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Abstract

Plant cell cultures offer a promising platform for producing valuable biomolecules, yet
their use in bioreactors remains under-optimized. Compared to animal or microbial
cells, plant cells grow more slowly, limiting productivity. A common bioprocess
strategy to improve vyields involves controlling dissolved oxygen (DO) levels. However,
little research has focused on combining agitation and aeration to regulate oxygen in
plant cell cultures within bioreactors. The aim of this study was to evaluate the impact
of an oxygen cascade mixing agitation and aeration on plant cell growth in stirred-tank
systems. By maintaining 30% DO through this approach, the specific growth rate (M)
increased from 0.082 d~! to 0.144 d~! on average in Nicotiana benthamiana cultures
at the 2 L scale, decreasing batch lengths from 21 to 10 days. These conditions were
successfully replicated in a 7 L stainless-steel pilot bioreactor using previous values of
geometry, k.a and Nge as scale-up criteria, obtaining a p of 0.161 d1. These results
demonstrate that plant cell cultures’ efficiency can be enhanced by using standard
bioprocess parameters. While this work confirms the feasibility of cascade oxygen
control for improvements in growth, further studies are needed to evaluate its specific
impact on biomolecule production across different systems.

Keywords: plant cell culture; Packed Cell Volume (PCV); bioprocess; specific
growth rate (u); volumetric mass transfer coefficient (k a); reynolds number (NRE);

agitation; aeration; scale-up

1. Introduction

Plant cell cultures in bioreactors are gaining importance in the biotechnology
indus-try as a sustainable way to produce a wide variety of biomolecules or complex
products such as meat, biopolymers or biofuels [1-6]. Plant cell cultures offer a
robust chassis for the production of secondary metabolites and recombinant
protein for different ap-plications [7-9]. Rice cell cultures can be used to produce
Fibroblast Growth Factor to propagate both human embryonic stem cells (hESCs)
and pluripotent stem cells (hiPSCs), which are used in regenerative medicine [10].
Products such as triterpenes have interesting properties for pharmaceutical,
nutraceutical and cosmetic applications [11-147]. Their pro-duction using apple cell
suspension cultures has been achieved in bioreactors, with high yields [15]. Another
example that has achieved commercial scope is the production of taxol. Two companies,
Phyton Biotech Inc. and Samyang Genex Corp., are currently producing paclitaxel and
related taxanes using large-scale fermentation processes [16,17]. Since 1993,
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Phyton has partnered with Bristol-Myers Squibb to explore the commercial potential
of plant cell fermentation technology. In 2002, this collaboration expanded, with a
long-term, multimillion-dollar agreement for Phyton to supply paclitaxel. Together, they
operate the world's largest plant cell fermentation facility, with a production capacity of
75,000 L.

Although rapid cell growth is important for achieving high biomolecule yields, it is
not the sole determinant. Secondary metabolite production is frequently stimulated
by elicitors such as salicylic acid, cyclodextrins, methyl jasmonate or yeast extract
[18-217. Nevertheless, culture growth speed is an important parameter to achieve cell
densities that allow enhanced yields in biomolecule production.

There are several ways to optimize culture growth in bioreactors. One of the
strategies is to improve the process parameters of the culture itself, such as
agitation, aeration or temperature. One key parameter is dissolved oxygen (DO), which
should be maintained at a certain level to reach a high biomass concentration in £ coli,
yeast and CHO (Chinese hamster ovary) cells [22-247]. The effect of oxygen levels has
also been studied in plant cell cultures. For example, low levels of DO cause decreased
growth rate of Daucus carota cell cultures [257]. DO level is controlled by changing the
aeration rate and the concentrations of oxygen, nitrogen and air in rice cultures in
bioreactors [26]. Other studies use O, enrichment directly to maintain the DO
level at 30% during the culture, with agitation and aeration rates constant [27]. DO
levels and gradients inside the bioreactor are a key parameter for the culture
performance of Nicotiana tabacum cells [28-307. This suggests that the DO level
control of plant cell cultures in bioreactors with a cascade that implies both agitation
and aeration rates could be a good strategy to optimize growth conditions and,
therefore, production yields. When studying the effect of stirring speed on growth
and production of metabolites using Buddleja cordata cell cultures, increased
agitation speed shows a higher biomass and metabolite production [31]. However,
agitation can cause cell shearing, so there is a limit to the maximum agitation that can
be implemented for a given cell type [27]. DO levels are achieved by a combination of
stirring and aeriation, but they are subject to changes related to the progressive
increase of biomass in the bioreactor and the O, consumption by the cells. Surprisingly,
there are no reports describing cascade control comprising both aeration and agitation.

A recurrent challenge in bioprocessing is scaling up using predictive empirical
param-eters. Various scale-up strategies are used in bioreactors, typically based on
maintaining the constancy of specific parameters [32]. Commonly used parameters
include the volumetric mass transfer coefficient (kia) [33], power input per unit
volume (P/V) [34], Reynolds number (Ngg), aeration rate [34] and mixing time (tm).
The volumetric mass transfer coefficient (ki a) quantifies the rate of gas-liquid
transfer (e.g., Oz or COy), with higher values indicating a more efficient transfer. Power
input per unit volume (P/V) reflects the energy delivered by the agitator to the culture
broth and is a key determinant of reactors’ design and scalability. The Reynolds
number (Vge) distinguishes laminar from turbulent flow, guiding shear control during
scale-up. The aeration rate, expressed in vvm (volume of gas per volume of medium
per minute), ensures consistent a gas supply across scales. Impeller tip speed,
defined as the distance traveled per unit time by the impeller tip, en-ables equivalent
agitation in reactors of different sizes. Mixing time, the time required for contents to
reach compositional homogeneity after tracer’s addition, should be minimized to
improve uniformity and process performance. The industry relies heavily on CSTRs,
which provides several advantages over other systems. These include efficient
mixing, operational versatility and ease of scale-up. The structural components of the
bioreactor influencing cell growth include impeller design [35], aeration pore size
[36] and vessel geometry [37].
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In plant cell cultures, scale-up in airlift bioreactors has been achieved at volumes up to 20 L using an aeration
rate expressed in vwm as the scaling criterion [38]. The k.a has also been used as a scale-up parameter for
transgenic rice cell cultures [39]. However, the simultaneous use of multiple parameters, such as ki a, Nrg, vwm, tip
speed and bioreactor geometry, has not yet been reported for plant cell cultures.

Plant cells can be cultivated in various types of bioreactors. Airlift bioreactors, which use pneumatic agitation
through gas sparging and fluid circulation, are particularly suitable for plant cell cultures that are highly sensitive to
shear stress [40-43].

Another low-shear alternative is the wave or 2D rocking bioreactor, which also offers the advantage of being
single-use [44,457]. Rocking bioreactors differ from stirred-type bioreactors, because aeration or oxygen input
is performed on the free head-space above the culture and not by bubbling using a sparger [46]. These types of
setups have been suc-cessfully used to produce crocin using N. tabacurm and N. benthamiana transgenic lines
[47].

The aim of this work was to determine the possibility of plant cell cultures’ optimiza-tion using a cascade to
control the DO, modifying both the agitation and aeration in an STR bioreactor. We used N. benthamiana cell
cultures, as it has been extensively used for production of biomolecules both in whole plants and cell cultures [48-
517]. We scaled up the process from a 2 L bench-top bioreactor to a 7 L pilot-scale bioreactor using the constancy
of kia and Ngg, the vwm, the tip speed and the geometry as scale-up criteria.

2. Results
21 Effect of DO Cascade Control by Agitation and Aeration

We performed a total of eight batches of M. benthamiana cell cultures in a bioreactor at bench-top scale,
comprising four without cascade control and four with cascade control. The duration and the PCV (Packed Cell
Volume) achieved in each batch is presented in Table 1. The batch duration in bioreactor production was
significantly different in uncontrolled versus controlled batches. Batches without cascade control took between 19
to 21 days, whereas the batches with cascade control had a duration of 9 to 14 days. The final PCV achieved
ranged between 70% and 90% and showed no significant differences between treatments. As expected from the
shortened growth period, the specific growth rate (u) was significantly higher in controlled versus uncontrolled
batches. The growth rates ranged between 0.076-0.089 d~* for uncontrolled DO and 0.11-0.173 d~! under controlled
DO conditions.

