
podophyllotoxin/g DW from freeze-dried Juniperus scopulorum needles. Protocols with
podophyllotoxin extraction yields of 8.5 mg/g DW [33] and 4.9 mg/g DW [32] have been
reported in the literature, but this amount of podophyllotoxin has never been extracted
from Juniperus scopulorum needles. It should be noted that this content appears to be
consistent with the published content: between 0.2 mg/g DW (Juniperus communis) and
22.6 mg/g DW (Juniperus bermudiana) [31].

However, compared with the extraction protocol that yielded the highest amount of
podophyllotoxin from Juniperus needles [31], there is no statistically significant difference.
Thus, this USAE protocol is as effective as the protocol of Renouard et al., 2011 [31], which is
the reference protocol. Furthermore, this USAE protocol only requires ethanol as the organic
extraction solvent, which is an eco-friendly solvent with minor toxicity for humans, unlike
the Renouard et al. (2011) [31] protocol, which uses methanol, a neurotoxic solvent. Also,
the Renouard et al. (2011) [31] protocol requires 5 h of maceration at 25 ◦C after Ultraturax
grinding to extract the maximum podophyllotoxin amount, while this USAE protocol
does not require prior grinding and extraction lasts less than an hour. Therefore, USAE is
less time-consuming, and thus more economical. Additionally, using Ultraturax, samples
must be processed one by one, while the ultrasonic bath allows treating twenty samples
simultaneously. Then, the Renouard et al. (2011) [31] protocol demonstrates a statistically
significant podophyllotoxin loss as early as one hour after extraction, which can pose a
problem for the pharmaceutical industry, because once extracted, the podophyllotoxin
must immediately be purified. However, the protocol herein developed allows the extract
to be stored for 6 days without loss of podophyllotoxin, thus giving more latitude/time for
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purification of the active ingredient. Furthermore, the impact of the variety and/or year of
purchase of the plant on podophyllotoxin content is a result that could be expected. Indeed,
Peanparkdee Patrawatt and Iwamoto (2019) [60] and Zainol et al. (2020) [61] detected
differences in the content of ultrasonically extracted phenolic compounds depending on
geographical origin, cultivars, or plant species. In addition, regarding podophyllotoxin
content specifically, damage to Podophyllum peltatum leaves increases the podophyllotoxin
content [62]. A difference has also been shown in the needles of different Juniperus varieties:
for instance, the Juniperus virginiana variety Blue Clouds contains 384.5 mg/100 g DW,
whereas the variety Kosteri contains 4.3 mg/100 g DW [32]. Additionally, podophyllotoxin
is a phytoalexin, i.e., a molecule produced by the plant to protect itself and/or as a response
to stress. Therefore, the content of podophyllotoxin will be modified depending on the
plant’s basic protective ability and/or the stresses suffered by the plant [62,63]. In this
study, the significant variation in podophyllotoxin levels according to the year of purchase
and/or variety shows the impact of the environment and genetics on the production of
molecules. To maximize the interest in J. scopulorum as a source of podophyllotoxin, it
could be interesting to identify varieties and environmental factors that could stimulate
podophyllotoxin production, along the lines of what has been conducted for one of these
precursors in flax [64] or for podophyllotoxin in Podophyllum peltatum, considering the way
the leaves are harvested and stored [62,65].

In conclusion, it is important to remember that podophyllotoxin is a well-known
precursor of anti-cancer drugs, and the current plant source, Sinopodophyllum hexandrum,
is now prohibited for the extraction of podophyllotoxin. A new alternative plant source
is therefore being sought. Juniperus species are known to contain podophyllotoxin in
their needles. Hence, we developed a protocol for the extraction of podophyllotoxin
from Juniperus scopulorum needles. This study focused on a green chemistry approach:
ultrasound-assisted extraction to avoid environmental damage, and on commercially
available Juniperus scopulorum varieties to ensure the availability of the plant source. The
protocol developed involved extraction in 69.3% ethanol for 51.5 min at 58.8 ◦C and
allowed up to 10.34 mg/g DW podophyllotoxin to be extracted from freeze-dried Juniperus
scopulorum needles, equaling the extraction yield obtained with the reference protocol,
although a variation in the podophyllotoxin content was measured according to the variety
and year of purchase of the plant. A stable podophyllotoxin content for six days was
observed, which constitutes an interesting stability period to ensure the purification of the
molecule after its extraction.

Thus, in the area of availability and extraction of podophyllotoxin, this work highlights
a newly available and quantitively credible source of this active molecule in J. scopulorum
needles. In addition, it offers an efficient, rapid, environmentally friendly ultrasonic
extraction protocol using a bath that can act on several samples simultaneously, enabling it
to be adapted to an industrial scale.

An interesting prospect would be to identify the genetic and environmental factors
stimulating the production of podophyllotoxin by J. scopulorum to increase the amount of
podophyllotoxin produced and therefore the gains in credibility of this plant as a source of
anticancer agents.
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