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Abstract Batch experimental studies were carried out for
the ultrasound-assisted extraction of paclitaxel from Taxus
chinensis while varying parameters such as ultrasound
power, extraction temperature and contact time. The
extraction of the majority of the paclitaxel (~99%) was
achieved from the biomass by a single extraction at 380 W
of ultrasound power for a period of 10 min. The kinetics
data obtained for the paclitaxel extractions, and the
dominant role played by intraparticle diffusion, were found
to be in concordance with the pseudo-second-order model,
and the intraparticle diffusion model respectively. The
effective diffusion coefficient of paclitaxel (4.1882 × 10-13
~ 5.7093 × 10-13 m2/s) and the mass transfer coefficient
(4.705 × 10-8 ~ 14.1160 × 10-8 m/s) increased when the
extraction temperature and ultrasound power were raised.
Keywords: paclitaxel, ultrasound-assisted extraction, kinetics,
effective diffusion coefficient, mass transfer coefficient

1. Introduction
Paclitaxel, a complex diterpenoid alkaloid, was originally
isolated from the bark extract of the pacific yew tree, Taxus
brevifolia. It has been one of the most successful and
effective antitumor agents of recent decades, and is used to
treat ovarian, breast, lung, Kaposi’s sarcoma, head and
neck cancers [1,2]. In addition, its efficacy in the treatment
of rheumatoid arthritis and Alzheimer’s disease is currently
being explored, with clinical trials being conducted on
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various combinations of therapies, leading to the likely
steady increase in demand for paclitaxel in the future [3,4].
The most widely utilized methods for the production of
paclitaxel include direct extraction from the bark of the
yew tree [5], semi-synthesis involving the chemical bonding
of side chains to precursors such as baccatin III, 13dehydroxybaccatin III, 10-deacetylbaccatin III and 10deacetylpaclitaxel obtained from the leaves of the yew tree
[6], and plant cell culturing by the induction of callus from
yew explants [7]. The direct extraction method leads to the
destruction of scarce plant material combined with a
difficulty in consistently suppling the raw materials.
Meanwhile, semi-synthesis of paclitaxel is very complex and
results in a very low yield. By contrast, plant cell culturing
enables the stable mass production of paclitaxel, of a
consistent quality, in a bioreactor without any interference
from environmental factors [1].
In plant cell cultures, paclitaxel produced through metabolic
pathways is mostly accumulated in plant cells (biomass)
[8]. It is essential to first recover the paclitaxel from the
biomass for its efficient isolation and purification. In general,
a conventional solvent extraction is the most widely used
means for the recovery of paclitaxel from biomass. The
effects of extraction conditions on the conventional solvent
extraction method’s efficiency has been investigated, and
the extraction conditions have been optimized [1,9]. However,
this conventional method requires a long extraction time
with large amounts of organic solvent and results in a low
extraction efficiency. Even under optimum extraction
conditions, at least four extractions are needed to recover
the majority of the paclitaxel (~99%). Recently, ultrasoundassisted extraction has been widely touted as an effective,
environmentally friendly, safe, reliable and inexpensive
technology, able to increase the efficiency in the extraction
of a variety of bioactive substances from biomass [10-14].
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Ultrasound-assisted extraction is based on the principle of
acoustic cavitation, which is capable of damaging the cell
walls of the plant matrix, thereby favoring the release of
bioactive compounds from the matrix into the solvent.
However, most previous studies have focused on optimizing
the experimental conditions or process parameters and a
qualitative description of their effects, with very little
quantitative analysis of the mechanism and kinetics of
ultrasound-assisted extraction [10-14]. Kinetic data provides
information about the pathway, rate, and extent of the
reaction [15,16]. In particular, the kinetic model is a
useful engineering tool, considerably facilitating design,
optimization, and simulation of the extraction process, and
contributing to better utilization of energy, solvents, and
time. Therefore, this study has systematically investigated
the effects of ultrasound power, temperature, and time on
the extraction yields of paclitaxel from biomass, and then
analyzed the kinetics of the ultrasound-assisted extraction
process. In addition, the effective diffusion coefficient,
mass transfer coefficient and Biot number were determined
under various extraction conditions, so as to understand the
mechanism of mass transfer in the extraction.

