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ive mixotrophic fed-batch strategy
for enhanced microalgal cultivation†

Gonzalo M. Figueroa-Torres,‡a Jon K. Pittman b

and Constantinos Theodoropoulos *a

Microalgal biomass offers great opportunities for green energy generation within emerging biorefinery

frameworks. However, the conventional cultivation of microalgae in phototrophic batch systems, which

typically yield low biomass productivities, is unfit for large-scale applications. Fed-batch cultivation, on

the other hand, represents a more reliable strategy for sustained biomass growth. This work presents

a highly productive fed-batch cultivation strategy consisting of intermittent pulses of organic carbon that

promotes microalgal growth in mixotrophic mode whilst favouring the formation of starch and lipid

metabolites, which have various applications for fuel and high value-added chemicals. Using a combined

experimental and modelling approach, the fed-batch pulse feeding regime was additionally optimised for

maximal starch and lipid formation, resulting in a 3-pulse strategy which yielded substantial increases of

94% biomass, 676% starch, and 252% lipids with respect to a standard batch scenario. This fed-batch

strategy represents a promising cultivation strategy fit for sustainable biofuel production.
Introduction

Transitioning into a sustainable and competitive bio-based
economy is the target of various governmental frameworks
and research efforts deployed across the globe,1,2 with special
interest given to the search and successful utilisation of
renewable biomass sources.1 In this regard, microalgae are
a promising platform for generating bioenergy and for the
production of high value-added products with multiple indus-
trial applications. The versatility of microalgae is the result of
a cellular composition rich in proteins, carbohydrates, and
lipids, which are industrially important biomolecules.3

Microalgae have gained terrain in the market for high-value,
low-demand commodities such as pharmaceuticals or nutra-
ceuticals (e.g. astaxanthin, b-carotene, vitamins, and omega-3
fatty acids), but high-demand low-value chemicals such as
advanced biofuels (e.g. biodiesel, bioethanol, and biobutanol)
still face signicant production challenges.4–6 The successful
production of microalgal biofuels, in particular, is an important
goal of recent bioeconomy frameworks which will play a key role
in meeting the various climate and energy targets set by the EU,
such as the 80–95% reduction in greenhouse gases, with respect
to the 1990 level, by the year 2050.2 The environmental impacts
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(e.g. land use, water use, fertiliser use, and greenhouse gas
emissions) associated with microalgal biofuel production are
estimated to be much lower than those associated with tradi-
tional crop-based biofuels or those produced from lignocellu-
losic substrates.7,8 In addition, since microalgae are aquatic
photosynthetic organisms which can grow in a variety of
freshwater, marine, or even wastewater environments, the
cultivation of microalgae for the purpose of biofuel production
avoids one of the most controversial disadvantages of food-
based bioenergy feedstocks: the competition for agricultural
resources and arable land needed for human food security.6

The successful commercialisation of microalgal fuels and
chemicals relies on establishing mass-scale cultivation systems
for generating high-density biomass, but traditional photo-
trophic systems (i.e. where CO2 is xed in the presence of light)
typically underperform in terms of biomass productivity.9

Phototrophic growth is the most common approach for the
large-scale cultivation of microalgal biomass, but sustaining
high-density cultures is challenging due to CO2 availability and
weather conditions restricting light supply.6,10 The need for
optimal cultivation strategies for biomass production is leading
towards the exploitation of microalgal species capable of
assimilating carbon through multiple carbon xation mecha-
nisms. Heterotrophic organisms, which grow in the absence of
light by using organic carbon sources as an energy source, have
been shown to maintain higher growth rates than phototrophic
cultures with the added advantage of avoiding light limitations.
However, heterotrophic-based strategies can be limited by
contamination events and higher operating costs.6,11 Mixo-
trophic species (capable of simultaneously growing
Sustainable Energy Fuels, 2022, 6, 2771–2782 | 2771
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phototrophically and heterotrophically) can offer greater resis-
tance to photoinhibition whilst yielding higher biomass
productivities than phototrophs or heterotrophs.11,12

Although the supplementation of organic carbon sources
can pose economic challenges, optimised light and nutrient
supply conditions can position mixotrophic strategies as a more
suited approach for the cultivation of high-density fast-growing
biomass. Mixotrophic growth combined with well-known
nutrient-limited strategies, for example, nitrogen or phos-
phorus limitation, can improve carbohydrate and lipid forma-
tion, so long as nutrients are optimally provided to sustain
biomass growth.13,14

In this regard, fed-batch systems are an industrially
preferred operating mode leading to increased cell culture
lifetime,15 and are proven to yield high microalgal biomass
densities.16–19 Mixotrophic-based fed-batch strategies that were
reported to increase microalgal growth when compared to
typical phototrophic cultivation include supplementation of
succinic acid in Haematococcus pluvialis cultures,20 glycerol in
Scenedesmus incrassulatus cultures,21 acetic acid in Chlamydo-
monas reinhardtii cultures,17 and cattle wastewater in Chlorella
thermophila cultures.22 The implementation of fed-batch culti-
vation relies on the difficult identication of adequate feeding
regimes, but modelling and simulation techniques can enable
fast identication and further optimisation of potential strate-
gies for algal biomass and storage molecule formation, whilst
diminishing the costs and time associated with experimental
analysis.23,24

This work presents a highly productive fed-batch cultivation
strategy consisting of intermittent pulses of organic carbon to
promote mixotrophic growth, resulting in markedly increased
biomass, starch, and lipid concentrations. In addition, an
optimised pulse-assisted fed-batch cultivation strategy for
maximal starch and lipid formation is identied via a combined
experimental and modelling approach. The optimised pulse
strategy, validated experimentally, yielded not only substantially
improved biomass concentrations but also signicantly higher
production of starch and lipids compared to a typical batch
scenario, which would allow commercially viable and sustain-
able biofuel production.

