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Abstract

The usage of disposable bioreactors to produce pharmaceutical relevant secondary plant 
metabolites is increasing. We developed an inexpensive bioreactor with integrated non-
invasive, reliable and easy to use sensor system. In this study, an optical oxygen sensitive 
coating is integrated in the wall material that enables oxygen measurements at every 
spot in the disposable bioreactor. The suitability of the disposable bioreactor system was 
evaluated by cultivation of various plant cultures. Mucuna pruriens cell suspension culture 
showed good growth and no signs of toxicity from the bioreactor material. Furthermore, 
L-DOPA production in the disposable bioreactor system seemed comparable to the 
production in traditionally used Erlenmeyer flasks. Additionally, deoxypodophyllotoxin 
producing Anthriscus sylvestris root cultures were regenerated in the disposable bioreactor. 
These root cultures produce deoxypodophyllotoxin and showed visual growth, which is 
the first report on productive root cultures of A. sylvestris. 

Keywords

Optical sensor technology, fluorescence, Mucuna pruriens, L-DOPA,  
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Introduction 

Plants produce a wide range of secondary metabolites, which are a valuable source 
for pharmaceuticals. Producing metabolites by plant cultures ensures controlled and 
reproducible cultivation conditions independent from geographical and climatic factors1. 
The increased interest in cultivating plant tissue cultures in bioreactors has resulted in 
the development of disposable bioreactors as an alternative to the traditional glass or 
stainless steel bioreactors2. There are many advantages of using disposable bioreactors, 
such as improved flexibility of the process, reduction of cross-contamination, downtime 
and capital costs3–7. Disposable bioreactors have been used to produce pharmaceuticals 
from transgenic cell cultures, such as the US Food and Drug Administration approved 
production of Taliglucerase alfa for the treatment of Gaucher’s disease8,9. This opened 
the road for production of pharmaceuticals or its precursors through (transgenic) in vitro 
cultures in disposable bioreactors. 

The development of disposable bioreactors was followed by the development of sensors 
that are cheap, noninvasive and enable simple and quick monitoring of important 
parameters for plant growth, such as temperature, oxygen and cell density10.  One of 
the techniques for monitoring oxygen levels is optical sensor technology, which has the 
additional advantages that the measurement does not disturb electromagnetic fields 
nor consumes oxygen10–12. It relies on the reversibly and quantitatively quenching of the 
fluorescence signal, either by oxygen directly or via an intermediate species, such as a 
fluorescent dye13. These dyes can be stabilized by immobilizing them into a gas permeable 
polymer matrix14. For example, by integration in a patch attached to the outside of a 
disposable bioreactor15. 

Various bioreactor types, such as the mechanically driven wave-mixed or stirred reactors 
and the pneumatically driven bubble column and gas-phase bioreactors have been used for 
cultivating in vitro cultures2,16–18. In order to minimize mechanical stress we chose the wave-
mixed driven system. We verified the growth characteristics of L-DOPA producing Mucuna 
pruriens cell culture and deoxypodophyllotoxin producing Anthriscus sylvestris roots to 
determine the quality of our disposable bioreactor system. The pharmaceutically important 
neurotransmitter L-DOPA (L-3,4-dihydroxyphenylalanine) has been used as a drug for 
Parkinson’s disease since the 1960s and can be produced by M. pruriens cell suspension 
cultures19. We developed in the past Mucuna cell suspension cultures that can produced 
endogenous L-DOPA with a content up to 2 %, on a dry weight basis20. The optimal growth 
medium has been determined and the growth characteristics are well-known in our 
laboratory; therefore, this cell suspension culture can be used to validate the disposable 
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bioreactor system compared to the traditionally used Erlenmeyer flasks. Furthermore, of 
interest would be the cultivation of more complex cultures in our disposable bioreactor, 
such as root cultures. The pharmaceutically important anticancer drug etoposide is 
semi-synthetically produced from podophyllotoxin that accumulates in the roots of 
the endangered Podophyllum hexandrum21. Its, precursor deoxypodophyllotoxin can 
be obtained from the roots of A. sylvestris22,23. Whether A. sylvestris roots cultures can be 
generated and if they produce deoxypodophyllotoxin has not been reported up to now.  

