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Abstract—The effect of hydrodynamic forces generated by air bubbles on cell growth of continuous culture of Synechocystis
PCC 6803 was studied in a flat-panel photobioreactor. Keeping all relevant parameters constant enables the optimization
of individual parameters, for which a continuous cultivation approach has significant advantages. Continuous culture of
Synechocystis PCC 6803 was cultivated under different gas velocities from 0.022 m s™ up to 0.128 m s™'. Based on
direct determination of effective growth rate at constant cell densities, cell damage due to shear stress induced by the
increasing gas velocity at the sparger was directly observed. A significant decrease of effective growth rate was observed
at gas velocity of 0.085 m s™' generated at the gas flow rate of 200 ml min™', indicating cell damage by shear stress.
Optimization of gas volume and the development of an effective aeration system corresponding to a given reactor setup

is important to realize a reliable cell growth.
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INTRODUCTION

Microalgae and cyanobacteria are receiving increasing attention
for the development of alternative renewable energy sources. Bio-
hydrogen production based on the connection of water-splitting pho-
tosynthesis with hydrogenase is regarded as one of the most prom-
ising alternatives [1-3]. Along with bio-hydrogen production, another
environmentally sustainable energy source from photosynthetic micro-
organisms is biomass. Biomass can be converted into different types
of energy products, such as transportable fuels or bio-derived prod-
ucts including plastics and chemicals [4]. In recent decades biom-
ass conversion to liquid biofuels including biodiesel and bioethanol
has undergone substantial improvements [5]. The first-generation
biodiesel was produced from only a few agricultural crop systems.
Typically, only a small fraction of the solar energy captured and
converted into chemical energy (biomass) is harvestable. Inefficien-
cies in feedstock harvesting and processing further reduce the recov-
erable energy and reduce the net carbon capture [6]. On the other
hand, biodiesel production systems from microalgae are expected
to have the lowest impact on the environment, higher productivity,
greater energy return on investment, and will be directly compatible
with the existing energy infrastructure. Microalgae grow rapidly,
have high oil content (up to 75%), and are capable of producing 2-
10 times more biomass per unit land area than any terrestrial crop
system [7]. In addition, microalgae can potentially capture CO, as
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well as utilize nutrient-rich waste water [8]. However, microalgal-
based biofuel production systems will face commercial competition.
They must be able to produce biomass at rates that are sufficient
for practical demand and at prices that can be realized on a global
market.

With consideration of biotechnological approaches to overcome
the low solar energy conversion efficiencies in the photosynthetic
apparatus and inefficient coupling of the photosynthetic water split-
ting machinery with the targeted metabolisms for biomass and/or
hydrogen production, it is imperative to optimize mass-cultivation
systems and develop a reliable cultivation process for maximal pro-
ductivity [7]. However, many photosynthetic microorganisms are
affected by environmental parameters including light, temperature,
media components, and pH levels, which are critical to celtular growth.
Furthermore, it is difficult to predict and control their biological re-
sponse to stresses related to biotic and abiotic conditions because
of complex interactions between fluid dynamics, biochemical reac-
tions, and light transfer in a photobioreactor system [9,10]. The large
number of independent and mutually dependent parameters results
in a huge parameter space that has to be explored to find suitable
operating conditions.

Among several environmental parameters, in particular, fluid dy-
namics induced by pneumatic mixing restricts hydrodynamic and
static pressure of the reactor system. High superficial gas velocity
is necessary to achieve a high degree of turbulence for sufficient
mixing of the cell suspension with light, CO, gas, and several nutri-
ents [11]. High photosynthetic efficiency has been demonstrated in
fast gas/liquid-circulation [9]. However, the increasing hydrody-
namic force due to a fast gas-flow leads to shear stress. Shear stress
is one of the possible reasons for a decline in cell growth rate or
even cell death [12]. Damage of microalgae due to shear stress was
demonstrated in a bubble column with a gas sparger [11]. Therefore,
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the gas volume related with superficial gas velocity is one of the
important operation parameters for sustainable cell growth in terms
of the balance between mixing and shear stress.

