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A B S T R A C T

Biofilm systems present a promising approach for microalgae production by reducing water and energy costs 
while improving productivity and operational efficiency. However, this technology is still in its infancy, 
particularly for high-value compounds production. To confirm its potential at large scale, mathematical models 
are required to better understand biofilm behavior under varying environmental conditions and to predict 
productivity. In this study, a dynamic model was developed to estimate astaxanthin production by Haemato
coccus lacustris biofilms on a rotating system. It incorporates well-established dynamics, accounting for nitrogen 
limitation and photoacclimation, while introducing a novel hypothesis correlating astaxanthin dynamics with 
those of chlorophyll. The model predicts key biofilm traits, including biomass density, intracellular nitrogen, and 
pigment quotas, demonstrating its ability to simulate changes in light and nitrogen conditions and assess their 
impact on biofilm physiology. Furthermore, the possibility of dynamically altering the life cycle of H. lacustris 
within a biofilm was demonstrated both experimentally and mathematically, enabling reversible transitions 
between green and red stages. This reversion facilitates continuous astaxanthin production through repeated 
harvest and regrowth cycles. This was assessed through the development of an optimization strategy that 
maximized astaxanthin productivity by adjusting light intensity over time and determining the optimal harvest 
frequency. The model provides a valuable framework for optimizing astaxanthin production in microalgal bio
films, enabling the development of continuous production systems and supporting the scale-up of biofilm 
technology.

1. Introduction

Microalgae are photosynthetic organisms that thrive under fluctu
ating environmental conditions such as light, nutrients, and tempera
ture. They display remarkable physiological plasticity, adjusting their 
physiological profile to environmental changes from minutes to seasons 
by actively modifying photosynthesis and their biochemical composi
tions, such as pigment, protein, lipid or carbohydrate contents [1].

Depending on the timescale of these biological changes, three pro
cesses can be distinguished: regulation (seconds/min), acclimation 
(days) and adaptation (over years) [2]. Based on the duration of most 
experimental studies (laboratory and field studies), the adjustments that 

cells undergo when challenged with varying growth conditions can be 
identified as acclimation strategies enacted by the cells to reduce dam
age and maximize their fitness under the new conditions [3]. Acclima
tion, under excessive excitation pressure, includes the de-novo synthesis 
of macromolecules such as carotenoids, polyunsaturated fatty acids, and 
polysaccharides, making microalga and its bio-products valuable for 
various biotechnological applications [4].

Among the plethora of macromolecules produced by microalgae to 
cope with stressful conditions, astaxanthin is a carotenoid that can be 
naturally produced by exploiting the physiology of Haematococcus 
lacustris, a green alga that can accumulate up to 5 % of its dry weight in 
astaxanthin. Due to this ability, it has become the primary commercial 
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source of natural astaxanthin [5]. The industrial standard commonly 
follows a two-stage process, where biomass grows under optimal con
ditions (green stage), usually in closed photobioreactors, followed by a 
red stage, where astaxanthin production is induced via stress conditions 
such as high irradiance and nitrogen starvation, and potentially tem
perature, salinity, and desiccation [6,7]. Numerous production facilities 
have been established worldwide, varying in production scales and 
cultivation methodologies, and consequently, in production costs [8]. 
However, the cost of production remains nearly four times that of 
chemical synthesis, which accounts for 95 % of commercially produced 
astaxanthin, primarily due to the substantial energy required [9]. This 
highlights a critical need for innovation in this area.

One potential cost-reducing technology is the use of biofilm-based 
systems for microalgae cultivation. In such systems, biomass is immo
bilized and decoupled from the liquid medium reducing water and en
ergy costs [10]. Recent research has demonstrated the feasibility of 
producing astaxanthin through biofilm technology [11–16]. Since bio
films per definition display great spatial heterogeneity, complicating 
direct measurements and control, optimizing and controlling these 
systems is an essential step for making such technologies economically 
relevant. Thus, mathematical models might be pivotal in understanding 
and predicting the complex behavior of biological processes within 
biofilms and developing strategies to enhance productivity without 
extensive experimental work by simulating “what if” scenarios [17,18].

Such models typically compute microalgae growth as dependent on 
external stimuli such as light intensity, nutrients concentration and 
temperature. Models accounting for acclimation processes make them 
more accurate for changing environmental conditions. Indeed, while 
stress can induce the production of desired compounds, it often comes at 
the cost of a decreased biomass growth rate [19]. Therefore, modeling 
the rates of nutrient assimilation, photosynthesis, and pigment synthesis 
during transient regimes is crucial, especially when exploiting these 
microorganisms for biotechnological purposes.

Several dynamic models describe planktonic microalgae growth 
[20–22] but similar models for microalgal biofilms are scarce. While 
bacterial biofilm models have been extensively studied and applied in 
wastewater treatment [23,24], only a few models integrate both 
microalgal physiology and biofilm dynamics. Such approaches typically 
involve complex frameworks that include spatial discretization, such as 
in Porous Substrate Bioreactors (PSBR) [25,26], two-dimensional (2D) 
cellular automata models [27,28] and 2D mixture theory models 
describing metabolic compartments within the biofilm [29].

When modeling molecules such as astaxanthin, specific physiological 
considerations must be accounted for. Astaxanthin synthesis can be 
independently triggered by either high-light intensity or nitrogen star
vation, but only the combination of both stresses results in a maximum 
physiological limit of astaxanthin content [6,30]. These stresses impact 
the photosynthetic efficiency and elemental composition of H. lacustris, 
disrupting the photosynthetic apparatus and chlorophyll biosynthesis, 
leading to the accumulation of macromolecules such as starch and lipids 
[31]. Existing models, primarily available for planktonic cultures, often 
use the Luedeking-Piret approach [32] of growth and non-growth-linked 
product accumulation [33–35], including for Chromochloris zofingiensis 
[36]. These models do not account for intracellular nitrogen and carbon 
quotas, nor do they consider photoacclimation and chlorophyll dy
namics. To date, only the study of Zhang et al. [37] has modeled 
astaxanthin production in an attached cultivation system, incorporating 
intracellular nitrogen quota and temperature dynamics. Their experi
mental design, however, relied on fixed incident light intensity and 
nitrogen-depleted conditions, utilizing a PSBR with a microfiltration 
membrane, which presents scale-up limitations [12,13] recently 
explored the cultivation of H. lacustris in rotating systems, which are 
considered easier to scale up and provide a “greener” and more cost- 
efficient alternative to traditional photobioreactors [38,39]. Although 
these systems have been modeled, their primary applications have been 
in wastewater treatment and mixed communities, or solely for biomass 

production, rather than for high-value compounds [40,41].
Based on these observations, we develop a dynamic model for 

quantitative prediction of astaxanthin production. The model describes 
the life cycle of H. lacustris biofilms, including transitions from the green 
to the red stage and vice versa, under varying light and nitrogen stresses. 
It integrates well-established dynamics from planktonic models, such as 
the Droop model and photoacclimation concepts [21,42], while intro
ducing a novel hypothesis that correlates the dynamics of astaxanthin 
with those of chlorophyll. Also, it accounts for light attenuation due to 
the rotating system and variations in photosynthetic photon flux density 
(PPFD) across the biofilm depth. The model is calibrated against robust 
elemental composition measurements, in terms of biomass density, 
intracellular nitrogen, chlorophyll-a and astaxanthin quotas. The 
detailed representation of physiological changes within each biofilm 
layer, coupled with the reversibility of the life cycle, makes this model 
suitable for developing optimization strategies. Such strategies are 
briefly explored to identify optimal harvesting frequencies and light 
conditions that maximize astaxanthin productivity.

