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Abstract For selecting a suitable culture period during
bioreactor culture of Orostachys cartilaginous cells, the
kinetics of cell biomass and bioactive compound accumula-
tion were investigated. Cell biomass accumulation had a
typical lag phase from O to 5 days, an exponential phase from
10 to 25 days, and an obvious declining phase from 25 to 30
days. Total polysaccharide and phenolic accumulation was
synchronized with cell growth; their maximum contents were
observed at 25 days. Among the flavonoids, quercetin (Qc)
and kaempferide (Ke) reached maximum levels at 20 days,
whereas the epicatechin gallate (Ecg), quercetin 3-O-glu-
coside (Qc-3-glc), and kaempferol-3-O-rutinoside (Kp-3-rut)
content peaked at 25 days. The suitable culture period of 25
days was confirmed by majority of the observed bioactive
compound accumulation. The effect of the air volume was
also studied. The cell biomass accumulation was optimal at an
air volume of 150 ml min~—". However, the highest content for
different bioactive compounds was determined at the varied
air volume, i.e., total polysaccharides, total phenolics, and
total flavonoids at an air volume of 150 ml min~", flavonoid
monomers of Kp-3-rut at 100 ml min~!, Ke and Ecg at
150 ml min~", Qc and Qc-3-glc at 200 ml min~". However,
the maximum productivity for all bioactive compounds was at
the air volume of 150 ml min~". The O. cartilaginous cell
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cultures had higher antioxidant properties. The cell extract
concentration providing 50% of 1,1-diphenyl-2-picrylhy-
drazyl and alkyl radical-scavenging activity were 0.0487 and
0.11 mg ml™"', respectively. Therefore, the bioreactor-cul-
tured cells of O. cartilaginous can be used as potential material
sources for production of desirable bioactive compounds and
products of O. cartilaginous.

Keywords Air volume - Culture period - Electron spin
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Abbreviations

MS Murashige and Skoog

BA Benzylaminopurine

NAA a-Naphthalene acetic acid
FwW Fresh weight

DW Dry weight

u Specific growth rate

T4 Doubling time

Qc Quercetin

Ke Kaempferide

Ecg Epicatechin gallated

Qc-3-glc  Quercetin 3-O-glucoside
Ke-3-rut  Kaempferol-3-rutinoside
HPLC High-performance liquid chromatography
DPPH 1,1-Diphenyl-2-picrylhydrazyl
ESR Electron spin resonance

SE Standard error

Introduction

Plants are the major source of secondary metabolites,
which are used as pharmaceuticals, flavors, fragrances,
coloring agents, food additives, and agrochemicals. Plant
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materials can be obtained in two ways, i.e., collection of
the wild resources and cultivation in the field. However,
wild resource are lacking in terms of the amount of plant
species. The cultivable species have various disadvantages,
including low yield and unstable metabolite content caused
by geographical, seasonal, and environmental variations
(Murthy et al. 2014). Therefore, plant cell, tissue, and
organ cultures have emerged as alternatives to whole plants
for the production of valuable metabolites (Ramachandra
and Ravishankar 2002). Bioreactor systems have recently
been developed and successfully applied in large-scale
cultures of plant cells, tissues, and organs.

During bioreactor culture, mixing, air supply, shear
stress, and other such factors are critical parameters of
bioprocess engineering. Air supply is especially important
for plant cell cultures in air-lift bioreactor systems. The
air added into the air-lift bioreactors provides the dis-
solved oxygen for metabolic activities and agitates the
cells (Ahmad et al. 2008). A high aeration volume is
generally beneficial for speeding up oxygen transfer into
bioreactors, as well as improving cell growth and
metabolite accumulation (Zhong et al. 1993). However, at
a high air volume, physiological damage can be caused by
excessive agitation and shear stress (Meijer and Libbenga
1993). Therefore, the aeration volume should be con-
trolled in bioreactor cultures for the optimization of bio-
mass growth and secondary metabolite production.
Acquiring the maximum biomass and metabolites at the
shortest time is one of the aims of plant cell culture; the
confirmation of a stable culture period shows a crucial
event for maximum biomass and metabolite production.
The kinetic study of cell growth and metabolite accu-
mulation has been frequently conducted in a bioreactor
culture to determine the exact stage at which the maxi-
mum biomass and metabolite production occurs (Thanh
et al. 2014; Wang et al. 2013). Furthermore, the evalua-
tion of the bioactivity in tissue cultures is essential before
marketing the raw material for commercial use in the
pharmaceutical and food industries. Therefore, the
antioxidant (Ali et al. 2005), anti-inflammatory (Li et al.
2013), and anti-cancer (Jiang et al. 2015) activity of
extracts from some plant cultures have been determined.
Among studies regarding the determination of bioactivity
in plant cultures, the antioxidant activity has been more
actively evaluated to date.