Results and discussion
Evaluation of pulse-assisted fed-batch cultivation on
microalgal growth

Mixotrophic growth via acetic acid supply is proven to yield
increased biomass densities in batch systems.25 To avoid the
eventual depletion of organic carbon and promote further
growth, a fed-batch strategy consisting of intermittent carbon
pulses was experimentally evaluated at the laboratory scale with
the model microalga Chlamydomonas reinhardtii, grown mixo-
trophically in standard tris–acetate–phosphate (TAP) growth
medium with acetic acid as the carbon source.26 To understand
the effect of carbon pulses on biomass, starch, and lipid
production, cultures were subjected to 1 carbon pulse on the
4th day of cultivation, or with 2 pulses on the 4th and 9th days of
cultivation. The cultures were then fully harvested when the cell
2772 | Sustainable Energy Fuels, 2022, 6, 2771–2782
density reached the late-stationary phase. Pulses were prepared
to increase the residual medium concentration of acetic acid in
a range of 0.25 g L�1 to 1.5 g L�1 (+0.1 gC L�1 to +0.6 gC L�1). For
reference, the initial concentration of acetic acid in a standard
TAP medium is 1.05 g L�1 (ref. 26) (0.42 gC L�1).

For comparison, an additional culture was grown in stan-
dard batch mode, reaching a biomass concentration of 0.579 g
L�1 and accumulating 6.11% and 10.2% of its dry weight as
starch and lipids, respectively (Fig. 1). When compared to this
batch case, 1-pulse cultures attained biomass concentrations up
to 0.863 g L�1 (+49% with respect to batch) when [P1] ¼ +0.5 g
L�1 of acetic acid. Nevertheless, as the pulse concentration
increased further, the biomass dropped down to 0.495 g L�1

(�14% with respect to the batch) when [P1] ¼ +1.5 g L�1, sug-
gesting inhibition by high acetic acid concentrations. In the 2-
pulse cultures, the rst pulse was supplemented at the
concentration that yielded the highest biomass in the 1-pulse
cultures, i.e. [P1] ¼ 0.5 g L�1 (Fig. 1a). The 2-pulse cultures
attained signicantly higher concentrations than the batch
culture (p < 0.01, as per one-way ANOVA), reaching up to 1.107 g
L�1 biomass when [P2] ¼ 0.5 g L�1, corresponding to a 28%
increase with respect to the maximum obtained by the 1-pulse
cultures, and a 91% increase with respect to the batch. However,
the biomass concentration dropped with [P2] ¼ 0.75 g L�1,
again indicating inhibitory effects.

Biomass inhibition by high acetic acid concentrations has
also been reported for Graciella sp. In the strain WBG-1,
a maximal biomass concentration of 1.5 g L�1 was obtained at
59 mM (�3.5 g L�1) of acetic acid, and higher concentrations of
73 mM (�4.3 g L�1) and 147 mM (�8.8 g L�1) caused a drop in
biomass down to 1.21 g L�1.27 In C. reinhardtii, acetic acid
concentrations higher than 3.75 g L�1 (�1.5 gC L�1) have been
found to be inhibitory for biomass growth.14 However, since the
maximum pulse concentration explored here is only 1.5 g L�1,
the inhibition may instead be explained by (i) the reduction of
the natural buffering capacity of the medium as growth takes
place, (ii) an inhibitory effect caused by the pulse buffering
agent (i.e. KOH), which increased proportionately with the
acetic acid concentration, or (iii) insufficient medium mixing
during pulse addition since this protocol was carried out off-
line. Overcoming pulse inhibition effects through an
improved on-line pulse feeding system could thus potentially
lead to even higher biomass densities. For example, a semi-
continuous on-line feeding system of acetic acid with pH
control (6.9–7.1) for C. reinhardtii CC-2937 has yielded
a biomass density of 23.69 g L�1 (aer 168 h), higher than the
2.33 g L�1 (aer 123 h) obtained in the batch system.17 In
a heterotrophic fed-batch controlled fermenter, a 1.8-fold
increase in the C. reinhardtii CS-51 biomass concentration was
attained by feeding acetic acid (in the late exponential phase) at
a concentration 4-times higher than that used for batch growing
conditions.28

