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Abstract: The increasing cultivation of microalgae in photobioreactors warrants efficient and non-
invasive methods to quantify biomass density in real time. Nephelometric turbidity assessment,
a method that measures light scatter by particles in suspension, was introduced already several
decades ago but was only recently validated as a high-throughput tool to monitor microalgae
biomass. The light scatter depends on the density of the suspended particles as well as on their
physical properties, but so far there are hardly any accounts on how nephelometric assessment
relates to classic methods such as dry weight and spectrophotometric measurement across a broad
biomass density range for different microalgae species. Here, we monitored biomass density online
and in real time during the semi-continuous cultivation of three commercial microalgae species
Chloromonas typhlos, Microchloropsis gaditana and Porphyridium purpureum in pilot-scale photobiore-
actors, and relate nephelometric turbidity to dry weight and optical density. The results confirm a
relatively strong (R2 = 0.87–0.93) and nonlinear relationship between turbidity and biomass density
that differs among the three species. Overall, we demonstrate how nephelometry can be used to mon-
itor microalgal biomass in photobioreactors, and provide the necessary means to estimate the biomass
density of the studied species from turbidity data to facilitate automated biomass monitoring.
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1. Introduction

Microalgae cultivation is gaining interest due to the anticipated wealth of application
opportunities in a wide range of economic sectors [1,2]. Because microalgae are highly
diverse, they can be cultivated in various technical systems including in open tanks and
raceway ponds, or in closed (photo) bioreactors to allow for tightly controlled operating
conditions [3]. Photobioreactors are particularly useful for the (semi-)continuous, monospe-
cific culturing of microalgae and to reach a high biomass productivity, as well as to manip-
ulate various growth parameters for optimal production of high-value compounds [4].

Tight control of microalgal productivity in photobioreactors hinges on a fast, non-
invasive and reliable monitoring method to quantify biomass density [5,6]. Over the
years, various methods have been used that rely on optical density (spectrophotometry)
and chlorophyll fluorescence (fluorometry) as a proxy for biomass [7,8]. However, these
methods are inherently confounded by variation in pigment content [7], and do not easily
allow for real-time data collection [8]. Likewise, traditional cell counts or dry weight
measurements to more directly quantify microalgal biomass are generally labor- and time-
intensive [8,9]. In contrast, nephelometric turbidity can be measured instantly and non-
invasively, without needing the typical sample preparation steps (e.g., dilution, washing,
filtration) of classic methods [10]. Nephelometers measure light scatter by suspended
particles and are commonly used in various applications including in ecology to assess
water turbidity [11], and in medicine and veterinary science to determine the level of
proteins in biofluids [12]. This technique was introduced already several decades ago to also
quantify algal biomass [13,14] but was never widely implemented due to the low sensitivity,
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reliability and automatability of the available instruments at the time [7]. Nowadays, these
limitations are overcome by several technological improvements, and nephelometry was
recently validated on lab-scale to monitor in real time the biomass of aquatic organisms
including filamentous fungi [15], macroalgae and microalgae [7]. Consequently, the interest
to use nephelometers in larger-scale microalgae photobioreactors is now rapidly increasing.

Nephelometric turbidity can be used as a proxy for microalgal density because the in-
tensity of scattered light is directly proportional to the density of suspended particles [8,15].
However, light scatter also depends to some extent on the physical characteristics of the
particles themselves such as size, shape and reflectivity [16–18], which typically vary exten-
sively among microalgae species. To accurately monitor the biomass in photobioreactors for
a given species, we therefore need to establish an empirical relationship between turbidity
values and the corresponding biomass. Besides offering invaluable information on the
ideal moment to harvest the culture, accurate biomass estimation also allows for real-time
adjustment of growth parameters tailored to the cultivated species and conditions [6,8].
Still, there are hardly any reports in scientific literature on how nephelometric assessment
relates to classic methods such as dry weight and spectrophotometric measurement across
a broad biomass density range for different microalgae species. In this study, we address
this paucity with the overall aim to facilitate the current trend of using nephelometry as a
high-potential monitoring method of microalgal biomass in photobioreactors. For this, we
monitor biomass density during the semi-continuous cultivation of three commercial mi-
croalgae species Chloromonas typhlos, Microchloropsis gaditana and Porphyridium purpureum in
pilot-scale photobioreactors, and relate nephelometric turbidity to dry weight and optical
density for each species.

