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Characterisation of a simple ‘hanging bag’
photobioreactor for low-cost cultivation of
microalgae
Jing Cui,a,b Saul Purtonb and Frank Baganza*

Abstract

BACKGROUND: Microalgae are a diverse group of photosynthetic microorganisms of significant interest to the biotechnology
industry, either as a sustainable source of natural compounds, or as light-driven cell factories to produce recombinant metab-
olites and proteins. Their ability to utilise light, CO2, and basic nutrients leads to a simple and low-cost phototrophic cultivation
process. This is particularly relevant to low- andmiddle-income countries, all of which require a cultivation system that is cheap,
technically simple to operate, readily scalable, and can meet basic Good Manufacturing Practice requirements. A disposable
‘hanging bag’-type photobioreactor operated as a bubble column fits these criteria.

RESULTS: In this study, the characterisation and design modifications to improve the performance of a 15 L hanging bag is
reported. The bubble behaviour using different sparger designs was investigated together with gas hold-up, mixing time,
andmass transfer coefficient of CO2. A gas flow rate of 5 L min−1 using a new sparger design and amodified height-to-diameter
ratio of the bag led to a two-fold improvement in algal biomass productivity when culturing the green microalga Chlorella sor-
okiniana. The cultivation of a luciferase-expressing Chlamydomonas reinhardtii strain in the modified hanging bag also demon-
strated an 11% increase in luciferase content.

CONCLUSION: This is the first attempt to characterise this simple hanging bag system that brings the industry-favoured single-
use bag concept into the research field of photobioreactor technology. The hanging bagwithmodified sparger and dimensions
improves microalgal biomass productivity and demonstrates the potential of simple and low-cost systems for microalgal culti-
vation.
© 2021 The Authors. Journal of Chemical Technology and Biotechnology published by JohnWiley & Sons Ltd on behalf of Society
of Chemical Industry (SCI).
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ABBREVIATIONS
PBR photobioreactor
HB hanging bag
TAP Tris-Acetate-Phosphate medium
OD optical density
UTR untranslated region
DCW dry cell weight
RO reverse osmosis
DO dissolved oxygen
QY quantum yield
PSII photosystem II
Dt, doubling time
Pt the biomass produced per day in t days

NOMENCLATURE
⊘ specific growth rate
kLa gas–liquid volumetric mass transfer coefficient
εG gas hold-up

INTRODUCTION
Microalgae represent a large, polyphyletic group of microorgan-
isms encompassing cyanobacteria and many diverse groups of
protists.1 The majority of microalgae are photosynthetic and are
found in a wide range of aquatic environments – from fresh water
to oceans and hypersaline lakes.2 The diverse biology of different
microalgal species and their ability to thrive as primary producers
in many different habitats has created a rich treasure trove of
metabolites that could be exploited commercially in a wide range
of biotechnological sectors, such as pharmaceuticals,
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nutraceuticals, and cosmetics. In addition, recent advances in
strain engineering and domestication (including genetic engi-
neering technologies for both the nuclear and chloroplast
genomes) now make possible the use of microalgal species as
light-driven cell factories for synthesis of high-value recombinant
products, such as therapeutic proteins and bioactive compounds.
Although the history of culturing microalgae can be traced back

over 2000 years, developments in cultivation technologies for
commercial production are still at an early stage compared with
well-established fermentation systems for heterotrophic cell plat-
forms, such as bacteria, yeast, or mammalian cells. In the field of
microalgal culture, photobioreactor (PBR) technology is a major
area of research and development boasting many different
designs of PBRs, including tubular systems, flat panel reactors,
and bubble columns.3 Increasingly sophisticated PBRs have
improved volumetric productivities and light conversion effi-
ciency, but they inevitably incur higher capital costs as the
designs involve glass vessels, artificial lighting, pumps, and con-
trol units.4 However, few studies have focused on simpler reactor
designs.
One of the simplest PBR designs is based on single-use ‘hanging

bags’ (HB) made from sterile polythene tubing, and it represents a
very low-cost and operationally simple system.5 Typically, such HB
systems are suspended as single columns or folded to form a
hanging ‘V’ shape. They are illuminated externally, with either nat-
ural or artificial lighting, and operated as bubble columns with
CO2 gassing from the base of the bag. The use of sterile, dispos-
able polythene tubing to create a unit of a specific volume allows
for a modular operation that is readily scalable, with short set-up
and turnaround times and with low capital investment. Despite
the technological benefits, the environmental impact of a
single-use technology should also be considered in bioprocess
design. Solid materials (bag and sub-assemblies) are usually dis-
posed via incineration. Conversely, cleaning and sterilisation are
energy-intensive processes that also need a large amount of
water and detergents. Gottschalk6 estimated that the reduced
energy consumption of single-use systems could outweigh the
increased solid waste from device disposal. However, the eco-
nomic and environmental impacts of the single-use cultivation
process require further assessment.
The HB-type PBR has shown promise as an inexpensive cultiva-