In this study, we report a novel type of wave-mixed bioreactor with integrated oxygen sensor 
system that enables oxygen concentration measurements at every spot in the bioreactor. 
The system is easy to scale-up and can be used for the cultivation of cell suspension and 
root cultures. Furthermore, deoxypodophyllotoxin producing A. sylvestris root cultures 
were regenerated and we could expand them in our bioreactor system. 

Material and Methods

Chemicals
Murashige & Skoog medium (MS), Gamborg B5 vitamin mixture, plant-agar, indole-3-acetic 
acid (IAA, > 99.0 %), indole-3-butyric acid (IBA, > 98.0 %), 6-benzylaminopurine (6-BAP, 
> 99 %), zeatin riboside (> 97 %) and sucrose (> 99.7 %) were purchased from Duchefa, 
Haarlem, the Netherlands. Technical methanol (98.5 % (v/v)) and acetonitrile (≥ 99.8 % 
(v/v)) were purchased from VWR, Fontenay-Sous-Boris, France. Formic acid (98-100 %), 
di-potassium hydrogen phosphate trihydrate (≥ 99.0 %) and phosphoric acid (85 %) were 
purchased from Merck, Darmstadt, Germany. Other chemicals used were ammonium 
formate (> 97 % (v/v), Sigma Aldrich, St. Louis, USA), methanol absolute AR (99.8 % (v/v), 
Biosolve, Valkenswaard, the Netherlands) and the reference compounds L-DOPA (≥ 98 %, 
Sigma Aldrich, St. Louis, USA) and deoxypodophyllotoxin (> 98 % pure). The latter was 
isolated from A. sylvestris at the Department of Chemical and Pharmaceutical Biology, 
Groningen, the Netherlands22. 

Disposable bioreactor
In collaboration with Fytagoras B.V. and Sylvaphane Plastics B.V. a disposable bioreactor 
with integrated fluorescent dye as an oxygen sensitive coating was designed. The dis-
posable bioreactor consists of multiple layers of recyclable polyethylene (PE) plastic: a gas 
permeable inner layer containing the oxygen sensitive coating, and a non-gas permeable 
outer layer (Fig. 1). The outer layer was laminated in order to render it non-gas permeable. 
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FIGURE 1. Schematic drawing of cross-section of the disposable bioreactor. 

The inner layer (dashed line) consists of an oxygen sensitive coating containing a fluorescence dye (●) imbedded 
into a gas-permeable transparent PE. The outer layer consists of transparent PE (solid black line) and transparent 
or white PE (grey solid line). Two filters are connected to the disposable bioreactor where mentioned in the 
text, these are the inlet and outlet for medical grade oxygen

The coating of the inner layer contains an oxygen-sensitive fluorescent dye Tris-Ru2+-4,7-
biphenyl-1,10-phenalthroline, where the amount of fluorescence and the fluorescence 
lifetime are depending on the oxygen concentration in the medium14. The performance 
of the oxygen-sensitive coating was determined by measuring the fluorescence intensity 
decay up to atmospheric oxygen levels (0 – 21 % oxygen). The fluorescence decay obeys 
the linear Stern-Volmer relationship (I0/I). The oxygen levels were varied by mixing nitrogen 
and compressed oxygen in the required quantities and introducing this to the disposable 
bioreactor. 

Cultivation of Mucuna pruriens cell suspension cultures
M. pruriens cell suspension cultures were cultivated, as described earlier by our laboratory19, 
in a climate-controlled room (25 °C) in autoclaved MS suspension medium (pH 5.9) 
containing 1.0 mg/L IAA, 1.0 mg/L 6-BAP and 40 g/L sucrose. Cell suspension cultures 
were cultivated in Erlenmeyer flasks (300 mL) and disposable bioreactors (1 L). Cultures 
were orbital shaken at 110 rpm under continuous illumination (1000 lux). Each day, 
medical grade oxygen was added to the disposable bioreactor for 1 hour to supply 
enough oxygen to the cells.