Starch and lipid contents increased slightly following the
addition of a single pulse, reaching up to 12.5% lipid with [P1]
¼ 0.5 g L�1, and 8.1% starch with [P1] ¼ 0.75 g L�1, respectively
(Fig. 1b). In the 2-pulse cultures, starch and lipid contents
increased further up to 10.24% and 14.5%, respectively, in [P2]
This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Effect of acetic acid pulses on: (a) biomass (CDW) and (b) biomass composition in C. reinhardtii. The batch and 1-pulse cultures were
harvested on day 9; the 2-pulse cultures (subject to [P1] and various [P2]) were harvested on day 12. The results and SD. are themean of the two
biological replicates. Asterisks denote significant differences (p < 0.05*, 0.01**, 0.001***) with respect to the batch culture.
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¼ 0.75 g L�1. The starch contents attained by the 2-pulse
cultures were signicantly different to those attained in the
batch case (p < 0.05 for [P2] ¼ 0.25 g L�1; p < 0.01 for [P2] ¼ 0.5g
L�1 and [P2] ¼ 0.75 g L�1), but the lipid contents were not,
which is in line with a previous study showing starch as the
dominant carbon sink in C. reinhardtii during both nitrogen-
starved or excess-acetate culturing conditions.29 The increase
in the storage molecule content, coupled with the improved
biomass production resulting from pulse additions, led to
signicant increases in the starch and lipid volumetric
concentrations (Fig. 2). The 1-pulse cultures yielded up to
0.679 g L�1 starch and 0.108 g L�1 lipids, corresponding to
a 92.8% and 83.3% increase with respect to the batch, respec-
tively. The 2-pulses culture attained up to 0.112 g L�1 starch and
0.158 g L�1 lipids, representing a 65.1% and a 46.2% increase
with respect to the maximum concentrations obtained by 1-
pulse cultures, and a 218.2% and 168% increase with respect to
the batch, respectively.

The continued increase in starch and lipid contents
following the addition of a second pulse is attributed to the
gradual consumption of nutrients leading to nutrient
This journal is © The Royal Society of Chemistry 2022
limitation, which is well-known to induce storage molecule
accumulation.30 Limitation by nitrogen or phosphorus, partic-
ularly, is shown to increase carbohydrate and lipid contents in
green microalgae,31–34 including for C. reinhardtii, which stores
carbohydrates mainly in the form of starch.35 However, storage
products in C. reinhardtii have also been reported to increase
under nutrient-replete, high-acetate conditions (in batch
mode),36 which indicates that the addition of pulses may
directly lead to an increase of assimilated acetate into starch
and lipid metabolites. In particular, assimilated acetate is
mainly converted into acetyl-CoA which feeds into the biosyn-
thetic pathways responsible for starch and lipid production.37

Increased production of biomass under mixotrophic condi-
tions is widely reported in the literature. For instance, C. vulgaris
biomass has been reported to increase from 1.08 g L�1 when
grown phototrophically, to 2.62 g L�1 when grown mixotrophi-
cally with molasses.38 For a strain of Scenedesmus sp., mixo-
trophic growth has led to a 3-fold increase in biomass when
compared to phototrophic growth.39 The use of mixotrophic-
based fed-batch operation for increased microalgae growth has
been less explored, but results from this work along with other
Sustainable Energy Fuels, 2022, 6, 2771–2782 | 2773
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Fig. 2 Effect of acetic acid pulses on: (a) starch and (b) lipid volumetric concentrations in C. reinhardtii cultures. The batch culture and cultures
subjected to various [P1] were harvested on day 9. Cultures subjected to [P1] and various [P2] were harvested on day 12. The results and SD. are
the mean of the two biological replicates. Asterisks denote significant differences (p < 0.05*, 0.01**, 0.001***) with respect to the batch culture.
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recent studies highlight the positive effects of such strategies for
biomass and for storage molecule production. For example, the
biomass concentration in Scenedesmus incrassulatus has
increased from 1.43 g L�1 in phototrophic batch growth (with
23.24% lipid), to 2.83 g L�1 (44.64% lipid) and further up to 5.65 g
L�1 (52% lipid) in mixotrophic growth with glycerol during batch
and fed-batch operation, respectively.21 Similarly, biomass
production of H. pluvialis cultivated with succinic acid was re-
ported to increase from 1.7 g L�1 in the batch to 2.01 g L�1 in fed-
batch mode, which in turn increased the concentration of the
astaxanthin pigment from 47.89 mg L�1 to 64.61 mg L�1.20

Overall, the pulse-assisted fed-batch cultivation strategy
presented here led to signicantly enhanced biomass, starch,
and lipid production. This strategy thus represents a highly
productive cultivation system suited to overcome the low
productivities generally attained by traditional phototrophic
systems, particularly at open pond outdoor scales.40 Evaluating
the outcome of pulse additions at different times and concen-
trations can therefore provide a means to establish optimal
operating conditions. A systematic experimental and modelling
approach was exploited here to facilitate this analysis.
2774 | Sustainable Energy Fuels, 2022, 6, 2771–2782
Modelling fed-batch cultivation

A kinetic model for microalgal growth dynamics showing a high
predictive capacity was recently developed in-house.14 This
model considers that the total cell biomass is comprised of
three carbon-based pools: starch, lipids, and active biomass.
The intracellular carbon partitioning between these compart-
ments is governed by the uptake of external carbon (i.e. the
mixotrophic substrate) and regulated by the intracellular
nitrogen and phosphorous quotas. The state variables of the
model include: total biomass, X (gC L�1); total nitrogen, N (gN
L�1); nitrogen quota, qN (gN gC

�1); phosphorous, P (gPO4
L�1);

phosphorus quota, qP (gPO4
gC

�1); acetic acid, A (gC L�1); starch,
S (gC L�1); lipids, L (gC L�1); and active biomass, x* (gC L�1).14

This model was shown to have great value as an optimisation
tool, but as it was only formulated to portray batch conditions,
an enhanced yet simpler formulation accounting for fed-batch
dynamics is presented here.