Table 1. Overall batch duration, Packed Cell Volume (PCV) and specific growth rate (u) of eight batches in laboratory-scale
FO-2CC bioreactor. Four replicates were run with uncontrolled dissolved oxygen and four with controlled dissolved oxygen.
Statistical differences between treatments were analyzed using r-test.

Treatment Replicate Number Batch Duration Final Packed Cell Specific Growth

(Days) Volume (%) Rate (d)

1 19 85 0.089

Uncontrolled 2 21 79 0076
Dissolved Oxygen 3 19 70 0.078
4 19 80 0.085

1 9 70 Qle4

Controlled Dissolved 2 12 75 0.129

Oxygen 3 10 90 0173

4 14 75 0110

Statistical differences between treatments p=0.002 p=0.85 p=0.02

=,
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We took one replicate of each treatment to analyze in detail the kinetics of DO, pH, temperature, aeration and
agitation. Under the uncontrolled DO conditions, DO starting at 68% decreased gradually right after inoculation. This
trend was maintained until the end of the culture, lasting 21 days (Figure 1AB). At the end of the culture, the DO level
was 8.7%. The initial pH was 5.6 and decreased steadily during the first 60 h. Throughout most of the cultivation
period, pH values remained within the range of 4.96 to 5.15. A sharp increase in pH was observed at the end of the
growth phase, as previously found by other authors [527], coinciding with a marked rise in DO levels, both indicating
cultures’ termination. Final PCVs ranged from 70% to 88% (Figure 1C).
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Figure 1. Measured parameters in N. benthamiana cell cultures and Packed Cell Volume (PCV) using a laboratory-
scale bioreactor without cascade control. The bioreactor parameters were measured continuously during
growth. These include (A) aeration (blue), agitation (purple) and temperature (yellow); (B) dissolved oxygen (pink)
and pH (green). (C) Total biomass production as seen by PCV at the end of the culture measured after 24 h
sedimentation of the total culture harvested into two bottles.

We evaluated the effect of implementing a cascade strategy of controlled DO levels. This strategy involved
progressively increasing both agitation and aeration rates to meet the DO set point. Preliminary experiments
indicated that manually increasing agitation and aeration enhanced the culture’s growth rate. Based on these
findings, agitation was controlled within a range of 80-160 rpm and aeration between 0.4 and 1.2 slpm (Figure 2A).
The cascade was configured to prioritize agitation increases, followed by aeration once the agitation limit was
reached.

Under these conditions, DO levels dropped rapidly immediately after inoculation (Figure 2B), triggering an
automatic increase in agitation, which reached its maximum value within the first few hours. This drastic drop
in the DO levels may be due to the inoculum used. This response stabilized DO at the set point of 30%. However,
the aeration rate exhibited a stepwise increase, reaching its maximum at 114 h. Once both agitation and
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aeration reached their respective limits, DO levels declined below 30%, indicating increased oxygen demand by the
culture.

This strategy significantly reduced the total culture time, achieving saturation in times ranging between 9 and 14
days (Table 1). The pH profile followed a similar trend to that observed in the control culture without cascade control,
further confirming culture comple-tion at day ten. Final PCV values reached approximately 90% (Figure 2C). Using the
specific growth rate formula, this improvement corresponded to increasing the specific growth rate from 0.082 d-!
(uncontrolled DO culture) up to 0.144 d~! (cascade-controlled DO culture). This represents on average a 1.76-fold
increase in productivity, with a maximum difference of 2.28-fold, confirming the positive effect of applying DO
cascade control to maintain oxy-gen levels within the optimal range during exponential growth, by automatically
regulating agitation and aeration.
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Figure 2. Measured parameters in N. benthamiana cell cultures and Packed Cell Volume (PCV) using a laboratory-scale
bioreactor with cascade control. The bioreactor parameters were measured continuously during growth. These include (A)
aeration (blue), agitation (purple) and temperature (yellow); (B) dissolved oxygen (pink) and pH (green). (C) Total biomass
production as seen by PCV at the end of the culture measured after 24 h sedimentation of the total culture harvested into
two bottles.

2.2. Process Scale-Up Using Reynolds Number and k; a Parameters

To evaluate the engineering performance of the bioreactor systems, two key scaleup parameters were
analysed: Nge and kia. The Nge provided insight into the flow regime within the vessels, revealing a laminar
flow (Wre ~ 580-910) typical of low-shear environments suitable for plant cell cultures.

Concurrently, k a measurements showed that the oxygen transfer capacity could be controlled and even
increased from the range obtained in the laboratory scale to the pilot

scale. The conditions used for measuring the k a are presented in Table 2 for each bioreactor.

P

 bionet



The measurements were performed in triplicate for each condition. At the laboratory scale, we obtained k a
values of 6.1 and 20 h™! at the minimum and maximum ranges of the agitation and aeration, respectively. However,

when we increased both ranges of the agitation and aeration, we achieved k a values of 13.4 and 41.6 h™%, at the
minimum and maximum conditions, respectively.

Table 2. Measurements of volumetric mass transfer coefficient (ki &) in FO and F2 under different process conditions. Results
of three replicates using FO (laboratory scale) with agitation speed of 80 rpm with 0.4 slpm aeration rate and 160 rpm with 1.2
slpm aeration rate, and F2 (pilot scale) of 80 rpm with 4 slpm aeration rate and 200 rpm with 8 slpm aeration rate. Temperature
was constant at 25 ¥C. Pressure was constant at 0.05 barg.

Volume of Calculated
. . Calculated Volumetric
Equipment \Working Agi:::;" At;r:‘tt;on 33:,5'?‘4 L Total Mass Net Mass Du-:::iton Oxygen Mass
pm Volume (L) ng NazS0z(g) NasSOsz(Q) . TransferRate  Transfer
(rpm) (slpm) Solution (min) (mmol/L-h)  Coefficient,
(mL) keaT(h-1)
FO 2 80 04 4 10 9.87 85438 14 56
FO 2 80 04 4 10 9.87 7297 16 6.6
FO 2 80 04 4 10 9.87 7784 15 6.2
FO 2 160 12 4 10 9.87 238.5 49 20.2
FO 2 160 12 4 10 9.87 2430 48 198
FO 2 160 12 4 10 9.87 2393 49 201
F2 7 80 4 14 35 34.55 3464 34 13.9
F2 7 80 4 14 35 34.55 4032 29 19
F2 7 80 4 14 35 34.55 3338 35 144
F2 7 200 8 14 35 34.55 1150 10.2 419
F2 7 200 8 14 35 34.55 118.0 10.0 4038
F2 7 200 8 14 35 34.55 114.3 10.3 421

To clearly illustrate the engineering parameters used for scale-up and their alignment across bioreactor
configurations, a comparative summary is presented in Table 3. This table includes the critical process variables for
both laboratory and pilot scales, highlighting the optimized conditions achieved through DO cascade control.

Table 3. Summary of critical parameters used for scale-up from laboratory-scale bioreactor Bionet FO-2CC to pilot-scale
bioreactor Bionet F2-15MB for plant cell suspension cultivation.

F2 (Pilot Scale, Cascade

Parameter FO (No Cascade) Foc(’cas::n:ozltsr:?)lved Dissolved Oxygen Control
xvg Control)
Maintained geometric
Working volume (L) 20 20 7.0 similarity
(Height/Diameterratio)
Impeller diameter (mm) 54 54 705 Proportional
I Adjusted via
Agitation range (rpm) Constant, 80 80-160 80-200 s g
Tip speed (m/s) 023 0.23-0.45 0.3-0.82 Adjusted to controlk a
Aeration rate (vvm) 02 02-0.6 06-11 Adjusted to controlk.a
- - - Constant
Dissolvedoxygensetpoint(%) None (natural decline) 30 30 (cascade-based)
Average volumetric oxygen .
transfer coefficientk.a(h™ 1) 6.1 13.4-200 13.4-41.6 Targeted and matched
Maintained
Reynolds number (N, ) ~373 580-910 580-910 hydrodynamic regime
Culture duration (days) 21 10 10 Significantly reduced
Final Packed Cell \blume (58) 80-90 ~90 ~80 Equivalent
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23 Effect of DO Cascade Control at Larger Scale