Orostachys (DC.) Fisch. belongs to the Crassulaceae
family, which has important and valuable medicinal value.
Orostachys is traditionally used as an anti-inflammatory,
anti-febrile, hemostatic, antidote, and anti-cancer agent (Je
et al. 2009). Whole plants of Orostachys contain polysac-
charides, phenolics, flavonoids, steroids, and triterpenoids
(Park et al. 1991). Extracts of Orostachys plants can effi-
ciently decrease and scavenge radicals, delay aging, and
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prevent and treat human diseases (Kim et al. 2004).
Orostachys cartilaginous A. Bor. is one of the Orostachys
species, which mainly distributes in the Changbai Moun-
tain area of China and has high bioactive activity (Li et al.
2015). In China, the large market demand exists for
Orostachys products; the raw material for their production
is entirely derived from wild plants. However, wild
resources are scarce, and some species may even be
endangered because of excessive collection; meanwhile, an
artificial cultivation system for the large-scale production
of Orostachys plants has not yet been established (Li et al.
2014). Fortunately, plant cell cultures recently can be used
as alternative materials for product production; this
approach may be cost-effective to meet the market demand
(Ramachandra and Ravishankar 2002). To the best of our
knowledge, studies on the production of bioactive com-
pounds by cell culture of Orostachys species are lacking.
Therefore, the establishment of an Orostachys cell culture
system is likely to address the short supply of material
resources.

To obtain a large amount of cell cultures with high
bioactive compounds, we used air-lift balloon-type biore-
actors to study the kinetics of O. cartilaginous cell growth
and bioactive compound (polysaccharides, phenolics, and
five flavonoid compounds) accumulation and the effect of
air volume on bioactive compound accumulation. Fur-
thermore, the antioxidant properties of the cell culture
extracts were evaluated by determining the activity of 1,1-
diphenyl-2-picrylhydrazyl (DPPH) and alkyl radical scav-
enging with an electron spin resonance (ESR)
spectrometer.

Materials and methods
Cell induction and maintenance

The leaves of tissue-cultured plantlets of O. cartilaginous
were cut into pieces of approximately 0.5 cm x 0.5 cm and
inoculated in Petri dishes (® x h =9 cm x 1.5 cm) con-
taining 20 ml half-strength Murashige and Skoog (MS)
medium (Murashige and Skoog 1962) supplemented with
4 mg1~" benzylaminopurine (BA), 0.5 mg1~' o-naph-
thalene acetic acid (NAA), 30 g 17! sucrose, and 7 g 1!
agar. Medium pH was adjusted to 5.8 before autoclaving.
Petri dishes were maintained at 25 4+ 2 °C under 30 pmol
m 2 s~ light intensity, with a 16 h photoperiod. The
induced cells were collected and transferred into a 3 1 air-lift
balloon-type bioreactors containing 2 1 MS medium with
3.5 mg 17" BA,0.1 mg 1" NAA, and 30 g 1! sucrose (pH
5.8). The bioreactor was maintained at 25 °C under 30 pmol
m 2 s~ light intensity, with a 16 h photoperiod, aerated at
100 ml min™" air.
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Kinetics of cell growth and bioactive compound
accumulation

Three liter air-lift balloon-type bioreactors were used in the
experiments of the present study. Each bioreactor was sup-
plied 2 1 half-strength MS medium containing 3.5 mg 17"
BA, 0.1 mg 17" NAA, and 30 g 17! sucrose (pH 5.8) and
inoculated 20-day-old bioreactor-cultured cells of 15 g 17!
FW. Bioreactors were aerated with 100 ml min~" air and
maintained at 25 °C under 30 pmol m~2 s~ ' light intensity,
with a 16 h photoperiod. Cell samples were obtained from
the bioreactors at 5 days intervals over a 30 days culture
period. Cell biomass (fresh weight, FW; and dry weight,
DW), specific growth rate (u), and doubling time (7)) were
recorded. Contents of total polysaccharides and phenolics,
and five flavonoid compounds [quercetin (Qc), kaempferide
(Ke), epicatechin gallate (Ecg), quercetin 3-O-glucoside
(Qc-3-glc), and kaempferol-3-O-rutinoside (Kp-3-rut)] were
also determined.

Effect of air volume on cell growth and bioactive
compound accumulation

A 31 bioreactor was added 2 1 half-strength MS medium
supplemented with 3.5 mg 17! BA, 0.1 mg I~' NAA, and
30 g 17! sucrose. Medium pH was adjusted to 5.8. Each
bioreactor was inoculated with 15 g 1=' FW of 20-day-old
bioreactor-cultured cells and aerated at various air volumes
of 50, 100, 150, and 200 ml min~'. Bioreactors were
maintained at 25 °C under 30 pmol m~2 s~ light intensity
with 16 h photoperiod. After 25 days, the cell biomass and
bioactive compound content were determined.

Effect of the cell extract on antioxidant property

The dry sample (15 g) of 25-day-old bioreactor-cultured
cells was ground, soaked in 80% (v/v) methanol (200 ml)
for 1 h, and filtered. Three replicates were obtained for
each sample under the same conditions with a new solvent.
The methanol extracts were filtered and evaporated under
reduced pressure with a vacuum rotary evaporator (R 206,
Shanghai Shensheng Science Technology Co., Ltd,
China). The extracts were stored in the dark at 4 °C and
further used for determining antioxidant activity.

Determination of cell biomass, specific growth rate
(u), and doubling time (T4)

Cells were separated from the culture medium, passed
through a stainless steel sieve, and washed twice or thrice
with tap water to remove the medium. FW was measured
after blotting away the surface water. The collected fresh
cells were dried at 50 °C in a drying oven (GZX-

9070MBE, Boxun, Shanghai, China) for 48 h to a constant
the weight before the DW was recorded.
The p value of the cells was defined as

p=1/X-dx/dt

where X is the cell FW (g 17"), 7 is the time (day), and y is
the specific growth rate (per day). The doubling time (Ty4)
of the cells was defined as Tq = In 2/u = 0.693/u.