Specic growth rate. The specic growth rate, m, considers
mixotrophic microalgal growth to be limited by nitrogen, acetic
acid, and light:
This journal is © The Royal Society of Chemistry 2022
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m(A,I,qN) ¼ �mM,max(A,�I) � mN(qN) � f (APulse) (1)

Here, �mmax(A,�I) is the mixotrophic growth rate, dependent on
the weighed contributions of the heterotrophic growth rate,
mH(A), and the phototrophic growth rate, mI(�I), which account
for substrate inhibition and photoinhibition effects,
respectively:

mM;max

�
A; I

�
¼ mmax

"
wH � A

Aþ KS;A þ A2
�
Ki;A

þ wI

� I

I þ KS;I þ I
2
.
Ki;I

#
(2)

Here, mmax is themaximum specic growth rate; KS,A and KI,A are
the half-saturation and inhibition constants, respectively; wH

and wI are weighing functions that regulate the extent of
heterotrophic and phototrophic growth, respectively;14 and KS,I

and Ki,I are the half-saturation and inhibition constants,
respectively, associated with the average light received by the
culture, �I:

I ¼ Io

L

ðL
0

e�s�X�z � dz ¼ I0

s� X � L
� �1� e�s�X�L

�
(3)

where Io is the incident light (at z ¼ 0), L is the culture depth,
and s is the light attenuation coefficient. The nitrogen-limited
growth rate, mN(qN) depends on the nitrogen quota, qN, i.e. the
ratio of intracellular nitrogen to the carbon-biomass
concentration:41

mNðqNÞ ¼ 1� qN;min

qN
(4)

Here, qN,min, is the minimum quota necessary for growth, i.e.
mN(qN) ¼ 0 if qN # qN,min. The specic growth rate is further
regulated by a function dependent on the pulse concentration,
accounting for the inhibition effects observed experimentally
(Fig. 1a):

f ðAPulseÞ ¼ 1� A2
P

ki;P
(5)

Here, AP is the increase in the acetic acid concentration caused
by the pulse, and ki,P is an inhibition constant. As mentioned
previously, the original model formulation was developed to
portray batch dynamics and was thus unable to describe the
outcome of pulse-assisted cultivation. Particularly, simulations
using the batch model formulation yielded no further growth in
biomass aer 2 or more pulses. This halt in cellular growth, as
simulated by the batch model, was observed to be a conse-
quence of the nitrogen quota of cells falling below their
minimum quota, qN,min. Therefore, to account for the
continued growth of biomass due to the pulses, the model was
enhanced by rening the dynamics of nitrogen uptake, which in
turn drive the intracellular nitrogen quota levels.

Nutrient uptake rates. The batch model considered that the
rate of accumulation of the nitrogen quota was driven by the
uptake of the total nitrogen in the medium. This assumption,
however, did not account for the fact that not all of the sources
of nitrogen are bioavailable to cells. In TAP medium, the
This journal is © The Royal Society of Chemistry 2022
bioavailable source of nitrogen is ammonium, but the remain-
ing nitrogen source originates from a biochemical buffer, i.e.
Tris-base, H2NC(CH2OH)3. Taking this into consideration, the
model was rened to consider that ammonium is the driver for
cellular growth. In line with this, the nitrogen uptake rate, rN, is:

rN ¼ rN;max �
N

N þ ks;N þN2
�
ki;N

� A

Aþ ks;A:N þ A2
�
ki;A:N

� f ðqPÞ (6)

Here, rN,max, is the maximum nitrogen uptake rate, ks,N and ki,N
are the half-saturation and inhibition constants associated with
nitrogen; and ks,A:N and ki,A:N are the half-saturation and inhi-
bition constants associated with acetic acid. In eqn (6), f(qP) is
a Droop function of the phosphorus quota which regulates
nitrogen uptake:

f ðqPÞ ¼
�
1� KP

qP

�
(7)

Here, KP is the minimum P quota below which nitrogen uptake
stops, i.e. if qP < KP, rN ¼ 0. The expression for nitrogen uptake
presented above is a more simple formulation that avoids the
incorporation of more complex luxury uptake kinetics. The
uptake rate of phosphorus is described by:

rP ¼ rP;max �
P

Pþ ks;P þ P2
�
ki;P

� f ðqNÞ (8)

Here, rP,max is the maximum phosphorus uptake rate, ks,P is
a phosphorus-associated half-saturation constant, and ki,P is an
inhibition constant. f(qN) is a function of the nitrogen quota
which regulates phosphorus uptake during nitrogen-limited
scenarios:

f ðqNÞ ¼
"
1þ

�
rP;max

qN

�2
#�1

(9)

The uptake rate of acetic acid, rA, is assumed to be propor-
tional to the heterotrophic contribution to the microalgae's
mixotrophic growth rate, so that:

rA ¼ rA,max � wH � mH (10)

Here, rA,max is the maximum uptake rate of acetic acid.
Starch and lipid formation rates. The accumulation of starch

and lipids is regulated by their synthetic rates, R1 and R2, and
their degradation rates, R3 and R4:

R1 ¼
"
r1;1 � Nns

i

Nns
i þ k

nS
s;S

þ r1;2 � Ai

Ai þ kA;S þ Ai
2
�
ki;S

#
� m� x*

(11)