The conditions established in the F2 bioreactor were 25 BC, 0.2 barg and a cascade strategy to control DO
levels at 30%. We replicated the same strategy followed at the bench-top bioreactor. First, we increased the agitation,
followed by the aeration rate. The agitation range was between 80 and 200 rpm, while the aeration ranged
between 4 and 8 slpm (Figure 3A). When we analyzed the growth in the F2 bioreactor under these conditions, we
observed that the DO level decreased rapidly after inoculation (Figure 3B). However, the DO level decreased at a
slower pace than observed in the bench-top bioreactor. This was due to the starting conditions established, as
they corresponded to a higher oxygen transfer rate, since there were higher agitation and aeration rates. It
decreased below 30%after 150 h. At this point, the agitation rate started to increase gradually to maintain the
level at 30%%, reaching its maximum at 190 h. The aeration followed the cascade control once agitation reached its
maximum. At one point (hour 210), there was an increase in air input, causing an increase in DO above 30% that
caused a decrease in agitation. The pH profile of the culture was very similar to those from the bench-top
bioreactor cultures. It also showed that the culture had reached saturation after 10 days. When we harvested the
culture, we found that PCV had reached 80% (Figure 3C). Using this final PCV and the duration of the culture, we
calculated the specific growth rate, and it was 0.161 d™1. This demonstrated that the use of a cascade strategy to
improve bioprocesses in plant cell cultures is reproducible at larger scales.
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Figure 3. Measured parameters in N. benthamiana cell cultures and Packed Cell Volume (PCV) using a pilot-scale bioreactor with
cascade control. The bioreactor parameters were measured continuously during growth. These include (A) aeration (blue),
agitation (purple) and temperature (yellow);(B) dissolved oxygen (pink) and pH (green). (C) Total biomass production as seen by
PCV at the end of the culture measured after 24 h sedimentation of the total culture harvested.
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3. Discussion

Plant cell platforms are emerging as valuable systems for producing secondary metabo-lites, proteins and high-
value biomolecules for the pharmaceutical industry. However, com-pared to microbial (e.g., E coli, Komagataella
phaffii) or mammalian (e.g., CHO) platforms, knowledge of plant cell bioprocesses in bioreactors remains limited.
While operational parameters such as temperature and medium composition differ between cell types, general
principles for bioreactor cultivation can be established. Among the most critical factors in bioreactor cultures are
oxygen availability, shear sensitivity, pH regulation and inoculation strategies. Inoculum volume strongly influences
plant cell cultures’ performance [53,54 ], though it was not varied in this study. Similarly, pH is a determinant of plant
cell develop-ment and metabolite production, influencing processes such as somatic embryogenesis and crocin
biosynthesis in CSTRs [55-57]. In the present work, we investigated the effects of aeration and agitation on
Nicotiana benthamiana cell growth in a CSTR, with pH monitored but not controlled.

3.1 Effect of DO Control on Culture Performance

DO is a key parameter influencing cell growth across microbial, mammalian and plant systems [22-
24,587]. Low DO levels are associated with reduced growth ratesin multiple plant species, including Daucus
carota [25], Catharanthus roseus [59,60] and N. tabacum [30]. Beyond growth, DO also impacts metabolite
biosynthesis, such as phenolic compounds in tobacco [30], rosmarinic acid in Lavandula vera [61] or paclitaxel
production in Taxus chinensis [62 ], with studies conducted in both shake flasks and CSTRs. The growing adoption of
wave bioreactors has introduced alternative DO regulation strategies, including modulation of viscosity, application of
antifoam [63], and surface aeration [64 ], which con-sistently maintain DO near 50%, a condition generally favorable
for plant cell proliferation.

In our uncontrolled system, DO values frequently fell below 30%, likely inducing oxy-gen limitations and delaying
culture maturation. By contrast, cascade-controlled operation provided a more stable oxygen supply, sustaining
aerobic metabolism and accelerating ac-cumulation of biomass. The increase in specific growth rate (u) from 0.082 d
-1 to 0.144 d-! under controlled conditions highlights the critical role of DO in plant cell bioprocesses. Previous
reports on transgenic N. benthamiana lines documented p values of 0.113 d~! in shake flasks and 0.14 d~!in
bioreactors [48,65], with a further improvement to 0.26 d~! when DO was maintained at 40% through high aeration
and oxygen supplementation [65]. In our study, DO cascade control enhanced p from 0.082 d-! to 0144 d™! at
laboratory scale and up to 0.161 d~! at pilot scale. Although these rates are slightly lower than the reported values
[65], the difference is likely attributable to our lower DO set point. Importantly, our approach combined aeration and
agitation to achieve fine-tuned DO control, suggesting that further improvements may be attainable by raising the
DO set point and incorporating oxygen enrichment.

3.2. Scaling Up the Process with Ngs ki a and Geometry

The observed Reynolds numbers in both scales fell within the laminar flow regime (Ngg ~ 200-1000),
characteristic of plant cell cultures where low agitation rates are enforced to minimize shear stress. Although the
pilot-scale system presented slightly higher Nige values at maximum agitation and viscosity, the order of magnitude
remained comparable between scales, which implies similar hydrodynamic regimes. Indeed, work on Sphaeralcea
angustifolia shows that Nge is a critical parameter, and increased values beyond a laminar flow regime cause cell
death and decreased production [66], indicating that maintaining the Nge values within those limits is critical.
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Given the limitations of using Vg alone for scale-up in plant cell cultures, due to their non-Newtonian and shear-
sensitive nature, the process was scaled using the ki a as the primary criterion and the tip speed and vvm, since
they impact the k_a values. Target k a values of 6.1 to 20.05 h™! were met at both scales and even increased in the
pilot scale up to 13.4 and 41.6 h™}, respectively. These findings are consistent with previous reports where k a values in
Nicotiana tabacum and Thalictrum minus were maintained at 12 h™! and 6.2 h™3, respectively [28]. However, ki a

values as low as 1.8 h™} has been measured in cultures of Bacopa monnieri, producing bacosides, indicating that the
specific k a value is dependent on the cell type [67]. A ki a-based scale-up strategy ensures a sufficient oxygen

supply across different scales, while preserving a comparable mixing efficiency and low-shear conditions. This
approach is especially relevant for the optimization strategy presented in this study, which maintains DO levels at
30%.

These results support the validity of using k@ as a reliable scale-up criterion for suspended plant cell
cultures, enabling consistent oxygen availability without exceeding agitation levels that could harm the cells.
Additionally, the combined analysis of Ngg and k a data confirms that similar mixing and mass transfer conditions
were achieved across scales, demonstrating the robustness and scalability of the process.

Given these results, it is important to consider their industrial implications. The engineering strategy
demonstrated here is directly translatable to larger-scale systems exceeding 50 L. Indeed, several studies,
including an up-scale from 15 mL to 2000 L and down-scale from 2000 L to 250 mL, show that using k.a as
scale-up criteria is feasible and reproducible [68-707. However, bioreactors with conserved geometry may play a
critical role in maintaining essential oxygen transfer parameters, such as k a and Ngg, an area that warrants further

investigation. Notably, the pilot-scale k a values achieved (up to 41.6 h™1) fall within the operational range of larger
single-use or stainless-steel stirred-tank bioreactors commonly used in industrial bioprocessing [71-747].

Furthermore, the average u (0.144 d-!) and the reduced culture duration (10 days) indicate strong potential
for intensification of the process. Given the moderate shear environment (Vge = 900), these conditions are likely

compatible with shear-sensitive plant cell lines and could be further scaled up to larger volumes, with appropriate
adjustments to gas flow control and impeller design.

Our work has practical implications, as it shows a protocol to improve growth rate and scalability using plant
cell cultures in a CSTR.

4. Materials and Methods
4.1 Plant Material

We obtained plant cell cultures from the LAB strain of Nicotiana benthamiana [75]. Seeds were surface-sterilized
with a solution of commercial bleach at 50% and 0.2% Tween20 for 10 min and then rinsed with sterile water four
times. Seeds were germinated in square Petri dishes with % MS medium [76], 10 g/L sucrose and 8 g/L Phyto
agar. Germinated seeds were transferred to Steri Vent containers with the same medium as described above. The
growth conditions were a 16/8 light/darkness photoperiod, with a thermoperiod of 23/18 °C, respectively.