2. Experimental setup

2.1. Experimental design

A detailed description of the experimental design and of the rotating 
biofilm cultivation system is reported in Morgado et al. [13] and is 
summarized in Table 1. In brief, Haematococcus lacustris (strain CCAC 
0125; Central collection of algal cultures, University of Duisburg-Essen, 
Cologne, Germany) biofilms were cultivated on cotton carriers within a 
rotating biofilm-based system consisting of 4 cylinders, each with a 
working volume (V) of 1-L and a biofilm growth area (A) of 0.0396 m2. 
Pure cotton was preferred to other fabric materials due to its natural 
origin and absence of synthetic fibers. The initial inoculum of planktonic 
culture of 0.33 g L− 1 and each cylinder operated at a linear velocity of 
0.0346 m s− 1 (6 rpm), meaning that the biofilm is exposed 5 s to air and 
5 s submersed.

Briefly, a two-stage cultivation strategy for astaxanthin production 
was employed, utilizing different reactors under varying photon flux 
densities and nitrogen regimes for 15 days. During the first 7 days of 
each experiment, all reactors were maintained under replete nitrogen 
conditions (green stage). Two reactors were exposed to a photosynthetic 
photon flux density (PPFD) of 50 μmol m− 2 s− 1, while the other two 
were exposed to a PPFD of 200 μmol m− 2 s− 1. After 7 days, the PPFD was 
increased in all reactors to a fixed level of either 400 or 800 μmol m− 2 

s− 1. At this point, the medium of the two reactors was changed to a 
nitrogen-deplete condition (red stage), while the other two were main
tained under replete nitrogen conditions (N-replete). An additional 
experiment was conducted to assess the feasibility of reverting from the 
red stage to the green stage. After growing the biofilms for 14 days, 7 
days under the condition of 200 μmol m− 2 s− 1 (green stage) and 7 days 

Table 1 
Experimental design for model estimation and validation, including datasets 
from [13] and reversion of the red to green stage.

Stages Light Intensity (PPFD) N-conditiona Model

Initial Final

Only Green Stage 50 400 N+ Estimation
200 400 N+ Estimation
50 800 N+ Validation

200 800 N+ Estimation
Green to Red Stage 50 400 N- Estimation

50 800 N- Estimation
200 800 N- Estimation

Reversion 200 400 N-/N+ Validation

a N+ represent the growth medium (Bristol) with the normal Nitrate con
centration. N- represents the Bristol medium without Nitrate to stimulate the red 
stage.
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under 400 μmol μmol m− 2 s− 1 N-deplete (red stage), nutrients were 
reintroduced into the system while the light intensity was maintained at 
400 μmol m− 2 s− 1. Biofilm traits were monitored over the subsequent 7 
days, and the experimental results were compared with the model's 
predictions.

2.2. Rotating system and dark-light cycles

Cultivation strategies such as constant light or dark-light cycles can 
positively or negatively influence growth rates. A rotating system rep
resents a strategy where implementing these cycles may mitigate pho
todamage by temporally diluting light exposure, allowing microalgae 
cells to experience alternating light/dark (L/D) cycle [43–45]. In this 
study, the rotating biofilm-based system was operated at 6 rpm [13], 
which means a time-cycle of 10 s for light. According to Fierro Ulloa 
et al. [46], growth rate can be averaged in time and expressed as a 
function of the average PPFD. Moreover, Combe et al. [47] suggests that 
under fluctuating light conditions, chlorophyll content is primarily 
influenced by average light intensity rather than peak levels. Here, we 
discuss the model assuming that incident PPFD (I0) is averaged over the 
duty cycle, π, represented from now on as I0 = I0/π (Fig. S1, Eq. S1 and 
S2).

3. Model development

The mathematical model for astaxanthin production in microalgae 
biofilms comprises a set of equations describing the dynamics of six state 
variables, quantified either in terms of mass concentration of carbon (C) 
or nitrogen (N) (Table 2).

The model is designed assuming the following (Fig. 1 and Table 2): 

1. The establishment of the biofilm begins with an initial adhesion 
phase independent of the light intensity, where cells transition from 
the planktonic culture (xL) to the cotton carriers, governed by a 
physical constant, k (adhesion rate), eq. (1).

2. The model represents the biofilm thickness (h), assuming a constant 
and uniform carbon-specific biofilm density (ρC) across the biofilm 
matrix on the cotton carrier. This implies that the biomass grows 
uniformly along the vertical axis, with a fixed area. Consequently, 
the relationship between biomass X (in terms of C) and biofilm 
thickness (h) can be expressed as h = X/ρC . The second term of the 

equation 
(

k⋅xL
V
A

)

accounts for the transfer of biomass from the 

planktonic culture to the cotton carriers.
3. The carbon-specific gross growth rate (μ) is dependent on the 

average PPFD 
(

I0 = I0/π

)

, chlorophyll-a quota (θ) (which varies 

with biofilm depth) and intracellular nitrogen quota (q) following 
the Droop Model, (Fig. 1A).

4. The loss of biomass is represented by a single respiration term (R), 
which occurs continuously and independently of light or carbon 
synthesis. The net growth rate becomes negative when the light 

intensity received by cells within the biofilm falls below the light 
compensation point. At the minimum intracellular nitrogen quota 
(qmin) or when light intensity is zero, the net growth rate equals − R 
(Fig. 1A).

5. The substrate uptake rate follows Michaelis-Menten kinetics, down
regulated by the nitrogen quota (q), and q is constant over the biofilm 
depth (Fig. 1B).

6. Chlorophyll-a quota (θ) is proportional to the intracellular nitrogen 
quota (q) with a coefficient of proportionality that is a decreasing 
function of the PPFD (I) (Fig. 1C). It is therefore increasing with 
depth.

7. Astaxanthin quota (w) is described as a function of chlorophyll-a (θ) 
at equilibrium (Fig. 1D).

3.1. Light irradiance

Photosynthetic cultivation systems rely on light transfer, affecting 
growth kinetics. In planktonic cultures, light absorption is primarily 
determined by the fraction of photosynthetic pigments in the biomass 
and cell scattering [48]. The behavior of light in suspensions and bio
films is similar. However, biofilms have unique properties like denser 
structure, extracellular polymeric substances (EPS), less water content, 
and shorter light path. Therefore, the scattering term can generally be 
disregarded, with the biofilm thickness causing the most significant 
attenuation, with minimal contribution of pigments [49]. Therefore, 
light attenuation in biofilms is modeled using the Beer-Lambert Law 
with a single parameter for the extinction coefficient (ϵ), where the 
average incident PPFD (I0, diluted by the duty cycle) decreases with 
depth z, with z always being a negative value from z ∈ [ − h,0]: 

I(z) = I0⋅eϵz (7) 

3.2. Droop model and substrate uptake

The Droop Model [50,51] is a well-established framework for pre
dicting microalgal dynamics behavior under nitrogen-limited conditions 
[52]. The model highlights that microalgae can continue to grow even 
after the limiting nutrient (S) in the liquid has been depleted, requiring a 
minimum intracellular nitrogen quota (qmin) of nutrients for growth to 
occur. The rate of change of the internal concentration of nitrogen is 
described as the difference between nitrogen assimilation and remi
neralization (Supplementary Materials). 

q̇ = rS(S, q) − μ(h, q)q (8) 

The carbon-specific nitrogen uptake rate (rS) is driven by the 
Michaelis-Menten kinetics of the dissolved inorganic nitrogen concen
tration (S). It is assumed to decrease with the intracellular nitrogen 
quota and to stop upon reaching qmax. 

rS

(

S, q
)

= rSmax

S
S + KS

(
qmax − q

qmax − qmin

)

(9) 

Table 2 
Model state variables, initial conditions and dynamic equations.