In previous research, a continuous cultivation system providing
a direct approach to determine the growth rate was demonstrated
to be an effective process to optimize two important parameters,
light intensity and media composition, under stable cultivation con-
ditions [13]. Here, we clearly presented the impact of the gas flow
rate on cyanobacterial cell growth and optimized it by direct meas-
urement of the effective growth rate under continuous cultivation
of cyanobacterial Synechocystis PCC 6803 wild-type (hereafter Syn-
echocystis WT).

MATERIAL AND METHODS

1. Photobioreactor Set-up

The photobioreactor was designed in the form of a flat, rectan-
gular container with front and back windows providing a light-path
of 40 mm and a working volume of 5 L. Two white LED panels
are provided at both sides for illumination of the reactor. The light
intensities were measured by a Li-Cor LI-189 2 7 PAR quantum
sensor. The voltages corresponding to each light intensity were used
for regulation of light intensity. To avoid initial photodamage at low
cell density, the cell culture was exposed to light intensity of 100
umol photons m™ s~ following inoculation. Continuous cultures
of Synechocystis WT have been grown at ODg, of 0.7 under light
intensity of 100 umol photons m™ s™'. The reactor was mixed by
sparging gas into the liquid. A mass flow controller was used to
control/measure a constant gas feed flow from 50 ml min™" up to
500 ml min™". Gas bubbles enriched with 3% CO, (v/v) were gener-
ated from a glass-sparger embedded in the bottom of the reactor.
Culture growth was monitored by an integrated turbidity sensor (Trb
8300, Toledo) and feedback-controlled by a media pump. A con-
stant pH value of 7 was maintained by automated titration with 0.2 M
HCI and NaOH. All cultivation conditions were dynamically con-
trolled according to a user defined protocol program from Lab-
VIEW. The plastic polymer based reactor setup was chemically ster-
ilized by incubation with a peroxyacetic acid solution of 5 mM for
1 hour [14]. Prior to cultivation the reactor was rinsed three times
with autoclaved distilled water. Air filters, HCl and NaOH solutions
for pH-value regulation, and growth media were autoclaved for 20
min at 121 °C. Heat-labile solutions were filtered by sterile mem-
brane filters with a pore size of 0.22 pum prior to application to the
cell culture inside the reactor.
2. Continuous Cultivation and Optimization of Bioprocess Par-
ameters

The photobioreactor provides reliable growth conditions for pho-
tosynthetic microorganisms to achieve conversion or production of
biological products. It minimizes the demand for fresh water, permits
monocultures, and offers better control over environmental param-
eters. Among several bioprocess systems, continuous cultivation oper-
ation is characterized by the continuous addition of a fresh medium
and the withdrawal of the culture. Keeping all relevant parameters
constant makes it possible to engineer an efficient bioprocess via
optimization of individual factors for stable and sustainable growth
[13,15]. Although more difficult to realize, continuous cultivation
has several advantages over batch cultures, such as constant pro-
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duction rates and elimination of down time for cleaning and steril-
ization [16].

When considering continuous cultivation, the mass balance for
biomass can be written as dX/dT=(x—D)-X with X: biomass in
reactor, T: cultivation time, £ specific growth rate, and D: dilution
rate. It shows that the growth rate equals the dilution rate under steady-
state conditions. Under these conditions the effective growth rate
(14 can be calculated by a software sensor (i.e., the moving average
of the media feed rate determined over a defined period) in order
to focus on real-time changes of the cell growth rate [13,17].

