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Shear stress effects on plant cell suspension cultures in a
rotating wall vessel bioreactor
X Sun and JC Linden

Department of Chemical and Bioresource Engineering, Colorado State University, Fort Collins, CO 80523, USA

A rotating wall vessel, designed for growth of mammalian cells under microgravity, was used to study shear effects
on Taxus cuspidata plant suspension cell cultures. Shear stress, as quantified by defined shear fields of Couette
viscometers, improved specific cell growth rates and was detrimental to volumetric product formation rates.
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Introduction Materials and methods

Plant cell culture has promise as a source of a wide rang
of phytochemicals [12]. Large-scale cell culture producnonby Dr DW Gibson (Plant, Soil and Nutrition Laboratory of

and extensive vacuole of plant cele, whieh jender then]12, USDA Adticultural Research Service, Ithaca, NY,
' %A). The growth medium was according to Gibsamnal
]

The cell lineTaxus cuspidat®991A2, was kindly provided

sensitive to_shear stress [18!20]. Shear stresses are ge " Cells were subcultured every 2 weeks in 125-ml Erlen-
ated by the impeller and bursting gas bubbles in stirred tan eyer flasks; 10 ml inoculum was added to 40 ml of fresh
bioreactors [8,15,17]. At an average shear rate of 3ins medium. The culture flasks were capped with 28 mm i.d.

such bioreactors, Zhorgt al [25] found high intracellular iy . )
; e elco silicone closures and agitated at 125 rpm in a New
secondary metabolite content and reduced specific grow runswick incubator shaker at 9 in the dark.

rate. Toshiyoet al [21] cultured plant cells in a reactor The rotating wall vessel (RWV) was designed and built

under different impeller rotation speeds and compared th%y .
. ; Synthecon, Houston, TX, USA. The RWV was orig-
results with those of shaken flasks. Differences suggesteI ally developed by NASA for microgravity cell culture

hydrodynamic stress may affect physiological processegpplications in mammalian cell and tissue cultures

such as metabolism, cell growth and cell viability. 7,10,13,19]. No published report of plant cell cultures in

Most studies of plant cell shear sensitivity have bee .
i ) S he RWV has been found. The plant cell suspension totally
conducted in stirred tank reactors in which impeller types,filleol the 110-ml working volume of the RWV that lay in

mgqﬁl?ﬁ: tirr]gufepr:ater(jas imir%;igei(tj\/gronﬁr?cxurthigj :r%’:_athe annular chamber between concentric outer and inner
g y cylinders (Figure 1). Oxygen from a pressurized cylinder

red bl a6 subjoctod. Blans colle in immedate sontadiowed through the inner cyinder at one aimosphere. A gas-
: ermeable membrane covered the outer surface of the inner

\év'tr;n"g]cﬂzuﬁézl ?g(rjcgesagﬁg vxgl;ssue?ree C'Eg;e eo Sft (tar? agatr)n agﬁ o inder and served as the oxygen exchanger to the culture
y P 9 y edium, which provided sufficient mass transfer such that

stress [2]. Gas bubble-rising and bubble-bursting are als&e cultures were never under oxygen limitation (data not

potental sources of cell damage [9] Foaming and ¢elown). The cylinders were arranged horizontally rather
P P an vertically as in traditional Couette viscometers. The

Cegg;gﬁ{:ﬁvg :ﬁ;?fg g'fogffz%ttzrz n[zﬁ;ht cell hvsiolo culture medium, cells and cell aggregates rotated with the
Y b phy 9Yyessel and did not collide with the vessel wall or any other

under defined shear conditions would be beneficial. A ; . . . .
bioreactor called the rotating wall vessel (RWV) allows tlamaging objects. Fluid dynamic shear stress, imposed by