State Variables Init. Cond. Units Dynamic Equations

Planktonic Cells in Liquid Phase (xL) 330 gC m− 3 ẋL = − k⋅xL (1)
Biomass Areal Density in Biofilm (X) 1.25 gC m− 2

Ẋ = [μ(h, q) − R]X+ k⋅xL
V
A

(2)

Substrate Concentration (S) 100 gN m− 3
Ṡ = − rS

(

S,q)
(

X
A
V
+ xL

)
(3)

Internal Nitrogen Quota (q) 0.13 gN gC
− 1 q̇ = rS(S,q) − μ(h,q)q (4)

Chlorophyll-a Quota (θ) 0.028 gChl-a gC
− 1 θ̇ = δθ [θ(h, q) − θ ] (5)

Astaxanthin Quota (w) 0.0025 gAstx gC
− 1 ẇ = δw[w(h, q) − w] (6)
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where rSmax [gN gC
− 1 d− 1] for sake of simplicity is equal to μmax × qmax 

[53,54], and KS is the nitrogen half-saturation constant [g m− 3].

3.3. Growth rate

Net growth rate is given by the difference between growth and 
respiration. The growth rate is described as a function of PPFD (I) and 
intracellular nitrogen quota (q) by a Haldane-type equation [55]: 

μ(I(z), θ(z), q) = μ̃ I

I + μ̃
α(θ)

(
I

Iopt
− 1

)2

(

1 −
qmin

q

)

(10) 

parameterized by α, the initial slope of μ [d− 1], independent of the PPFD 
but dependent on the chlorophyll quota (θ) in a way that α(θ) = αChlθ 
(αChl is the initial slope of a chlorophyll-specific growth rate) [56]; and 
by ̃μ, which becomes μmax when q = qmax and I = Iopt , Fig. 1 and eq. (S9).

Experimental evidence from perfectly mixed photobioreactors sug
gests that photosynthetic efficiency increases with depth, implying that 
microalgae cells respond almost instantaneously to variations in light 
intensity [57–59]. In biofilms, where cells are immobilized, accurate 
modeling of the light intensity reaching each cell becomes critical for 
predicting the microalgae growth rate. Thus, the average growth rate, 
μ(h, q) is calculated by integrating the local growth rate along the 

fi

Fig. 1. Graphical summary of the dependencies of net growth rate (μ − R), nitrogen assimilation (rS), chlorophyll-a quota (θ), and astaxanthin quota (w) dynamics on 
environmental and physiological variables. (A) The net growth rate represents the balance between carbon-specific growth μ and respiration (R) rates. It is defined as 
a Haldane-type function of PPFD (I), intracellular nitrogen quota (q), and chlorophyll-a quota (θ). This function is parameterized by the initial slope (αChlθ) and the ̃μ 
that yields the maximum growth rate μmax) at the maximum intracellular nitrogen quota (qmax) under optimal light PPFD (Iopt). The net growth rate becomes negative 
when the light intensity received by cells within the biofilm falls below the light compensation point. At the minimum intracellular nitrogen quota (qmin) or when 
light intensity is zero, the net growth rate equals − R. (B) The carbon-specific nitrogen assimilation rate (rS) is assumed to be driven by the Michaelis-Menten kinetics 
of the dissolved inorganic nitrogen concentration (S), parameterized by a maximum nitrogen uptake rate (rSmax ). The maximum uptake rate occurs at qmin and is 
downregulated at higher values until it ceases at qmax. (C) Chlorophyll-a quota (θ) is proportional to the intracellular nitrogen quota (q) with a coefficient of pro
portionality that is a decreasing function of PPFD (I). This function is parameterized by species-dependent parameters: a light inhibition coefficient (KI) and a 
chlorophyll-a yield (γm). θmin is found at high I and qmin, while θmax is found at low I and qmax. (D) Astaxanthin quota (w) is a function of chlorophyll-a quota at 
equilibrium. It assumes that the effects of light and intracellular nitrogen quota on astaxanthin are similar to those on chlorophyll. It describes that when stress 
conditions are too high (reaching a θmin), the cells do not have the available photosynthetic machinery to produce astaxanthin. Therefore, there is an optimal 
chlorophyll quota (η) where the astaxanthin quota is maximum. Basal levels of astaxanthin are detected at θmax.
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biofilm's thickness h, ranging from the biofilm surface at z = 0 to the 
substrate at z = − h: 

μ
(

h, q
)

=
1
h

∫ 0

− h
μ
(

I
(

z
)

, q
)

dz (11) 

3.4. Astaxanthin and chlorophyll dynamics

Microalgae can cope with varying light intensities by adjusting their 
photosynthesis response and their pigment content through photo
acclimation. Specifically, cells acclimated to low irradiance exhibit a 
higher chlorophyll content compared to those acclimated to high irra
diance, given the same intracellular nitrogen quota [56]. Additionally, 
the concentration of chlorophyll-a is closely linked to proteins within the 
pigment-protein complexes of the photosynthetic machinery [19]. 
Therefore, under nitrogen-depleted conditions, these complexes are 
significantly impaired.

Chlorophyll and nitrogen dynamics are tightly coupled with astax
anthin synthesis/degradation in Haematococcus lacustris. Experimental 
data and microscopy observations have shown an inverse correlation 
between the levels of astaxanthin in lipid bodies and chlorophyll 
[60–62], suggesting that the products from the degradation of chloro
phyll may be utilized in the synthesis of astaxanthin [63]. Therefore, in 
this study, we model for the first time astaxanthin as a function of 
chlorophyll dynamics, based on the well-established understanding of 
chlorophyll photoacclimation dynamics. This methodology reduces the 
number of parameters needed for estimation, ensuring a direct and 
conservative relationship between the new dynamic equation and the 
documented mechanisms of chlorophyll synthesis, sharing the same 
dependencies on light and intracellular nitrogen quota.

Chlorophyll density (Chl) [Chl-a m− 2] once photoacclimated is 
assumed to be proportional to cellular proteins, represented by the 
particulate nitrogen Xq [64], with a proportionality factor γ(I)
depending on light intensity [64]. By introducing the chlorophyll quota 
(θ) (Chl/X) [Chl-a gC

− 1], this relationship can be formulated as: 

θ∗ = γ(I)q (12) 

γ
(

I
)

= γm
KI

I + KI
(13) 

where KI is a light inhibition constant [μmol m− 2 s− 1], and γm is a 
chlorophyll-a yield term [Chla gN

− 1] representing the capacity of nitrogen 
to support photosynthesis and growth [65].