2. Materials and Methods
2.1. Plant materials
Suspension cells originating from Taxus chinensis were
cultured in a dark bioreactor at 24°C [7]. After culturing,
the plant cells were recovered from the culture broth using
a decanter (CA150 Clarifying Decanter; Westfalia) and a
high-speed centrifuge (BTPX 205GD-35CDEFP; AlfaLaval). The plant cells (biomass) for this study were provided
by the Samyang Biopharm Company, South Korea.
2.2. Paclitaxel analysis
The paclitaxel content was analyzed using an HPLC system
(SCL-10AVP, Shimadzu, Japan) equipped with a Capcell
Pak C18 column (250 mm × 4.6 mm; Shiseido). The
mobile phase involved the mixture of acetonitrile and
distilled water (35:65 ~ 65:35, v/v, gradient mode) at a
flow rate of 1.0 mL/min. The effluent was monitored at
227 nm with a UV detector with the injection volume being
20 mL [15]. Authentic paclitaxel (purity: 95%) was used as
the standard. Each sample was analyzed in triplicate.
2.3. Ultrasonic bubble observation
The distribution of bubbles was observed during ultrasoundassisted extraction using an EOS 650D digital camera
(Canon, Japan) with an EF-S 18-55 mm lens. The image
size obtained from the digital camera was set to 2,481 ×
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Fig. 1. Schematic diagram of the ultrasound-assisted extraction
process.

1,654. The shutter speed was set to 1/2,500 sec, and the
ISO sensitivity was set at 3,200.
2.4. SEM analysis
The surface structure and morphology of the biomass
before and after extraction were observed using a scanning
electron microscope (MIRA LMH; Tescan, Czech Republic)
at an electron acceleration voltage of 10-15 kV. The sample
used in the analysis was about 1 mg.
2.5. Ultrasound-assisted extraction
The ultrasound-assisted extraction was carried out with a
1:1 (w/v) ratio of biomass to methanol and two 40 kHz
ultrasonic cleaners, one with a maximum power output of
250 W (UC-10, Jeiotech, South Korea) and the other of
530 W (JAC-4020, KODO, South Korea) [17]. The biomass
was extracted at different temperatures (298, 303, 308, 313,
and 318 K), ultrasound powers (80, 180, 250, 380, and
530 W), and operational times (1, 2, 4, 6, 8, 10, 12, 15, and
30 min) with a stirring speed of 500 rpm. The extraction
temperature was selected considering the degradation of
paclitaxel at high temperature (>323 K) [17]. Fig. 1 shows
a schematic diagram of the ultrasound-assisted extraction
process. The reactor (Pyrex glass beaker) containing the
sample was placed in an ultrasonic water bath and the
experiment was carried out. The reactor size and working
volume were 100 and 30 mL, respectively. After the extraction,
the mixture was filtered in a vacuum using filtration paper
(150 mm, Whatman). The filtrate (methanol extract) was
collected, concentrated using a concentrator (CCA-1100,
EYELA, Japan), and then completely dried in a vacuum
(40°C, overnight). The purity of the crude extract was
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measured using HPLC. The paclitaxel yield (Y, %) was
calculated using Eq. (1):

1n
2
RMSD = --- ∑ ( experimental – calculated)
n

(2)

i=1

Q
Y (%) = ------E- × 100
QB

(1)
where n is the number of experimental runs.

where QE is the quantity of paclitaxel in the crude extract
and QB is the quantity of paclitaxel in the biomass. All the
experiments were performed in triplicate and the average
values from the results were taken.
2.6. Kinetic models
In an extraction study, it is necessary to apply the extraction
data to different models and equations in order to analyze
the kinetics of the extraction process. The pseudo-firstorder model [18], pseudo-second-order model [19,20], and
intraparticle diffusion model [21] were used for kinetic
analysis. The effective diffusion coefficient and mass
transfer coefficient were calculated by applying Fick’s law
[22-24]. The relative magnitudes of external and internal
resistances to mass transfer were determined using Biot
number (Bi) [22]. Table 1 summarizes the equations used
for parameter estimation. The validity of the models was
evaluated by the coefficient of determination (r2) and the
root mean squared deviation (RMSD) [17]. The RMSD
can be expressed as Eq. (2):