. - .differential rotation rates of the inner and outer cylinders,
such analyses under laminar flow conditions because ﬂu'davas the only physical factor affecting cell behavior: other

hydrodynamics of Couette viscometers are approximate estructive forces were minimized because the system had
Our objective was to investigate quant!tatlvely she_ar stresﬁo impellers, air bubbles or agitators. The plant cells estab-
_erg()a(gtps porgdg(r:g\g:]h of cultured cells in suspension an ished a u_niform fluid suspension orb_it within the horizon-
' tally rotating culture vessel in a laminar flow regime that
is characteristic of Couette viscometers [1,22].
With the custom model of RWV used in this study, the
two concentric cylinders were able to rotate independently
at different velocities and directions; these were controlled

Correspondence: Dr JC Linden, Department of Chemical and BioresourcP;rOUQh a stepper motor controller card (Cybermation, Ful-

Engineering, Colorado State University, Fort Collins, CO 80523, UsA lerton, CA, USA). Newtonian rheology, as predicted for
Received 5 January 1998; accepted 8 December 1998 plant suspension cell cultures containing 474 dry cell
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Figure 1 Schematic representation of the rotating wall vessel (RWV) system for studying shear stress effects on suspension plant cell Takuses of
cuspidata The rotation speeds of the two concentric cylinders were computer controlled.

weight [3], was verified experimentally (data not shown). Results
The shear rate and shear stress were readily calculated at
the given operating conditions. The zero shear stress coiBatch culture experiments witih. cuspidataP991 were
dition was obtained with rotation of both cylinders in the conducted for 14 days in the RWV at five different shear
same direction at identical velocities. Differential rates ofrates. Typical cell growth curves of this cell line in shake
10, 25, 40 and 50 rpm produced respective average shetlasks are compared with those at a shear stress of
stress values of 281073 5.6x10% 8.9x10°% and 2.3x103Nm=2 in the RWV in Figure 2. The semi-log
11.1x 10 N m2 with respective average shear rates ofplots of the growth data indicate exponential growth during
2.1, 5.2, 8.3 and 10.4% Each condition was studied at least 12 days of the experiment; the fact that growth
only once. slowed after day 12 is especially obvious in linear plots
For every experiment, RWV inoculation was of 33% (data not shown), but during the log phase, specific growth
(v/v) using 2-week-old cultures of. cuspidatacells. Each rates of 0.10 day were obtained under these conditions.
batch culture lasted for 2 weeks. The RWV was maintained Specific growth rates of the culture increased with shear
in an incubator at 2%C in the dark. A 5-ml sample was stress to approximately 0.19 ddywhich was obtained at
taken every 2 days from the RWV. Simultaneously, thell.1x 102N m™ shear stress (Figure 3). Under higher
same amount of fresh medium was added to the reactor, shear stress (82 910N m™2 and 11.1x 10N m™), the
as to allow no gas bubbles into the culture medium. cultures exhibited a decreased lag phase and increased spe-
Plant cells in the samples were filtered through 47 mncific growth rate but decreased time span of exponential
diameter, 0.4um pore size cellulose nitrate filters growth (data not shown). At lower shear stress values, for
(Sartorious, Edgewood, NY, USA) under vacuum andexample at 0, 2.3 103N m™ and 5.6x 103N m=, cells
washed three times with distilled water. The cells were col-grew well and demonstrated growth characteristics similar
lected in aluminum weighing pans, which were previouslyto those in flask cultures. Measured dissolved oxygen con-
dried and weighed. The aluminum pans with plant cellscentrations of 6-14l L™* were similar in all experiments
were dried at 78C for 25 h and weighed again. TaX¥ol (data not shown).
concentration in the filtrate was analyzed according to the The extracellular Taxél concentration inT. cuspidata
method of Ketchum and Gibson [11] using standards proeultures was a function of culture time and shear stress.
vided by Hauser Chemical, Boulder, CO, USA. Taxol production kinetics at shear stress 2 803N m™
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2 —=4 10 which cells may have been vitally damaged in the later

- stages of the culture period. Under zero shear conditions
TaxoF productivity was equally as great as at moderate
shear stress conditions.