2. Materials and Methods
2.1. Microalgal Strains and Culture Conditions

Chloromonas typhlos (SAG 26.86), Microchloropsis (Nannochloropsis) gaditana (SAG 2.99)
and Porphyridium purpureum (SAG 1380-1C) were purchased from SAG (Department Exper-
imental Phycology and Culture Collection of Algae, University of Goettingen, Germany).
Stock cultures were maintained in 250 mL-erlenmeyers on an orbital shaker (90 rpm) in
a climate-controlled room at 22 ◦C (±1 ◦C) and 70 µmol m−2 s−1 light exposure (top-
illumination, cool-white fluorescent) under a 16/8-h light/dark regime. Sterile freshwater
medium with the following composition was used for C. typhlos (based on SAG basal
medium version 10.2008): 252 mg/L HNO3, 22 mg/L H3PO4, 248 mg/L KOH, 6.3 mg/L
Fe-DTPA, 42 pg/L CuSO4.5H2O, 2.8 µg/L ZnSO4, 7.2 µg/L MnSO4, 4.3 µg/L Na2MoO4,
40 µg/L Na2B4O7, 0.2 g/L NaHCO3 and 23 mg/L MgSO4.7H2O. For M. gaditana and
P. purpureum, sterile brackish medium with the following composition was used (based
on SAG brackish water medium, version 10.2008): 252 mg/L HNO3, 22 mg/L H3PO4,
248 mg/L KOH, 6.3 mg/L Fe-DTPA, 42 pg/L CuSO4.5H2O, 2.8 µg/L ZnSO4, 7.2 µg/L
MnSO4, 4.3 µg/L Na2MoO4, 40 µg/L Na2B4O7, 0.2 g/L NaHCO3, 3.15 g/L MgSO4.7H2O,
11.8 g/L NaCl and 0.315 g/L CaCl2.2H2O.

To provide the desired volume of algae-inoculum for culturing in photobioreactors,
stock cultures were scaled up (in a stepwise approach) to aerated 1-L, 2-L and 50-L recipi-
ents each time the cultures reached a dry weight of 0.5–1.5 g L−1. When the desired culture
volume was reached, a pilot-scale photobioreactor of 300 L or 1500 L was inoculated till a
starting concentration of 0.05–0.15 g L−1 (1/10 dilution) to initiate the cultivation process.

2.2. Microalgal Cultivation in Photobioreactors

Horizontal, tubular photobioreactors (closed system, Sunbuilt installation, Figure 1)
were used for pilot-scale cultivation of microalgae. Tubes were unplasticized polyvinylchlo-
ride (uPVC, transparent) with an outer diameter of 50 mm and a thickness of 2 mm.
Compressed air was added to guarantee culture agitation, aeration and perfusion, and
CO2 was injected on demand to regulate the set pH value (pH = 8, 7.5–8.5 and 8.0–9.0 for
C. typhlos, M. gaditana and P. purpureum, respectively) using a Bronkhorst High-Tech B.V.
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mass flow controller (Veenendaal, The Netherlands). CO2 injection was steered by online
continuous measurement of the pH and an electromagnetic valve-controlled injection. A
maximum flow of 8859 and 5600 mL normal per minute was applied for the 300-L and
1500-L photobioreactor, respectively. Microalgae were cultivated in semi-continuous mode
under nutrient-replete conditions for several growth cycles per culture (Figure 2 for details
on time and duration), each time retaining 10% of the culture after harvest to initiate the
next growth cycle (1/10 dilution) until termination. This was either done in a 300-L or
1500-L photobioreactor, or both, and during different seasons to capture realistic variation
in growing conditions in an operational environment. Photobioreactors were installed in a
greenhouse (Geel, Belgium) and experienced normal fluctuations in temperature. C. typhlos,
M. gaditana and P. purpureum were cultured at a respective optimal temperature range
of 10–25 ◦C, 20–35 ◦C and 18–30 ◦C. A natural light/dark photoperiod was maintained
throughout the entire cultivation period. During winter, illumination through direct sun-
light is scarce and was therefore supplemented with artificial lighting using fluorescent
lamps (to a total of 500 mmol/m2/day).
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2.3. Analytical Methods

Throughout the cultivation period, algal density in each culture was monitored in
real time by means of an integrated MTOL+™ nephelometer of HF Scientific—WATTS
(North Andover, MA, USA) and measured in nephelometric units (NTU, using krypton gas
filled white light following EPA Method 180.1). The nephelometer was installed near the
centrifugal pump that was used to pump the algal suspension through the reactor, which
ensured an adequate flow pressure in the measuring chamber of the meter (Figure 1). In
parallel, optical density and dry weight were assessed at regular timepoints by sampling
the cultures and following standard methods [19]. Optical density measurements were
done at a wavelength of 435, 565, 680 and 720 nm on a spectrophotometer (Genesys 10S UV-
VIS, Thermo Fisher Scientific™) using the culture medium without microalgae as blank. To
assess dry weight, 5-mL samples were collected and filtered on glass microfiber membranes
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(0.45 µm, washed in deionized water), dried at 70 ◦C for 24 h and transferred to a desiccator
before weighing. Nephelometric turbidity was related to optical density and dry weight
using regression analysis (with the highest coefficient of determination, R2) in Microsoft
Excel version 2103.
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Figure 2. Culturing of (a) Chloromonas typhlos, (b) Microchloropsis gaditana and (c) Porphyridium purpureum in photobioreactors
(capacity of 300 or 1500 L). Each species was cultured several times in semicontinuous mode, and biomass density was
monitored continuously online through nephelometric turbidity assessment. (NTU = nephelometric turbidity units).