tion system, such thatmicroalgae can commercially compete with

more established production technologies. To cite an instance,
the cost of each HB used in this study is less than one US dollar.
Additionally, no specific skillset is required for operation, so the
system would benefit low- and middle-income countries. Such a
bag system (i.e., a vertical installed bubble column-type reactor)
has been used in the industry for cultivations of Nannochloropsis,
Porphyridium, and Chaetoceros calcium for abalone feeding,7 Hae-
matococcus pluvialis for astaxanthin production,8 and marine
algae for oil production.9,10 In industrial applications, the working
volume per bag ranges from 30 to 500 L, and a scale-out method-
ology is generally used to enlarge the production capacity.11

In contrast to the other PBR designs mentioned above, most
research on bubble column-type PBRs (including the HB) has
focused on demonstrating microalgal growth performance.12,13

Therefore, there is limited information about the bag system itself,
even though they have been accepted in the industry for
decades. Technology from extensively studied bubble columns
cannot be transferred to the HB without a basic understanding
of the bag system. Furthermore, a well-characterised HB is the
prerequisite for scale-up/down studies and for further optimising
operating conditions and reactor designs. Herein, the present
work aims to characterise and optimise key parameters of the
HB that will help determine suitable operating conditions for
microalgal cultivation. Mixing, mass transfer, gas hold-up, and
bubble behaviour were evaluated in the study. We also demon-
strate a simple way to modify the sparger and dimensions of the
HB to improve the biomass volumetric productivity. The freshwa-
ter chlorophyte species Chlorella sorokiniana and a Chlamydomo-
nas reinhardtii strain (expressing a recombinant luciferase) were
cultured as model microalgae of industrial and research interest
in the original and modified HBs to test the impact of the modifi-
cations on growth and recombinant protein accumulation.

MATERIALS AND METHODS
Microalgal cultivation and media composition
Chlorella sorokiniana UTEX 1230 and Chlamydomonas reinhardtii
CC-1690 were obtained from the Culture Collection of Algae at
the University of Texas at Austin and the Chlamydomonas
Resource Center. Seed cultures for inoculating the HB were grown
under constant illumination of 30 μmol m−2 s−1 in an illuminated
shaking incubator (Innova 4340, New Brunswick Scientific, USA) at
25 °C and 120 rpm. The seed was grown in Tris-Acetate-
Phosphate (TAP) medium14,15 until the late-log phase and then
it was used to inoculate the HB to an initial optical density
(OD) reading at 750 nm of 0.05. For phototrophic growth, Tris-
minimal medium (which has the same composition as TAP
medium) was used where acetate was replaced with chloride.14

Generation of the C. reinhardtii chloroplast transformant
Plasmid JC109 (Fig. 1) cloned from pUC19 vector was designed for
transforming the C. reinhardtii chloroplast, such that the codon-
optimised lucCP gene encoding firefly luciferase16 was fused to
the C. reinhardtii rrnS promoter, psaA 50 untranslated region
(UTR), and atpB 3’ UTR. The aadA cassette17 conferring spectino-
mycin resistance was included as a selectable marker and the
two genes were targeted to the psbH-trnE2 intergenic region by
incorporating chloroplast flanking regions for homologous
recombination, as described by Wannathong et al.17 A Golden
Gate-based assembly system was employed for DNA cloning.18

Cells were transformed using the Biolistic PDS-1000/He Particle
Delivery System (Bio-Rad, USA), and spectinomycin resistant

Figure 1. Map of the plasmid JC109 used for transforming the chloroplast
genome of Chlamydomonas reinhardtii.
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colonies were restreaked several times to obtain single colonies
on TAP agar plates containing 300 μg mL−1 spectinomycin. To
confirm gene insertion and homoplasmicity, DNA was extracted
by the Chelex 100 method as described by Werner and
Mergenhagen,19 and used in PCR reactions with a forward primer
GTCATTGCGAAAATACTG (P1) that binds to the chloroplast
genome outside of the psbH recombination region and two
reverse primers ATGCAAATTAAAAAAAAGGTAAATG (P2) and
ACTGGCCTTCCGTTA (P3). A homoplasmic line was selected and
used in subsequent experiments.

Luciferase assay
The luminescence of luciferase-expressing C. reinhardtii cells was
measured by mixing 100 μL cultures with 100 μL Steady-Glo
reagents (Promega, USA). Relative light units of samples were
measured in a 96-well white plate (Thermo Fisher Scientific,
USA) on a microplate reader (FLUOstar Omega, BMG LABTECH,
Germany). The gain value was set to 50% of the maximal reading
in the preliminary experiment, then fixed at 2400 for each plate
reading. Luminescent signals were read each minute for 45 min,
and the maximal value over time was recorded as the lumines-
cence of each sample.