Regeneration and cultivation of Anthriscus sylvestris root cultures
A. sylvestris callus regenerated as described earlier by our laboratory24, was used for 
generation of the root cultures. Callus was transferred to solid medium composed of 
autoclaved Gamborg’s B5 salts and vitamins (pH 5.7) supplemented with 2.0 mg/L zeatin 
riboside, 1.0 mg/L IBA, 40 g/L sucrose and 8 g/L agar. Regenerated shoots were transferred 

transparent or 
white PE layer

inner compartment

inlet outlet

coating transparent 
PE layer
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into plates with rooting medium. The rooting medium contained Gamborg’s B5 salts and 
vitamins (pH 5.7) supplemented with 10 g/L sucrose. No growth regulators were added. 
After root formation a root segment measuring about 2 cm in length was transferred 
to liquid rooting medium in Erlenmeyer flasks. Growth of roots was only observed upon 
incubation in the dark. The root cultures were cultivated in a climate-controlled room 
(25 °C) under orbital shaking at 70 ppm and medium was refreshed every four weeks. 
For extraction, roots were collected and dried untill constant weight at 40 °C. Roots were 
ground with a pestle and mortar.

Extraction of L-DOPA from Mucuna pruriens cell suspension cultures
L-DOPA was extracted as described previously with some modifications19. Briefly, formic 
acid (0.5 mL of 2 % solution) was added to 15 mL cell suspension. The mixture was 
ground in an Ultra-Turrax (IKA, Staufen, Germany) for 15 min on ice. The supernatant 
was collected after centrifugation (10 min, 2900 g, 4 °C) and the L-DOPA concentration 
was directly determined by high-performance liquid chromatography (HPLC) analysis. 

Extraction of deoxypodophyllotoxin from Anthriscus sylvestris root cultures
Deoxypodophyllotoxin was extracted as described previously with some modifications23. 
Briefly, methanol (10 mL) was added to the plant material. The sample was vortexed for 
thirty seconds on a Heidolph Reax top, at 2500 rpm (Heidolph, Essex, UK). The supernatant 
was collected after centrifugation (10 min, 2900 g, 4 °C). The root material was extracted 
for an additional five rounds. The supernatants were pooled and concentrated by rotary 
evaporation. The samples were transferred to 5 mL volumetric flasks and the volume 
was adjusted with methanol. The deoxypodophyllotoxin concentration was determined 
directly by HPLC analysis.

Assessment of L-DOPA and deoxypodophyllotoxin amounts by HPLC 
The amounts of L-DOPA and deoxypodophyllotoxin were analyzed by HPLC. A Shimadzu-VP 
system (Shimadzu, ‘s-Hertogenbosch, the Netherlands) was used, consisting of a LC-10AT 
pump, a SIL-20A auto sampler, a diode array detector SPD-M10A. The elution flow rate 
was 1 mL/min and the column temperature was held constant at 25 °C.

L-DOPA
A Synergy Hydro-RP column (4.6x 150mm; 4µm, Phenomenex, Torrance, USA) and a 
Hydro-RP security guard column (AJ0-7511, Phenomenex) were used for L-DOPA analysis. 
The method for catecholamine separation on Synergy Hydro-RP by Phenomenex was used. 
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In brief, the mobile phase was 20 mM potassium phosphate (K2HPO4) in water, acidified 
to pH 2.5 with phosphoric acid. A calibration curve was used to determine the amount 
of L-DOPA (10 – 100 µg/mL, correlation coefficients > 0.998) in the samples, which was 
detected at a wavelength of 210 nm.
 