Compared with shear experiments on other plant cell cul-
tures, it was evident that thi$. cuspidatacell line was
relatively sensitive to hydrodynamic shear stress; the great-
est average shear rate studied here was 10.4For
example, the specific growth rates and maximum cell con-
centrations of batch cultures &frilla frutescensvere not
affected by shear stress until the average shear rate was

Taxol (mg L)

[u—y
(.1 "M A1p 3) ssewt [[PD

-
0 *{/" ‘ 0.1 approximately 308 [25]. Cells grew well under average
! ! ! ! ! P shear rate 64% in batch cultures ofCinchona robusta
0 2 4 6 8 10 12 14 [23]. Under high shear conditions, plant cells appear unable
. to carry out normal cellular functions and eventually lose
Time (Days) viability.
Figure 2 Cell growth and Taxdl accumulation kinetics ofaxus cus- The extent to which cells possess this ability after subjec-

pidata suspension cultures at a shear stress level ok2G3N m=2 in tion to a hydrodynamic load constitutes their tolerance to
shake flask culturel) and RWV with oxygen as gas compone&)(  shear stress. This depends on cell lines, subculture history
The semi-log scqle on the right-hand axis anc_! solid lines represent Ce%lnd other physiological conditions [18]. Cells have been
growth. Dashed lines represent Taxalccumulation. shown to repair small lesions in the cell wall by deposition
of polysaccharide [14] and recover from the inflicted dam-

_ 0.12 age. Results of other plant cell shear-sensitivity studies
. R have been obtained by exposing plant cells to high shear
= 0.1 8 rates for short times. Dunlogt al [5] showed a hierarchy
o = of shear sensitivity from regrowth ability at a subtle level to
o0 0.08 = aggregate breakup and lysis at a gross level. Mitochondrial
E g activity, secondary metabolism and cellular enzyme levels
@ 0.06 &  showimportant physiological damage. There are no reports
E 3 on cellular responses during the process of cell recovery
o 0.04 & from the unfavorable shear condition once the condition is
S 0.05 AN &  released or relaxed.
B AN 0.02 &2 The mechanism by which plant cells identify shear stress
S A : <~ forces and convert them to electrophysiological and bio-
= 0 A 0 chemical responses remains unclear. In animal cells, it has
been observed that some molecules in the membrane can
0 2 4 6 8 10 12 be activated by physical displacement (conformational
Shear Stress (x 10%) Nm- change) or indirectly by mass transfer gradients (which

change ligand-receptor interactions) [16]. Membrane struc-
Figure 3 Specific Taxdl' productivities and specific growth rates of tyres called mechanotransductors include ion channels, G-
Taxus cuspidatauspensio_n_cultures in the RV\_/V (_)perated under diff(_arentprotein linked receptors, tyrosine kinase receptors, and inte-
shear stress levels; specific growth rali, @olid lines) and volumetric . . . .
Taxol productivity (4, dashed lines). grins [4]. Stimulation of mechanoreceptors generates bio-
chemical cascades of responses at the cytoplasmic face of
the cell membrane by secondary messengers, activation of
in the RWV as well as those of shake flask cultures argrotein kinases followed by activation of cytosolic tran-
presented in Figure 2. Relatively little TaXolvas produced scription factors and regulation of gene transcription in the
in the shake flask cultures compared to the RWV. nucleus [16].
In Figure 3, volumetric taxol production rates are plotted
as a function of shear stress values. Relatively little Taxol
was found at 11.%x 10N m2 shear levels. Tax6l pro-
duction rates were greater at low shear conditions andcknowledgements
decreased with increasing shear stress. The highestTaxol
concentration obtained from this relatively poor producingThe authors acknowledge the contribution of Professor EH
cell line was about 2 mg1 on day 14 in the culture at Dunlop, now at the University of Adelaide, Australia, for
2.3x 10 N m™ shear stress. participating in the concept of the study. The support of
the National Cancer Institute under project No. NIH 5 RO1
CA 55138-04, the Colorado Institute for Research in
Biotechnology and the Colorado State University Agricul-
The results show that secondary metabolite production catural Experiment Station Project 347 is acknowledged. A
be optimized with respect to shear stress. Taxpto-  preliminary report of this work was presented at the RAFT
duction was suppressed under high shear conditions, &t meetings in San Diego, CA in November 1997.
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