Microalgal growth standard curve and kinetics
Microalgal culture concentrations were indirectly determined by
measuring OD using a spectrophotometer (UV/Vis Spectrometer
UV2, Unicam, UK). Calibration curves (y = 0.173x for
C. sorokiniana and y = 0.4939x for C. reinhardtii, R2 > 0.99) were
established for OD750 readings versus dry cell weight (DCW) per
litre. Microalgal cultures were centrifuged at 4000 g for 10 min,
and cell pellets were snap-frozen with liquid nitrogen (BOC, UK),
then lyophilised at −20 °C and 4 mbar in a freeze-dryer
(Edwards, UK). Lyophilised pellets were weighed periodically until
there was no further weight reduction.
Cell growth kinetics at exponential phase follow the first

order,20 and the specific growth rate (⊘) and doubling time (Dt)
were determined as follows:

dX=dt=⊘X0 ð1Þ
Dt= ln2=⊘ ð2Þ

where X is biomass concentration (g DCW/L), X0 is biomass con-
centration at t0 (g DCW/L), and ⊘ is specific growth rate (h−1).
Biomass productivity is defined as the produced biomass per

unit volume per unit time, expressed as follows:

Pt= X1−X0ð Þ= t1−t0ð Þ ð3Þ

where X0 and X1 are the biomass concentrations (g DCW/L) at
time 0 (t0) and time 1(t1), and Pt is the biomass produced per
day in t days (g DCW/L/d).

Mixing time quantification
A pH tracer method was applied to measure the mixing times of
the HBs, and experiments were carried out in reverse osmosis
(RO) water with air flow rates from 2 to 10 L min−1. 0.5% (v/v) of
2 M HCl or 2 M NaOH was added onto the liquid surface of the
aerating HB. A micro pH probe (Mettler Toledo, USA) was fixed
1–2 cm below the sparger and connected to a pH meter (S220
SevenCompact pH Meter, Mettler Toledo, USA) to record pH

changes. The time required to reach 95% homogeneity was
recorded as the mixing time.

Mass transfer coefficient of CO2

A gassing in/out technique, as described by Garcia-Ochoa and
Gomez,21 was used to determine the gas–liquid volumetric mass
transfer coefficient (kLa) of O2. Experiments were conducted in
an air-water system in HBs at room temperature. A needle-type
optical dissolved oxygen (DO) probe (NTH-PSt1 PreSens,
Germany) was fixed at 1–2 cm below the liquid level to monitor
the DO, and the data was collected and recorded via a transmitter
(Microx TX3 trace, PreSens, Germany) and accessory software.
kLa of CO2 was estimated by converting kLa (O2) based on diffu-

sion coefficients:22

kLa CO2ð Þ=kLa O2ð ÞX DO2=DCO2ð Þ1=2 ð4Þ

where kLa (CO2) and kLa (O2) are CO2 and O2 mass transfer coef-
ficients (s−1), DCO2 and DO2 are CO2 and O2 diffusion coeffi-
cients (m2 s−1).

Average gas hold-up determination
A manometric method described by Rollbusch et al.23 was
employed to determine average gas hold-up values. Axial pres-
sures at different heights of the HB were measured using a wet-
to-wet differential pressure transducer (Omega, USA). Neglecting
internal effects (fractional drag on the wall and acceleration of
phases in the vertical direction) and given that the air density is
much less than the density of water, the average gas hold-up in
a gas–liquid system is described by the following equation:

εG=1–ΔP= ρLgΔhð Þ ð5Þ

where ΔP is a pressure difference between a distance (Δh), g is
the gravitational acceleration (9.8 m s−2), ρL is a liquid density,
and εG is a gas hold-up.

Visualisation of bubble behaviour
A high-speed camera (Photron FASTCAM, MC1, Japan) with AF
NIKKOR 24–85 mm 1:2.8–4 D lens (Nikon, Japan) was used to cap-
ture bubble behaviour. The high-speed camera was mounted on
an adjustable tripod 15 cm away. Images of 512 × 512 pixels were
captured at 2000 fps.