4.2 Callus Cufture

Leaf explants were excised from full grown in vitro plants. They were cultured in Petri dishes with a callus
induction medium consisting of 4.3 g/L MS medium, 30 g/L sucrose, 0.1 g/L myo-inositol, 0.204 g/L KHyPO4, 0.5
mg/L nicotinic acid, 0.5 mg/L pyridoxine, 0.5 mg/L thiamine, 0.4 mg/L 24-dichlorophenoxyacetic acid, 0.1 mg/L
kinetin and 7.5 g/L Phyto agar. Culture conditions were continuous light and 23 °C. After four weeks, calli
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were transferred to Steri Vent containers with the same medium. Subculture was performed every three weeks until
they were friable and could be disaggregated in liquid medium. Enough friability was achieved after three months,
approximately.

4.3. Shake Flask Cultures

After 3-4 weeks, friable calli were selected and transferred to flasks with liquid medium to initiate
suspension cultures. The liquid cell culture medium’s composition was described previously [777]. The medium
pH was adjusted to 5.8 prior sterilization at 121 ‘C for 30 min. Cell cultures were inoculated with friable calli at a
20% rate to assure cell viability. Cell suspensions were maintained in 500 mL Erlenmeyer flasks with 200 mL liquid
medium. Flasks were placed in an orbital shaker at 110-120 rpm (Stuart orbital Shaker-SSL1, Vernon Hills, IL, USA).
The orbital shaker was placed in a growth chamber at 23 "C with continuous light. Subcultures were performed at
10-15-day intervals, maintaining the same inoculum rate. Log-phase suspensions were used as the inoculum for
bioreactor-scale runs, with Packed Cell Volume adjusted to 16%. An inoculum propagation ratio of 20% v/v was
maintained across all scales. After inoculation, cultures were allowed to grow until reaching a final Packed Cell
Volume of 80% prior to further scale transfer.

4.4. Bioreactor Configuration and Scale-Up Strategy

Cell suspension cultures of N. benthamiana were cultivated in CSTR at two different scales, with the
following working volumes: 2 L (laboratory scale) and 7 L (pilot scale)(Figure 4). The medium used had the same
composition as the flasks’ medium. The medium was prepared and sterilized in the bioreactor vessel with probes
and tubes at 121 BC for 30 min. At laboratory scale, the vessel with the medium, probes and tubes was autoclaved.
At pilot scale, the bioreactor was sterilized in place (SIP) with the medium, probes and tubes. The inoculum rate
was maintained at 20% v/v. Cultures were initiated with a PCV of 16% and grown until the complete depletion of the
culture medium carbon source. The duration of the cultures depended on the strategy for the DO. The agitation
speed and vessel configurations were chosen to reflect operational limitations typical of plant cell cultures,
particularly concerning shear sensitivity.

(R)

bionet

Figure 4. Bioreactors used for experiments: (A) laboratory-scale bioreactor Blonet FO-2CC and
(B) pliot-scale bloreactor Bionet F2-15MB.

The inoculum propagation ratio was fixed at 20% (v/v) in all cases, ensuring uniform starting conditions. PCV-
based monitoring proved to be a reliable indicator of biomass accumulation, especially for shear-sensitive plant
cell cultures where standard optical density measurements may be misleading.
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The laboratory-scale system consisted of a Bionet FO cell culture bioreactor (Bionet, Fuente Alamo, Murcia,
Spain) equipped with a pitched-blade turbine of 54 mm diameter. The pilot-scale system used a Bionet F2
bioreactor with a 70.5 mm diameter pitched-blade impeller. The impellers both had 3 blades with an angle of 45%
Both systems were maintained at 25 ¥C and 0.2 bar overpressure. The DO was kept within 30% saturation by
means of a cascade control strategy, which automatically adjusted agitation speed and aeration rate, using air. The
FO operated at an initial agitation of 80 rpm, with a maximum of 160 rpm. The equivalent impeller tip speed would
be 0.23 and 0.45 m/s, respectively. Initial aeration started at 0.2 vvm air, with a maximum of 0.6 vvm air. The F2
operated between 80 rpm and 220 rpm. The calculated tip speed would be 0.3 and 0.82 m/s. Airflow rates used at
this scale ranged between 0.6 and 1.1 vwm. This control was implemented using ROSITA 0.9.2 software for the
laboratory-scale Bionet FO bioreactor and MARTA 6.1.0 software for the pilot-scale Bionet F2 system. The pH was
monitored throughout the culture but was not controlled.

The maximum working volume of the Bionet F2-15MB pilot bioreactor was esti-mated by preserving the
height-to-diameter (H/D) ratio established in the Bionet FO-2CC bench-top unit. While the F2-15MB was originally
designed with geometry optimized for microbial cultures, the FO-2CC features a configuration suited for cell
cultures.

The bench-top bioreactor FO-2CC exhibited an H/D ratio of 115, calculated from the liquid column height at
maximum working volume relative to the vessel diameter. To main-tain geometric similarity during scale-up, this ratio
was applied to the pilot-scale bioreactor F2-15MB, which has a vessel diameter of 211.6 mm. Using this ratio, the
corresponding maximum working height was determined, resulting in a total working volume of 7 L for the pilot
unit.

This geometrically consistent scaling approach ensured preservation of fluid distri-bution patterns between
scales. To further evaluate the impact of geometric consistency on bioprocess performance, scale-up was
carried out under constant ki a and Ngeg con-ditions. This strategy aimed to assess whether maintaining both
physical geometry and hydrodynamic conditions would sustain the high productivity previously achieved at the
laboratory scale.

4.5. Specific Growth Rate Calculation

The specific growth rate (u, d™!) was estimated from the exponential increase in PCV using the following
equation:

- In(PCV52) - In(PCW4) t2 | Q)

_tl

where PCV; and PCV, represent the Packed Cell Volume (%) at times t; and to, respectively (expressed in days). For
this study, t; corresponded to cultures’ initiation (PCV = 16%), and t, was recorded when cultures were harvested.
This parameter was used to quantify biomass accumulation efficiency under different bioreactor conditions. The
PCV was determined by letting the harvested cultures sediment for 24 h at 4 C.

4.6. Determination of kya via Sodium Sulphite Method
The volumetric oxygen transfer coefficient (ki a) describes the rate at which oxygen is transferred from the

gas phase into the liquid phase per unit volume. It is related to the oxygen transfer rate (OTR) by the following
expression:

OTR=kiax(C*- Cy), (2)
. where

N S




OTR is the oxygen transfer rate (mol-L"%-h1);
k_a is the volumetric mass transfer coefficient (h™1);
C*is the saturation concentration of oxygen in the medium (mol-L™Y);

C_is the actual dissolved oxygen concentration in the medium (mol-L ™).
The sodium sulphite method is a deoxygenation-based chemical technique widely

used to estimate oxygen transfer rates in bioreactors under non-biological conditions [78]. A sulphite solution
(typically 0.5 mol/L NayS0z) is prepared in deionized water, with copper sulphate (CuSQ,) added as a catalyst at
0.001 mol/L. Upon aeration, the reaction consumes dissolved oxygen as follows:

2Nas;S80z + Oz > 2Na50, 3)

. vy

The OTR was estimated based on the duration of the sodium sulphite oxidation reaction, specifically
measuring the time during which the DO concentration remained below 15%. This approach leverages the
stoichiometric equivalence between sodium sulphite oxidation and oxygen uptake. The rapid reaction kinetics
ensure a consistently low DO level during the measurement, allowing for a reliable determination of the OTR from
the observed depletion profile.

4.7. Reynolds Number Calculation

Viscosity values were estimated based on literature reports for plant cell suspensions with similar PCV
ranges, with initial viscosity (u) at 0.0156 Pa-s (16% PCV) and final viscosity at 0.0182 Pa-s (80% PCV) [79]. Nre

was calculated using the classical relation for stirred systems:

v i
Nge = .pXNXDz Y, (4)

where

pis the fluid density (assumed 1000 kg/m?3);
N is the impeller speed (rev/s);

D is the impeller diameter (m);

u is the dynamic viscosity (Pa-s).

4.8. Data Analysis and Statistics

Data obtained from ROSITA and MARTA software was downloaded as .csv files. Images were created using
ggplot2 [80]. Statistical analyses were performed in R version 4.3.2.