Deoxypodophyllotoxin
Deoxypodophyllotoxin content was determined as described before23. A Zorbax Eclipse 
XDB-C18 column (4.6x 150 mm; 5μm, Agilent, Santa Clara, USA) and an Eclipse XDB-C18 
guard column containing cartridges (4.6 id. X 12.5 mm, 5μm, Agilent, Santa Clara, USA) 
were used for deoxypodophyllotoxin analysis. The mobile phase A [water : acetonitrile 
(95:5)] and B [acetonitrile : water (95:5)], were both supplemented with 0.1 % formic acid 
and 2 mM ammonium formate. A gradient program of 40 min was used consisting of A-B: 
10 min 70:30 (v/v) isocratic; gradient 8 min to 50:50 (v/v); gradient 7 min to 10:90 (v/v); 5 min 
10:90 (v/v) isocratic; gradient 5 min to 70:30 (v/v); and equilibration of the LC column with 
5 min 70:30 (v/v) isocratic elution prior to the next analysis. A calibration curve was used 
to determine the amount of deoxypodophyllotoxin (5-80 µg/mL, correlation coefficients 
> 0.999) in the samples, which was detected at a wavelength of 289 nm.

Results

Optimization of oxygen measurements in the disposable bioreactor
To measure the oxygen levels inside the disposable bioreactor, an oxygen sensitive 
coating containing a fluorescent dye was imbedded into the gas-permeable transparent 
PE inner layer. This layer was surrounded by an air- and watertight PE outer layer (Fig.1). 
First, the relationship between fluorescence ratio (I0/I) and oxygen concentration was 
determined in gas-filled bags up to atmospheric oxygen level (21 %). Gas containing a 
certain oxygen concentration (N2 gas mixed with compressed air) was purged through 
the bag. The first-generation bags, containing only transparent outer layer, showed an 
increase of the fluorescence ratio of 0.05 per 1 % oxygen added (∆ fluorescence) in gas-
filled bags. However, these bags were incapable of differentiating various oxygen levels in 
medium-filled bags. In the experimental set-up for the gas-filled bags a white background 
was used, which reflected the fluorescent signal back to the measuring device to increase 
the sensitivity of the measurement. This does not happen in medium-filled bags as the 
fluorescence signal was scattered by the medium. This issue was solved by incorporating a 
white outer layer at one side of the bioreactor in the second-generation bags as depicted 
in Fig. 1. In this second-generation bags a ∆ fluorescence of 0.11 was achieved, which was 
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FIGURE 2. Fluorescence intensity ratio (I0/I) plotted against oxygen concentration in a disposable 

bioreactor. 

A) Ratio in air for a disposable bioreactor with completely transparent outer layer (●, first-generation) and partly 
transparent and partly white outer layer (■, second-generation) was determined. The oxygen concentration 
was varied from 0 -  21 % by mixing of N2 gas and compressed air in certain quantities. The standard deviation 
for the measurement was < 1.5 % between separate experiments (n=3). B) Ratio in disposable bioreactor 
(second-generation) filled with medium. The ratio was measured in time, starting from 0 % oxygen (N2 gas) and 
increased finally to 21 % by flushing with compressed air

2.3-fold higher as for the first-generation bags (Fig. 2A). Furthermore, a linear relationship 
was observed between 0 and 21 % oxygen in medium-filled bags (Fig. 2B).