Microalgal cultivation in the hanging bags
The temperature was set at 25 °C using a closed temperature-
controlled room. Fluorescent light strips provided constant illumi-
nation of the HBs from one side with a light path of 20 cm and an
average light intensity of 100 μmol m−2 s−1 (Fig. 2(A)). Air was
introduced into the HBs at a constant volumetric flow rate of
5 L min−1 and was monitored by a rotameter (Cole-Parmer,
USA). Pure CO2 (vapour withdrawal, BOC, UK) was added into
the air flow at 100 mL min−1 (and was monitored by another rota-
meter) to obtain a 2% CO2-enriched air. The CO2-air mixture
passed through a 0.22 μm filter (Sartorius, Germany) and was then
supplied to phototrophic and mixotrophic cultures.
The working volume of HBs used for microalgal cultures in this

study was 15 L. Figure 2(B) illustrates the experimental set-up.
The OD, pH, and Quantum yield (QY) of photosystem II (PSII) were
measured off-line using a spectrophotometer (UV/Vis Spectrome-
ter UV2, Unicam, UK), a pH meter (HANNA, USA), and a fluorome-
ter (AquaPen-C, Photon Systems Instruments, Czech Republic),
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respectively. A 30% flash pulse was set for measuring fluores-
cence QY (Fv/fm) of dark-adapted samples. Ammonium and phos-
phate concentrations in the culture medium were measured by
colorimetric test kits (Quantofix, Sigma-Aldrich, USA).

Hanging bag design and dimensions
The HB is a single-use PBR (operated as a bubble column) that is
made of a polythene layflat tubing (1000-gauge, UK Packing,
UK) and sealed using a heat sealer (Star MK VI, Star Universal,
UK). The flat width of the original HB was 22.9 cm, so the corre-
sponding diameter and circumference were 14.6 and 45.7 cm. In
the original HB, gas was introduced via a 1 mL pipette tip. The
pipette tip was cut to create a sharp end for piercing the bag
(Fig. 2(C)). The internal diameter of the pipette tip end was
approximately 4 mm.
The modified bag width was 20.3 cm, with a corresponding

diameter and circumference of 12.9 and 40.6 cm. A pipette tip
with 12 holes of 0.5 mm in diameter was used as the modified
sparger (Fig. 2(C)). Throughout this paper, the ‘original HB’ refers
to the bag of 22.9 cm in width aerated via the original sparger,
whereas the ‘modified HB’ refers to the 20.3 cm width bag with
the improved sparger.

RESULTS AND DISCUSSION
Sparger choice and visualisation of bubble behaviour in
hanging bag
The HB has emerged as a simple microalgal cultivation system but
it requires gas sparging to achieve sufficientmixing, mass transfer,
and ultimately optimal growth. Here, we assessed several sparger
candidates to identify the most efficient, whilst keeping the
design simple and low-cost. In the original HB system, the gas
phase is introduced using a sharpened pipette tip so that bubbles

are generated from a single orifice at the base of the bag. This
straightforward sparger makes the HB system easy to set up and
operate but it is under-developed. We tested several sparger
designs in preliminary experiments, including a fish stone, a
porous rod, and a modified plastic tip (Fig. 2(C)). The fish stone
(connected to an air tubing) was inserted from the top of the HB
to avoid leakage and this caused the sparger to float to different
levels depending on applied liquid volumes and gas flow rates.
The porous rod sparger was customised and equipped at the bot-
tom of the HB. However, an air flow of 6 L min−1 still could not
pass through the porous rod because of the small pore size
(20 μm in diameter) and the static pressure in the 10 L HB. This
resistance could potentially be addressed by increasing either
the pore size or by using compressed air. However, with a view
to the simplicity and cost-effectiveness of the HB system, the fish
stone and porous rod were not examined further as candidate
spargers, and the focus returned to the plastic tip design. Pipette
tips are appealing because of their exceptionally low cost, their
ease-of-fitting (with the soft polythene of the HB by immediately
forming a water-tight seal when pierced with the tip), and the effi-
cient mixing generated by the gas flow. An orifice size of 0.5 mm
has been reported to generate a bubbly flow regime with high
gas hold-up,24 so 12 holes each with a diameter of 0.5 mm were
pierced along the tip wall (Fig. 2(C)). From the perspective of bub-
ble column design, the number of holes on a sparger would affect
the bubble regime and, ultimately, the gas–liquid mass transfer.25

Therefore, kLa is a critical parameter to indicate the effect of the
modified sparger. The number of holes was chosen to achieve
an even distribution on the conical surface of the sparger (Fig. 2
(D)). This multi-hole pipette tip is referred to hereafter as the mod-
ified sparger.
The effect of the sparger design on bubble behaviour under

different operating conditions was analysed visually using a

Figure 2. (A) Schematic diagram and (B) image of the hanging bag (HB) cultivation system set-up. (C) Images of different spargers tested with the
HB. (D) Schematic diagram of the modified sparger.
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high-speed camera. Figure 3(A) shows the bubble generation and
distribution at the sparger region and in the middle of the bag.
Generally, bubbles were distributed more radially as the gas flow
was increased from 2 to 10 L min−1. As illustrated in Fig. 3(A), the

modified sparger introduced more bubbles with more uniform
and smaller sizes, compared to bubbles from the original sparger.
From the original sparger, large bubbles with a diameter of
approximately 60 mm (in the shape of ellipsoids) floated