R2 ¼
"
r2;1 � NnL

i

NnL
i þ knL

s;L

þ r2;2 � Ai

Ai þ kA;L þ Ai
2
�
ki;L

#
� m� x*

(12)

R3 ¼ r3 � 1

qN
� S=X

S=X þ ksat;S
(13)
Sustainable Energy Fuels, 2022, 6, 2771–2782 | 2775
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R4 ¼ r4 � 1

qN
� L=X

L=X þ ksat;L
(14)

In eqn (11) and (12), Ni ¼ qN � X is the intracellular nitrogen
concentration; r1,1 and r1,2 are the starch synthetic rate
constants; r2,1 and r2,2 are the lipid synthetic rate constants; ks,S
and ks,L are the half-saturation constants for starch and lipids,
respectively; nS and nL are shape-controlling parameters; kA,S
and kA,L are half-saturation constants; and ki,S and ki,L are
inhibition constants. In eqn (13) and (14) (degradation rates), r3
and r4 are the starch and lipid degradation rate constants,
respectively, and ksat,S and ksat,L are the half-saturation
constants that regulate the extent of starch and lipid
degradation.

Time-dependent kinetic expressions. The rate of accumula-
tion of each model state variable is denoted by:

dX

dt
¼ dx*

dt
þ dS

dt
þ dL

dt
¼ m� X (15)

dS

dt
¼ R1 � R3 (16)

dL

dt
¼ R2 � R4 (17)
Table 1 List of parameter values and definitions, employed in the predic

Type Symbol Para

Associated with biomass growth mmax Max
qN,0 Min
Ks,A Ace
ki,A Ace
Ks,I Ligh
ki,I Ligh
rA,max Max
s Ligh

Associated with N & P uptake rN,max Max
Ks,N Upt
ki,N Upt
Ks,A : N Upt
ki,A : N Upt
KP P Q
rP,max Max
Ks,P Upt
ki,P Upt

Associated with starch & lipid formation r1,1 Star
ks,S Satu
nS Sha
r1,2 Star
kA,S Hal
ki,S Inh
r2 Star
ksat,S Star
r2,1 Lipi
ks,L Satu
nL Sha
r2,2 Star
kA,L Hal
ki.L Inh
r4 Star
ksat,L Star

2776 | Sustainable Energy Fuels, 2022, 6, 2771–2782
dx*

dt
¼ m� X �

�
dS

dt
þ dL

dt

�
(18)

dN

dt
¼ �rN � X (19)

dqN

dt
¼ rN � m� qN (20)

dP

dt
¼ �rP � X (21)

dqP

dt
¼ rP � m� qP (22)

dA

dt
¼ �rA � X (23)
Assessing the model's performance

The updated model presented here comprises 9 state variables
(eqn (15)–(23)) and 31 kinetic parameters (Table 1). To estimate
the parameter values and assess the model's predictive capacity,
a set of fed-batch cultivation experiments were performed with
C. reinhardtii subjected to three consecutive pulses (i.e. [P1] +
tive model for fed-batch microalgal cultivation

meter description Value Units

imum specic growth rate 2.497 h�1

imum nitrogen quota 0.125 gN gC
�1

tate saturation constant 0.144 gC L�1

tate inhibition constant 0.132 gC L�1

t saturation constant 20.8 mmol m
�2 s�1

t inhibition constant 0.000 mmol m
�2 s�1

imum acetate uptake rate 1.864 h�1

t attenuation coefficient 34.75 L gC
�1 m�1

imum N uptake rate 22.46 gN gC
�1 h�1

ake saturation constant, N 0.240 gN L�1

ake inhibition constant, N 0.085 gN L�1

ake saturation constant, A : N 16.026 gC L�1

ake inhibition constant, A : N 21.128 gC L�1

uota supporting N uptake 0.145 gPO4
gC

�1

imum P uptake rate 1.02 gPO4
gC

�1 h�1

ake saturation constant, P 0.317 gPO4
L�1

ake inhibition constant, P 1.445 gPO4
L�1

ch formation rate (R1) 3.135 gC gC
�1

ration constant (R1) 0.132 gN L�1

pe parameter (R1) 21.545 —
ch formation rate (R1) 0.533 gC gC

�1

f-saturation constant (R1) 6.968 gC L�1

ibition constant (R1) 2.675 gC L�1

ch degradation rate (R3) 0.000 gC gC
�1

ch saturation constant (R3) 10.680 —
d formation rate (R2) 14.854 gC gC

�1

ration constant (R2) 0.292 gN L�1

pe parameter (R2) 4.069 —
ch formation rate (R2) 0.293 gC gC

�1

f-saturation constant (R2) 6.968 gC L�1

ibition constant (R2) 2.675 gC L�1

ch degradation rate (R4) 0.000 gC gC
�1

ch saturation constant (R4) 15.000 —

This journal is © The Royal Society of Chemistry 2022
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[P2] + [P3]) injected at different times: (i) short-interval mode,
where tP,1 ¼ 56 h, tP,2 ¼ 124 h, and tP,3 ¼ 221 h (days 2, 5, and 9),
(ii) regular-interval mode, where tP,1¼ 97 h, tP,2¼ 241 h, and tP,3
¼ 354 h (days 4, 10, and 14), and (iii) long-interval mode, where
tP,1 ¼ 148 h, tP,2 ¼ 291 h, and tP,3 ¼ 408 h (days 6, 12, and 17). In
the short-, regular-, and long-interval modes, the pulses raised
the residual concentration of acetic acid by 0.5 g L�1 (i.e. +0.2 gC
L�1). An additional experiment at regular intervals was con-
ducted with the High-A concentration at 1.25 g L�1 (i.e. +0.5 gC
L�1).