The dynamics of θ are modeled as first-order dynamics where θ tends 
to adapt towards a steady state value (θ*) influenced by a photo
acclimation rate constant (δθ) [d− 1]; [21,52]. Since the biofilms are not 
in a steady state and pigment concentrations in each individual layer are 
not directly measurable, experimental data typically reflect the average 
pigment content across the biofilm. In biofilms, gradients of both chlo
rophyll and astaxanthin are observed across depth [16,66]. To account 
for this, we apply the same methodology used for calculating the 
average growth rate, Eq. (10), computing the chlorophyll quota across 
different layers of the biofilm and the subsequent average. By combining 
Eq. (11) and Eq. (12), we derive: 

θ
(

h, q
)

=
γm⋅q

h

∫ 0

− h

KI

I(z) + KI
dz (14) 

θ̇ = δθ(θ − θ) (15) 

The astaxanthin quota (w) is modeled as a function of chlorophyll-a 
quota at equilibrium (Eq. (15), Fig. 1D). This assumes that the effects of 
light and intracellular nitrogen quota on astaxanthin are similar to those 
on chlorophyll, with an optimal chlorophyll-a quota (η) [gChl-a gC

− 1] 
where the astaxanthin quota is maximal, as shown in Eq. (16). 

w∗ = w̃⋅θ∗⋅e−
θ∗
η (16) 

wmax = w̃
η
e

(17) 

Given the dynamic and non-steady state of the astaxanthin- 
chlorophyll relationship observed in vivo, we model the astaxanthin 
dynamics (ẇ) in a manner analogous to the chlorophyll dynamics (θ̇) 
presented in Eq. (14). The average astaxanthin quota, w(h, q) is 
computed using the chlorophyll quota derived from Eq. (13) and 
incorporated into Eq. (15). These dynamics are governed by a constant 
rate δw [d− 1], which accounts for both the stress-induced accumulation 
of astaxanthin and its degradation when environmental conditions 
become more favorable. 

ẇ = δw

⎡

⎣w̃⋅θ⋅e−
θ
η − w

⎤

⎦ (18) 

3.5. Parameter estimation and model validation

3.5.1. Parameter estimation
The experimental datasets that were collected under various culti

vation conditions are partitioned into estimation and validation datasets 
(Table 1). The model predictions for the calibration set are reported in 
supplementary materials (Fig. S2–7).

The complete model comprises 15 parameters, of which 10 were 
estimated using maximum likelihood estimation (MLE) and statistical 
confidence analysis with gPROMS v7.0 software (Siemens Process Sys
tems Engineering) [67]. These estimated parameters are grouped into 
the following categories: 

• Intracellular nitrogen quota parameters: qmin and qmax
• Growth parameters: μmax, Iopt and αChl

• Chlorophyll parameters: γm and KI

• Astaxanthin parameters: w̃, η and δw

The remaining six parameters were fixed based on experimental 
observations and literature values: 

• Adhesion rate (k): Fixed at 0.17 d− 1 based on the measured decrease 
in planktonic biomass concentration from 330 to 100 gC m− 3 over 7 
days in this study;

• Photoacclimation rate (δθ): This rate has been reported to be pro
portional to the specific growth rate (μ) or as a constant positive 
value when microalgae are illuminated, and zero in the absence of 
light [68,69]. Here, δθ was set equal to μmax. This choice aligns with 
the timescales of the photoacclimation process, implying a biological 
limit that cannot exceed the maximum growth rate, while the actual 
chlorophyll-related processes are regulated by the dynamics of light 
and intracellular nitrogen quota within the biofilm;

• Extinction coefficient (ϵ): The parameters αChl and ϵ cannot be 
determined independently. While the extinction coefficient is 
species-dependent in liquid cultures [70], it remains relatively 
conserved across biofilms (Table 3). Moreover, the extinction coef
ficient has also been estimated by measuring oxygen profiles within 

Table 3 
Extinction coefficient for different microalgae biofilms.

Species Extinction Coefficient References

Scenedesmus obliquus 2.12× 104 [74]
Halochlorella rubescens 2.0 − 3.5× 104 [72]
Chlamydomonas reinhardtii 1.8× 104 [75]
Chlorella vulgaris 11.6× 104 [76]
Haematococcus lacustris 2.0× 104 This work
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the biofilm's depth. Studies by [71–73] demonstrated that oxygen 
production decreases as light intensity falls below the light 
compensation point. Therefore, we performed oxygen microprofiling 
experiments (Fig. S8 and S9) and determined the photosynthetically 
active zone of the biofilm for each incident light, estimating ϵ, by 
fitting eq. (7), to be 2 × 104 m− 1. While this value is at the lower end 
of those reported in the literature, it remains within the same order of 
magnitude. This difference may be attributed to the larger size of 
H. lacustris cells, which are less densely packed, allowing deeper light 
penetration within the biofilm, consistent with observations by 
Kiperstok et al. [66];

• Carbon-specific biomass density (ρC): Mature biofilms exhibit a 
biofilm thickness (h) of approximately 700–900 μm for a biomass 
areal density of 24–31 gC m− 2 [77], implying a carbon-specific 
biomass density of 35 × 103 gC m− 3 (ρC = X/h). Other researchers 
[76,78] estimated their biofilm densities to be around 60–80 × 103 

gC m− 3 explaining their higher extinction coefficient and giving 
merit to the aforementioned hypothesis that H. lacustris are less 
densely packed;

• Nitrogen Half-Saturation Constant (KS): Half-saturation concentra
tions for nitrate uptake among freshwater microalgae, typically fall 
in the range of 0.3–3 μM of N. Therefore, KS was fixed to an average 
value of 0.7 μM of N or 0.01 gN m− 3 [79,80];

• Respiration Rate (R): Set to 10 % of μmax [1,81]. Other approaches 
have modeled respiration by incorporating the cost of biosynthesis 
(proportional to the substrate uptake rate, rS) [42,69,82]. However, 
it is widely reported that respiration increases during nitrogen star
vation in H. lacustris [83–85], which would contradict a model where 
respiration is directly tied to substrate uptake.

The measured outputs for the model include the biomass areal 
density in the biofilm, as well as the intracellular nitrogen, chlorophyll, 
and astaxanthin quotas, which represent four of the six state variables 
from Table 2. Standard deviations (σ) were assigned to each output to 
account for experimental errors in biomass quantification, pigment 
extraction, and elemental analysis [13]. These deviations are depicted as 
error bars in the plots in the Supplementary Materials. Given the vari
ability of these errors across the dataset, representative standard de
viations were established: σX at 1 gC m− 2, σq at 0.005 gN gC

− 1 and both σθ 

and σw at 0.002 gN gC
− 1.

3.5.2. Model validation
Model validation was performed using independent datasets not 

employed in the parameter estimation (Table 1). Error bars in the plots 
represent the measured experimental standard deviations of each vari
able. For the reversion dataset with single measurements, individual 
data points are presented without error bars.

To integrate parameter uncertainties into the model predictions, a 
95 % confidence envelope was generated around the nominal model 
trajectory. This was achieved by sampling parameter sets within their 
respective 95 % confidence intervals obtained from the MLE. The model 
was simulated for each parameter set, and the confidence envelope was 
constructed by identifying the maximum and minimum values across all 
simulations at each time point.

3.6. Optimization

In rotating systems, continuous operation implies that biofilms are 
harvested from the carrier while the remaining colonies on the substrate 
serve as inoculum for the next growth cycle [78,86,87].

As a case study, we develop an optimization strategy to maximize 
astaxanthin density, Pw(t) [gAstx m− 2], defined as the product of biomass 
density, X(t), and astaxanthin quota, w(t). The optimization variables 
consist of the light intensity time profile (0 ≤ I0(t) ≤ 2000 μmol m− 2 

s− 1), as well as the harvesting times, tf. We assume that after harvesting, 

a new cycle is initiated with an initial condition of 1.25 gC m− 2 

(equivalent to 35 μm of residual biomass on the carrier), maintaining the 
physiological conditions of the previously harvested biomass, in terms of 
q, w and θ. Nutrients are reintroduced to the system immediately after 
harvesting at an initial nutrient concentration of 100 gN m− 3, replicating 
the conditions employed in the experimental campaign. It is assumed 
that no planktonic culture is added to the system.