3. Results and Discussion
3.1. Influence of ultrasound power and extraction
temperature
In order to investigate the effects of ultrasound power on
the efficiency of ultrasound-assisted extraction, the extraction
was performed using different ultrasound powers (80, 180,
250, 380, and 530 W) and extraction times (1, 2, 4, 6, 8,
10, 12, 15, and 30 min) at a fixed biomass/methanol ratio
(1:1, w/v), temperature (298 K), stirring speed (500 rpm),
and extraction number (1). As shown in Fig. 2, the yield of
paclitaxel increased with increasing ultrasound power and
time, while the highest yield (~99%) was obtained when
ultrasound power at 380 W was applied over a period of
10 min. It was observed that when the ultrasound power
was below 380 W, the paclitaxel yield (~80%) did not
significantly increase after 10 min of extraction time. These
results indicate that cell destruction is more widespread

Table 1. Equations used for parameter estimation
Equation
ln(Ce – Ct) = lnCe – k1t

Parameter
Ct (mg/mL): concentration of paclitaxel in the suspension at any time
Ce (mg/mL): concentration of extracted paclitaxel at equilibrium
k1 (min-1): pseudo-first-order rate constant

Ref.
[18]

t- ---------1 - ----t
---=
+
Ct k C 2 C e

k2 (mL/mg·min): pseudo-second-order rate constant
h (mg/mL·min): initial extraction rate

[19,20]

qt: yield of paclitaxel extracted in the suspension at time t
kP (mg/g·min1/2): intraparticle diffusion rate constant

[21]

2
De π t
Ys ⎞
- = lnπ
----- + -----------ln⎛⎝-------------2
Ys – Yt⎠
6
R

Ys: total paclitaxel yield at saturation
Yt: total paclitaxel yield at time t
De (m2/s): effective diffusion coefficient
R: cell radius (average radius: 42.5 × 10-6 m)

[22]

KTA
Cs
- = ----------t
ln------------Cs – C t V s
3mplant
A = ---------------ρrp

Cs (mg/mL):saturation concentration of paclitaxel
Ct (mg/mL): concentration of paclitaxel at time t
A (m2): total surface area of the particles (cells)
mplant (kg):cell weight introduced in the extractor
ρ: cell wet density (1071.43 kg/m3)
rp: cell size (average radius: 42.5 × 10-6 m)
Vs (m3): volume of solution
KT (m/s): mass transfer coefficient

[23,24]

rpKT
Bi = ----------De

Bi: Biot number

[24]

2

e

2

h = k2 C e
qt = k p t

1⁄2

2
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Fig. 2. 3D response surface and contour plots for the optimization
of the ultrasound-assisted extraction process from Taxus chinensis.
The biomass/MeOH ratio, temperature, and stirring speed were
1:1 (w/v), 298 K, and 500 rpm, respectively.

when the ultrasound power is increased, resulting in an
improved extraction efficiency [25]. Hence, a single
extraction under optimum ultrasound power (380 W) and
duration (10 min) recovered the majority of paclitaxel
(~99%) from the biomass. On the other hand, in the
absence of ultrasound, most of the paclitaxel (~99%) was
recovered by extraction at least four times [1, 9].
The propagation of ultrasonic waves in liquid medium
can generate cavitation bubbles due to the pressure variation
[26]. The trends in cavitation bubble formation according
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to ultrasound power (80, 180, 250, and 380 W) were
investigated using a digital camera (Fig. 3). The number of
cavitation bubbles was seen to increase with greater
ultrasound power. This is because the number of cavitation
bubbles generated at a certain ultrasonic frequency depends
on the ultrasound power [26]. The collapse of these
bubbles can locally result in extremely high pressure and
temperature, thus facilitating the destruction of surface
material. For this reason, the extraction efficiency increases
as the ultrasound power increases.
The surface structure and shape of the biomass were
investigated through SEM analysis. In the case of the
biomass before extraction (Fig. 4A), the surface was
relatively smooth and nonporous. After conventional solvent
extraction (Fig. 4B), the biomass became atrophic with the
appearance of ruptures and wrinkles. Meanwhile, after
ultrasound-assisted extraction (Figs. 4C-4E), the biomass
appeared completely disrupted, with all the cell walls being
broken or damaged and significant changes in the cell
shapes as ultrasound power increased. This result was
probably related to the shear forces of ultrasonic cavitation.
Therefore, the disruption of the biomass surface, which
favored the mass transfer of paclitaxel into the solution,
resulted in a dramatically improved extraction efficiency.
These results are reasonable since the increase of ultrasonic
energy dissipated in the extractor can improve the mechanical
and cavitation effects of ultrasound. Similar results were
obtained in the study of ultrasound-assisted extraction of
bioactive substance from Achillea biebersteinii, in which it
was also found that an increase in the output of ultrasonic
energy promoted biomass disruption [25].
The effects of the extraction temperature on the extraction