Determination of total polysaccharide content

Total polysaccharides were extracted according to Li et al.
(1990). In brief, dried cells were powdered and 0.1 g of the
powder was soaked in 90% (v/v) ethanol for 6 h at 25 °C.
The precipitate was collected and mixed with 90% (v/v)
ethanol to discard the interfering compounds (monosac-
charides, oligosaccharides, and glycosides). Subsequently,
20 ml of distilled water was added to the extract. After
30 min of ultrasonic treatment, the extract was filtered, and
the filtrate was collected. The remaining residue was
soaked in water and ultrasonically treated thrice at 125 W
for 30 min. All filtrates from a single sample were pooled.
The polysaccharides were quantitatively determined by
spectrophotometry (UV-2600, Shimadzu Corporation,
Kyoto, Japan) at an absorbance of 490 nm according to the
phenol—sulfuric acid assay (Dubois et al. 1956), with glu-
cose (Tianjin Kemiou Chemical Reagent Co., Ltd., Tianjin,
China) as the reference standard.

Determination of total phenolic content

Powdered cells (0.1 g) were incubated at 80 °C for 2 h with
10 ml of 80% (v/v) methanol in a thermostatic water bath
(HH-S, Jintan Hengfeng Instrument Manufacturing Co.,
Ltd., Jintan, China). After filtration and centrifugation (IMac
CR22G, Hitachi Instruments Co., Ltd., Shanghai, China) at
5000 rpm for 10 min, the supernatant was collected and
adjusted to 25 ml with 80% (v/v) methanol. The total phe-
nolic content in the extract was determined by the Folin—
Ciocalteu method (Singleton et al. 1999). Subsequently,
2 ml of each extract was added to test tubes containing
0.2 ml of 10% (v/v) Folin—Ciocalteu reagent and 1 ml of 2%
(w/v) sodium carbonate. The tubes were thoroughly shaken
and allowed to stand in the dark for 1 h. The total phenolic
content was spectrophotometrically measured (UV-2600,
Shimadzu Corporation) at an absorbance of 760 nm. Gallic
acid (Tianjin Kemiou Chemical Reagent Co., Ltd.) was used
as standard to obtain a calibration curve.

Determination of flavonoid compounds

Flavonoids were extracted and determined according to the
method described by Lee et al. (2011) with slight
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Fig. 1 HPLC chromatograms of extracts in O. cartilaginous cells
under UV wavelength 366 nm (a) and 280 nm (b). /, Quercetin (Qc)
2, Kaempferide (Ke) 3, Epicatechin gallated (Ecg) 4, Quercetin 3-O-
glucoside (Qc-3-glc) 5, Kaempferol-3-rutinoside (Kp-3-rut)

modification. In brief, the cell powder (1 g) was soaked in
80% (v/v) methanol (containing 5% hydrochloric acid) at a
reflux temperature of 80 °C for 1 h and filtered. The filtrate
was evaporated under reduced pressure with a vacuum
rotary evaporator (R 206, Shanghai Shensheng Science
Technology Co., Ltd.). The concentrated solution was
washed thrice with ethyl acetate. The supernatant was
collected and concentrated under reduced pressure. The
extract was dissolved in chromatographic methanol and
filtered with a 0.45 pm filter membrane to measure the
flavonoid compound content (Qc, Ke, Ecg, Qc-3-glc, and
Kp-3-rut) by high-performance liquid chromatography
(HPLC) (Fig. 1). HPLC analysis used an ODS-C,g reverse
phase column (4.6 mm x 250 mm, 5 pm; Thermo Scien-
tific, Waltham, MA, USA). The Qc and Ke contents were
determined with a UV detector (SPD-15C, Shimadzu Co.
Kyoto, Japan) at 366 nm (Fig. 1a). The mobile phase was
0.1% (v/v) phosphoric acid (a) and methanol (b). The
gradient elution profile was: 0-15 min, 45% B; 16-30 min,
80% B. The flow rate of the mobile phase was
0.8 ml min~'. The Ecg, Qc-3-glc, and Kp-3-rut contents
were determined with a UV detector (SPD-15C, Shimadzu
Co.) at 280 nm (Fig. 1b). The mobile phase was 0.05 M
ammonium formate (a) and methanol (b), with a linear
gradient of 10-90% B over 40 min. The flow rate was

0.8 ml min—".

Determination of antioxidant activity
The antioxidant activity was evaluated by determining the
activities of DPPH and alkyl radical scavenging in the

present study. DPPH radical scavenging activity was
measured with the method described by Nanjo et al.
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(1996). The AR extract of 30 pul was added to 30 pl of
DPPH (60 pM) in a methanol solution. After mixing vig-
orously for 10 s, the solution was transferred into a 100 pl
Teflon capillary tube. The scavenging activity of the
extract on DPPH radical was measured with a JES-FA ESR
spectrometer (Jeol Ltd., Tokyo, Japan). A spin adduct was
measured on an ESR spectrometer after exactly 2 min.
Alkyl radicals were generated by 2,2-azo-bis (2-amidino-
propane) hydrochloride (AAPH). The phosphate-buffered
saline (pH 7.4) reaction mixtures containing 10 mM
AAPH, 10 mM of (4-pyridyl-1-oxide)-N-tert-butylnitrone,
and specific concentrations of the extract samples were
incubated at 37 °C in a water bath for 30 min and trans-
ferred to a 100 pl Teflon capillary tube. The spin adduct
was recorded on an ESR spectrometer (Jeol Ltd.). Exper-
imental conditions were as follows: central field, 3475 G;
modulation frequency, 100 kHz; modulation amplitude, 2
G; gain, 6.3 x 10° ; temperature, 25 °C; microwave power,
5 mW for DPPH radicals (Li et al. 2013) and 1 mW for
alkyl radicals (Lee et al. 2011). The extract concentration
providing 50% of radical scavenging activity (ICso) was
obtained by interpolation from linear regression analysis.