4. Results

4.1. Parameter estimation and model validation

The model describes all biofilm traits, the key stages of the 
H. lacustris life cycle, overall biofilm growth, and reversibility from the 
red to the green stages (Figs. 2 and 3). Values of the estimated param
eters and their 95 % confidence intervals are reported in Table 4
(variance and correlation matrices are available in Table S1 and S2). All 
parameters were identifiable with statistical significance and closely 
matched biological features found in the literature for both experimental 
and modeling approaches on H. lacustris and freshwater phytoplankton.

The model showed good capability in simulating the initial adhesion 
of cells (from Day 0 up to Day 2). During the low light (LL) green stage, 
at light intensities of 50 and 200 μmol m− 2 s− 1, the model accurately 
predicts the light-limited condition and the observed plateau in biomass 
density (Figs. 2A and 3A). As light intensity increases, the model de
scribes the rapid increase in biomass growth in both green and red high- 
light (HL) stages, followed by a slowdown in growth, as nutrient avail
ability decreases.

Chlorophyll and astaxanthin quotas respond significantly to changes 
in light intensity and nitrogen availability. Under nitrogen-replete 
conditions, chlorophyll quota undergoes photo acclimation during 
both the LL and HL stages (Figs. 2C and 3C). There is an initial reduction 
in chlorophyll content at 200 μmol m− 2 s− 1 compared to 50 μmol m− 2 

s− 1, followed by a recovery between Days 4 and 7 as biofilm thickness 
increases and light is attenuated. A similar trend was observed in the HL 
stage, where increased light intensity induces a decrease in chlorophyll 
quota (Fig. 2C). These chlorophyll dynamics directly influenced astax
anthin levels, which follow similar trends with an increased accumula
tion of astaxanthin under higher PPFD, even when nutrients are 
available (Fig. 2D).

The intracellular nitrogen quota is also well described by the model, 
particularly once the substrate is depleted from the reactor. Nitrogen 
was removed on Day 7 for nitrogen-depleted conditions, or fully 
consumed between Days 12 and 15 for nitrogen-repleted conditions 
(data not shown). The model predicts this nutrient consumption and the 
resultant physiological adjustments within the biofilms. As nitrogen is 
depleted, there is a concurrent decrease in intracellular nitrogen quota 
(Figs. 2B and 3B) and chlorophyll quota (Figs. 2C and 3C), alongside an 
accumulation of astaxanthin within the cells, a stress response that is 
acting synergistically with the higher light intensity (Figs. 2D and 3D).

In the final set of experiments (Fig. 3), nitrogen is reintroduced into 
the medium at Day 14 to assess the reversibility of H. lacustris from the 
red to the green stage. Experimentally, with the substrate re- 
introduction, biomass growth restarts, the intracellular nitrogen quota 
is quickly restored and so is the chlorophyll quota to a level that is 
comparable to that observed for biofilms photoacclimated at 400 μmol 
m− 2 s− 1 (Fig. 3B and C). This restoration is followed by the degradation 
of astaxanthin at a slower rate (Fig. 3D).

However, across all experimental conditions, irrespective of light 
intensities and nitrogen levels (Figs. 2A, 3A and Supplementary Mate
rials), the model consistently underestimates biomass densities 
exceeding 15 gC m− 2 when compared to the observed experimental data.

4.2. Biofilm gradients

Measuring growth rate, chlorophyll, and astaxanthin gradients 
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experimentally in a biofilm remains challenging. However, by modeling 
light attenuation over depth, valuable insights into these gradients can 
be obtained at specific time points, including their time evolution. This 
approach enables the prediction of growth rate and the distribution of 
astaxanthin and chlorophyll across the biofilm in order to better un
derstand the physiological processes and dynamics at play that would 
otherwise be inaccessible. These insights are particularly important for 
optimizing cell physiology during harvesting and preparing for subse
quent growth cycles.

Macroscopic and microscopic images of the biofilms are reported in 
Fig. 4A and B where a gradient over depth can be seen. The distribution 
of astaxanthin, chlorophyll and growth rate across biofilm depth is 
depicted in Fig. 4C and D respectively (Day 14 represent astaxanthin- 
dominated biofilm and Day 21 reflects the biofilms after nutrient rein
troduction leading to reversion). On Day 14, astaxanthin levels ranged 
between 3.5 % and 5.0 % of dry weight (DW%), while chlorophyll-a 
levels range between 0.4 and 0.7 DW%. Biofilm stratification is not 
pronounced, with astaxanthin content above 3.5 DW% and chlorophyll 
below 0.7 DW% across the biofilm.

Conversely, at Day 21, the reverted biofilm shows a clear stratifica
tion with cells in different metabolic states (Fig. 4B and C). The upper 
100 μm of the biofilm contains cells in an intermediate state tran
sitioning from red to green stage, with astaxanthin between 1 and 2 DW 
% and chlorophyll-a at 0.9–1.2 DW%. Deep within the biofilm, the 
population is dominated by green-stage cells, exhibiting lower 

astaxanthin content around 0.6 DW% and higher chlorophyll-a content 
around 1.3 DW%.

Both biofilm profiles on Day 14 and Day 21 depict a classical growth 
response over depth (Fig. 4D). Photoinhibition is observed at the surface 
of the biofilms, with optimal growth occurring at 20 μm below the 
surface. Beyond this depth, light limitation becomes more pronounced, 
and respiration dominates over growth after the light intensity falls 
below the compensation point around 70–140 μm.

The observed differences in growth rates before and after reversion 
are driven by the intracellular nitrogen quota. This synergetic interac
tion leads to a net negative growth rate by Day 14 (as shown in Fig. 4D, 
(μ = − 0.05 d− 1), contrasting with the positive net growth rate noted at 
the end of the reversion phase (μ = 0.04 d− 1). Despite the presence of 
high chlorophyll levels (close to θmax), most of the biofilm remains 
metabolically inactive. Biofilm development primarily occurs through 
the accumulation of new cells within the photoactive layer near the 
surface, while deeper layers maintain a state of relative metabolic 
dormancy.

4.3. Optimization strategy

One of the model's key applications is the optimization of astax
anthin production in biofilm technology. The harvesting frequency and 
light conditions resulting from the optimization analysis for maximizing 
astaxanthin density (Pw) are shown in Fig. 5.

Fig. 2. Model prediction (dashed lines) compared with experimental data for a green stage only scenario (filled markers with error bars, number of replicates, n = 2). 
Growth conditions are as follows: from Day 0 to Day 7, the green stage at 50 μmol m− 2 s− 1 under nitrogen-replete conditions (N+); from Day 8 to Day 15, nutrients 
are reintroduced to the medium (N+), and light is increased to 800 μmol m− 2 s− 1. Each panel depicts a biofilm trait: (A) biomass density [gC m− 2], (B) intracellular 
nitrogen quota [gN gC

− 1], (C) chlorophyll quota [gChl-a gC
− 1], and (D) astaxanthin quota [gAstx gC

− 1]. The 95 % confidence interval is represented by the grey area 
enveloping the model prediction. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The first production cycle starts on Day 0, under the same conditions 
as the experimental design used for parameter estimation (Table 2). The 
strategy elaborated by the optimization algorithm was to gradually in
crease light exposure from ~515 μmol m− 2 s− 1 to the maximum of 2000 
μmol m− 2 s− 1 during the first 81 h, then the strategy consisted of 
maintaining it at its maximal value until the biofilm is harvested.