Fig. 3. Bubble cloud images at ultrasound power 80 W (A), ultrasound power 180 W (B), ultrasound power 250 W (C), and ultrasound
power 380 W (D).
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Fig. 4. SEM images of untreated (A), conventional solvent extraction-treated (B), ultrasound-assisted extraction (ultrasound power
180 W)-treated (C), ultrasound-assisted extraction (ultrasound power 250 W)-treated (D), ultrasound-assisted extraction (ultrasound
power 380 W)-treated, and (E) biomasses.

efficiency of paclitaxel from the biomass were investigated.
When using temperatures (298, 303, 308, 313, and 318 K),
the ultrasound-assisted extraction was performed once
using various ultrasound powers (180, 250, and 380 W)
and extraction times (1, 2,4, 6, 8, 10, 12, 15, and 30 min).
When using an ultrasound power between 180 and 250 W
(Fig. 5A and 5B), the yield of paclitaxel in all treatments
increased markedly in the first 10 min of sonication and
then increased slowly and steadily thereafter until reaching
equilibrium. The maximum yield of paclitaxel was 75-82%
and 80-87% at 180 W and 250 W, respectively. The
maximum yields and initial extraction rates of the extracted
paclitaxel all increased when more ultrasound power and

higher extraction temperatures were applied. Meanwhile,
when using an ultrasound power of 380 W (Fig. 5C), the
yield of paclitaxel increased sharply until 10 min of
extraction at 298 K and 303K, until 8 min of extraction at
303 K and 308 K, and until 6 min of extraction at 318 K,
respectively. Thereafter, the yield of paclitaxel increased
slowly and steadily until reaching equilibrium, and almost
all of the paclitaxel was recovered (~99%) at the same
time. This result indicates that a rise in ultrasound power
and temperature increases the solubility and facilitates the
diffusion of paclitaxel while reducing the viscosity of the
extraction solution [17,27].
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Fig. 5. Effect of temperature on the yield of paclitaxel during ultrasound-assisted extraction at different ultrasound powers. (A)
ultrasound power 180 W; (B) ultrasound power 250 W; (C) ultrasound power 380 W. The biomass/MeOH ratio, stirring speed were 1:1
(w/v) and 500 rpm, respectively.

3.2. Kinetic analysis
Pseudo-first-order and pseudo-second-order kinetic models
were used to analyze the experimental data for the
ultrasound-assisted extraction of paclitaxel from biomass.
The applicability of each model was identified using r2 and
RMSD, while the ultrasound-assisted extraction pattern
was quantitatively investigated using a kinetic analysis.
As a result of the comparison of kinetic models, it was
found that the pseudo-second-order model was more
suitable for the extraction of paclitaxel from the biomass in
terms of the r2 and RMSD. For the pseudo-second-order
model, t/Ct and t were plotted, and k2 and Ce were calculated
from the slope and the intercept. The parameters obtained
from the kinetic equation together with the r2 and RMSD,
are listed in Table 2. The values of h and k2 increased when
increasing the temperature and ultrasound power, meaning
the initial extraction rate and overall extraction rate were
also increased. Similar solid-liquid extraction behaviors
have also been reported in previous studies [13,19,20,28].
Compared to conventional solvent extraction [16], the
extraction rate constants increased up to 2.2, 2.3, 2.8, 4.1,
and 4.6 times at 298, 303, 308, 313, and 318 K, respectively.