Cultivation of Mucuna pruriens cell suspension culture in disposable 
bioreactor
The suitability to grow plant cultures in the disposable bioreactor was investigated with 
a model M. pruriens cell suspension culture. First, we assessed whether the PE material 
with the oxygen sensitive coating was toxic for the cells. The cultures were cultivated in 
Erlenmeyer flasks in the presence or absence of beads of gas-permeable PE, which would 
be in contact with the cell suspension culture during cultivation in the disposable bioreactor. 
The growth characteristics and L-DOPA production of M. pruriens were not affected by 
the presence of the disposable bioreactor material as beads. The lack of toxicity of the 
disposable bioreactor material was further evaluated by incubating M. pruriens cells with 
the gas-permeable PE layer of 10 and 20 cm2 area containing the oxygen-sensitive coating. 
Biomass and L-DOPA production in the cultures containing the disposable bioreactor 
material seemed similar to the cultures without the material (Fig. 3). Next, we determined 
if M. pruriens cells and PE material are not aggregating, which can influence the cell viability 
or productivity. After 7 days of cultivation, cells were to some extent attached to the beads. 
This interaction was weak as PBS washing removed the cells from the beads. 
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Finally, M. pruriens cells were cultivated in a disposable bioreactor of the second generation. 
During cultivation the cells became brown indicating cell death. Toxicity of the disposable 
bioreactor material was already eliminated as an issue; therefore, another bottleneck was 
hampering the system, such as insufficient passive aeration by the inlets. When medical 
grade oxygen was added once per day, the cells survived; therefore, we can conclude 
that indeed insufficient aeration was the problem. The L-DOPA production (weight/weight 
(w/w), dry weight) seemed comparable in the disposable bioreactor (5.4 mg/g) and the 
Erlenmeyer flask (4.7 mg/g) after 7 days of cultivation; moreover, observations by eye 
indicated that the culture in the disposable bioreactor was not fully grown yet (Fig. 4). 
Incubation for another 3 days resulted in an increase of biomass by almost 40 %. 

Generation and cultivation of Anthriscus sylvestris root culture 
In nature, most deoxypodophyllotoxin is produced in the roots of A. sylvestris. Therefore, 
we were interested if we could cultivate A. sylvestris root cultures in a disposable bioreactor 
in the absence of light. A. sylvestris root cultures were initiated from regenerated roots by 
introducing the roots in liquid rooting medium in Erlenmeyer flasks. First, we determined 
the increase of root biomass in one month, which was 12 ± 3 mg to 26 ± 9 mg (dry weight, 
n=3). Followed by the deoxypodophyllotoxin content in the roots, which was 11 ± 3 µg/g 
(dry weight, n=4). In the next step, we cultivated the roots in the absence of light in the 
(second-generation) disposable bioreactor, where we observed that numerous new roots 
were formed within a month (white roots, Fig. 5). 

FIGURE 3. Effect of disposable bioreactor material on the biomass and L-DOPA production of Mucuna 

pruriens cell suspension cultures.

 A) Effect of the inner layer of PE on the biomass production normalized to the cultures without PE material B) 
Effect of the inner layer of PE on the L-DOPA production normalized to the cultures without PE material. The 
data represent the mean ± standard deviation (n=2)
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FIGURE 5. Growth of Anthriscus sylvestris root tissue in Erlenmeyer flask and disposable bioreactor. 

Root culture grown in Erlenmeyer flask (A) and disposable bioreactor (B) were followed for 26 days

FIGURE 4. Growth of Mucuna pruriens in Erlenmeyer flask and disposable bioreactor. 

Medical grade oxygen was added every day for 1 hour to supply oxygen to the cells in the disposable bioreactor. 
The biomass was observed by eye at day 1 and 7 for cultivation in Erlenmeyer flask (A) and disposable bioreactor (B)