Nutrients are depleted by Day 9, and biofilm thickness of 396 μm is 
harvested by Day 16, leaving 35 μm of biomass on the cotton carrier. 
This residual biomass is crucial for restarting the next cycle; it retains an 
intracellular nitrogen quota of 0.058 gN gC

− 1, a chlorophyll quota of 
0.012 gChl-a gC

− 1 (content of ~0.621 DW%), and an astaxanthin quota of 
0.070 gAstx gC

− 1 (~ 3.63 DW%). Due to stratification, the average 
astaxanthin content of the harvested biomass is higher (while average 
chlorophyll content is lower) than that of the cells at the biofilm's bot
tom layer, a difference evident at the end of one cycle and the beginning 
of the next (Fig. 5E).

The next cycle begins immediately after harvesting, with nutrients 
reintroduced into the system. This cycle differs from the first, as the cells 
left on the cotton carrier are under stress and must undergo reversion. 
The light intensity is again increased gradually, from a slightly lower 
light intensity ~495 μmol m− 2 s− 1 and over a longer period of 94 h. This 
gradual increase helps maintaining the average light level near the 
optimal intensity within the biofilm (Fig. 5C), supporting biomass 
growth before imposing another stress. The intensity of 2000 μmol m− 2 

s− 1 is then applied until the biofilm is harvested. By Day 9, nutrients are 
again depleted, and after 16.5 days, 390 μm of biofilm is harvested. A 

third cycle is repeated with similar optimized light conditions, finally 
achieving a steady-state. The steady-state cycle is shown as the fourth 
cycle in Fig. 5: 390 μm of biofilm is harvested, retaining 0.058 gN gC

− 1, a 
chlorophyll quota of 0.012 gChl-a gC

− 1 (~ 0.622 DW%), and an astax
anthin quota of 0.07 gAstx gC

− 1 (~ 3.65 DW%).

5. Discussion

5.1. Astaxanthin models

The proposed dynamic model is the first to describe the production of 
high-value compounds (i.e. astaxanthin) using rotating microalgae 
biofilms. It captures the complex dynamics of biofilm growth and 
composition, demonstrating high accuracy in predicting physiological 
responses to varying light intensities, nitrogen availability and cultiva
tion stages.

Existing models describing astaxanthin production in H. lacustris are 
mostly limited to planktonic cultures. The works of Del Río et al. [33,94] 
and García-Malea et al. [34,95,96] assessed a one-stage production 
model in which growth and astaxanthin accumulation are functions of 
light, accounting for photolimitation and photoinhibition, as well as 
specific nitrate input. Astaxanthin production is modeled using the 
Luedeking-Piret equation, wherein the growth-independent term of the 
specific accumulation rate of astaxanthin depends on the average light 
intensity and is modulated by a substrate limitation-inhibition function. 
These models are simple and accurately track experimental data even in 

Fig. 3. Model prediction (dashed lines) compared with experimental data for a reversion scenario – green to red back to green (filled markers with error bars, 
number of replicates, n = 3). Growth conditions are as follows: from Day 0 to Day 7, the green stage at 200 μmol m− 2 s− 1 under nitrogen-replete conditions (N+); 
from Day 8 to Day 14, the red stage at 400 μmol m− 2 s− 1under nitrogen-deplete conditions (N-); from Day 15 to Day 21, nutrients are reintroduced to the medium 
(N+), light is maintained at 400 μmol m− 2 s− 1, and the biofilm reverts from the red to the green stage (n = 1). Each panel depicts a biofilm trait: (A) biomass density 
[gC m− 2], (B) intracellular nitrogen quota [gN gC

− 1], (C) chlorophyll quota [gChl-a gC
− 1], and (D) astaxanthin quota [gAstx gC

− 1]. The 95 % confidence interval is 
represented by the grey area enveloping the model prediction. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)

D. Morgado et al.                                                                                                                                                                                                                               Algal Research 91 (2025) 104201 

8 



large outdoor systems, but estimated parameters, such as maximum 
growth rates, showed significant variability even for the same species 
and reactor, ranging from 0.64 to 2.64 d− 1. Zhang et al. [37] presented 
the first and sole model describing astaxanthin and biomass production 
in an attached cultivation system, assessing the effects of light attenu
ation, temperature, and nitrogen-depletion conditions. The maximum 
growth rate reported aligns with our findings (0.783 d− 1 at 25 ◦C). Their 
approach uses a normalized nitrogen quota, expressed on a dry weight 
basis, to address the lack of direct measurements, with a minimum quota 
significantly higher than our findings (0.165 gN/gDW ~ 0.08 gN gC

− 1). 
Their model suggested that nitrogen deficiency initially stimulates 
biomass growth, contrasting with our standard Droop approach. Addi
tionally, Zhang et al. [37] proposed a maximum astaxanthin content of 7 
DW%, which is higher than both the typical values reported in the 
literature and our estimation of 5.4 DW%.

The main strength of the model developed in this study, compared to 
the previously described models, is that astaxanthin is for the first time 
modeled as a function of chlorophyll dynamics, based on the well- 
established understanding of photoacclimation dynamics. This meth
odology is based on physiological mechanisms such as chlorophyll 
synthesis, sharing also dependencies on light and intracellular nitrogen 
quota.

5.1.1. A new modeling approach to predict astaxanthin dynamics
The main novelty in our model lies in establishing a correlation be

tween chlorophyll and astaxanthin cell dynamics, ensuring that de
pendencies on light and nitrogen simultaneously affect both state 
variables, reducing the number of parameters and conserving biological 
features. It posits that astaxanthin dynamics are guided by those of 
chlorophyll at an equilibrium, determined by the acclimation rates δθ 

and δw. The chlorophyll rate δθ was fixed equal to μmax, while the 
astaxanthin rate δw was lower, suggesting that chlorophyll degradation 
occurs faster than astaxanthin accumulation. This aligns with the 
sequence of metabolic events observed in response to nitrogen starva
tion and high light: inhibition of chlorophyll biosynthesis occurs 

alongside a decline in photosynthetic activity and activation of the 
xanthophyll cycle [85]. Starch accumulates and is later degraded in 
favor of fatty acid synthesis [97,98]. Carotenogenesis is triggered, and 
β-carotene is exported from the chloroplast to the endoplasmic reticu
lum, where it is converted into astaxanthin and esterified with lipid 
droplets [99]. These mechanisms lead to the formation of mature hae
matocysts, characterized by a significant decline in chlorophyll and 
metabolic activity, with photoprotection primarily provided by astax
anthin optic shielding [100].

The activation of photoprotective mechanisms and the disruption of 
the photosynthetic apparatus limit cells ability to efficiently utilize light 
for astaxanthin synthesis. In our model, the proposed chlorophyll- 
astaxanthin equation identifies an optimal chlorophyll quota that max
imizes astaxanthin production, Eq. (15). Beyond this optimal point, any 
further reduction in chlorophyll results in a decline in astaxanthin levels 
(Fig. 1D). This phenomenon has also been observed by Samhat et al. 
[101,102], who correlated astaxanthin productivity with the mean light 
absorption rate of H. lacustris biomass. Notably, our equation aligns with 
their experimental findings (R2 = 0.90, Fig. S10).

5.1.2. Model improvements
The model matches the observed data at all life cycle stages, high

lighting its ability to simulate dynamic environmental changes and their 
impact on biofilm physiology. However, some discrepancies remain, 
particularly in biomass predictions. The model underestimates biomass 
densities above 20 gC m− 2 for both nitrogen-replete and nitrogen- 
deplete conditions, predicting a much slower growth compared to 
experimental observations (Fig. 2A and Fig. 3A, calibration experi
mental datasets in Supplementary Materials, Fig. S2–7). This inaccuracy 
can be predominantly explained by the life cycle of H. lacustris. In the red 
stage, while cell division stops, biomass continues to increase due to the 
accumulation of starch and lipids, leading to a higher carbon-per-cell 
ratio [6,103]. This aspect, not accounted for in the current model, 
could be improved by incorporating cell cycle dynamics, division, and 
size variation [104]. Additionally, measurements of the harvested 

Table 4 
Model parameters, including fixed variables and estimated parameters using maximum likelihood estimation (MLE) and respective standard deviation (std) and 95 % 
confidence intervals (CI).