5. Conclusions

This study provides the first evidence that cascade control, combining aeration and agitation, can
substantially accelerate plant cell growth in stirred bioreactors. Maintaining DO at 30% reduced culture times from
21 to 10 days, with results successfully reproduced at pilot scale. These findings underscore the potential of
cascade-based DO regulation as a robust and scalable strategy to shorten production timelines in plant cell
bioprocesses. However, the specific effects of this approach on the biosynthesis of biopharmaceuticals, vaccine
components or high-value metabolites remain to be determined and are likely process-dependent. Future
investigations should evaluate whether the growth-optimized conditions identified here also support enhanced
metabolite and protein production.

‘bionet



13

Author Contributions: Conceptualization, FV-N. and LAM-C; methodology, FV-N. and JAM-C; formal analysis, FV-N, JAM-C.
and M.E.-C; investigation, F\V-N, IW, JAM-C. and M.E-C; resources, FV-N, 1W, JAM.-C. and M.E-C, writing—original draft
preparation, FV.-N., J.AM.-C. and M.E.-C; writing—review and editing, FV-N,, JW. and M.E.-C; supervision, 1W, JAM.-C. and M.E.-
C. project administration, JW. and M.E.-C,; funding acquisition, FV.-N., JW, JAM.-C. and ME.-C. All authors have read and
agreed to the published version of the manuscript.

Funding: This work is funded by Proyecto PID2021-1279330B-C21; financed by MICIU/AEI/10.13039/ 501100011033 and
FEDER to M.E-C. and JW; and Catedra BIONET in Biotechnology, Grant DIN2020-011559, funded by MICIU/
AEI/10.13039/501100011033 and by “European Union NextGenera-tionEU/PRTR”, to FV-N. The funder was not involved in
the study design, collection, analysis, interpretation of data, the writing of this article or the decision to submit it for publication.

Data Availability Statement: The original contributions presented in this study are included in the article. Further inquiries can be
directed to the corresponding author.

Acknowledgments: During the preparation of this manuscript, the authors used ChatGPT 4.0 for the purpose of improving
grammar and clarity. The authors have reviewed and edited the output and take full responsibility for the content of this
publication.

Conflicts of Interest: FV-N. work at BIONET. JAM.-C. work at BIONET and Probelte SAU. Both BIONET and Probelte SAU
were not involved in the experimental design or data obtained for this work. The remaining authors declare that the
research was conducted in the absence of any commercial or financial relationships that could be construed as a potential
conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

CHO Chinese Hamster Ovary

CSTR  Continuous Stirring Tank

DO Bioreactor Dissolved Oxygen

H/D Height/Diameter

hESCs Human Embryonic Stem Cells
hiPSCs Human Pluripotent Stem Cells

ka Volumetric Mass Transfer Coefficlent
Nge Reynolds Number

OTR Oxygen Transfer Rate

PV Power Input Per Unit Volume

PCV Packed Cell Volume

slpm Standard Liter Per Minute

tm Mixing Time

vvm Volume of Gas per Volume of Medium per Minute
wv Working Volume

References

1 Lehr, F; Posten, C. Closed Photo-Bioreactors as Tools for Biofuel Production. Curr. Opin. Biotechnol 2009, 20, 280-285.
[CrossRef]

2. Chidambarampadmavathy, K; Karthikeyan, O.P; Heimann, K. Biopolymers Made from Methane in Bioreactors. Eng. Life Sci.
2015, 15,689-699. [ CrossRef]

3. Acedos, M.G.; Moreno-Cid, J; Verd(, F; Gonzalez, JA; Tena, S; Lopez, J.C. Exploring the Potential of Slaughterhouse Waste
Valorization: Development and Scale-up of a New Bioprocess for Medium-Chain Length Polyhydroxyalkanoates
Production. Chemosphere 2022, 287,132401. [ CrossRef]

4. Fang, Z; Lyu, J; Li, J; Li, C; Zhang, Y; Guo, Y; Wang, Y; Zhang, Y; Chen, K. Application of Bioreactor Technology for Cell
Culture-Based Viral Vaccine Production: Present Status and Future Prospects. Front. Bioeng. Biotechnol 2022, 10,
921755.[ CrossRef] [PubMed]

5. Ge, C; Selvaganapathy, PR.; Geng, F. Advancing Our Understanding of Bioreactors for Industrial-Sized Cell Culture: Health
Care and Cellular Agriculture Implications. Am. J. Physiol.-Cell Physiol 2023, 325, C580-C591. [CrossRef] [PubMed]

bionet



https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/10.1002/elsc.201400203
https://www.sciencedirect.com/science/article/pii/S0045653521028733?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0958166909000494?via%3Dihub
https://www.frontiersin.org/journals/bioengineering-and-biotechnology/articles/10.3389/fbioe.2022.921755/full
https://pubmed.ncbi.nlm.nih.gov/36017347/
https://journals.physiology.org/doi/full/10.1152/ajpcell.00408.2022
https://pubmed.ncbi.nlm.nih.gov/37486066/

14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

Verdu-Navarro, F; Moreno-Cid, 1A Weiss, 1; Egea-Cortines, M. The Advent of Plant Cells in Bioreactors. Front. Plant Sci.
2023, 14,1310405. [CrossRef]

Karki, U; Fang, H.; Guo, W, Unnold-Cofre, C,; Xu, J. Cellular Engineering of Plant Cells for Improved Therapeutic Protein
Production. Plant Cell Rep. 2021, 40,1087-1099. [CrossRef] [PubMed]

Abdulhafiz, F; Mohammed, A; Reduan, M.FH,; Kari, ZA; Wei, L.S;; Goh, K.W. Plant Cell Culture Technologies: A Promising
Alternatives to Produce High-Value Secondary Metabolites. Arab. /. Chem. 2022, 15,104161. [ CrossRef]

Lee, J; Lee, S-K; Park, 1-S; Lee, K--R. Plant-Made Pharmaceuticals: Exploring Studies for the Production of Recombinant
Protein in Plants and Assessing Challenges Ahead. Plant Biotechnol. Rep. 2023, 17, 53-65. [ CrossRef]

Jia, J; Wilson, W,; Karmaker, A Nishimura, A, Otsuka, H; Ohara, K.; Okawa, H,; McDonald, K.; Nandi, S.; Albeck, 1.G et al.
Applications of Plant-Made Fibroblast Growth Factor for Human Pluripotent Stem Cells. Stem Cells Dev. 2024, 33, 57-66.
[CrossRef]

Bero, J; Frédérich, M., Quetin-Leclercq, J. Antimalarial Compounds Isolated from Plants Used in Traditional Medicine. .
Pharm. Pharmacol. 2009, 61, 1401-1433. [CrossRef]

Andre, C.M,; Greenwood, JM.; Walker, E.G,, Rassam, M.; Sullivan, M, Evers, D.; Perry, N.B; Laing, WA. Anti-Inflammatory
Procyanidins and Triterpenes in 109 Apple Varieties. /. Agric. Food Chem. 2012, 60,10546-10554. [CrossRef]

Salvador, 1AR; Moreira, VM., Gongalves, BM.F; Leal, AS; Jing, Y. Ursane-Type Pentacyclic Triterpenoids as Useful Platforms to
Discover Anticancer Drugs. Nat. Prod. Rep. 2012, 29,1463-1479. [ CrossRef] [PubMed]

Moses, T.; Pollier, J.; Thevelein, J.M.; Goossens, A. Bioengineering of Plant (Tri)Terpenoids: From Metabolic Engineering of Plants
to Synthetic Biology in Vivo and in Vitro. New Phytol 2013, 200, 27-43. [CrossRef]

Xu, X; Cocco, E; Guerriero, G; Sergeant, K; Jourdan, S; Renaut, J; Hausman, J.-F; Legay, S. Harnessing Apple Cell Suspension
Cultures in Bioreactors for Triterpene Production: Transcriptomic Insights into Biomass and Triterpene Biosynthesis. Int. [/
Mol. Sci 2025, 26, 3188. [ CrossRef]

Venkat, K. Paclitaxel Production through Plant Cell Culture: An Exciting Approach to Harnessing Biodiversity. Pure Appl.
Chem. 1998, 70, 2127-2128.

