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This work optimized the novel biotransformation process of podophyllotoxin to produce podophyllic acid
by Pseudomonas aeruginosa CCTCC AB93066. Firstly, the biotransformation process was significantly
affected by medium composition. 5 g/I of yeast extract and 5 g/1 of peptone were favorable for podophyl-
lic acid production (i.e. 25.3 £ 3.7 mg/l), while not beneficial for the cell growth of P. aeruginosa. This indi-
cated that the accumulation of podophyllic acid was not corresponded well to the cell growth of P.
aeruginosa. 0 g/l of sucrose was beneficial for podophyllic acid production (i.e. 34.3 + 3.9 mg/1), which
led to high podophyllotoxin conversion (i.e. 98.2 + 0.1%). 1 g/l of NaCl was the best for podophyllic acid
production (i.e. 47.6 + 4.0 mg/1). Secondly, the production of podophyllic acid was significantly enhanced
by fed-batch biotransformation. When each 100 mg/1 of podophyllotoxin was added to the biotransfor-
mation system after 4, 10 and 25 h of culture, respectively, podophyllic acid concentration reached
99.9 + 12.3 mg/l, enhanced by 284% comparing to one-time addition (i.e. 26.0 * 2.1 mg/l). The fundamen-
tal information obtained in this study provides a simple and efficient way to produce podophyllic acid.
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1. Introduction

Podophyllotoxin, the main cyclolignan component of Podophy!-
[um sp. resin, possesses good anti-tumor activity but failed in the
clinical utility for its unacceptable gastrointestinal toxic side-ef-
fects (Imbert, 1998). In spite of the severe toxicity, podophyllotoxin
became a leading compound for the design of new drugs with im-
proved pharmacological profile (Castro et al., 2003). Biotransfor-
mation is a good choice for the structure modification of
podophyllotoxin with the advantages of strict stereo- and region-
selectivity, mild reaction condition and simple operation
procedure (Riva, 2001). A novel biotransformation process of pod-
ophyllotoxin to produce picropodophyllotoxin and podophyllic
acid has been developed in our laboratory (Li et al., 2008), which
was the first report for the production of podophyllic acid by pod-
ophyllotoxin biotransformation. Podophyllic acid was reported to
show impressive in vitro activity against ovarian and melanoma
cell lines (Subrahmanyam et al., 1998), and furthermore podophyl-
lic acid could be used as a leading compound to synthesize podophyllic
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acid [4-(2,2,6,6-tetramethyl-piperidinooxyl)] hydrazone (GP-1)
and so on, which possess good anti-tumor activity (Tian et al.,
2002; Li et al., 2002). While, the anti-tumor activity of picropodo-
phyllotoxin decreased because its cis-lactone was not favor to its
inhibition on tubulin polymerization (Bohlin and Rosen, 1996).

In order to enhance podophyllic acid production, this work fo-
cused on the optimization of the above-mentioned novel biotrans-
formation. For the biotransformation process of podophyllotoxin,
the key factors may be the cell growth of Pseudomonas aeruginosa
and substrate addition mode. For the cell growth, the significances
of culture medium have been stated in other biotransformation
processes, and it was concluded that there was a correlation be-
tween the cell growth and biotransformation product yield (Zhou
et al., 2008; Chattopadhyay et al., 2002). For substrate supply
(Kim et al., 2007), a common limitation is the inhibition or/and tox-
icity of substrate as well as the limited aqueous solubility (Carra-
gher et al.,, 2001; Held et al.,, 1999; Wick et al., 2002). General
speaking, substrate concentration need to be controlled at a low le-
vel, and the slow addition of the substrate into the biotransforma-
tion system is a common solution, which named after fed-batch
biotransformation (Hack et al., 2000; Celik et al., 2004; aAnjou
and Daugulis, 2001). Fed-batch biotransformation has been suc-
cessfully applied to other biotransformation processes to obtain a
better yield (Amanullah et al., 2002; Doig et al., 2002).
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In this work, the novel biotransformation process of podophyl-
lotoxin to produce podophyllic acid was optimized. The influences
of culture medium on podophyllic acid production were investi-
gated and the optimal medium compositions were identified. Ef-
fects of initial substrate concentration on the biotransformation
process were also studied. On the basis of the results, a fed-batch
process was proposed, and the approach was found to be very
useful for the efficient enhancement of podophyllic acid
accumulation.

2. Methods
2.1. Maintenance and preculture of P. aeruginosa

The strain of P. aeruginosa CCTCC AB93066 was purchased from
China Center for Type Culture Collection (Wuhan, China). It was
maintained on agar slants, stored at 4 °C and subcultured periodi-
cally. Peptone was kindly provided by Sinopharm Chemical Re-
agent Co., Ltd (Shanghai, China). Beef extract was purchased from
Beijing Shuangxuan Microbe Culture Medium Products Factory
(Beijing, China). Liquid medium consisted of the following compo-
nents (g/1): sucrose, 10; peptone, 5; beef extract, 5; NaCl, 5, and pH
was adjusted to 7.0 with 1.0 M NaOH. For the liquid seed culture,
50 mL medium was prepared in a 250 ml shake flask, and then
two loops of fresh spores were inoculated, and followed by 7 h
incubation at 37 °C on a rotary shaker (200 rpm).