Experimental design and data analysis

All data were expressed as the mean =+ standard error (SE)
of triple experiments. The mean values were subjected to
Duncan’s multiple range test with the SAS system (Version
6.12, SAS Institute Inc., Cary, NC, USA). Values with
P < 0.05 were considered significant.

Results and discussion

Kinetics of cell growth and bioactive compound
accumulation

To confirm the suitable culture period for the efficient
production of bioactive compounds, a kinetic study of cell
growth and bioactive compound accumulation during
bioreactor culture was investigated. A similar change in the
cell FW and DW was observed. The pattern of cell biomass
accumulation in O. cartilaginous exhibited a typical lag
phase from 0 to 5 days, an exponential phase from 10 to 25
days, and an obvious declining phase from 25 to 30 days
(Fig. 2). The maximum cell biomass was found at 25 days,
where the FW and DW were 8.8- and 7.5-fold, respec-
tively, greater than that of the initial culture level. Figure 3
shows that the cells gradually became a deeper green color
with increasing culture days, but lost their green color after
25 days of culture. The decreased cell biomass in the later
period of culture can be attributed to the increased nutrient
consumption in the medium during cell culture, as well as
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Fig. 2 Changes of cell biomass with the elongation of culture days
during bioreactor culture of O. cartilaginous. The different letters
within the same curve mean significantly different by Duncan’s
multiple range test at P < 0.05

the disruption and death of the cultured cells (Zhong and
Zhu 1995). The specific growth rate (u) of cells changed
during the culture, with the peak rate of 0.355 and the
doubling time (7y) of 0.227 d at 10 days; after which, u
rapidly declined (Table 1). A similar pattern was found
during cell culture of various plant species. For Rhodiola
sachalinensis, the FW and DW of calluses cultured in 3 1
air-lift balloon-type bioreactors had gradually increased
and peaked at 25 days, followed by a decrease of both
parameters (Li et al. 2016). In Taxus media, cell growth
exhibited an initial lag phase from 1 to 4 days, an expo-
nential growth phase between 4 and 17 days, and a
deceleration phase from 27 to 32 days during cell sus-
pension culture in a stirred 15 I bioreactor (Zhang et al.
2013). By contrast, cell growth in Glycyrrhiza inflata
showed a stationary phase from 24 to 27 days without a
declining phase in a stir-tank bioreactor (Wang et al.
2010a). These results suggest that the cell growth pattern
relates to bioreactor size or types and is typically species-
dependent.

The contents of total polysaccharides and phenolics
decreased from O to 5 days before it gradually increased
with increasing culture days within 20 or 25 days before

Fig. 3 Cell biomass at different
culture days during bioreactor
culture

Table 1 Specific growth rate (1) and doubling time (7y) of O. car-
tilaginous cells grown in bioreactors

Days 5 10 15 20 25

u 0.126
T4 = In2/pmax (day)

0.355
0.227

0.036  0.078  0.037

decreasing in the succeeding days (Fig. 4). The decrease in
bioactive compound accumulation during the first 5 days
was probably caused by the greater catabolism than ana-
bolism of inoculated cells in the new culture medium.
Catabolism provides the carbon skeleton and energy nee-
ded to promote cell growth as reflected in the biomass
increase. After 5 days of culture, anabolism was enhanced,
thereby dramatically increasing the content of the bioactive
compounds. The number of days when the maximum
content was observed had slightly differed among the
bioactive compounds. The maximum polysaccharide con-
tent was determined at 20 days, which was earlier than that
of the biomass. The primary and secondary metabolic
events in plant cell cultures are governed by the active
biomass (Schlatmann et al. 1995). The polysaccharide
content reached a maximum point and subsequently
decreased before cell growth entered the progressive
deceleration phase. This result can be attributed to the
decreasing carbon source concentration in the medium; in
this case, the degradation rate of the polysaccharide was
higher than its synthetic rate, thereby affecting the
polysaccharide accumulation; the degraded polysaccharide
was used as a carbon source by the cells (Wang et al.
2010b). The maximum phenolic content was determined at
25 days. The total content of flavonoid compounds also
reached the maximum level at 25 days. However, the
observed peak days differed among the flavonoid mono-
mers. The maximum contents of Qc and Ke were deter-
mined at 20 days, whereas those of Ecg, Qc-3-glc, and Kp-
3-rut were measured at 25 days (Fig. 5). During plant cell
culture for bioactive compound production, the most
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Fig. 4 Changes of polysaccharide and phenolic accumulation in O.
cartilaginous cells with the elongation of culture days during
bioreactor culture. The different letters within the same curve mean
significantly different by Duncan’s multiple range test at P < 0.05.
Productivity (mg 17") = content (mg g~' DW) x dry weight (g 17"

important index is the productivity of the bioactive com-
pounds. The productivity is the product of the DW and
compound content. The adjustment of a moderate culture
condition is based on the productivity level. The maximum
productivity of polysaccharides (432.0 mg 1™"), phenolics

(112.8 mg 1™"), and total flavonoid compounds
(19.3 mg 171) were measured at 25 days. However, the
productivity among flavonoid monomers differed, with Qc
and Ke reaching the maximum levels at 20 days. The
maximum productivity for Ecg, Qc-3-glc, and Kp-3-rut
were observed at 25 days.