Parameter Value ± std 95 % CI Unit Equation Literature

k 0.17 – d− 1 Fixed –
ρC 35 × 104 – gC m− 3 Fixed 60 to 80 × 104

ϵ 2 × 104 – m− 1 Fixed 1.8 to 11.6 × 104

δθ = μmax 0.982 ± 0.024 (0.936, 1.029) d− 1 Estimated 0.65 to 1.3
R 10 % μmax – d− 1 Fixed 10 % μmax
α 0.021 ± 0.002 (0.017, 0.024) d− 1 αChl × μmax 0.007 to 0.13
αChl 0.662 ± 0.055 (0.553, 0.771) d− 1 Estimated 0.5 to 1.5
Iopt 94 ± 9 (77, 111) μmol m− 2 s− 1 Estimated 50 to 177
qmax 0.149 ± 0.001 (0.147, 0.151) gN gC

− 1 Estimated 0.14 to 0.35
qmin 0.051 ± 0.002 (0.047, 0.055) gN gC

− 1 Estimated 0.023 to 0.058
KS 0.01 – gN m− 3 Fixed 0.004 to 0.04
rSmax 0.146 ± 0.004 (0.139, 0.154) gN gC

− 1 d− 1 μmax × qmax 0.003 to 0.147
γm 0.211 ± 0.004 (0.204, 0.218) gChl-a gN

− 1 Estimated 0.11 to 0.35
KI 251 ± 65 (123, 380) μmol m− 2 s− 1 Estimated > 175
w̃ 46.9 ± 2.7 (41.6, 52.2) gAstx gC

− 1 Estimated –
η 0.0060 ± 0.0001 (0.0058, 0.0062) gChl-a gC

− 1 Estimated –
δw 0.367 ± 0.032 (0.304, 0.430) d− 1 Estimated –
θmax 1.42 ± 0.03 (1.36, 1.47) DW%a γm × qmax 1.0 to 1.5 %

θmin 0.06 ± 0.02 (0.03, 0.09) DW%a b < 0.2 %

wmax 5.38 ± 0.033 (4.74, 6.03) DW%a w̃
η
e 5 %

μmax: [88,89]; αChl: [56]; α, rSmax: [80]; qmax, qmin : [80,90,91]; Iopt ,KI ,wmax : [6,30]; γm: [42,64,91]; θmax,θmin: [92].
a Literature values usually are reported in terms of pigment content as a percentage of dry weight [DW%]. To convert quota [g gC

− 1] to DW%, it is assumed that during 
the green and red stages, elemental carbon represents 45–52 DW% [13,93];

b θmin can be found using Eq. (12) and Eq. (13) at steady state, for a single cell at qmin and at the surface of the biofilm exposed to a light intensity of 2000 μmol m− 2 

s− 1.
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Fig. 4. Gradients of astaxanthin, chlorophyll and growth rate over biofilm depth. (A) Macroscopic view of a red-stage biofilm Haematococcus lacustris biofilm on a 
cotton carrier. A region of the biofilm was manually removed (highlighted area) to expose the underlying layer of green cells on the cotton substrate. (B) Stereoscopic 
microscope image of the region outlined in (A), showing the biofilm stratification. On the left, the biofilm remains intact, displaying predominantly large red 
haematocycsts (astaxanthin-rich). On the right, the exposed area reveals the bottom layer of the biofilm consisting of a mixture of green and red cells of varying sizes. 
(C) Profile of astaxanthin and chlorophyll-a content (DW%) across the biofilm depth for the experimental campaign of biofilm reversion. Dashes lines represent the 
end of the red-stage in an astaxanthin-dominant biofilm (Day 14). Solid lines correspond to Day 21, the end of the experiment after nutrient reintroduction leading to 
reversion. (D) Specific growth rate at Day 14 and Day 21: the average net growth rate over the biofilm cross-section is μ = − 0.05 d− 1 and μ = 0.04 d− 1 at Day 14 
and Day 21, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

( (

(
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Fig. 5. Evolution of the biofilm traits over multiple production cycles (66 days): a first cycle to start the processes (16.5 days), followed by two repeated harvest and 
re-growth cycles until a steady state is achieved. (A) Optimized light intensity profile (I0) [μmol m− 2 s− 1]; (B) Average light intensity over the biofilm depth (Iavg) 
[μmol m− 2 s− 1]; (C) Biomass density (X) [gC m− 2]; (D) Intracellular nitrogen quota (q) [gN gC

− 1] (solid line) and substrate concentration (S) [gN m− 3] (dashed line); (E) 
Average chlorophyll quota (θ) [gChl-a gC

− 1] (solid line) and average astaxanthin quota (w) [gAstx gC
− 1] (dashed line); (F) Astaxanthin density, Pw [gAstx m− 2] maximized 

in the objective function.
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biofilm's dry weight and elemental composition include not only cells 
but also extracellular polymeric substances (EPS) and other cell struc
tures that are excreted after cell division (e.g., theca) [105,106]. All 
these components were excluded from the model due to a lack of direct 
measurement, but their inclusion could help better capture biofilm 
growth dynamics in future work.

To further enhance the model, a more detailed biofilm profile could 
be developed using a spatially distributed model that incorporates EPS 
and additional compounds. Describing substrate diffusion within the 
biofilm and dissolved inorganic carbon gradients [25,107] would enable 
the computation of nutrient requirements to support growth and selec
tively target astaxanthin production at different biofilm depths. Oxygen 
is another key compound, as its accumulation can significantly inhibit 
growth in both planktonic cultures [108,109] and photosynthetic bio
films [29,110]. On the other hand, oxygen may enhance astaxanthin 
accumulation, as the overproduction of reactive oxygen species (ROS) in 
the cells acts as an additional stressor [111,112]. Finally, incorporating 
transition state models, with accurate light-harvesting parameters and 
dynamically implementing dark-light cycles would be beneficial 
[91,113]. However, more research is needed to determine the optimal 
harvesting light parameters for H. lacustris. Limited studies are available 
on the photosynthetic-irradiance response for this species [88,114], as 
well as on measurements of quantum yield and photosynthetic effi
ciency [85,100,115]. These studies highlight the complexity of the 
H. lacustris life cycle and the challenge of accurately and precisely 
determining these parameters experimentally.

5.2. Reversion dynamics and optimization

A two-stage process is traditionally employed for producing astax
anthin in H. lacustris, while a one-stage process would greatly reduce 
operational costs and complexity [33,96,102]. In planktonic systems, a 
two-stage process can jeopardize productivity due to unsynchronized 
and heterogeneous cells, which have lower astaxanthin content and are 
harder to settle down and harvest [116]. In microalgae biofilms, where 
biomass is physically separated from the medium, a two-stage process 
with its physiological advantages can be significantly simplified by 
adopting the operational advantages of a one-stage process [12,13]. This 
can be accomplished through the continuous operation of a rotating 
system, allowing for repeated harvest and regrowth cycles.