The short-interval, regular-interval, and High-A datasets
were used for model tting. In line with the model formulation,
the concentrations of all carbon-based molecules (i.e. biomass,
active biomass, starch, lipids, and acetic acid) are expressed in
terms of their carbon-equivalent concentration (conversion
Fig. 3 Comparison between model-derived concentration profiles (line
strategy (model validation). Pulse injection times: tP,1 ¼ 148 h, tP,2 ¼ 291
replicates.

This journal is © The Royal Society of Chemistry 2022
factors are available in the Experimental section). The tting
datasets yielded a good level of agreement with the corre-
sponding experimental data (ESI†), and as observed in Fig. 3,
the model predictions were additionally found to be in good
agreement with the data obtained from the long-interval pulse
scenario which was used for model validation. By enhancing
model considerations for nitrogen uptake, the fed-batch model
formulation was capable of describing the continued growth of
biomass aer pulse injection. However, it is worth mentioning
that more complex metabolic processes, which the model does
not account for, may also be responsible for the cells growing
further following the addition of pulses.

In microalgae, proteins and enzymes associated with
nutrient transport and assimilation may be either suppressed
when the intracellular nutrients are sufficient, or activated
s) and experimental data (points) obtained by the long-interval pulse
h, and tP,3 ¼ 408 h. Data and SD. are the mean of the two biological

Sustainable Energy Fuels, 2022, 6, 2771–2782 | 2777
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when nutrient levels are low.42 For example, it has been reported
that nutrient-stressed cells of C. reinhardtii increase the
enzymes responsible for the recycling of nitrogen-containing (or
phosphorous-containing) molecules, e.g. proteins and nucleic
acids.37,43 These mechanisms may allow nutrient-limited cells to
replenish their nutrient quotas, leading to the assimilation of
additional carbon (such as that supplied through pulses) and
ultimately increase biomass production. On the other hand,
other studies have evidenced that high acetate conditions can
inhibit photosynthetic activity.36,44 The addition of acetate pul-
ses may thus switch cells into a heterotrophic mode, reducing
the metabolic burdens associated with photosynthesis and
allowing further growth during nutrient limitation.

A summarised view of the nal biomass, starch, and lipid
concentrations generated from the four different fed-batch
strategies, against the corresponding model outputs, is pre-
sented in Fig. 4. Compared to the batch scenario (0.708 g L�1

biomass, 0.031 g L�1 starch, and 0.055 g L�1 lipids), the fed-
batch strategies yielded substantial increases in biomass of
up to 43% and 64% aer 1 and 2 regular-interval pulses,
respectively, and 75% aer 3 short-interval pulses. The starch
concentration increased up to 119%, 460%, and 524% aer 1, 2,
and 3 long-interval pulses, respectively. Meanwhile, lipids
increased up to 111% aer 1 short-interval pulse, 179% aer 2
Fig. 4 Experimental data for biomass, starch, and lipid concentrations ag
strategies. Data and error bars are the average of the two biological replic
strategy), 503 h (batch, regular-interval, and High-A strategies), and 559
0.05*, 0.01**, 0.001***) with respect to the batch culture.

2778 | Sustainable Energy Fuels, 2022, 6, 2771–2782
regular-interval pulses, and 206% aer 3 short-interval pulses.
These strategies showcase the potential of a pulse-assisted fed-
batch strategy for enhanced microalgal production.
An optimal pulse feeding strategy for maximised starch and
lipid production

The fed-batch model presented here was exploited to identify an
optimal 3-pulse strategy leading to maximised starch and lipid
formation. An optimisation problem was set up to compute two
pulse-related operating parameters (eqn (24)): (i) their optimal
injection times and (ii) the required increase in the acetic acid
concentration:

Objective ¼ max[S(tPi,APi) + L(tPi,APi)]t¼tfinal
(24)

Here, S and L are the model-predicted starch and lipid medium
concentrations at a time of tnal ¼ 600 h (25 days), following 3
pulses at times tPi ¼ 1,2,3, with concentrations of APi ¼ 1,2,3,
subjected to the constraints: 0.025 g L�1 < APi < 1.5 g L�1 (i.e.
+0.01 gC L�1 < APi < +0.6 gC L�1); 24 h < tP1 < 200 h; 201 h < tP2 <
360 h; and 361 h < tP3 < 540 h, selected so as to be within the
experimental operational ranges used for model tting and
validation. The optimisation problem was solved via
ainst model-derived data (in g L�1), subjected to the different fed-batch
ates taken at the end of each cultivation strategy: 408 h (short-interval
h (long-interval strategies). Asterisks denote significant differences (p <

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Model-derived time-profiles (solid lines) and biomass composition (solid bars) against experimental data (points), as obtained by the
optimal 3-pulse fed-batch strategy. Pulse injection times: tP,1 ¼ 199 h, tP,2 ¼ 330 h, and tP,3 ¼ 445 h. Biomass composition measured at 552 h.
Data and SD. are the mean of the two biological replicates.
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a sequential stochastic-deterministic optimisation algorithm
(Experimental section).