The kinetic relationship between the rates of metabolite
and biomass production can be divided into three patterns:
coupling, partly coupling, and uncoupled. However, the
kinetics of metabolite production is difficult to explain by
uniform modeling because of the complicated pathways of
intracellular biosynthesis (Qi and Wang 2007). The present
result can serve as evidence for this hypothesis, wherein the
maximum contents of different bioactive compounds were
synchronous or ahead of the days when the maximum
biomass occurred during the cell bioreactor culture of O.
cartilaginous. The kinetic study is important to understand
the regularity of bioactive compound biosynthesis; the
study can also confirm the suitable culture period for the
culture used. From the results of the present work, we
selected 25 days as the suitable culture period for O. car-
tilaginous cell culture in bioreactors.

Effect of air volume on cell biomass and bioactive
compound accumulation

Air volume (50, 100, 150, and 200 ml min_l) affected cell
growth of O. cartilaginous (Fig. 6). Cell FW and DW
increased with increasing air volume from 50 to

Fig. 5 Changes of flavonoid -~ Content -® Productivity - Content -e Productivity
accumulation in O. 400 Qe a 1200 ~ § 600 1500 -~
cartilaginous cells with the Z 3504 = A L 1200 &
. A tooo 2 E
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Fig. 6 Effect of air volume on cell biomass of O. cartilaginous after
25 days of bioreactor culture. The different letters within the same
column mean significantly different by Duncan’s multiple range test
at P < 0.05

150 ml min~' and peaked at an air volume of
150 ml min~'. The cell biomass decreased when the air
volume was greater than 150 ml min~'. The effect of air
volume on polysaccharide and phenolic accumulation was
similar to its effect on biomass. The maximum levels were
determined at 150 ml min~'. The polysaccharide and
phenolic content reached 123.9 DW and 25.2 mg g~ ' DW,
respectively. The maximum productivity of polysaccha-
rides and phenolics was also discovered at an air volume of
150 ml min~!; these levels were 1.85- and 2.41-fold
greater than that of the air volume measuring 50 ml min™",
respectively (Table 2). In addition, flavonoids are the main
bioactive compounds of Orostachys species (Lee et al.
2011). Air volume also influenced the accumulation of
flavonoid compounds in O. cartilaginous cells though the
degree of the effect was different among the varied flavo-
noid compounds (Table 3). Qc and Oc-3-glc contents
increased with increasing air volume and peaked at an air
volume of 200 ml min~'. However, the Ke, Ecg, and Kp-
3-rut content increased with the increasing air volume
ranged from 50 to 100 or 150 ml min~!, followed by a
drop beyond the range. The maximum content of Ke and
Ecg were determined at 150 ml min~" and that of Kp-3-rut
at 100 ml min~'. The content of total flavonoid

compounds reached the maximum level (3.9 mg g~ DW)
at 150 ml min~"'. The productivity considering the DW and
content indicated that the maximum level was determined
at 150 or 200 ml min~' for Qc and at 150 ml min~"' for
Ke, Ecg, Qc-3-glc, and Kp-3-rut. The maximum produc-
tivity (25.2 mg1~") of total flavonoid compounds was
measured at 150 ml min~'. These results confirmed that
increased aeration improved cell growth and metabolite
accumulation by oxygen transfer (Zhong et al. 1993).
However, the high air volume can cause physiological
damage on the cell because of excessive agitation and shear
stress (Meijer and Libbenga 1993). The air volume
requirement of cell cultures differs depending on the plant
species and target compounds during bioreactor culture
(Ahmad et al. 2008). Wang et al. (2013) supplied different
volumes (20, 40, 60, 80, and 100 ml min_l) to the culture
medium; their group found the highest content of triter-
penoid saponins and flavonoids in cell cultures of Gly-
cyrrhiza uralensis at an aeration volume of 60 ml min~".
Thanh et al. (2014) investigated the effects of aeration
volume within 50, 100, 200, and 300 ml min~' on ginseng
cell biomass and ginsenoside accumulation. Their group
indicated that 100 ml min~' was the suitable air volume.
In the present study, the accumulation of cell biomass and
majority of the bioactive compounds exhibited the highest
increase at an air volume of 150 ml min_l, thus, the air for
O. cartilaginous cell culture should be applied with
150 ml min~" volume during the air-lift bioreactor culture
to obtain the mass cells containing high contents of
bioactive compounds.