Choi, H-K; Son, J-S; Na, G.-H,; Hong, S.-S;; Park, Y-S.; Song, J.-Y. Mass Production of Paclitaxel by Plant Cell Culture. /. Plant
Biotechnol 2002, 29, 59-62. [ CrossRef]

Almagro, L; Belchi-Navarro, S.; Martinez-Marquez, A; Bru, R.; Pedreno, M.A. Enhanced Extracellular Production of Trans-
Resveratrol in Vitis Vinifera Suspension Cultured Cells by Using Cyclodextrins and Coronatine. Plant Physiol. Biochem. 2015,
97,361-367. [CrossRef]

Belchi-Navarro, S.; Almagro, L; Lijavetzky, D.; Bru, R, Pedreno, M.A. Enhanced Extracellular Production of Trans-Resveratrol in
Vitis Vinifera Suspension Cultured Cells by Using Cyclodextrins and Methyliasmonate. Plant Cell Rep. 2012, 31, 81-89.
[CrossRef][PubMed]

Chen, H; Chen, F. Effect of Yeast Elicitor on the Secondary Metabolism of Ti-Transformed Salvia Miltiorrhiza Cell
Suspension Cultures. Plant Cell Rep. 2000, 19, 710-717. [CrossRef] [PubMed]

Golkar, P; Taghizadeh, M, Yousefian, Z. The Effects of Chitosan and Salicylic Acid on Elicitation of Secondary Metabolites
and Antioxidant Activity of Safflower under in Vitro Salinity Stress. Plant Cell Tissue Organ. Cult. 2019, 137, 575-585.
[CrossRef]

Xing, Z;; Kenty, BM;; Li, Z.J; Lee, S.S. Scale-up Analysis for a CHO Cell Culture Process in Large-Scale Bioreactors.
Biotechnol. Bioeng. 2009, 103, 733-746. [CrossRef]

Mete, T.; Ozkan, G.; Hapoglu, H.; Alpbaz, M. Control of Dissolved Oxygen Concentration Using Neural Network in a Batch
Bioreactor. Comput. Appl. Eng. Educ. 2012, 20, 619-628. [ CrossRef]

Carcamo, M, Saa, P; Torres, J; Torres, S.; Mandujano, P; Ricardo Perez Correa, J; Agosin, E. Effective Dissolved Oxygen Control
Strategy for High-Cell-Density Cultures. IEEE Lat. Am. Trans. 2014, 12, 389-394. [ CrossRef]

lay, V; Genestier, S; Courduroux, 1.C. Bioreactor Studies on the Effect of Dissolved Oxygen Concentrations on Growth
and Differentiation of Carrot (Daucus carota L.) Cell Cultures. Plant Cell Rep. 1992, 11, 605-608. [ CrossRef]

Corbin, 1.M;; Hashimoto, B.L; Karuppanan, K; Kyser, Z.R; Wu, L; Roberts, BA,; Noe, AR, Rodriguez, R.L; McDonald, K.A; Nandi,
S. Semicontinuous Bioreactor Production of Recombinant Butyrylcholinesterase in Transgenic Rice Cell Suspension
Cultures. Front. Plant Sci. 20186, 7, 412. [ CrossRef]

Arias, 1.P; Mendoza, D; Arias, M. Agitation Effect on Growth and Metabolic Behavior of Plant Cell Suspension Cultures of
Thevetia Peruviana at Bench Scale Reactor. Plant Cell Tissue Organ. Cult. 2021, 145, 307-319. [CrossRef]

Cheung, CK.-L,; Leksawasdi, N.; Doran, PM. Bioreactor Scale-down Studies of Suspended Plant Cell Cultures. AIChE J. 2018,
64,4281-4288. [ CrossRef]

Hogue, R.S; Lee, 1M, An, G. Production of a Foreign Protein Product with Genetically Modified Plant Cells. Enzym. Microb.
Technol 1990, 12, 533-538. [CrossRef] [PubMed]

Gao, J,; Lee, JM. Effect of Oxygen Supply on the Suspension Culture of Genetically Modified Tobacco Cells. Biotechnol. Prog.
1992, 8, 285-290. [CrossRef]

bionet


https://www.frontiersin.org/journals/plant-science/articles/10.3389/fpls.2023.1310405/full
https://link.springer.com/article/10.1007/s00299-021-02693-6
https://pubmed.ncbi.nlm.nih.gov/33837823/
doi.org/10.1016/j.arabjc.2022.104161
https://link.springer.com/article/10.1007/s11816-023-00821-0
https://journals.sagepub.com/doi/full/10.1089/scd.2023.0135
https://academic.oup.com/jpp/article-abstract/61/11/1401/6135859?redirectedFrom=fulltext
https://pubs.acs.org/doi/10.1021/jf302809k
https://doi.org/10.1039/c2np20060k
https://pubmed.ncbi.nlm.nih.gov/23047641/
https://nph.onlinelibrary.wiley.com/doi/10.1111/nph.12325
doi.org/10.3390/ijms26073188
https://doi.org/10.5010/JPB.2002.29.1.059
https://www.sciencedirect.com/science/article/pii/S0981942815301455?via%3Dihub
doi.org/10.1007/s00299-011-1141-8
https://pubmed.ncbi.nlm.nih.gov/21927985/
https://link.springer.com/article/10.1007/s002999900166
https://pubmed.ncbi.nlm.nih.gov/30754810/
https://link.springer.com/article/10.1007/s11240-019-01592-9
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/10.1002/bit.22287
https://onlinelibrary.wiley.com/doi/10.1002/cae.20430
https://ieeexplore.ieee.org/document/6827863/
https://link.springer.com/article/10.1007/BF00236382
doi.org/10.3389/fpls.2016.00412
https://link.springer.com/article/10.1007/s11240-021-02009-2
https://aiche.onlinelibrary.wiley.com/doi/10.1002/aic.16415
https://www.sciencedirect.com/science/article/pii/014102299090071W?via%3Dihub
https://pubmed.ncbi.nlm.nih.gov/1366635/
doi.org/10.1021/bp00016a004

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

15

Vazquez-Marquez, AM., Zepeda-Gomez, C,; Burrola-Aguilar, C.; Bernabé-Antonio, A.; Nieto-Trujillo, A, Cruz-Sosa, F.
Rodriguez-Monroy, M, Estrada-Zaniga, M.E. Effect of Stirring Speed on the Production of Phenolic Secondary Metabolites
and Growth of Buddleja Cordata Cells Cultured in Mechanically Agitated Bioreactor. Plant Cell Tissue Organ Cult. 2019, 139,
155-166.[CrossRef]

de Mello, A.FM.; de Souza Vandenberghe, L.P; Herrmann, LW, Letti, L.A.J; Burgos, W.J.M.; Scapini, T., Manzoki, M.C.; de
Oliveira, PZ; Soccol, C.R. Strategies and Engineering Aspects on the Scale-up of Bioreactors for Different Bioprocesses.
Syst. Microbiol. Biomanuf. 2024, 4, 365-385. [CrossRef ]

Shin, W-S; Lee, D,; Kim, S; Jeong, Y-S, Chun, G.-T. Application of Scale-Up Criterion of Constant Oxygen Mass Transfer
Coefficient (kLa) for Production of Itaconic Acid in a 50 L Pilot-Scale Fermentor by Fungal Cells of Aspergillus Terreus. J.
Microbiol. Biotechnol. 2013, 23,1445-1453. [CrossRef] [PubMed]

Xu, S.; Hoshan, L; Jiang, R,; Gupta, B, Brodean, E.; O'Neill, K;; Seamans, T.C,; Bowers, J., Chen, H. A Practical Approach in
Bioreactor Scale-up and Process Transfer Using a Combination of Constant P/V and VWwm as the Criterion. Biotechnol. Prog.
2017,33, 1146-1159. [ CrossRef] [PubMed]

Manickavasagam, VM,; Anupindi, K; Bhatt, N.; Srivastava, S. Characterizing the Effect of Impeller Design in Plant Cell
Fermentations Using CFD Modeling. Sci. Rep. 2025, 15, 9322. [CrossRef]

Ding, H; Cheng, H.; Wu, J; Zhang, F,; Cao, C.; Mualif, SA; Xie, Z. A New Strategy in Bioreactor Scale-up and Process Transfer
Using a Dynamic Initial Wwm According to Different Aeration Pore Size. Front. Bioeng. Biotechnol. 2024, 12,1461253.
[CrossRef][PubMed]

Petry, F; Salzig, D. Impact of Bioreactor Geometry on Mesenchymal Stem Cell Production in Stirred-Tank Bioreactors. Chem.
Ing Tech. 2021,93,1537-1554. [CrossRef]