3. Strains and Medium

The cyanobacterium Synechocystis sp. PCC 6803 from the Pas-
teur Culture Collection was used for the present study. Syrechocystis
is a freshwater unicellular cyanobacterium with capability to grow
autotrophically or heterotrophically. In this work, Syrnechocystis WT
was photoautotrophically cultivated in YBG11 medium [18]. This
modified BG11 medium (1.76-10 M NaNQO;; 1-102 M HEPES;
1.75-10° M K,HPO,; 3-10* M MgSO,; 1.8:10* M Na,CO;; 1.6
10~° M Na,-EDTA; 4.5-10° M Boric acid; 3-10~° M Citric acid;
9-10°M MnCl,; 6:10°M FeCly; 1.6:10° M Na,MoO,; 7-10" M
ZnS0O,; 3-107 M CuSO,; 1.6:107 M Co(NO;),; 2.5-10* M CaCl,)
was introduced by Sheolnick et al. [18] to cope with the low solubil-
ity of Fe’* in an oxygenated aqueous solution.

4. Offline Characterization

Optical densities were monitored in whole cells based on their
absorption at 750 nm and 680 nm, by using a Beckman DU 7400
spectrophotometer. Cell count of the samples was determined with
a Z2 Coulter counter (Beckman Coulter, Fullerton, CA). Cells were
harvested and washed twice with deionized water by centrifugation
at 7,000 rpm for 5 min. The suspensions were filtered through pre-
dried and pre-weighed 0.45 um cellulose nitrate membrane filters
(Whatman, USA) and the cells were dried in an oven at 80 °C for
24 h before dry cell weight was measured.

RESULTS AND DISCUSSION

Most flat-panel photobioreactors employ a pneumatic agitation
system that enables low auxiliary energy demand for mixing and
supply of CO, in the cell suspension. In such systems hydrodynamic
shear force is mainly decided by the aeration volume [19]. How-
ever, shear stress experienced by individual cell is determined by
not only the superficial gas flow rate resulting from diverse aeration
profiles but also biological factors including cellular morphology
and cell wall rigidity.

In this study Synechocystis WT was cultivated continuously in our
experiment setup according to a procedure reported by Kwon [13]
to research the impact of gas flow rate on cellular growth. Syrechocys-
tis is the most widely researched cyanobacterial model organism
containing a rigid cell wall structure [20]. Under turbidostatic pro-
cess control a constant culture density is established by feedback
loop control between measurement of actual cell density and media
pump. Air bubbles enriched with 3% CO, (v/v) are sparged from a
two glass-sparger embedded in the bottom of the reactor. Spatial
circulation involving spatial lift-up and lifi-down of the culture sus-
pension in a 5 L flat-panel photobioreactor was demonstrated ac-
cording to gas/liquid flow generated by air-lift with a proper dis-
tance (Fig. 1). While variation of the gas volume has no effect on
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the gas composition, the pH-value of the culture is clearly affected
due to change of the absolute amount of carbon dioxide. There-
fore, the pH-value was adjusted by automated titration with 0.2 M
hydrochloric acid and sodium hydroxide to minimize the pH effect
on cellular growth of Synechocystis WT.

The impact of shear stress on cells in terms of cell viability is
evaluated by direct measurement of the effective growth rate [13].
A rapid reduction of the cellular growth rate was clearly observed
with fluctuation of cell turbidity following an increase of the gas

Fig. 1. A schematic view of a spatial circulation system for aera-
tion in flat-panel photobioreactor.
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Fig. 2. Impact of shear stress on cellular growth of Synechocystis
WT grown under continuous cultivation. Optical density
at 680 nm and ., are shown by green and black lines, re-
spectively. The gas flow rate is shown by a blue dashed-line.