Active antioxidant property

The antioxidant properties of O. cartilaginous in cell
cultures were evaluated by determining the DPPH and
alkyl radical scavenging activities by ESR in the present
study. The ESR signals of DPPH (Fig. 7a) and alkyl
(Fig. 7b) radicals decreased with the dose increments of
the extracts. DPPH radical-scavenging activities exceeded

Table 2 Effect of air volume on accumulation of polysaccharides and phenolics of O. cartilaginous cells after 25 days of bioreactor culture

Air volume Polysaccharides Phenolics

(ml minfl) — ) — )
Content Productivity (mg 1) Content Productivity (mg 1)
(mg g~' DW) (mg g~' DW)

50 67.0 £ 1.7c 262.8 £ 4.2¢ 13.6 £ 0.2¢c 53.5 £ 0.9¢

100 87.8 £ 1.3b 402.8 & 5.9b 20.7 £ 0.7b 952 +2.2b

150 1239 £ 2.9a 634.2 £ 3.3a 252 £ 1.3a 129.0 £ 1.7a

200 64.7 £ 3.1c 273.8 £ 3.6¢ 8.5+ 0.3d 35.8 £2.4d

Data represent the mean =+ standard error of three replicates

The different letters within the same column mean significantly different by Duncan’s multiple range test at P < 0.05

Productivity (mg 17") = content (mg g~' DW) x dry weight (g 17"
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Table 3 Effect of air volume on flavonoid accumulation of O. cartilaginous cells after 25 days of bioreactor culture

Air volume Qc Ke Ecg Qc-3-glc Kp-3-rut Total
(ml min™Y) Content Content Content Content Content content

(hg g' DW) (hg g~' DW) (g g' DW) (g g' DW) (g g' DW) (mg g~ DW)
50 72.8 £ 1.2d 120.2 £+ 3.1d 375.0 £ 5.6d 368.3 £+ 6.1d 2082.4 + 13.5¢ 3.0 &£ 0.03d
100 164.7 £+ 1.8¢ 140.2 £+ 3.5¢ 441.8 + 6.1b 511.1 £ 8.3¢ 2399.4 4+ 15.3a 3.7 £ 0.10b
150 204.3 £ 5.6b 252.1 £2.1a 553.7 £ 2.5a 608.8 £ 8.1b 2229.4 £+ 16.5b 3.9 + 0.03a
200 250.6 £ 4.2a 240.8 £ 2.6b 404.2 £+ 5.4c 655.4 £ 9.3a 2018.7 + 12.8¢c 3.5 + 0.08¢c
Air volume Productivity Productivity Productivity Productivity Productivity Productivity
(ml min™") (ng17H (ng17H (ng17h (ng1™h (ng17H (mg 17")
50 2855+ +4.3c 471.4 + 11.7d 1470.0 £+ 21.8d 1443.8 £+ 47.5d 8163.0 &+ 53.1b 12.9 + 0.09d
100 755.9 £+ 8.3b 648.2 £+ 24.1c 2027.8 + 28.0b 2345.9 4+ 33.4c 11,013.0 & 70.3a 21.5 £ 0.30b
150 1046.0 £+ 21.2a 1290.7 £ 13.5a 2834.7 £ 12.6a 3117.1 £ 93.9a 11,414.7 £ 33.0a 252 £ 1.04a
200 1058.8 + 23.8a 1019.8 £+ 16.8b 1711.6 £ 23.0c 2775.6 £+ 68.0b 8549.2 £+ 38.9b 15.0 £ 2.95¢

Data represent the mean + standard error of three replicates

The different letters within the same column mean significantly different by Duncan’s multiple range test at P < 0.05
Total flavonoids = Qc + Ke + Ecg + Qc-3-glc + Kp-3-rut. Productivity (mg 17") = content (mg g~' DW) x dry weight (g 17")

Fig. 7 Free radical scavenging A
activity of the extracts in O.
cartilaginous cells. DPPH
radical (a), DPPH radical
spectra (b), alkyl radical (c),

alkyl radical spectra (d). Data
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80% at extract concentrations greater than 0.125 mg ml ™"
(Fig. 7c); the ICsq value was 0.0487 mg ml™". The alkyl
radical scavenging activity reached 91.9% at 1 mg ml ™"
of the cell extract (Fig. 7d); the ICsy value was
0.11 mg ml~'. Free radicals influence the occurrence of
numerous diseases and aging; these radicals also damage
DNA, lipids, and proteins; therefore, the use of free rad-
ical scavengers may be important in the early prevention
of these diseases (Lee et al. 2012). The antioxidant
activity of Orostachys in field-grown plants has been
reported by several researchers. Jin et al. (2016) extracted
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Oristachys japonicas powder with four solvents and dis-
covered that the higher antioxidant activity was deter-
mined with the ethanol extract. Lee et al. (2014) indicated
that the dichloromethane and hexane fractions of O.
japonicas displayed a dose-dependent DPPH radical
scavenging activity; the ICs, value was 32.05 pg ml~" for
the dichloromethane fraction and 205.76 ug ml~" for the
hexane fraction. Li et al. (2015) evaluated the antioxidant
activity of O. cartilaginous plants by determining the
activity of DPPH, hydroxyl, and superoxide anion radi-
cals. The radical scavenging activities were found to
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reach 99.15% for DPPH, 94.55% for the hydroxyl radi-
cals, and 61.33% for the superoxide anion. The lower
metabolite content and bioactive activity are critical fac-
tors that affect the industrial application of cultured
plants. The differences in cultured plant cells, tissues, and
organs as compared with field-grown plants have been a
concern among researchers. In the present study, the
extract of O. cartilaginous cell cultures exhibited higher
antioxidant activity, which provides an important basic
reference for the future use of the plant as an alternative
material. In addition, most studies have used the colori-
metric method to determine the antioxidant activities. The
ESR spin trapping technique used in the present study for
determining the activities of DPPH and alkyl radical
scavenging is based on the measurement of transitions of
unpaired electrons in a magnetic field, and the use of an
ESR spectrometer with a proper radical trapper is a sen-
sitive method for detecting free radicals (Peng et al.
2009). The ESR spin trapping technique was used for the
first time in the present study for determining the
antioxidant activity of Orostachys species, which is sig-
nificant for accurately evaluating the antioxidant proper-
ties of the plant.