Han, J.-E; Lee, H; Ho, T.-T.; Park, S.-Y. Brazzein Protein Production in Transgenic Carrot Cells Using Air-Lift Bioreactor Culture.
Plant Biotechnol. Rep. 2022, 16,161~171. [CrossRef]

Macharoen, K, Du, M, Jung, S;; McDonald, K.A,; Nandi, S. Production of Recombinant Butyrylcholinesterase from Transgenic
Rice Cell Suspension Cultures in a Pilot-Scale Bioreactor. Biotechnol. Bioeng. 2021, 118,1431-1443. [CrossRef]

Breuling, M;; Alfermann, AW, Reinhard, E. Cultivation of Cell Cultures of Berberis Wilsonae in 20-I Airlift Bioreactors. Plant Cell
Rep. 1985, 4,220-223. [CrossRef]

Thanh, N.T.; Murthy, H.N,; Paek, K.Y. Optimization of Ginseng Cell Culture in Airlift Bioreactors and Developing the Large-Scale
Production System. Ind. Crops Prod. 2014, 60, 343-348. [CrossRef]

Tekoah, Y; Shulman, A; Kizhner, T, Ruderfer, I, Fux, L; Nataf, Y; Bartfeld, D, Ariel, T; Gingis—-Velitski, S.; Hanania, U;; et al.
Large-Scale Production of Pharmaceutical Proteins in Plant Cell Culture—The Protalix Experience. Plant Biotechnol. J.2015,
13,1199-1208. [CrossRef]

Navia-Osorio, A; Garden, H; Cusido, R.M.; Palazon, 1; Alfermann, AW, Pinol, M.T. Taxol® and Baccatin III Production in
Suspension Cultures of Taxus baccata and Taxus wallichiana in an Airlift Bioreactor. J. Plant Physiol. 2002, 159, 97-102.
[CrossRef]

Eibl, R, Eibl, D. Design and Use of the Wave Bioreactor for Plant Cell Culture. Plant Tissue Cult. Eng. 2008, 203-227.
[CrossRef]

Gubser, G.; Vollenweider, S.; Eibl, D,; Eibl, R. Food Ingredients and Food Made with Plant Cell and Tissue Cultures: State-of-the
Art and Future Trends. Eng. Life Sci. 2021, 21, 87-98. [CrossRef] [PubMed]

Wierzchowski, K;; Pilarek, M. Mass Transfer Characteristics in Disposable Rocking Bioreactors: A Critical Review and Quantitative
Data Catalogue. Chem. Eng. J. 2024, 499, 155966. [CrossRef]

Lobato-Gomez, M, Laurel, M,; Vazquez-Vilar, M; Rambla, JL.;Orzaez, D.; Rischer, H.; Granell, A. Novel Plant Cell Suspension
Platforms for Saffron Apocarotenoid Production and Its Impact on Carotenoid and Volatile Profiles. Plant Biotechnol. J.
2025, 23, 3903-3918. [CrossRef] [PubMed]

Sukenik, S.C,; Karuppanan, K Li, Q.; Lebrilla, C.B.; Nandi, S.; McDonald, K.A. Transient Recombinant Protein Production in
Glycoengineered Nicotiana Benthamiana Cell Suspension Culture. Int. J. Mol. Sci. 2018, 19, 1205. [CrossRef]

Hanittinan, O.; Oo, Y, Chaotham, C.; Rattanapisit, K, Shanmugaraj, B, Phoolcharoen, W. Expression Optimization, Purification
and in Vitro Characterization of Human Epidermal Growth Factor Produced in Nicotiana benthamiana. Biotechnol. Rep.
2020, 28, e00524. [CrossRet]

Selma, S.; Sanmartin, N,; Espinosa-Ruiz, A; Gianoglio, S, Lopez-Gresa, M.P; Vazquez-Vilar, M; Flors, V; Granell, A; Orzaez, D.
Custom-Made Design of Metabolite Composition in N. Benthamiana Leaves Using CRISPR Activators. Plant Biotechnol. J.
2022, 20,1578-1590. [CrossRef]

Calvache, C,; Vazquez-Vilar, M., Moreno-Giménez, E.; Orzaez, D. A Quantitative Autonomous Bioluminescence Reporter System
with a Wide Dynamic Range for Plant Synthetic Biology. Plant Biotechnol. J. 2024,22, 37-47. [CrossRef] [PubMed]
Gamborg, O.L,; Miller,R.A; Ojima, K. Nutrient Requirements of Suspension Cultures of Soybean Root Cells. Exp. Cell Res. 1968,
50, 151-158. [CrossRet] [PubMed]

McCabe, PF; Levine, A.; Meijer, P-1,; Tapon, N.A,; Pennell, R.I. A Programmed Cell Death Pathway Activated in Carrot Cells

Cultured at Low Cell Density. Plant J. 1997, 12,267-280. [CrossRef]
. bionet


https://link.springer.com/article/10.1007/s11240-019-01673-9
https://link.springer.com/article/10.1007/s43393-023-00205-z
https://www.jmb.or.kr/journal/view.html?volume=23&number=10&spage=1445
https://pubmed.ncbi.nlm.nih.gov/23928842/
https://aiche.onlinelibrary.wiley.com/doi/10.1002/btpr.2489
https://pubmed.ncbi.nlm.nih.gov/28440060/
doi.org/10.1038/s41598-025-92385-y
https://www.frontiersin.org/journals/bioengineering-and-biotechnology/articles/10.3389/fbioe.2024.1461253/full
ncbi.nlm.nih.gov/pubmed/39318670
https://onlinelibrary.wiley.com/doi/10.1002/cite.202100041
https://link.springer.com/article/10.1007/s11816-022-00743-3
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/10.1002/bit.27638
https://link.springer.com/article/10.1007/BF00269294
https://www.sciencedirect.com/science/article/pii/S0926669014003938?via%3Dihub
https://onlinelibrary.wiley.com/doi/10.1111/pbi.12428
https://www.sciencedirect.com/science/article/pii/S0176161704702102?via%3Dihub
https://link.springer.com/chapter/10.1007/978-1-4020-3694-1_12
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/10.1002/elsc.202000077
ncbi.nlm.nih.gov/pubmed/33716608
https://www.sciencedirect.com/science/article/pii/S1385894724074576?via%3Dihub
https://onlinelibrary.wiley.com/doi/10.1111/pbi.70153
https://pubmed.ncbi.nlm.nih.gov/40537445/
doi.org/10.3390/ijms19041205
https://www.sciencedirect.com/science/article/pii/S2215017X20306299?via%3Dihub
https://onlinelibrary.wiley.com/doi/10.1111/pbi.13834
https://onlinelibrary.wiley.com/doi/10.1111/pbi.14146
https://pubmed.ncbi.nlm.nih.gov/37882352/
https://www.sciencedirect.com/science/article/pii/0014482768904035?via%3Dihub
https://pubmed.ncbi.nlm.nih.gov/5650857/
https://onlinelibrary.wiley.com/doi/10.1046/j.1365-313X.1997.12020267.x

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

i7"

72.

73.

74.

75.

76.

77.

78.

16

McCabe, PF, Leaver, C.J. Programmed Cell Death in Cell Cultures. Plant Mol. Biol. 2000, 44, 359-368. [CrossRef]

Jay, V; Genestier, S; Courduroux, J.-C. Bioreactor Studies of the Effect of Medium pH on Carrot (Daucus carota L.)
Somatic Embryogenesis. Plant Cell Tissue Organ. Cult. 1994, 36, 205-209. [CrossRef]

Shigeta, J,; Sato, K.; Mii, M. Effects of Initial Cell Density, pH and Dissolved Oxygen on Bioreactor Production of Carrot Somatic
Embryos. Plant Sci. 1996, 115, 109-114. [CrossRef]

Amini, S;; Ziaratnia, S.M.; Hemmati, K. Optimization of Conditions for Increasing of Saffron Cell Biomass and Crocin Production
in Stirred Bioreactor. Plant Cell Tissue Organ. Cult. 2022, 149, 243-255. [CrossRet]

Motolinia-Alcantara, E.A;; Castillo-Araiza, C.O.; Rodriguez-Monroy, M.; Roman-Guerrero, A.; Cruz-Sosa, F. Engineering
Considerations to Produce Bioactive Compounds from Plant Cell Suspension Culture in Bioreactors. Plants 2021, 10,
2762.[CrossRef]