flow rate from 100 ml min™' to 500 ml min™" (Fig. 2). It took 5 hours
for the cell growth rate to approach zero. Significantly, the cell count
decreased from 1.14340.12x 108 cells ml™ (corresponding to biom-
ass of 0.141 g/l) to 3.736+0.04x107 cells mI™* (0.046 g/l) at a high
aeration volume of 500 ml min'. After recovery of the gas flow
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Fig. 3. Optimization of the gas flow rate for Synechocystis WT grown
under continuous cultivation. (a) Cells were exposed to a
stepwise increasing gas flow rate (from 50 to 300 ml min™)
while keeping other parameters constant. (b) Effect of the
gas flow rate on the effective growth rate. (c) Relationship
between effective growth rate (square) and gas velocity (cir-
cle) according to the increasing gas flow rate. Turbidity and
M are shown by green and black lines, respectively. The
gas flow rate is shown by a blue line. Exrror bars for the points
of gas velocity are smaller in height than the correspond-
ing symbols.
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rate from the stress-giving conditions, the effective growth rate in-
creased and stabilized. This clearly indicates that the retardation of
cell growth was induced by shear stress due to the high gas flow
rate. Although phenotypes of cell culture including cell count and
culture color seemed to be recovered, their effective growth rate
did not reach the initial value (Fig. 2). Cells damaged by shear stress
likely require more time-space to recover full biological stability.

The gas flow rate was optimized under turbidostat of Synechocys-
tis WT (Fig. 3). Cells were exposed to a stepwise increasing gas
flow rate from 50 to 300 ml min™' with keeping other parameters
constant. Fig. 3 shows that a stable effective growth rate above 0.009
h™' was maintained up to a gas flow rate of 150 ml min™". Further
increase of the gas flow rate resulted in a decrease of the effective
growth rate (Fig. 3). This reflects that severe shear stress appeared
at 200ml min™' in our experiment setup in spite of the relatively
low gas volume as compared with the working volume of 5 L. Struc-
turally, the focused aeration nozzle system guided by the glass sparger
with a small diameter of 0.5 cm could induce high gas entrance veloci-
ties and give cell severe damage when gas and cells are mixed strongly
in the reactor. When a gas flow rate of 200 ml min™' was set, a gas
velocity of 0.0849 m s™' could be estimated at the sparger site ac-
cording to Barbosa et al. [11] who demonstrated that the gas entrance
velocity at the sparger is the main parameter causing hydrodynamic
stress and lethal events in sparged microalgae cultures. The gas veloc-
ity increased from 0.022 to 0.128 m s with the increasing gas flow
rate in our setup.

The environmental effects of carbon dioxide are of significant
interest. Carbon dioxide is an important greenhouse gas. CO, seques-
tration by photosynthetic microorganisms is another advantage to-
gether with renewable energy production. To increase the efficiency
of CO, uptake, small gas bubbles need to be well mixed and should
have a long retention time in culture media. Based on our experi-
mental observations of culture circulation in the reactor and a short
regulation response of less than 1 minute for turbidity as well as
the pH-value (data not shown), the spatial circulation system intro-
duced in our aeration setup is considered sufficient to realize effec-
tive mixing in a flat-panel photobioreactor (Fig. 1). Although a rela-
tively low gas flow rate of 50 ml min™" was applied, the growth rate
matched that obtained with other gas flow rates up to 150 ml min™",
thus demanding higher energy input for hydraulic mixing (Fig. 3).

Therefore, an effective aeration system with an optimized gas
volume offers several advantages, including reduction of shear stress,
longer retention time related with low gas entrance velocity, and
reduction of the amount of CO, released into exhausted gas, result-
ing in efficient gas utilization for the cultivation of photosynthetic
microorganisms.

CONCLUSIONS

During microalgae cultivation in a flat panel photobioreactor,
optimization of gas volume and the development of an effective
aeration system corresponding to a given reactor setup is important
for minimizing shear stress and realize sufficient mixing. In the present
study, shear stress induced by a high gas flow rate with gas velocity
of 0.085m s inhibits reliable cell growth of Synechocystis WT,
which was represented by a stable effective growth rate. The effi-
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cient optimization procedure in terms of stress parameters described
here can be used for new designs and scale-up of reactors.
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OD : optical density

PAA : peroxyacetic acid

PAR : photosynthetically active radiation
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