Figure 3. (A) Photographic images of bubbles generated under different air flow rates from the original andmodified spargers at the sparger regions and
in themiddle of the hanging bags. (B) Volumetric mass transfer coefficient (kLa) of O2 for 10 L bags with 20.3 or 22.9 cm in width, and gas flow rates of 4 or
6 L min−1. Error bars represent sample standard deviations (N ≥ 3).
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intermittently, as opposed to swarms of small bubbles rising con-
tinuously. Bubble coalescence frequently occurred at the tip of
the original sparger (Fig. 3(A)), and this is in line with early studies
suggesting that the bubble coalescencemainly occurs around ori-
fices.26 Then, bubbles with a stabilised size rose, indicating that a
dynamic equilibrium was reached between bubble coalescence
and break-up.27 This bubble behaviour was also observed in other
bubble columns with different bubble generators and with vibra-
tion.28,29 Large bubbles are associated with inefficient mass trans-
fer.30 Subsequently, kLa values of O2 for both spargers were
investigated under 4 and 6 L min−1 air volumetric velocities. Also,
an HB with a different diameter was tested to see how this change
impacted the kLa: the original HB with a flat width of 22.9 cm and
a new HB with a narrower width of 20.3 cm. As a result, the corre-
sponding height-to-diameter ratio increased from 8:1 to 12:1 with
20 L of liquid in the bag, allowing for increased surface illumina-
tion. Aspect ratios of bubble columns are often in the range 1:1–
15:1 and 2:1–5:1 for biochemical applications.31,32 However, a
large surface-to-volume ratio is preferred in PBR designs since
light is essential in microalgal cultivation. The aspect ratio of the
HB could be further increased using even narrower bags, but
the bag height is restrained by the ceiling height for indoor
cultivation.
As shown in Fig. 3(B), HBs with the modified sparger showed

greater kLas than those with the original sparger under all investi-
gated conditions. For the HB of 22.9 cm in width with the modi-
fied sparger, the kLa (O2) reached 0.0092 s−1 under 6 L min−1.
This value was more than twice the kLa obtained using the origi-
nal sparger. The kLa for the original sparger did not show a
marked change under three of the four conditions; the exception
occurred under a flow rate of 6 L min−1 in the narrower HB, where
the kLa was 0.0077 s−1. This may result from more vigorous mix-
ing, as seen in Fig. 3(A). This simple analysis reveals that larger
bubbles prevail under the flow rate of 4 L min−1, whereas the coa-
lescence and break-up of bubbles occur more frequently at
6 L min−1 because of vigorous mixing and the narrower width
of the bag.

Gas hold-up
Gas hold-up (εG) is a critical parameter to indicate transport phe-
nomena in pneumatic bioreactor designs, as it represents the
gas proportion in a gas–liquid system. Liquid circulation in a bub-
ble column is introduced by gas dispersion, so εG is relevant to
mixing, heat, and mass transfer. The average εG of HBs was esti-
mated by measuring pressure differences. The filling volume of
the HBs was restricted by the lower limit of the pressure transmit-
ter; hence, only 20 L HBs were studied.
As shown in Fig. 4(A) and (B), the εG values increased linearly

with increasing uG. Under uG of 0.5 cm s−1, the εG in the modified
HB was greater than that in the original HB by 33%. Since the
effect of column sizes on εG is negligible for bubble columns with
an aspect ratio greater than 5:1,32 the increase in εG of the modi-
fied HB was likely to result from the improved sparger design.
When uG was below 0.5 cm s−1, the modified HB showed greater
εG values than the original design, whereas the difference of εG
values between the original and modified HBs gradually reduced
when uG raised to above 0.5 cm s−1 (Fig. 4(B)). This result indicates
a possible transition point of the flow patterns. Further study of
the axial and radial εG of the HB could interpret the phenomenon
more completely, and this can be experimentally determined by
the Electrical Resistance Tomography technique or simulated by
Computational Fluid Dynamics.33,34

Mass transfer coefficient of CO2

CO2 molecules diffuse from gas bubbles to the liquid phase and
then into cells. Meanwhile, bicarbonate can also be taken up by
microalgal cells as an inorganic carbon source.35 Sufficient CO2

supply and efficient removal of O2 are essential in the photo-
trophic cultivation of microalgae. Since the overall mass transfer
coefficient is governed by transferring gas through a liquid film
on the liquid side,21 kLa was measured to indicate the effective-
ness of gas transfer in the HB.
The kLa values increased linearly with increased air flow rates

within the investigated range (Fig. 4(C) and (D)), and predomi-
nantly resulted from the corresponding gas proportion in HBs.
Accordingly, the kLa values showed the same trend as the average
εG; both increasing with uG. In the original HB, the greater kLas
were achieved in the HB with a larger liquid volume (Fig. 4(C)),
where the kLa of CO2 in the 20 L HB was 0.012 s−1 when the gas
velocity was 10 L min−1, which was 1.5 times greater than that
of the 10 L HB. As the liquid height of the 20 L HB was approxi-
mately twice that of the 10 L HB, the residence time for the bub-
bles in the liquid phase was longer, resulting in higher
kLas. However, the tendency changed in the modified HB (Fig. 4
(D)). The kLas increased in the modified HB when the fill volume
increased from 15 to 20 L, but the greatest kLa was found in the
10 L HB. This result signifies a potential change in the flow pattern
because continuous bubble break-up and coalescence in a het-
erogeneous regime can cause a significant rise in kLa.