Snape, JB.; Thomas, N.H; Callow, JA. How Suspension Cultures of Catharanthus Roseus Respond to Oxygen Limitation:
Smali-Scale Tests with Applications to Large-Scale Cultures. Biotechnol. Bioeng. 1989, 34,1058-1062. [CrossRef]

Tate, J.L; Payne, GF. Plant Cell Growth under Different Levels of Oxygen and Carbon Dioxide. Plant Cell Rep. 1991, 10, 22~
25.[CrossRef]

Pavloy, A.I1; Georgiev, M.I; Ilieva, M.P. Production of Rosmarinic Acid byLavandula Vera MM Cell Suspension in Bioreactor:
Effect of Dissolved Oxygen Concentration and Agitation. World J. Microbiol. Biotechnol. 2005, 21, 389-392. [CrossRet]
Pan, Z.; Wang, H.; Zhong, J. Scale-up Study on Suspension Cultures of Taxus Chinensis Cells for Production of Taxane
Diterpene. Enzyme Microb. Technol. 2000, 27,714-723. [CrossRel] [PubMed]

Bartczak, M.; Wierzchowski, K.; Pilarek, M. Mass Transfer in a Liter-Scale Wave Mixed Single-Use Bioreactor: Influence
of Viscosity and Antifoaming Agent. Ind. Eng. Chem. Res. 2023, 62,10893-10902. [CrossRef]

Eibl, R; Werner, S, Eibl, D. Bag Bioreactor Based on Wave-Induced Motion: Characteristics and Applications. Adv. Biochem.
Eng. Biotechnol. 2009, 115,55-87. [CrossRef]

Huang, T.-K; Plesha, M.A; Falk, B.W,; Dandekar, A.M.; McDonald, K.A. Bioreactor Strategies for Improving Production Yield
and Functionality of a Recombinant Human Protein in Transgenic Tobacco Cell Cultures. Biotechnol. Bioeng. 20089, 102,
508-520.[CrossRef]

Pérez-Hernandez, J; Nicasio-Torres, M.d.P; Sarmiento-Lépez, L.G;; Rodriguez-Monroy, M. Production of Anti-Inflammatory
Compounds in Sphaeralcea Angustifolia Cell Suspension Cultivated in Stirred Tank Bioreactor. £ng. Life Sci. 2019, 19, 196-
205.[CrossRef]

Sahoo, K.K;;Sahu, B.B,; Singh, V.R.; Patra, N. Enhanced Production of Bacopa Saponins by Repeated Batch Strategy in
Bioreactor. Bioprocess Biosyst. Eng. 2022, 45,829-841. [CrossRef] [PubMed]

Kargupta, R, Rivera, S; Kochert, B; Devenney, K., Donelly, D.; Atieh, T.; Li, F; Pan, J; Patel, D, Tayi, V; et al. Elucidation of Cell
Culture Impacts on Hydroxylysine Levels in Monoclonal Antibodies Using High-Throughput Analytical Quantification and
Media Components. Biotechnol. Prog. 2025, e70068. [ CrossRef]

Andaluz, A; Monteverde, B; Vera, K, Tse, B,; Gajic, I.; Forelich, C.; Motevalian, S.P. Accelerated Adeno Associated Virus
Upstream Process Development from High-Throughput Systems to Clinical Scale. Biotechnol. Bioeng. 2025. [CrossRef]
Zhang, X; Moroney, J,; Hoshan, L, Jiang, R.; Xu, S. Systematic Evaluation of High-Throughput Scale-down Models for Single-Use
Bioreactors (SUB) Using Volumetric Gas Flow Rate as the Criterion. Biochem. Eng. J. 2019, 151, 107307. [CrossRef]

Gelves, R; Dietrich, A; Takors, R. Modeling of Gas-Liquid Mass Transfer in a Stirred Tank Bioreactor Agitated by a Rushton
Turbine or a New Pitched Blade Impeller. Bioprocess Biosyst. Eng. 2014, 37, 365-375. [CrossRef]

Leckie, F; Scragg, AH; Cliffe, K.C. An Investigation into the Role of Initial KLa on the Growth and Alkaloid Accumulation by
Cultures of Catharanthus Roseus. Biotechnol. Bioeng. 1991, 37, 364-370. [CrossRef] [PubMed]

Ho, C.-H,; Henderson, K.A;; Rorrer, G.L. Cell Damage and Oxygen Mass Transfer during Cultivation of Nicotiana Tabacum in a
Stirred-Tank Bioreactor. Biotechnol. Prog. 1995, 11,140-145. [CrossRef ]

Doran, PM. Design of Mixing Systems for Plant Cell Suspensions in Stirred Reactors. Biotechnol Prog. 1999, 15, 319-
335.[CrossRef]

Bally, J,; Jung, H.; Mortimer, C; Naim, F, Philips, J.G.; Hellens, R.; Bombarely, A.; Goodin, M.M,, Waterhouse, PM. The Rise and Rise
of Nicotiana Benthamiana. A Plant for All Reasons. Annu. Rev. Phytopathol 2018, 56, 405-426. [ CrossRef]

Murashige, T.; Skoog, F A Revised Medium for Rapid Growth and Bio Assays with Tobacco Tissue Cultures. Physiol. Plant.
1962, 15, 473-497. [CrossRef]

Huang, T-K; Plesha, M.A,; McDonald, K.A. Semicontinuous Bioreactor Production of a Recombinant Human Therapeutic
ProteinUsing a Chemically Inducible Viral Amplicon Expression System in Transgenic Plant Cell Suspension Cultures.
Biotechnol. Bioeng. 2010, 106, 408-421. [CrossRef]

Imai, Y; Takei, H;; Matsumura, M. A Simple Na;SO3z Feeding Method for KLa Measurement in Large-Scale Fermentors.

Biotechnol. Bioeng. 1987, 29, 982-993. [CrossRef] [PubMed]

~ bionet


https://link.springer.com/article/10.1023/A:1026500810877
https://link.springer.com/article/10.1007/BF00037721
https://www.sciencedirect.com/science/article/pii/S016894529604327O?via%3Dihub
https://link.springer.com/article/10.1007/s11240-022-02233-4
https://www.mdpi.com/2223-7747/10/12/2762
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/10.1002/bit.260340806
https://link.springer.com/article/10.1007/BF00233026
https://link.springer.com/article/10.1007/s11274-004-3982-6
https://www.sciencedirect.com/science/article/pii/S0141022900002763?via%3Dihub
https://pubmed.ncbi.nlm.nih.gov/11064055/
https://pubs.acs.org/doi/10.1021/acs.iecr.3c00736
doi.org/10.1007/10_2008_15
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/10.1002/bit.22061
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/epdf/10.1002/elsc.201800134
https://link.springer.com/article/10.1007/s00449-022-02700-4
ncbi.nlm.nih.gov/pubmed/35119526
https://aiche.onlinelibrary.wiley.com/doi/10.1002/btpr.70068
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/10.1002/bit.70052
https://www.sciencedirect.com/science/article/pii/S1369703X19302438?via%3Dihub
doi.org/10.1007/s00449-013-1001-8
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/10.1002/bit.260370410
https://pubmed.ncbi.nlm.nih.gov/18597378/
https://aiche.onlinelibrary.wiley.com/doi/10.1021/bp00032a004
doi.org/10.1021/bp990042v
https://www.annualreviews.org/content/journals/10.1146/annurev-phyto-080417-050141
https://onlinelibrary.wiley.com/doi/10.1111/j.1399-3054.1962.tb08052.x
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/10.1002/bit.22713
https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/10.1002/bit.260290810
https://pubmed.ncbi.nlm.nih.gov/18576548/

17

79. Leverrier, C; Almeida, G.; Cuvelier, G; Menut, P. Modelling Shear Viscosity of Soft Plant Cell Suspensions. Food Hydrocoll.
2021, 118,106776. [CrossRef]

80. Wickham, H. Ggplot2. Wiley Interdiscip. Rev. Comput. Stat 2011, 3, 180-185. [CrossRef]

Disclaimer/Publisher's Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury
to people or property resulting from any ideas, methods, instructions or products referred to in the content.

bionet


https://www.sciencedirect.com/science/article/pii/S0268005X21001922?via%3Dihub
https://wires.onlinelibrary.wiley.com/doi/10.1002/wics.147