Conclusions

The maximum biomass, content and productivity of total
polysaccharides, phenolics, and flavonoids, including the
flavonoid monomers of Ecg, Qc-3-glc, and Kp-3-rut in O.
cartilaginous cells, were measured at 25 days of bioreactor
culture. The flavonoid monomers of Qc and Ke reached
maximum levels at 20 days. The recommended cell culture
period was 25 days according to majority of the bioactive
compound accumulations observed. The highest cell bio-
mass and productivity of total polysaccharides, total phe-
nolics, total flavonoids and five flavonoid monomers (Qc,
Ke, Ecg, Qc-3-glc, and Kp-3-rut) were observed at an air
volume of 150 ml min~"'. The extract of the O. cartilagi-
nous cell cultures showed higher antioxidant properties; the
ICsy levels of DPPH and alkyl radical scavenging were
0.0487 and 0.11 mg ml™"', respectively. Therefore, cell
cultures can be used as alternative materials for the com-
mercial production of O. cartilaginous products.

Author contribution statement All authors contributed
extensively to the work presented in this paper (Cell sus-
pension culture of Orostachys cartilaginous in bioreactor
systems for bioactive compound production and evaluation
of their antioxidant properties). XCP and MLL designed
the research, WBZ, JJ conducted bioreactor experiments,
YHJ contributed plant materials, PJP, SEK conducted
antioxidant experiment, and MLL wrote the paper.

Acknowledgements This research was supported by the National
Natural Science Foundation of China (31660080 and 31260182).

References

Ahmad S, Hahn EJ, Paeck KY (2008) Aeration volume and
photosynthetic photon flux affect cell growth and secondary
metabolite contents in bioreactor cultures of Morinda citrifolia J.
Plant Biol 51:209-212

Ali MB, Yu KW, Hahn EJ, Pack KY (2005) Differential responses of
antioxidant enzymes, lipoxygenase activity, ascorbate content
and the production of saponins in tissue cultured root of
mountain Panax ginseng C.A. Mayer and Panax quinquefolium
L. in bioreactor subjected to methyl jasmonate stress. Plant Sci
169:83-92

Dubois M, Gilles KA, Hamilton JK, Rebers PA, Smith F (1956)
Colorimetric method for determination of sugars and related
substances. Anal Chem 28:350-356

Je M, Jung WJ, Lee KY, Kim YC, Sung SH (2009) Calpain inhibitory
flavonoids isolated from Orostachys japonicus. J Enzyme Inhib
Med Chem 24:676-679

Jiang YJ, Piao XC, Liu JS, Jiang J, Lian ZX, Kim MY, Lian ML
(2015) Bioactive compound production by adventitious root
culture of Oplopanax elatus in balloon-type airlift bioreactor
systems and bioactivity property. Plant Cell Tiss Organ Cult
123:413-425

Jin DH, Kim HS, Seong JH, Chung HS (2016) Comparison of total
phenol, flavonoid contents, and antioxidant activities of
Orostachys japonicus A. Berger extracts. J Environ Sci Int
25:695-703

Kim WIJ, Jung HY, Min JY, Park DJ, Kim YD, Kang YM, Choi MS
(2004) Effects of growth regulators on shoot regeneration and
polysaccharide production of Orostachys japonicus Berger. Kor
J Med Crop Sci 12:391-396

Lee JH, Lee SJ, Park S, Kim HK, Jeong WY, Choi JY, Sung NJ, Lee
WS, Lim CS, Kim GS, Shin SC (2011) Characterisation of
flavonoids in Orostachys japonicas A. Berger using HPLC-MS/
MS: contribution to the overall antioxidant effect. Food Chem
124:1627-1633

Lee SJ, Kim EK, Kim YS, Hwang JW, Lee KH, Choi DK, Kang H,
Moon SH, Jeon BT, Park PJ (2012) Purification and character-
ization of a nitric oxide inhibitory peptide from Ruditapes
philippinarum. Food Chem Toxicol 50:1660-1666

Lee HS, Lee GS, Kim HS, Kim HK, Suk DH, Lee DS (2014) Anti-
oxidizing effect of the dichloromethane and hexane fractions
from Orostachys japonicus in LPS-stimulated RAW 264.7 cells
via upregulation of Nrf2 expression and activation of MAPK
signaling pathway. BMC Rep 47:98-103

Li M, Hirata Y, Xu G, Niwa M (1990) Determination of polysac-
charide contents in the drugs of Dendrobium. Chin Tradit Herb
Drugs 21:10-12