A
Day 7Day 0

B

A
Day 26Day 0
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Discussion

Plants produce a wide range of secondary metabolites, which are a valuable source for 
pharmaceuticals. The increased interest in cultivating plant tissue cultures in disposable 
bioreactors has led to the development of sensors that are cheap, noninvasive and 
enable simple and quick monitoring of important parameters for plant growth10. We 
demonstrated a novel approach to determine oxygen levels in disposable bioreactors by 
integrating an oxygen-sensitive coating in the material of the reactor. The first-generation 
bags consisted of a completely transparent outer layer, which had in gas-filled bags a 
linear oxygen dose-response relationship. However, measuring oxygen concentrations 
in medium-filled bags was more complex. This is caused by scattering of the signal in 
the medium; resulting in insufficient reflection of the signal back to the detector. Next, 
we designed the second-generation bags that had a partly white outer layer. These bags 
showed an improved ∆ fluorescence and had a linear relationship between fluorescence 
ratio and oxygen concentration in medium-filled bags. Our integrated sensor system has 
the ability to measure the oxygen concentration at every spot in the reactor; therefore, 
differences in oxygen concentration can be measured. This is a benefit compared to 
existing systems containing a patch or sample loop15,26. For our disposable bioreactor, the 
production was small-scale and the sealing of the bags and inlets was done manually; the 
sealing alone contributed to 90 % of the production costs. Therefore, future work should 
focus on scaling-up the production to reduce the costs. Furthermore, the oxygen sensor 
should be improved to increase the ∆ fluorescence ratios and the culture system should be 
improved to omit the addition of medicinal oxygen to the system. These improvements will 
result in an economically feasible system for the production of secondary metabolites from 
in vitro cultures; however further techno-economic analysis will be needed to determine 
the break-even point. Additionally, our system can be easily expanded to measure multiple 
parameters, such as pH, cell density and possibly secondary metabolites, by including more 
optical sensors. Effort should be put in sensors that can measure multiple parameters 
simultaneously, such as dissolved oxygen and pH27. 

To determine the suitability of our disposable bioreactor, cell suspension and root 
cultures were cultivated. First, we assessed the growth and production of L-DOPA 
by the easy to handle M. pruriens cell suspension cultures. We showed that L-DOPA 
production levels seemed similar for cells cultivated in our disposable bioreactor system 
and Erlenmeyer flasks. Optimizing the L-DOPA yields from M. pruriens cultivated in our 
disposable bioreactor system was not part of this study as it will be difficult to create a 
commercial market for L-DOPA production as there are other alternatives. So far, L-DOPA 
has mostly been produced through chemical synthesis despite its disadvantages, such 
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as poor conversion rate, low enantioselectivity and usage of harsh operation conditions. 
Therefore, biotechnological approaches, such as microbial fermentation, enzymatic and 
electroenzymatic synthesis have been explored28. For example, recombinant E. coli can 
produce almost 9 g/L L-DOPA in 60 h from the substrate glucose29. When elimination of 
E. coli lipopolysaccharides poses a problem then L-DOPA production via M. pruriens cell 
cultures might be a viable alternative if improvements are made. For example, switching 
to a high L-DOPA producing M. pruriens strain would increase productivity as strains 
accumulating up to 3 times more L-DOPA have been reported19. Additionally, we have 
shaken our cultures orbitally due to accumulation of cells at the area of the filters, although 
the bags were designed as wave-mixed systems. Therefore, we assume the biomass and 
L-DOPA production can be increased when the experimental set-up is improved to allow 
cell movement via the wave/undertow mechanism. Additionally, the addition of medicinal 
oxygen can be omitted when optimal cell culture/air ratios are used.

After validating the system with M. pruriens cell suspension culture, we attempted to 
generate A. sylvestris root cultures and assessed whether deoxypodophyllotoxin was 
produced and subsequently cultivated these roots in our disposable bioreactor. Until 
now, the only in vitro cultures of A. sylvestris reported are cell suspension cultures, which 
produce trace amount of deoxypodophyllotoxin (< 0.001 % w/w, based on dry weight)30. 
This study describes for the first time the generation of deoxypodophyllotoxin producing 
A. sylvestris root cultures. Growth was observed of the roots in the dark in Erlenmeyer flask 
and our disposable bioreactor. The cultivation in the dark is a benefit as it reduces the 
production cost as continuous light is unnecessary10. Although the production is lower than 
in plant roots (0.008 – 1.7 % w/w, based on dry weight)24,25,31, the doubling of the biomass in 
a month is promising. Future research should focus on improvements in the system set-up 
and culturing conditions to increase root formation and deoxypodophyllotoxin production. 
Furthermore, generation of a transgenic A. sylvestris root culture producing podophyllotoxin 
would be of interest as this saves an additional conversion of deoxypodophyllotoxin to 
podophyllotoxin. In the end, the design of the disposable bioreactor and the cultivation 
of A. sylvestris roots should be increased to industrial scale.
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