In particular, the extraction rate constant increased markedly
at 380 W than at 180 W and 250 W of ultrasound power
at all the investigated temperatures. Since the changes in h
and k2 were smaller than those previously reported for the
extraction of bioactive substances from pomegranate peel
[13], the extraction process in this study appeared relatively
insensitive to ultrasound power. In addition, the value of Ce
increased when increasing the temperature and ultrasound
power. This improved extraction efficiency was attributed to
an increased solubility and easier diffusion of the paclitaxel
due to the increased temperature and ultrasound power
[12,27]. Therefore, for the biomass recovery of paclitaxel
using ultrasound-assisted extraction, the pseudo-secondorder model was suitable, showing a large value for r2
(>0.9965) and a small value for RMSD (<0.0098).
The intraparticle diffusion model proposed by Weber and
Morris [21] was applied to determine if the rate-limiting
step is intraparticle diffusion. According to Table 1, a plot
of qt versus t1/2 should be in a straight line with a slope kp
when the extraction mechanism follows the intraparticle
diffusion process [29]. As shown in Fig. 6, the plot was multilinear and there were three different portions, indicating
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Table 2. Parameters of pseudo-second-order model for the ultrasound-assisted extraction of paclitaxel from Taxus chinensis
Model
Second- order
model

Ultrasound power
(W)
180

250

380

Parameter
h (mg/mL·min)
k2 (mL/mg·min)
Ce (mg/mL)
r2
RMSD
h (mg/mL·min)
k2 (mL/mg·min)
Ce (mg/mL)
r2
RMSD
h (mg/mL·min)
k2 (mL/mg·min)
Ce (mg/mL)
r2
RMSD

298
0.2765
4.8169
0.2399
0.9995
0.0097
0.3302
5.0159
0.2566
0.9993
0.0056
0.6838
7.7714
0.2966
0.9985
0.0077

Fig. 6. Intraparticle diffusion plot for the ultrasound-assisted
extraction of paclitaxel at 298 K.

three different stages in extraction. The first portion (Stage I)
is the washing step with rapid solute transfer from the
surface of the solid into the bulk of liquid, and the second
portion (Stage II) is the diffusion step with slower, prolonged
transfer of solutes from the solid interior to the solid surface.
The third portion (Stage III) is the equilibrium step, where
the extraction reaches near equilibrium, resulting in a slow
diffusion. Generally, the third stage is very rapid and does
not constitute a rate-limiting step in the extraction [29]. In
conventional solvent extraction, the washing step and the
diffusion step of the extraction are clearly distinguished,
and extraction proceeds step by step. On the other hand, in

303
0.3004
5.1502
0.2417
0.9970
0.0077
0.3616
5.3995
0.2589
0.9996
0.0052
0.7969
8.8499
0.3000
0.9992
0.0067

Temperature (K)
308
0.3219
5.4327
0.2436
0.9965
0.0098
0.4726
7.0243
0.2595
0.9999
0.0077
1.0659
11.7377
0.3014
0.9999
0.0075

313
0.3581
5.5322
0.2548
0.9996
0.0066
0.5218
7.2320
0.2687
0.9997
0.0077
1.6428
17.7250
0.3044
0.9999
0.0065

318
0.4030
5.9974
0.2592
0.9998
0.0049
0.5512
7.3069
0.2748
0.9995
0.0049
2.0222
21.7468
0.3049
0.9999
0.0035

ultrasound-assisted extraction, the washing step and the
diffusion step of the extraction are not clearly distinguished
due to the ultrasonic waves; therefore, the extraction of these
latter two steps is almost simultaneous. This phenomenon
was seen to be more pronounced as ultrasound power was
increased. It was also found that the extraction of paclitaxel
from the biomass followed the intraparticle diffusion
model after 2 min. In addition, the linear line did not pass
through the origin, which indicates that intraparticle
diffusion is not the only rate limiting mechanism in the
extraction process. Since the value of kp in the washing
step (Stage I) is greater than that of kp in intraparticle
diffusion (Stage II), the latter affected the rate-limiting step
more significantly. Also, it was observed that the rate
constant in the diffusion step increased in the following
order: conventional solvent extraction (0.0612 mg/g·min1/2)
< ultrasound power 180 W (0.0939 mg/g·min1/2) < ultrasound
power 250 W (0.1086 mg/g·min1/2) < ultrasound power
380 W (0.1102 mg/g·min1/2). From the viewpoint of the
extraction rate, it was found that ultrasound-assisted extraction
was more effective than conventional solvent extraction
and the extraction rate increased with increasing ultrasound
power.
3.3. Estimation of effective diffusion coefficient and
mass transfer coefficient
The diffusion model based on Fick’s second law was used
to describe the mass transfer of a solute from the spherical
solid interior to the solid surface [22]. Meanwhile, the
analytical expression of the diffusive flux, based on Fick’s
first law, was used to explain the mass transfer of a solute
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Table 3. Values of the effective diffusion coefficient De, the mass
transfer coefficient KT, Biot number Bi obtained for the
ultrasound-assisted extraction of paclitaxel from Taxus chinensis
Ultrasound
power
(W)
180 W