Cell density was measured as the unit of optical density
(UOD = 0D x dilution rate). The culture broth was diluted with
deionized water after the OD of the diluted sample reached
approximately 0.5 at 600 nm.

2.2. Effect of nitrogen source

In order to enhance podophyllic acid production, a 32 full facto-
rial design (FFD) experiment was conducted around the optimum
vicinity to locate the optimum concentrations of yeast extract
and peptone. The biotransformation medium (at an initial pH of
7.0) was composed of 10 g/l of sucrose, 5 g/l of NaCl, and a certain
combination of yeast extract and peptone as investigated. The FFD
experimental results were fitted with a second-order polynomial
equation of Eq. (1) by a multiple regression technique.
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Where Y is the predicted response, f is the offset term, g; is the lin-
ear terms, f; is the quadratic terms, f; is the interaction terms, € is
an experimental error. And x; and x; represent the independent vari-
ables in the form of coded values as following equation:
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Where x; and X; are the dimensionless and actual values of indepen-
dent variable i, X is the actual value of the independent variable i at
the central point, and AX; is the step change of X; corresponding to a
unit variation of the dimensionless value. The fitness of the second-
order model was expressed by the determination coefficient R? and
its statistical significance was tested by an F-test. The regression
significance was tested by a t-test. The computer software used
was “Statistica” (trial version 6.0, StatSoft, Tulsa, OK).

A 5 ml aliquot of liquid seed culture was used to inoculate the
biotransformation in a 250 ml shake flask containing 44 ml med-
ium, and followed by 4 h incubation at 37 °C on a rotary shaker
(200 rpm). Podophyllotoxin was dissolved in alcohol and diluted
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to 5.0 mg/ml before used as stock solution. After 4 h of culture,
1 ml of the prepared substrate solution was added to each shake
flask, then the initial concentration of podophyllotoxin in the cul-
ture broth was diluted to 100 mg/l. Incubation was then allowed
to proceed for 0-48 h. The dynamic profiles of the cell growth,
podophyllotoxin biotransformation, podophyllic acid and picrop-
odophyllotoxin production were monitored during the biotransfor-
mation process. Multiple flasks were run at the same time, and
three flasks were taken at each sampling point. Each data point
was expressed by an average with an error bar (i.e. standard devi-
ation from three independent samples).

2.3. Effect of initial sucrose concentration

For the investigation on the initial sucrose concentration, its
levels of 0, 2.5, 5.0 and 10.0 g/l were tested to obtain a maximal
podophyllic acid production. The biotransformation medium (at
an initial pH of 7.0) was composed of 5 g/l of yeast extract, 5 g/l
of peptone, 5 g/l of NaCl, and a certain initial concentration of su-
crose as investigated. The other culture conditions were the same
as above.

2.4. Effect of NaCl concentration

For the investigation on the NaCl concentration, its levels of 0,
1.0, 2.5 and 5.0 g/l were tested to obtain an optimal podophyllic
acid production. The biotransformation medium (at an initial pH
of 7.0) was composed of 5 g/l of yeast extract, 5 g/l of peptone,
and a certain concentration of NaCl as investigated. The other cul-
ture conditions were the same as above.

2.5. Effect of podophyllotoxin addition mode on the biotransformation
process

Effect of initial podophyllotoxin concentration on the biotrans-
formation process was studied with its levels of 120, 200, 300 and
400 mg/l. Based on the above initial podophyllotoxin concentra-
tion experiment result, podophyllotoxin adding modes was se-
lected as follows. For the first podophyllotoxin addition mode,
each 100 mg/1 of podophyllotoxin was added to the biotransforma-
tion process after 4 and 10 h of culture, respectively. For the second
podophyllotoxin addition mode, each 100 mg/1 of podophyllotoxin
was added to the biotransformation process after 4, 10 and 25 h of
culture, respectively. For the third podophyllotoxin addition mode,
100, 50 and 50 mg/1 of podophyllotoxin was added to the biotrans-
formation process after 4, 10 and 25 h of culture, respectively. The
biotransformation medium (at an initial pH of 7.0) was composed
of 5 g/l of yeast extract, 5 g/l of peptone, and 1 g/l NaCl. The other
culture conditions were the same as above.

2.6. High performance liquid chromatography (HPLC) analysis

At the end of the biotransformation process, the total broth ta-
ken from the shake flask was centrifuged at 10,000 rpm for 30 min,
after which 2 ml of this supernatant was added acetonitrile to a
constant volume of 5 ml. Then the diluted solution was centrifuged
at 13,000 rpm for 30 min to remove protein and so on. The clear
supernatant was collected and then filtered with 0.45 pm micro-
pore filter for HPLC analysis.

HPLC analysis was carried out on a Waters 600 Series HPLC sys-
tem, equipped with 2487 ultraviolet detector. An Akasil C18 col-
umn (5pm, 4.6 mm x 250 mm) was used. Mobile phase was
0.05 M KH,PO4-methanol-acetonitrile (52:32:16) and pH was ad-
justed to 3.00 with phosphoric acid. The HPLC oven temperature
was maintained at 40°C, and the detection wavelength was
230 nm. The flow rate was 0.8 ml/min.
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