36 The uG
and reactor diameter, the former is related to the Reynold num-
ber, are used to determine the fluid regime of bubble columns,
but the method does not take sparger designs into consider-
ation.37 Therefore, the conventional method is not appropriate
to define the flow pattern of the modified HB because of the
non-standard sparger.
In summary, the kLas of the modified HB were greater than that

of the original HB under the same volumetric velocity and filling
volume.

Mixing time
The HB mixing system was assessed by the mixing time, which is
defined as the time needed to achieve 95% homogeneity. In the
original HB filled with 10, 15, and 20 L water, the average mixing
times were 25, 40, and 48 s, respectively, when the flow rate was
2 L min−1. The mixing time decreased almost linearly with
increasing air velocity, and all mixing times were in the range of
10–48 s (Fig. 4(E)). The modified HB demonstrated a similar trend
(Fig. 4(F)). The mixing times of both HBs are comparable to that
reported for a bubble column PBR with a similar height-to-
diameter ratio.38 Large flow rates increase the shear force at the
interphase of the gas and liquid, and this can cause cell damage
in microalgal cultures.39 Therefore, flow rates greater than
10 L min−1 were not evaluated in this study. Generally, themixing
times of the modified HB were longer than those of the original
HB. The longer mixing time in the modified HB suggested that
small bubbles achieved less effective mixing than larger bubbles.
This conclusion is in line with that by Kück et al.,40 who found that
themixing time was dependant on bubble size under certain flow
conditions.

Cultivations of Chlorella sorokiniana in hanging bags
From preliminary experiments, we observed severe foaming dur-
ing the cultivation of C. sorokiniana when using air flow rates
greater than 5 L min−1. Thus, a flow rate of 5 L min−1 was selected
as the operating condition for microalgal cultivation. Based on the
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engineering parameters, the modified HB showed a 1.5-fold
increase in kLa under 5 L min−1 with a working volume of 15 L.
Previously, Chlorella species have been cultured in bubble col-
umns under aeration conditions ranging from 0.16 to 1 vvm
(L/L/min),41-43 where 0.33 vvm corresponds to a gas flow rate of
5 L min−1 in the 15 L HB. Hence, our selection of 5 L min−1 falls
within the established range.
Chlorella sorokiniana was cultured under phototrophic condi-

tions to evaluate biomass production in the original and modified

HBs filled with 15 L of Tris-minimal medium. The biomass concen-
tration in the modified HB reached 0.35 g DCW/L after 56 h and
declined afterwards, which was caused by a pH drop (Fig. 5(B)).
The pH gradually decreased from 7.2 to 6.5 over the first 30 h
and then dropped to 3.2. The likely reason for this drop in pH is
that when the phototrophic growth slowed, the excess dissolved
CO2 could not be utilised for photosynthesis, so instead, it carbon-
ated the medium. Furthermore, ammonium assimilation by Chlo-
rella was associated with acidifying of the surrounding

Figure 4. Engineering parameters of hanging bags (HBs). Gas hold-ups of the (A) original and (B) modified HBs filled with 20 L; volumetric mass transfer
coefficients (kLa) of CO2 of the (C) original and (D) modified HBs filled with 10, 15, and 20 L; mixing times of the (E) original and (F) modified HBs filled with
10, 15, and 20 L of water under different air velocities. Experiments were conducted in an air-water system. Error bars represent sample standard devia-
tions (N ≥ 3).
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environment.44 In contrast, no evident pH decrease was observed
in the original HB cultivation, and pH readings varied between 7.4
and 6.7 (Fig. 5(A)). The difference in pH changes could result from
the reduced mass transfer of CO2 in the original HB. The final bio-
mass achieved in the original HB was 0.21 g DCW/L (which is 40%
less than that obtained in the modified HB), and the culture in the
modified HB showed an improved growth rate and a two-fold
increase in biomass productivity (Table 1).
Changes to QY, also known as PSII quantum efficiency, were