3. Results and Discussion

In this study, we piloted nephelometry to monitor in real time the biomass of three
commercially interesting microalgae species in pilot-scale photobioreactors. A positive rela-
tionship between turbidity and dry weight emerged for all three microalgae (Figure 3a–c),
showing that nephelometric turbidity can be used as a proxy for biomass density. This
result is in line with earlier studies that demonstrate the potential of nephelometry to
estimate algal biomass on lab-scale [7,8,20] and is corroborated by our observation that



Processes 2021, 9, 1530 5 of 9

turbidity is positively related with optical density (720 nm) for all three species (Figure 4a–c,
and Appendix A Figures A1–A3 for similar results at 435, 565 and 680 nm).
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We considered a broad biomass density range relevant for microalgae culturing in
photobioreactors because the dependency of turbidity on biomass density may vary in
the same culture over time [8]. Our results confirm this by showing a relatively strong
(R2 = 0.87–0.93) and nonlinear relationship between turbidity and dry weight for all three
species. Importantly, and as expected, the exact empirical relationship also differed among
the three species (Figure 3a–c). These observations can be explained by differences in
propensity of particles to scatter light, which is determined by a range of morphometric
properties of the algae cells including size and shape [16,17]. For instance, C. typhlos
vegetative cells have an ellipsoidal or ovoid shape of 8–17 µm long and 6–13 µm wide [21],
while M. gaditana and P. purpureum cells are spherical to (ob)ovoid with a diameter of
2–5 µm and 5–16 µm, respectively [22,23]. In addition, variation in several external (e.g.,
cell wall, flagella) and internal (e.g., vacuoles) structures also determines particle reflectivity.
For instance, the cell wall of M. gaditana is a bilayer structure with an inner cellulose layer
covered by an outer hydrophobic algaenan layer [24], while the cells of P. purpureum are
encapsulated within a cell-wall polysaccharide complex [25]. Because of this extensive
within- and among-species variation, it is essential to develop calibration curves for each
algal species and across a broad biomass density range to accurately monitor biomass
through nephelometry.

The current study delivers an effective demonstration of how nephelometry can be
used to monitor microalgal biomass, and the provided empirical relationship between
turbidity and biomass density can be used to accurately estimate the biomass density of the
three studied microalgae species throughout the entire cultivation cycle. Nephelometers
can easily be integrated in the design of photobioreactors, allowing for instant and non-
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invasive turbidity assessment. Because turbidity can be logged automatically throughout
the entire cultivation, personnel costs of traditional, laborious monitoring methods are
largely reduced [7]. Such continuous measuring is particularly useful to automate culturing
and harvesting strategies, for instance to supplement nutrients or to harvest the culture
when particular cell densities are reached, or to take corrective actions if the growth rate is
not up to par. It should be noted, however, that the used nephelometer in the current study
only measures turbidity accurately till ~1000 NTU. Although sensors with a higher range
are available, the need for using such sensors needs to be evaluated on a case-by-case basis.
For instance, M. gaditana only reached cell densities of 1–1.5 g L−1 at >800 NTU (Figure 3b),
while P. purpureum already reached similar densities at 400–750 NTU (Figure 3c). Moreover,
the accuracy of nephelometers may decline at higher turbidity values (i.e., at harvesting
densities), as also suggested by the increasing variability at higher turbidity values in
Figure 3, and may even drop significantly when cells aggregate—typically in response
to environmental stress [26,27]. Likewise, occasional biofilm formation [28] in the reactor
or at the sensor may also limit accurate turbidity assessment. Therefore, and especially
when high cell densities are reached, periodic cleaning of the sensor may be necessary to
ensure correct turbidity measurement. Moreover, variation in culturing conditions often
triggers changes in life-stage and can lead to structural changes in algae cells—which is
likely to affect the reflectivity of the particles. For instance, vegetative cells of the microalga
Haematococcus pluvialis transform into dormant cysts with a thick cell wall when conditions
become unfavorable [29]. Less drastically but still confounding, nitrogen deprivation
increases the average cell size and cell wall thickness in several microalgae species [30],
and may alter the quantity and composition of intracellular lipid bodies [31,32]. Besides
such intra-species variation, unwanted particles such as contaminating microorganisms
could also influence nephelometric turbidity [7]. Nevertheless, as in the current study,
these potential drawbacks are largely reduced under controlled operating conditions
with closed photobioreactors, which are typically used for highly standardized culturing
of monocultures at stable, optimal growth conditions and with minimal to no risk of
contamination [4]. Ideally, nephelometry could be combined with automated image-
analysis to monitor the cultivation process in detail. In addition to data on biomass
density, such method could also give information on cell size, morphology distributions
and potential contamination [33,34], and was recently shown successful to evaluate the
reproductive effort and progression of symptoms in diseased macroalgal cultures [7]. In
this way, real-time monitoring of microalgae growth not only allows for a tight control
of automated microalgal cultivation but may also advance our basic understanding of
algae biology to improve commercial production of microalgal biomass and its derived
high-value compounds.
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