The resulting optimal fed-batch strategy consisted of: [P1],
AP,1 ¼ 0.925 g L�1 (+0.37 gC L�1) at tP,1 ¼ 199 h; [P2], AP,2 ¼
0.575 g L�1 (+0.23 gC L�1) at tP,2 ¼ 330 h; and [P3], AP,3 ¼ 0.475 g
L�1 (+0.19 gC L�1) at tP,3 ¼ 445 h. The model-based optimal
strategy was further validated experimentally, and as shown in
Fig. 5, the model predictions for biomass, starch, and lipids, as
well as the predictions for biomass composition (e.g. active
biomass, starch, and lipid contents), were in good agreement
with the corresponding experimental data, highlighting the
model's predictive power. Overall, and when compared to
batch, the 3-pulse strategy yielded statistically signicant
increases in biomass, starch, and lipid concentrations of 94%,
676%, and 252%, respectively. As shown in Table 2, the bio-
process efficiency of the optimal fed-batch strategy subjected to
Table 2 Experimental data and efficiency parameters for the model-
formation. Asterisks denote significant differences (p < 0.05*, 0.01**, 0.0

Biomass g L�1 Starch g L�1 Lipids g L�1 Sta

Batcha (non-optimised) 0.708 0.031 0.055 4.
FB [P1]b 1.051** 0.142*** 0.118** 13.
FB [P2]b 1.221** 0.180*** 0.160*** 14.
FB [P3]b 1.374*** 0.238*** 0.193*** 17.

a Measured at t ¼ 503 h. b Measured at t ¼ 552 h.

This journal is © The Royal Society of Chemistry 2022
three pulses was higher than the batch scenario, with starch
and lipid contents increasing 4-fold and 2-fold following the
addition of three pulses, respectively.

The increase in starch and lipid by this optimal strategy was
found to be additionally higher than that obtained with optimal
batch scenarios for maximal starch and lipid formation, which
reached an increase of 270% and 74%, respectively.14 It is
noteworthy to mention that although the pulse strategies eval-
uated in this work have been validated with acetic acid, more
sustainable alternative waste products (e.g. glycerol from bio-
diesel waste) can potentially lead to more sustainable cultiva-
tion scenarios. Nevertheless, the substantial increases in
storage metabolites represent a positive step towards success-
fully implementing microalgal bioreneries targeting the
production of biofuels to achieve net zero energy transportation
systems in the future.
based optimal fed-batch (FB) strategy for maximal starch and lipid
01***) with respect to the batch culture

rch% Lipids% mx d
�1 Px g L�1 d�1 PS mg L�1 d�1 PL mg L�1 d�1

3% 7.7% 0.28 0.034 1.449 2.605
5% 11.2% 0.27 0.046 6.150 5.133
8% 13.1% 0.28 0.053 7.842 6.954
3% 14.0% 0.28 0.060 10.324 8.383

Sustainable Energy Fuels, 2022, 6, 2771–2782 | 2779
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Conclusions

A fed-batch cultivation strategy for increased microalgae
biomass formation was evaluated with C. reinhardtii subjected
to intermittent pulses of acetic acid. When compared to a batch
case, the addition of consecutive pulses of acetic acid yielded
signicant increases in the concentrations of biomass, starch,
and lipids. A model for fed-batch cultivation dynamics was
additionally developed and exploited to identify an optimal 3-
pulse strategy. The optimal strategy was validated experimen-
tally, demonstrating a higher production efficiency than
a typical batch cultivation, with 94%more biomass, 676%more
starch, and 252% more lipids. The pulse feeding strategy
explored in this work is thus a highly suited cultivation strategy
with great industrial potential within emerging biorenery
frameworks.
Experimental section
Strain and fed-batch cultivation

All experiments were carried out with the wild-type strain
Chlamydomonas reinhardtii CCAP 11/32C, grown in tris–acetate–
phosphate (TAP) medium.45 Prior to the cultivation experi-
ments, an active algal inoculum was prepared by growing the
strain for 7 days (up to the late stationary phase) in 150 mL of
sterile TAP medium. The algal inoculum was kept in a rotary
shaker at a rotating speed of 150 rpm. Temperature was main-
tained at 25 �C, and light was supplied at an incident intensity
of 125 mmol m�2 s�1 (one-side illumination, from above) in
a photoperiod of 16 h light and 8 h dark.
Fed-batch cultivation

Fed-batch experiments were performed in duplicate in borosili-
cate glass bottles with 500 mL of sterile TAP medium under the
environmental conditions described above. Growth was initiated
by inoculating all culture vessels with 1 mL of algal inoculum. All
cultures were started in a batch mode and then subjected to
a feeding strategy involving intermittent pulses of acetic acid (i.e.
the organic carbon source in a standard TAP medium) at
different concentrations and cultivation times. The volume of the
pulses was set to 20 mL, and their acetic acid concentration
ranged from 6.5 to 39 g L�1 so that the corresponding increase in
the medium concentration aer pulse addition ranged from 0.25
to 1.5 g L�1, e.g. a 20 mL pulse with 6.5 g L�1 of acetic acid,
supplied to 500 mL of a growing culture increases the residual
medium concentration by 0.25 g L�1 (0.1 gC L�1), and so on. For
reference, standard TAP medium contains an initial acetic acid
concentration of 1.05 g L�1 (0.42 gC L�1).