250 W

380 W

Temperature
(K)

De × 1013
(m2/s)

KT × 108
(m/s)

Bi

298
303
308
313
318
298
303
308
313
318
298
303
308
313
318

4.1882
4.3362
4.5042
4.6107
4.7882
4.3319
4.5404
4.7621
5.0608
5.3915
5.0598
5.2202
5.4086
5.5752
5.7093

4.7053
5.0089
5.4642
6.0714
6.8303
5.0089
5.4642
6.5267
7.5892
8.3482
7.7410
8.6517
10.6249
12.5981
14.1160

4.7747
4.9093
5.1559
5.5964
6.0626
4.9142
5.1148
5.8248
6.3734
6.5806
6.5021
7.0437
8.3489
9.6035
10.5080

from the surface of the solid into the bulk of liquid [24].
As shown in Table 1, the effective diffusion coefficient
and mass transfer coefficient for the ultrasound-assisted
extraction of paclitaxel from Taxus chinensis were calculated
by plotting ln (Ys/(Ys-Yt)) versus t and ln (Cs/(Cs-Ct)) versus
t, respectively. The effective diffusion coefficient, mass
transfer coefficient, and Biot number, according to the
ultrasound power and extraction temperature, are presented
in Table 3. The effective diffusion coefficients increased
with increasing temperature and ultrasound power. The
obtained value of De (4.1882 × 10-13 ~ 5.7093 × 10-13 m2/s)
is much lower than that for the extraction of alkaloids
from Atropa belladonna with methanol (2.52 × 10-10 ~ 4.79
× 10-10 m2/s), and for the extraction of lignans flaxseed
meal with water (2 × 10-13 ~ 9 × 10-13 m2/s), and much
higher than that for the extraction of andrographolide from
Andrographis paniculate with water (6.67 × 10-14 m2/s)
[24]. The mass transfer coefficients (4.7053 × 10-8 ~ 14.1160
× 10-8 m/s) increased on a proportionally much larger scale
than the effective diffusion coefficient. While the increase
in the diffusion coefficient may be attributed to increased
thermal energy at higher temperatures and ultrasound
powers, the increase in the mass transfer coefficient could
be attributed to both an increase in the diffusion coefficient
and a decrease in viscosity [22,30]. This would likely
explain the higher influence of temperature and ultrasound
power on the mass transfer coefficient than that on the
diffusion coefficient. Therefore, the mass transfer Biot
number (4.8-10.5) increased with temperature and ultrasound
power. The higher values of Biot number indicates that
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the external resistances for mass transfer is negligible,
confirming efficient mixing between solute and solvent,
and therefore, internal transfer is rate-limiting [22]. These
results are similar to those observed in the extraction of
phenol from the oak chips of wines [31,32].

4. Conclusions
In this study, ultrasound-assisted extraction was performed
for the efficient recovery of paclitaxel from Taxus chinensis,
with the kinetics and mechanism of extraction process
being analyzed. Most of the paclitaxel (~99%) was recovered
from biomass by a single extraction under an optimum
ultrasound power of 380 W and extraction time of 10 min.
The number of cavitation bubbles increased with increasing
ultrasound power, which promoted cell disruption, and
consequently the extraction process, due to the collapse of
these bubbles. The extraction kinetics was described
very well by the pseudo-second-order kinetic model,
while intraparticle diffusion played a dominant role in
pacltaxel extraction from biomass in accordance with
the intraparticle diffusion model. The effective diffusion
coefficient (4.1882 × 10-13-5.7093 × 10-13 m2/s), mass transfer
coefficient (4.705 × 10-8-14.1160 × 10-8 m/s), and Biot number
(4.8-10.5) increased with increasing temperature and
ultrasound power, indicating that the external resistances for
mass transfer are negligible, confirming efficient mixing
between solute and solvent and therefore, internal transfer
is rate-limiting.
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