monitored to indicate microalgal photoactivity. QY values of
C. sorokiniana grown under phototrophic and mixotrophic condi-
tions were reported to be approximately 0.6.45 For the culture in
the original HB, the QY dropped from 0.6 to 0.3 (Fig. 5(A)), which
may be a consequence of CO2 limitation as this can lead to excess
reductant in the chloroplast and PSII reaction centre closure. In

contrast, the QY values of the culture grown in the modified HB
were in the range of 0.6–0.73, suggesting that the cells remained
photoactive throughout the cultivation.
At the end of the cultivations, the remaining ammonium and

phosphate levels in the medium were measured via colorimetric
semi-quantitative methods. The residual concentrations of
ammonium in the modified and original HBs were around
50 mg L−1 and 100 mg L−1, respectively. In addition, 75 mg L−1

of phosphate remained in both the modified and original HBs.
Ammonium concentrations were reduced by 64% and 26% in
the modified and original HBs, respectively, and the phosphate
concentration declined by 22% compared to the initial concentra-
tions in the medium. Therefore, the nitrogen and phosphorus
concentrations were considered as not limiting throughout the
cultivations. The differences in growth rate and biomass

Figure 5. Phototrophic cultivations of Chlorella sorokiniana in the (A) original and (B) modified hanging bags (HBs); mixotrophic cultivations of
C. sorokiniana in the (C) original and (D) modified HBs. All the experiments used a working volume of 15 L and a gas flow rate of 5 L min−1. QY represents
quantum yield of photosystem II. Error bars represent ranges of two biological replicates.

Table 1. Summary of Chlorella sorokiniana and luciferase-expressing Chlamydomonas reinhardtii growth kinetics using the HB cultivation systems

Species Conditions Growth rate (h−1) Doubling time (h) Productivity (g L−1 d−1)

C. sorokiniana Phototrophic Original HB 0.083 ± 0.001 8.336 ± 0.084 0.031 ± 0.001
Modified HB 0.090 ± 0.001 7.685 ± 0.117 0.066 ± 0.0001

Mixotrophic Original HB 0.143 ± 0.007 4.837 ± 0.210 0.292 ± 0.001
Modified HB 0.161 ± 0.0003 4.307 ± 0.007 0.313 ± 0.005

Luciferase-expressing C. reinhardtii Phototrophic Original HB 0.024 ± 0.001 28.723 ± 0.773 0.076 ± 0.004
Modified HB 0.028 ± 0.001 24.90 ± 0.402 0.080 ± 0.008

Mixotrophic Original HB 0.057 ± 0.0001 12.108 ± 0.032 0.369 ± 0.010
Modified HB 0.063 ± 0.0004 11.047 ± 0.079 0.329 ± 0.012

Productivity represents dried biomass produced per day in three days. Data presented are the means of biological replicates, and error bars refer to
ranges.
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production were probably associated with the availability of CO2

in the HBs. The productivities of three-day batch cultivations are
summarised in Table 1. Compared to cells grown in the original
HB, the culture in the modified HB under phototrophic conditions
showed an increase of 0.035 g L−1 d−1 in productivity. This finding
indicates that the modified HB can provide CO2 more efficiently,
as expected from the kLa data (Fig. 5(C) and (D)). The productivity
was comparable to that obtained for another Chlorella species
(Chlorella ellipsoidea) when cultured photosynthetically in a 20 L
bubble column.46

We also explored the cell growth in the HB under mixotrophic
conditions, which is the commonly used cultivation mode in the
laboratory during process development. C. sorokiniana cells were
cultured mixotrophically in 15 L of TAP medium. The biomass
concentrations in the original and modified HBs reached 1.16
and 1.22 g DCW/L, respectively (Fig. 5(C) and (D)), and the growth
kinetics were similar in the two HBs, reflecting a predominant use
of acetate (over CO2) as the carbon source under mixotrophic
growth (Table 1). The pH increased during the cultivation because
of acetate consumption. The pH in the modified HB was more sta-
ble than that in the original HB and can be ascribed to better CO2

transfer and distribution. The biomass concentrations achieved in
both HBs were comparable to those attained by C. sorokiniana
grown under mixotrophic conditions in a 1 L Duran bottle.47

Growth and recombinant protein production in the
hanging bags of a Chlamydomonas reinhardtii strain
engineered to produce luciferase
Whilst cultivated Chlorella species represent an attractive food
and feed ingredient for the future,48 we also wanted to explore
the performance of the HB system for recombinant protein pro-
duction in microalgae. C. reinhardtii is a well-studiedmodel micro-
alga with a suite of molecular tools that enable routine genetic
engineering and reflect an increasing potential as an industrial
platform.49 As a recombinant protein we chose the luciferase
enzyme from firefly because it allows a sensitive and fast assay
with a low background signal in C. reinhardtii.50 To create a
luciferase-expressing C. reinhardtii strain, we transformed the
chloroplast genome with a gene construct (Fig. 6(A), lower figure)