Li W, Ding Y, Quang T, Thanh NT, Sun YN, Yan XT, Yang SY,
Choi CW, Lee EJ, Paek K, Kim YK (2013) NF-kB inhibition
and PPAR activation by phenolic compounds from Hypericum
perforatum L. adventitious root. Bull Korean Chem Soc
34:1407-1413

Li QW, Hou DM, Liang MQ, Liu RN (2014) Construction of rapid
propagation system for Orostachys fimbriatus. Acta Agricult
Zhejiangensis 26:84—88

Li CF, Wang SH, Li DH (2015) Antioxidant activities from
Orostachys cartilaginous extracts. Food Sci Technol 40:285-288

Li H, Piao X, Gao R, Jin M, Jiang J, Lian M (2016) Effect of several
physicochemical factors on callus biomass and bioactive

@ Springer



70 Page 10 of 10

Acta Physiol Plant (2017) 39:70

compound accumulation of R. sachalinensis bioreactor culture.
In Vitro Cell Dev Biol-Plant 52:241-250

Meijer JJHH, Libbenga KR (1993) Effects of hydrodynamic stress on
cultured plant cell: a literature surve. Enz Microb Technol
15:234-238

Murashige T, Skoog F (1962) A revised medium for rapid growth and
bioassays with tobacco tissue cultures. Physiol Plant 15:473-497

Murthy HN, Lee EJ, Pack KY (2014) Production of secondary
metabolites from cell and organ cultures: strategies and
approaches for biomass improvement and metabolite accumula-
tion. Plant Cell Tiss Organ Cult 118:1-16

Nanjo F, Goto K, Seto R, Suzuki M, Sakai M, Hara Y (1996)
Scavenging effects of tea catechins and their derivatives on 1,
1-diphenyl-2-picrylhydrazyl radical. Free Radic Biol Med
21:890-895

Park HJ, Moon SH, Kim JO, Lee SH, Choi JS (1991) A study on the
chemical constituents of Orostachys japonicus A. Berger. Kor J
Pharmacogn 22:78-84

Peng XY, Xiong YL, Kong BH (2009) Antioxidant activity of peptide
fractions from whey protein hydrolysates as measured by
electron spin resonance. Food Chem 113:196-201

Qi Y, Wang S (2007) Bioreaction dynamics and bioreactor. Chemical
Industry Press, Beijing

Ramachandra RS, Ravishankar GA (2002) Plant cell cultures:
chemical factories of secondary metabolites. Biotechnol Adv
20:101-153

Schlatmann J, Moreno P, Selles M, Vinke J, Hoopen H, Verpoorte R,
Heijnen J (1995) Two-stage batch process for the production of
ajmalicine by Catharanthus roseus: the link between growth and
production stage. Biotechnol Bioeng 47:53-59

@ Springer

Singleton V, Orthofer R, Lamuela-Raventos R (1999) Analysis of
total phenols and other oxidation substrates and antioxidants by
means of folin-ciocalteu reagent. Methods Enzymol
299:152-158

Thanh NT, Murthy HN, Paek KY (2014) Optimization of ginseng cell
culture in airlift bioreactors and developing the large-scale
production system. Ind Crops Prod 60:343-348

Wang G, Qi NM, Wang Z (2010a) Application of a stir-tank
bioreactor for perfusion culture and continuous harvest of
Glycyrrhiza inflata suspension cells. Afr J Biotechnol 9:347-351

Wang J, Gao W, Zhang J, Huang T, Cao Y, Zhao Y (2010b) Dynamic
change of metabolites and nutrients in suspension cells of Panax
quinquefolium L. in bioreactor. Acta Physiol Plant 32:463-467

Wang J, Zhang J, Gao WY, Wang Q, Yin SS, Liu H, Man SL (2013)
Identification of triterpenoids and fl avonoids, step-wise aeration
treatment as well as antioxidant capacity of Glycyrrhiza
uralensis Fisch. cell. Ind Crops Prod 49:675-681

Zhang C, Dong Y, Li Y, Fu C, Zhao C, Yu L (2013) Unstructured
models for suspension cultures of Taxus media cells in a
bioreactor under substrate-sufficient conditions. Biochem Eng J
71:62-71

Zhong JJ, Zhu QX (1995) Effect of initial phosphate concentration on
cell growth and ginsenoside saponin production by suspension
culture of Panax notoginseng. Appl Biochem Biotechnol
55:241-247

Zhong JJ, Yoshida M, Fujiyama K, Seki T, Yoshida T (1993)
Enhancement of anthocyanin production by Perilla frutescens
cells in a stirred bioreactor with internal light irradiation.
J Ferment Bioengr 75:299-303



	Cell suspension culture of Orostachys cartilaginous in bioreactor systems for bioactive compound production and evaluation of their antioxidant properties
	Abstract
	Introduction
	Materials and methods
	Cell induction and maintenance
	Kinetics of cell growth and bioactive compound accumulation
	Effect of air volume on cell growth and bioactive compound accumulation
	Effect of the cell extract on antioxidant property
	Determination of cell biomass, specific growth rate ( mu ), and doubling time (Td)
	Determination of total polysaccharide content
	Determination of total phenolic content
	Determination of flavonoid compounds
	Determination of antioxidant activity
	Experimental design and data analysis

	Results and discussion
	Kinetics of cell growth and bioactive compound accumulation
	Effect of air volume on cell biomass and bioactive compound accumulation
	Active antioxidant property

	Conclusions
	Acknowledgements
	References