In H. lacustris biofilms, the ideal scenario is for astaxanthin to 
accumulate in the top biofilm layer leaving the cells in the bottom layer 
in the green stage, ready for the next cycle. This concept, proposed and 
observed by Kiperstok et al. [12] and Zhang et al. [16], is illustrated in 
Fig. 4A and B. However, mechanically harvesting only the astaxanthin- 
rich layer is challenging, as it represents only a small percentage of the 
biofilm. In a more realistic scenario, where all biofilm layers are har
vested, the remaining cells in tight contact with the carrier must be 
ready for the next cycle [86]. For cells to revert from the red stage, they 
must switch back to the metabolically active green stage before growth 
can resume. This biological reversion needs to be validated to explore 
the development of optimization strategies for continuous production.

5.2.1. Life cycle reversion: from red to green stage
In this study, we demonstrated, both experimentally and mathe

matically, that the reversion from the red to green stage in H. lacustris 
biofilms is possible. The reversion experiment was only performed once, 
as proof of concept, to verify and validate the model capabilities in 
predicting the stage reversion in H. lacustris. Therefore, further experi
ments will be necessary to strengthen the statistical relevance of these 
data. During reversion, chlorophyll amounts were restored more 
rapidly, while astaxanthin degraded slowly as cells recovered and shif
ted their metabolic activity back to growth (Fig. 3). These results are 
consistent with the observations of Samhat et al. [102], who reverted an 
H. lacustris culture in a continuous photobioreactor over 15 days. By day 
10, chlorophyll levels had nearly returned to their previous maximum, 

while astaxanthin remained at half of its maximum content.
Experimentally, the intracellular nitrogen quota in the biofilm does 

not fully revert (Fig. 3B), which may be attributed to the complex 
metabolic reorganization the cells undergo during the recovery phase. It 
is known that recovery from starvation requires a reorganization of the 
proteome (e.g., de novo synthesis of transporters and photosystems), 
structural and compositional adjustments of lipids in thylakoid mem
branes, and relaxation of photoprotective mechanisms [117]. Other 
researchers [118,119] observed that, during reversion, the recovered 
green cells retain higher levels of non-photochemical quenching (NPQ) 
than the initial ones. This serves as a mechanism to protect the new 
green cells from light fluctuations, optimizing light-use efficiency. This 
phenomenon is similar to the priming effect described by Morgado et al. 
[13] in H. lacustris biofilms, where cells primed to mild-stress conditions 
could withstand higher stress and better survive under unfavorable 
conditions. Similarly, cells reverting from red to green may retain stress- 
related characteristics (mid-levels of astaxanthin content) for a period, 
as they were metabolically pre-trained to withstand higher excitation 
pressure.

Partial reversion could also be explained by the loss of activity deep 
into the biofilm. Based on the growth rate profiles over depth (Fig. 4), 
corroborated with experimental observation reported in other studies 
[120,121], photo-limitation and dark respiration can lead to a negative 
net growth rate in the biofilm. Polizzi et al. [29], who modeled 2D 
photosynthetic biofilms, also described that most of the deep layers are 
represented as an inert fraction, with only the outer microalgae 
remaining active and contributing to the functional fraction of the bio
film. This stratification could confine reversion to the top layers, leading 
to discrepancies in the intracellular quotas of nitrogen and pigments 
between the model and experimental observations.

5.2.2. Optimization strategy and future applications
The model successfully predicted reversion dynamics and conse

quent physiological responses (growth and intracellular quotas of ni
trogen and pigments) without prior training on the reversibility 
conditions (Fig. 3). This achievement led to the development of an 
optimization strategy for maximizing astaxanthin density through 
repeated harvest and regrowth cycles (Fig. 5).

The proposed strategy involves adjusting both light conditions and 
harvesting frequency. Maximizing astaxanthin density requires 
balancing periods of active growth, where average light within the 
biofilm is near optimal while nutrients are still available, with periods of 
stress characterized by maximum light intensity and nutrient starvation 
[122]. While these stress conditions trigger astaxanthin synthesis, they 
also lead to biomass loss due to a net negative growth rate, a pattern 
observed in all harvest regrowth cycles (Fig. 5A). Moreover, the opti
mization indicates that once cells are stressed, adjustment in light in
tensity and duration are necessary to revert the cells to an active state 
under nutrient-replete conditions.

Therefore, assessing full-cycle productivities is crucial for astax
anthin production accounting for the idle time between the two stages. 
However, reported astaxanthin productivities in the literature often 
consider only the red stage, overlooking the green stage's contribution 
and the associated operational downtime between growth and stress 
stages. This omission can lead to inflated productivity figures, as seen in 
other studies [12–14,16]. By accounting for the entire growth-stress- 
reversion cycle, a more comprehensive and realistic assessment of 
astaxanthin productivity is provided.

The optimization yielded a full-cycle astaxanthin productivity (ac
counting for both green and red stages) of 0.065 gAstx m− 2 d− 1, 
marginally surpassing the best scenario identified during model cali
bration (0.062 gAstx m− 2 d− 1; Fig. S8). These findings suggest that 
further improvements in astaxanthin productivity will likely result from 
integrated optimization strategies that extend beyond light manipula
tion. Indeed, because nitrogen was not controlled in the current opti
mization and became depleted by day 9 in all harvest regrowth cycles, it 
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emerged as the limiting factor, preventing additional increases in light 
intensity from enhancing astaxanthin accumulation.

Thus, nutrient management strategies such as fed-batch approaches 
that maintain optimal chlorophyll levels should be investigated, similar 
to the one-stage production methods demonstrated in the works of 
Samhat et al. [101,102], Del Río et al. [94], and García-Malea et al. [96]. 
Furthermore, exploring variables such as harvest percentage and alter
native harvesting patterns [29,123], as well as implementing automated 
and precise harvesting mechanisms, could lead to strategies that prevent 
negative growth rates in deeper biofilm layers and improve overall 
productivity.

Finally, coupling the proposed model with technologies capable of 
providing real-time data on biofilm traits without disrupting the biofilm 
structure [77] could empower the development of advanced monitoring 
and control strategies for biofilm-based astaxanthin production pro
cesses [124]. This integration would in turn enhance scalability and 
cost-efficiency, paving the way for the industrial-scale adoption of bio
film technology.

6. Conclusions

A dynamic model was developed to simulate the growth and astax
anthin production in H. lacustris biofilms. The model features a novel 
approach to estimating astaxanthin dynamics based on those of chlo
rophyll, providing a comprehensive model that describes average 
growth rate, light attenuation, intracellular nitrogen, chlorophyll and 
astaxanthin quotas.

The model's predictions closely align with observed data across 
various life cycle stages in all validation datasets, demonstrating its 
ability to effectively simulate dynamic environmental changes and their 
impact on biofilm physiology. We used the model to estimate gradients 
across the biofilm, in particular growth and pigments distribution, based 
on which we could confirm the possibility of dynamically altering the 
life cycle of H. lacustris within a biofilm, transitioning from green to red 
stages and vice versa.

Remarkably, the model predicted the trends of these dynamic 
physiological responses without prior training on reversion data. This 
capability allowed us to develop an optimization strategy to maximize 
astaxanthin density, suggesting that continuous astaxanthin production 
is feasible through repeated harvest and regrowth cycles by optimizing 
light intensity and harvesting frequency, which is essential for scaling- 
up this process at the industrial level.

Future efforts will focus on validating the optimization strategy and 
integrating the model with online monitoring tools. Also, more combi
nations of environmental conditions should be tested to make the model 
more robust under real process conditions where several parameters can 
change in parallel. These steps will further advance the development of 
continuous production systems, facilitating the industrial-scale imple
mentation of biofilm technology for high-value compounds.
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