in which the codon-optimised lucCP gene was driven by the
endogenous rrnS promoter and psaA 5’ UTR, and targeted to the
psbH-trnE2 intergenic region (Fig. 6(A), the top construct). Since
the C. reinhardtii chloroplast contains, on average, 80 copies of
the circular genome,51 a three-primer PCR was conducted to con-
firm the chloroplast DNA homoplasmy (Fig. 6(B)).
Growth of the transformant line under phototrophic conditions

was compared in the original and modified HBs. A biomass yield
of 0.69 g DCW/L was achieved in the modified HB, whereas the
original HB reached 0.62 g DCW/L (Fig. 7(A) and (B)). Despite this
modest improvement in biomass accumulation, luciferase assays
normalised to the cell density also showed an increase of 11.1%.
There were no clear differences in pH and QY changes for the
C. reinhardtii strain grown in the original and modified HBs. Inter-
estingly, in contrast to C. sorokiniana cultures (where QY dropped
gradually), the QY of C. reinhardtii cultures on day 2 was as low as
0.15 (on average) and slowly rose during cultivation, reaching final
values of 0.6 and 0.62 in the original and modified HBs, respec-
tively (Fig. 7(A) and (B)). A typical C. reinhardtii QY value was
reported as approximately 0.6,52,53 implying a favoured growth
environment. The QY trend observed in this study could have
resulted from the fluorescent lighting used, since fluorescent
strips emit ultraviolet radiation that may induce a certain degree
of photoinhibition to C. reinhardtii.54,55 Similar to the findings for
C. sorokiniana cultures, cell growth under the mixotrophic condi-
tions was similar in the original and modified HBs (Fig. 7(C) and
(D)) and achieved 1.23 and 1.18 g DCW/L, respectively, as the
highest biomass concentrations during cultivations. As indicated
in Fig. 7(D), the culture grown in the modified HB showed the
highest content of luciferase at exponential phase (55 h), indicat-
ing an optimal harvest point for recombinant protein recovery.
Much of the research on C. reinhardtii employs cell counts as the
unit for culture density; the biomass concentrations achieved in
this study were of the same magnitude as several commercial-
associated studies.56,57 Table 1 summarises the growth kinetics
of the transformant grown under all investigated conditions,
and the phototrophic and mixotrophic growth rates achieved in
themodified HBwere improved compared to those of the original
HB (P < 0.05, one-tailed t-test). However, the biomass productivity

Figure 6. (A) Schematic diagrams of the psbH-trnE2 region of the wild-type chloroplast DNA (WT cpDNA, upper figure) and recombinant chloroplast
genome copy (JC109) containing expression cassettes of spectinomycin resistance (aadA) and firefly luciferase (lucCP) (lower figure). (B) PCR screening
of putative transformants for the insertion of transgenes and homoplasmicity of the chloroplast genome by using a set of three primers, including P1,
P2, and P3. The WT cpDNA yields a 0.8 kb PCR product with primers P1 and P2, whereas the transformant copy generates a 1.1 kb product with primers
P1 and P3. The absence of a WT 0.8 kb product for lines JC109.6 and JC109.8 indicates homoplasmy in the polyploid plastome (i.e., all ∼80 copies in the
chloroplast contain the transgene). The three-primer PCR method is sensitive enough to identify any residual heteroplasmy as demonstrated with the
1/80 diluted WT sample and the transformant cpDNA sample spiked with 1/80 WT copies.
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did not show a significant increase (P < 0.05, one-tailed t-test),
indicating that operating conditions (such as gas flow rate, CO2

concentration, and light regime) can be further optimised.

CONCLUSIONS
In this study, improvements to the design and operation of an HB
PBR system resulted in increases in εG and kLa. Using a gas flow
rate of 5 L min−1 and a new sparger device, C. sorokiniana and

C. reinhardtii showed improved biomass and recombinant protein
production, respectively, under phototrophic conditions. This
simple and low-cost HB cultivation system is comparable in per-
formance to other bubble columns, and further optimisation
would allow for its use in producing different microalgae of com-
mercial value. Overall, the investigated physical parameters are
integral in understanding the engineering environment of the
HB system, and this is essential for future optimisation and scale
translation studies. For this HB PBR, a scale-out approach would

Figure 7. Phototrophic cultivations of the luciferase-expressing Chlamydomonas reinhardtii in the (A) original and (B) modified hanging bags (HBs); the
mixotrophic cultivations in the (C) original and (D) modified HBs. 15 L of corresponding growthmedia and 5 L min−1 gas flow rate were used in the exper-
iments. QY is quantum yield of photosystem II. Error bars are ranges of two biological replicates.
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be suitable. These findings strengthen the concept of using a sim-
ple PBR for process development or for the commercial produc-
tion of microalgal-derived products.
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