The pulses were prepared by mixing the required concen-
tration of acetic acid in nitrogen-free TAP salt solution (diluted
1 : 4 in distilled water) to maintain nitrogen-limited conditions.
To avoid drastic reductions of pH in the culture medium aer
pulse injection, the pH of the pulse solution was set to 4.75 with
potassium hydroxide (KOH) 3 M. All pulses were sterilised prior
to use. At each sampling time, replicate cultures were fully
harvested for analysis of the biomass (cell dry weight) and
2780 | Sustainable Energy Fuels, 2022, 6, 2771–2782
residual concentrations of metabolites. All data were statisti-
cally analysed by one-way ANOVA in Origin Pro 2022 (9.9.0.220).

Analytical methods

Cell dry weight. The biomass cell dry weight (CDW) was
measured by centrifuging microalgal cultures for 5 min at
8885 g in an Eppendorf centrifuge 5804. The pelleted cells were
placed in pre-weighed tubes and le to dry at 90 �C for 24 h. The
pellets were cooled down to room temperature in a desiccator
and the cell dry weight was calculated gravimetrically using a M-
Pact AX221 ne balance (Sartorius). The samples of the super-
natant were kept in Falcon tubes and stored at �20 �C for
further analysis. The medium pH was measured using a bench-
type HI-2211 pH meter (Hanna Instruments).

Residual nutrient concentration. The concentration of acetic
acid was quantied viaHPLC analysis using a HPX-87H column
(300 � 7 mm) and a UV detector at a wavelength of 210 nm. The
mobile phase (H2SO4, 0.005 M) was set at a ow rate of 0.6
mL min�1 and a temperature of 50 �C. The acetic acid
concentration was measured from the area of the chromato-
graphic peaks read against a calibration curve. The concentra-
tion of nitrogen was measured using a spectrophotometric
Ammonia Assay Kit with a concentration range of 0.2–15 mg
mL�1 (Sigma-Aldrich); the samples were diluted accordingly in
Type 1 grated water. The intracellular concentration of nitrogen
was assumed to be equivalent to the nitrogen consumed by cells
(i.e. the difference between the initial and residual nitrogen
concentration), and the nitrogen quota, qN (gN gC

�1), was then
estimated by dividing the intracellular nitrogen concentration
by the biomass (CDW) concentration.46

Starch and lipid quantication. Microalgal starch was
measured using a Total Starch kit (Megazyme International,
Ireland). Prior to analysis, the harvested cells were pre-treated
as in (ref. 47) to remove chlorophyll pigments, break cells,
and solubilise starch. The cells were then subjected to a two-
stage enzymatic hydrolysis (as per the manufacturer's instruc-
tions) to release D-glucose, aer which the concentration was
measured colorimetrically (at 508 nm) against a standard cali-
bration curve. The starch concentration was calculated by
multiplying the D-glucose concentration by 0.9, a factor
adjusting free D-glucose to anhydrous D-glucose. Microalgal
lipids were measured by solvent extraction using an ST-243
SoxtecTM (FOSS). Prior to lipid extraction, the dried cell
pellets (as obtained from CDW measurements) were manually
pulverised using a mortar and pestle alternated with liquid
nitrogen supply. The cells were weighed and placed in cellulose
extraction thimbles (26 � 60 mm, 603, Whatman®), and the
lipids were then extracted using a three-stage program as in (ref.
13). The extracted lipids were allowed to cool down to room
temperature in a desiccator and the concentration was then
calculated gravimetrically.

Estimation of model parameters

The kinetic model presented above contains 31 kinetic param-
eters (Table 1). The parameter values were estimated by mini-
mising the squared relative error (eqn (25)) between the
This journal is © The Royal Society of Chemistry 2022
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predicted data and experimental data (for the 9 cultivation
variables). The objective function was solved via an
optimisation-based routine combining stochastic (simulated
annealing, SA) and deterministic (successive quadratic
programming, SQP) algorithms, thus avoiding the chances of
getting trapped in local minima.48

minGðPÞ ¼
Xnh
h¼1

Xni
i¼1

Xnk
k¼1

 
ZPred

h;i;k ðPÞ � Z
Exp
h;i;k

Z
Exp
h;i;k

!2

(25)

Here, G is the objective function (i.e. the squared relative error),
P is a vector with the kinetic parameters to be estimated, and Z
is a vector with the predicted data (subject to P) or experimental
data corresponding to each model state variable. nh, ni, and nk
denote the number of data points in time, the number of
datasets used for tting, and the number of state variables,
respectively. The resulting parameter values obtained from the
tting protocol described here are included in Table 1 along
with their denitions and corresponding units.

As mentioned before, the model developed here considers
that the cell biomass is made up of three carbon-based
compartments (starch, lipids, and active biomass). To repre-
sent the intracellular carbon partitioning between these mole-
cules, experimental data for starch, lipids, active biomass, and
the mixotrophic carbon source (acetic acid) were expressed in
terms of their carbon-equivalent concentrations. First, the
active biomass fraction was estimated by subtracting the starch
and lipid concentrations from the total biomass dry weight.
Then, carbon-equivalent concentrations were computed by
means of the following conversion factors:46 0.44 gC g�1 starch
(C6H10O5)n; 0.77 gC g�1 lipid (taken as C55H98O6); 0.4 gC g�1

acetic acid CH3COOH; 0.504 gC g�1 C. reinhardtii biomass,
taken as CH1.75O0.56N0.08.49
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